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Privacy display apparatus

TECHNICAL FIELD

[0} This disclosure generally relates to illumination from light modulation devices, and
more specifically relates {0 switchable optical stacks for providing control of illumination for

use in display including privacy display.

BACKGROUND

{02}  Privacy displays provide image visibility to a primary user that is typically in an on-
axis position and reduced visibility of image content to a snooper, that 1s typically in an off-
axis position. A privacy function may be provided by micro-louvre optical films that
transmit some light from a display in an on-axis direction with low luminance in off-axis
positions. However such films have high losses for head-on Hlumination and the micro-
fouvres may cause Moiré artefacts due to beating with the pixels of the spatial light
modulator. The pitch of the micro-louvre may need selection for panel resolution, increasing
mventory and cost.

(031  Switchable privacy displays may be provided by control of the off-axis optical output.
{04}  Control may be provided by means of luminance reduction, for example by means of
switchable backlights for a liquid cryvstal display (LCD) spatial hight modulator. Display
backlights in general employ waveguides and edge emniting sources. Cerlain imaging
directional backlights have the additional capability of directing the illumination through a
display panel into viewing windows. An imaging system may be formed betwesn multiple
sources and the respective window images. One example of an imaging directional backlight
s an optical valve that may emplov 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 tilied facets as described in U.S. Patent No. 9,519,153, which is

herein imcorporated by reference in its entirety.

BRIEF SUMMARY

(051 According to the present disclosure, there is provided a display apparatus comprising:
a display device arranged to display an image, the display device having a selectively

operable luminance-privacy optical arrangement arranged on operation to reduce the
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luminance of the image 1o an off-axis viewer, and a selectively operable contrast-privacy
optical arrangement arranged on operation to reduce the contrast of the image to an off-axis
viewer; and a control system arranged to control the display device, the control system being
capable of selectively operating either one or both of the luminance-privacy arrangement and
the contrast-privacy arrangement. The control system may be arranged to operate neither of
the lominance-privacy arrangement and the conirast-privacy arrangement in a public mode
and one or both of the lumunance-privacy arrangement and the contrast-privacy arrangement
in a privacy mode. Advantageously a privacy display may provide at least one of luninance
reduction and contrast reduction to an off-axis viewer in a privacy mode of operation and
mayv be swiiched to a public mode with high image visibility for off-axis viewers.

{06}  The display apparatus may further comprise an ambient light sensor arrange to detect
the level of the ambient light, and the control system may be arranged, in the privacy mode,
1o operate the luminance-privacy arrangement when the ambient hght sensor detecis first
levels of ambient light and to operate both the luminance-privacy arrangement and the
contrast-privacy arrangement when the ambient light sensor detects second fevels of ambient
light below the first levels. The contrast-privacy optical arrangement may be arranged on
operation {o reduce the contrast of the image (o an off-axis viewer by a controllable amount,
and the control system may be arranged, when operating the contrast-privacy arrangement, to
control the amount of reduction of the contrast of the image to an off-axis viewer in
dependence on the detected level of ambient hight. The control systers may be arranged, in
the privacy mode, to determine a visual securnty level representing the secuniy against
viewing of a displaved image by an off-axis viewer, the visual security level being dependent
on the level of ambient light detected by the ambient light sensor and increasing as the level
of ambient hight increases, and the control system may be arranged, in the privacy mode, (o
selectively operate the luminance-privacy arrangement and the contrast-privacy arrangement
to maintain the visual security level above a predetermined threshold.

[07]  Advantageously the image observed by an on-axis viewer may have high contrast in
high ambient luminance environments, while achieving desirable visual security to an off-
axis snooper. As the illuminance level falls, the visual security level of the display may be
maintained at desirable levels. The contrast reduction provided to achieve desirable visual
security may be minimused, to achieve increased image visibility to the head-on user.

[08] The display device may cormprise: a spatial light modulator; and a display polariser

arranged on a side of the spatial lhight modulator, and the luminance-privacy optical
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arrangement may comprise. an additional polariser arranged on the same side of the spatial
light modulator as the display polariser; and at least one retarder arranged between the
additional polariser and the display polariser, the at least one retarder mcluding a switchable
liquid crystal retarder comprising a laver of hquid crysial material and electrodes arranged to
apply a voliage for switching the layer of hiquid crystal material.  Advantageously the
luminance-privacy arrangement may have high effictency for public mode operation and tugh
luminance-privacy visual security for high ambient illurminance.

(091 The at least one retarder may further include at least one passive compensation
retarder. Advantageously the luminance-privacy arrangement may achieve visual security
over a wide polar range of snooper locations.

[10] The additional polariser may be arranged on the output side of the spatial hght
modulator and the luminance-privacy optical arrangement may further comprise a reflective
polariser arranged between the at least one retarder and the oufput polariser. Advantageously
the ambient luminance at which the contrast-privacy arrangement is operable s reduced, so
that image visibility 15 increased for the head-on user at such illuninance levels.

{11} The display device may comprise: a backlight comprising plural hight sources and a
directional wavegwde arranged to direct light from different light sources in different angular
ranges; and a spatial light modulator arranged to receive light from the waveguide and output
light from an output side, and the luminance-privacy optical arrangemeni may comprise a
switching arrangement arranged 1o selectively operate the light sources. Advantageously the
public mode may be provided with wide viewing angle while the privacy mode may be
provided with high visual security level from the luminance-privacy arrangement.

{12} The display device mav comprise: a backlight; a spatial light modulator comprising a
taver of hquid crystal material arranged to receive light from the backlight and output hight
from an output side; an input polanser arranged on an input side of the spatial light
modulator; and an output polarser arranged on the output side of the spatial light modulator,
and the contrast-privacy optical arrangement may comprise at least one relarder arranged
hetween the mnput polariser and the output polariser on either the mput side or the output side
of spatial light modulator, the at least one retarder including a switchable liquud crvstal
retarder comprising a layer of hiquid crystal material and electrodes arranged to apply a
voltage for switching the layver of liguud crystal material.  Advantageously the contrast-
privacy arrangement may be provided with improved variation of chromaticity with viewing

angle,
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(131  The display device may comprise a spatial light modulator comprising a layer of
fiquid crystal material and the contrast-privacy optical arrangement comprises at least one
electrode arranged 1o apply a voliage to provide biased mn-plane switching of the liquid
crystal material. Advantageouslv the contrasi-privacy arrangement may be provided with
reduced thickness and complexity.

[t4] The voltage may be adjusted when the ambient light sensor detects second levels of
ambient light below the first levels. Advantageously the contrast-privacy arrangement may
be conveniently controlled with low cost.

{151  Any of the aspects of the present disclosure may be applied in any combination.

[16] Embodiments of the present disclosure may be used in a varnety of optical systems,
The embodiments may include or work with a variety of projectors, projection systems,
optical components, displays, microdisplays, compiter svstems, processors, self-contained
projector systems, visual and/or audio-visual 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 emploved in optical systems, devices used in visual and/or optical presentations, visual
peripherals and so on and in a number of computing environments.

{17} Before proceeding to the disclosed embodiments in detail, it should be undersicod
that the disclosure ts not hmited tn its application or ¢reation 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.

[18] 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

[19] Embodiments are illustrated by way of example in the accompanying FIGURES, in
which like reference numbers indicate similar parts, and in which:

{201 FIGURE 1 is a schematic diagram illusirating in side perspective view a coniroliable
privacy display for use in ambient illumination comprising: a transmissive spatial light

modulator, a switchable retarder and a passive compensation retarder arranged between input
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and output polarisers; and a reflective polariser, a compensation retarder and a switchable
fiquid crystai retarder arranged between the output polariser and an additional polariser;

{211 FIGURE 2 15 a schematic diagram illustraling a control system for the coniroliable
privacy display of FIGURE 1;

(221  FIGURE 3 is a flowchart iHustrating a method to control the apparatus of FIGURES
1-2;
23] FIGURE 4A 15 a schematic graph illustrating the vanation of visual security level
with the ratio of ambient luminance to display head-on lunminance for two different contrast
ratios in an a display comprising a reflective polariser;

{241 FIGURE 4B is a schematic graph illustrating the varation of visual security level
with the ratio of ambient luminance to display head-on lummance for two different contrast
ratios in an a display comprising no reflective polariser;

251 FIGURE 5A 15 a schematic graph illustrating the vanation of visual security level
with the ratio of arbient lumunance to display head-on luninance provided by the display of
FIGURE 1 with a reflective polariser;

{26 FIGURE 3B is a schematic graph ilustrating the variation of visual security level
with the ratio of ambient luminance to display head-on luminance provided by the display of
FIGURE 1 with the reflective polariser omitted;

{277 FIGURE 6 is a schematic diagram illustrating in front view alignment of optical
lavers n the optical stack of FIGURE 1;

28] FIGURE 7 1s a schemanc diagram illustrating in perspective side view an
arrangement of a reflective polariser and plural retarder layers arranged between the output
polariser and additional polariser;

291 FIGURE 84 is a schematic diagram illusirating in side view propagation of output
light through the optical stack of FIGURE | 1 a public mode of operation;

{30} FIGURE 8B is a schematic graph illusirating the variation of the transmission with
polar direction for the transmitied light rayvs in FIGURE 8A;

311 FIGURE %A is a schematic diagram ilustrating in side view propagation of ambient
light through the optical stack of FIGURE 1 i1 a public mode of operation;

(321 FIGURE 9B is a schematic graph illustrating the variation of the reflectivity with
polar direction for the transmitted light rays in FIGURE 9A;

[33] FIGURE 10A is a schematic diagram illustrating in side view propagation of output

light through the output polariser of FIGURE 1 10 a privacy mode of operation;
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[34] FIGURE 10B is a schematic graph illustrating the variation of the transmission with
polar direction for the transmitted light rays in FIGURE 10A;

{351 FIGURE 18C 15 a schematic diagram Hustrating in side view propagation of ambient
light through the optical stack of FIGURE 1 in a privacy mode of operation;

[36] FIGURE 18D 15 a schematic graph illustrating the variation of the reflectivity with
polar direction for the transmitted light ravs in FIGURE 10C;

(377 FIGURE 11A is a schematic diagram illustrating in perspective side view an
arrangement of an in-plane switching spatial light modulator and plural retarder layers
arranged between crossed polarisers wherein the plural retarders comprise a passive negative
C-plate compensation retarder and a homogeneously aligned switchable hiquid crystal
retarder, in a public mode of operation;

[38] FIGURE 11B is a schematic diagram illustrating in side view propagation of ouiput
hight from the output polariser of a spatial light modulator through the optical stack of
FIGURE 1 i a public mode of operation for a maximurn transnussion state;

(391  FIGURE 11C 15 a schematic diagram illustrating in side view propagation of output
light from the output polariser of a spatial light modulator through the optical stack of
FIGURE 1 1n a public mode of operation for a minimnum {ransmission state;

[40] FIGURE 12A is a schematic diagram illusirating in perspective side view an
arrangement of an in-plane switching spatial hght modulator and plural retarder lavers
arranged between crossed polarisers wherein the plural retarders comprise a passive negative
C-plate compensation retarder and a homogeneously aligned switchable hquid crystal
retarder, in a privacy mode of operation;

(41} FIGURE 12B is a schematic diagram ilfustrating in side view propagation of output
light from the oulput polariser of a spatial hight modulator through the optical stack of
FIGURE 1 in a privacy mode of operation for a maximum transmission state;

(42} FIGURE 12C 15 a schematic diagram illustrating in side view propagation of output
hight from the output polariser of a spatial light modulator through the optical stack of
FIGURE 1 m a privacy mode of operation for a nunimurm transnussion state;

(431 FIGURE 13A is a schematic graph illustrating the vanation of the logarithm of
contrast with polar direction for the transmitted light rays in FIGURES 118-C;

{441 FIGURE 13B is a schematic graph illusirating the variation of the loganthm of
contrast with polar direction for the transnutted hight ravs m FIGURES 12B-C for the
arrangement of FIGURE 12A;
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(451 FIGURE 14A is a schematic diagram illustrating in side perspective view a
controllable privacy display for use in ambient illumination comprising. a transmissive
spatial light modulator comprising a biased in-plane switching liquid crystal mode, arranged
between mput and output polarisers; and a reflective polariser. a compensation retarder and a
switchable liquid crystal retarder arranged between the outpui polaniser and an additional
polariser,

[46] FIGURE 14B 15 a schematic diagram llustrating a control system for the controllable
privacy display of FIGURE 14A;

(471 FIGURE 14 is a schematic diagram illustrating in front view alignment of optical
tavers in the optical stack of FIGURE 14A;

[48] FIGURE 14D s a schematic diagram illusirating in perspective side view an
arrangement of a biased in-plane swilching spatial light modwlator, in a public mode of
operation;

[49] FIGURE 14F 15 a schematic diagram dlustrating in perspective side view an
arrangement of a biased in-plane switching spatial light modulator. in a privacy mode of
operation;

(501 FIGURE 13A is a schematic diagram illusirating a rear perspective view of operation
of an imaging waveguide in a narrow angle mode of operation;

(51} FIGURE 158 is a schematic graph illustrating field-of-view luminance plot of the
output of FIGURE 15A when used i a display apparatus;

(521 FIGURE 18C 1s a schematic diagram illustrating side view of a backlight comprising
colfimating waveguide;

(331 FIGURE 15D 15 a schematic graph itlustrating field-of-view lominance plot of the
output of FIGURE 15C when used in a display apparatus;

[54] FIGURE 16A is a schematic graph illusirating field-of-view visual secunity level plot
for a display comprising the luminance, transmussion, reflectivity, and logarithmic contrast
ratio polar variations of FIGURES 16B-E for a ratio of illuminance to head-on huminance of
1.0 lux/mit;

[551 FIGURE 168 is a schematic graph illustrating luminance field-of-view plot for a
coliimated backlight;

[36] FIGURE 16C s a schematic graph tllustrating transmission figld-of-view plot for a
display comprising plural retarders of TABLE 2 arranged between the output polariser and

the additional polaniser;
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(577 FIGURE 16D is a schematic graph illustrating reflectivity figld-of-view plot for a
display comprising no reflective polariser arranged between the output polariser and the
additional polariser;

[58] FIGURE 16E is a schematic graph illustrating logarithmic contrast ratio field-of-
view plot for a display comprising no retarder arranged between the input polariser and the
output polariser;

(591 FIGURE 17A 1s a schematic graph illustrating field-of-view visual security level plot
for a display comprising the luminance, transmission, reflectivity, and logarithmic contrast
ratio polar variations of FIGURES 17B-E for a ratio of illuminance to head-on luminance of
1.0 lux/nit;

[60]  FIGURE 17B is a schematic graph dlustrating lumunance field-~of-view plot for a
collimated backlight;

61} FIGURE 17C 1s a schematic graph illustrating transmission field-of-view plot for a
display comprising plural retarders of TABLE 2 arranged between the output polariser and
the additional polariser;

(621 FIGURE 17D is a schematic graph illustrating reflectivity field-of-view plot for a
display comprising a reflective polariser arranged between the output polariser and the plural
retarders;

[63] FIGURE 17E is a schematic graph illusirating logarithmic contrast ratio field-of-
view plot for a display comprising no retarder arranged between the input polariser and the
output polariser;

[64]  FIGURE 18A is a schematic graph illusirating field-of-view visual security level plot
for a display comprising the lununance, transmission, reflectivity, and logarithmic contrast
ratio polar variations of FIGURES 18B-E for a ratio of iluminance to head-on lununance of
1.0 lux/nit;

[65] FIGURE 18B is a schematic graph illustrating huminance field-of-view plot for a
wide angle backlight;

[66]  FIGURE 18C 15 a schematic graph illustrating transnussion field-of-view plot for a
display comprising plural retarders of TABLE 2 arranged between the output polariser and
the additional polariser;

(677 FIGURE 18D is a schematic graph illustrating reflectivity field-of-view plot for a
display coraprising a reflective polariser arranged between the output polariser and the plural

retarders;
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[68]  FIGURE 18K 5 a schematic graph illustrating logarithmic contrast ratio field-of-
view plot for a display comprising retarders as described in TABLE 3 arranged between the
mnput polariser and the output polariser;

1691  FIGURE 19A is a schematic graph illustrating field-of-view visual security level plot
for a display comprising the luminance, transmussion, reflectivity, and logarithmic contrast
ratio polar variations of FIGURES 16B-E for ratios of tlhuminance (o head-on luminance of 1
fuwe/nit, 0.5 h/nit, 0.235 Tux/nit, 6,123 luy/nit and 0.05 Tux/nat;

(701  FIGURE 198 is a schematic graph tlustrating field-of-view visual security level plot
for a display comprising the lununance, transmission, reflectivity, and logarithmic contrast
ratio polar variations of FIGURES 17B-E for ratios of tlluminance to head-on luminance of |
tax/mit, 0.3 huxd/mt, 6,25 Tuxdnat, 0,123 Tux/mit and 0.05 lux/nit;

{71} FIGURE 20A is a schematic graph illustrating field-of-view visual security level plot
for a display comprising the luminance, transmission, reflectivity, and logarithmic contrast
ratio polar variations of FIGURES 20B-E for a ratio of illunminance to head-on luminance of
1.0 lux/nit;

{721 FIGURE 208 is a schematic graph illustrating luminance field-of-view plot for a
collimated backlight;

{731 FIGURE 20C 15 a schematic graph tHustrating transmission field-of-view plot for a
display comprising plural retarders of TABLE 2 arranged between the output polariser and
the additional polariser;

(74}  FIGURE 20D is a schematic graph illustrating reflectivity field-of-view plot for a
display comprising no reflective polariser arranged between the output polariser and the
additional polariser;

{751 FIGURE 20F is a schematic graph lustrating logarithmic contrast ratio field-of-
view plot for a display comprising retarders as described in TABLE 3 arranged between the
mput polariser and the output polariser;

(76}  FIGURE 21A is a schematic graph illustrating field-of~view visual security level plot
for a display comprising the luminance, transrmssion, reflectivity, loganthmic contrast ratio
and logarithmic contrast ratio polar variations of FIGURES 21B-E for a ratio of iHuminance
to head-on luminance of 1.0 lux/nit;

(777 FIGURE 21B is a schematic graph illustrating luminance field-of~view plot for a

collimated backlight;
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(781  FIGURE 21C 15 a schematic graph tHustrating transmussion field-of-view plot for a
display comprising plural retarders of TABLE 2 arranged between the output polariser and
the additional polariser;

{791 FIGURE 21D is a schematic graph illustrating reflectivity field-of-view plot for a
display comprising a reflective polariser arranged between the output polariser and the plural
retarders,

[R0] FIGURE 21E 5 a schematic graph illustrating logarithioic contrast ratio field-of-
view plot for a display comprising phwral retarders as described in TABLE 3 arranged
between the input polariser and the ouiput polariser;

(811 FIGURE 22A 15 a sequence of schematic graphs illustrating field-of-view visual
security level plot for a display comprising the luminance, transmussion, reflectivity,
logarithmic contrast ratio and black pixel state polar variations of FIGURES 20B-E for a ratio
of illuminance {0 head-on luminance of 1.0 lux/mit, 0.5 hax/nit, 0.25 Tux/mit, 0.125 lux/nit,
(.05 tux/mit and .25 lux/nit;

(821 FIGURE 22B is a sequence of schematic graphs illustrating field-of-view visual
security level plot for a display comprising the luminance, transmussion, reflectivity,
togarithmic contrast ratio and black pixel state polar variations of FIGURES 21B-E for a ratio
of tluminance to head-on luminance of 1.0 lux/mit, 0.3 lux/mit, 0.25 lux/nit, 0.125 lux/mit,
0.05 hpo/mit and 0.25 lux/nit;

(831 FIGURE 22C is a schematic graph illustrating the variation of conirol voltages for
the displav of FIGURE 1 with no reflective polariser 302;

(841  FIGURE 22D 15 a schematic graph illustrating the variation of control voltages for
the display of FIGURE 1 with reflective polariser 302;

(851 FIGURE 22K i3 a schematic graph illosirating an alternative variation of control
voltages for the display of FIGURE 1;

[86] FIGURE 22F is a schematic graph illustrating a further alternative variafion of
control voltages for the display of FIGURE ]

[R7] FIGURE 23A is a schematic diagram illustrating in perspective view illumimation of
a retarder layer by off-axis light;

(881 FIGURE 238 is a schematic diagram illustraiing in perspective view illumination of
arvetarder layer by off-axis light of a first linear polarization staie at 0 degrees;

(891  FIGURE 23C is a schematic diagram illustrating in perspective view illununation of

a retarder layer by off-axis light of a first linear polarization state at 90 degrees:

10
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(901  FIGURE 23D is a schematic diagram illustrating in perspective view illumination of
a retarder laver by off-axis light of a first linear polarization staie at 45 degrees;

(911  FIGURE 24A 15 a schematic diagram illustrating in perspective view illumnation of
a C-plate retarder by off-axis polarised light with a positive elevation;

[92] FIGURE 248 is a schematic diagram illustrating in perspective view illumination of
a C-plate retarder by off-axis polarised light with a negative lateral angle;

93] FIGURE 24C is a schematic diagram illustrating in perspective view illumimation of
a {-plate retarder by off-axis polarised light with a positive elevation and negative lateral
angle;

[94] FIGURE 24D 15 a schematic diagram illusirating in perspective view illumination of
a C-plate retarder by off~axis polarised light with a positive elevation and positive lateral
angle;

(951  FIGURE 24K 15 a schematic graph illustrating the variation of ouiput transmission
with polar direction for transmitted hight rays in FIGURES 24A-D;

(961  FIGURE 23A is a schematic diagram illustrating in perspective view illumination of
crossed A-plate retarder lavers by off-axis polarised hight with a positive elevation;

(971 FIGURE 258 15 a schematic diagram illustrating in perspective view illumination of
crossed A-plate retarder layers by off-axis polarised hight with a negative lateral angle;

(98] FIGURE 25C is a schematic diagram illustrating in perspective view illumination of
crossed A-plate retarder layers by off-axis polarised light with a positive elevation and
negative lateral angle;

(991  FIGURE 25D is a schematic diagram illustrating in perspective view illumination of
crossed A-plate retarder layers by off-axis polarised light with a positive elevation and
postiive lateral angle; and

{100} FIGURE 25E 15 a schematic graph dlustrating the variation of output transmission

with polar direction for fransmutted light rays in FIGURES 25A-D.

BETAILED DESCRIPTION

[101] Terms related to optical retarders for the purposes of the present disclosure will now
be described.

(1021 In a layer comprising a uniaxial birefringent material there 15 a direction goveming
the optical anisotropy whereas all directions perpendicular to it (or at a given angle to it) have

equivalent birefringence.

11



WO 2019/090252 PCT/US2018/059256

[103] The optical axis of an optical retarder refers to the direction of propagation of a light
ray in the uniaxial birefringent matertal in which no birefringence is experienced. This is
different from the optical axis of an optical system which may for example be parallel to a
line of symmetry or normal to a display surface along which a principal ray propagates.

[104] For hight propagating in a direction orthogonal o the optical axis, the optical axis is
the slow axis when linearly polarized light with an electric veclor direction parallel (o the
slow axis travels at the slowest speed. The slow axis direction 15 the direction with the
highest refractive index at the design wavelength. Similarly the fast axis direction is the
direction with the lowest refractive index at the design wavelength.

[105] For positive dielectric amsotropy wmaxial birefringent materials the slow axis
direction s the extraordinary axis of the buefringent material.  For negative dielectric
anisotropy uniaxial birefringent materials the fast axis direction ts the extraordinary axis of
the birefringent material.

[106] The terms half a wavelength and quarter a wavelength refer to the operation of a
retarder for a design wavelength X that may typically be between 318nm and 5700m. In the
present illustrative embodiments exemplary retardance values are provided for a wavelength
of 550nm unless otherwise specified.

{107] The retarder provides a phase shift between two perpendicular polarization
components of the light wave incident thereon and 1s characterized by the amount of relative
phase, ', that it uuparts on the two polarization components; which is related to the

birefringence An and the thickness  of the retarder by

D=2 .mw.An.d/ M egn. 1

[108] In egn. 1, Anis defined as the difference between the extraordinary and the ordinary

index of refraction, 1.e.

AR = 11 - 1, eqn. 2
[109] For a half wave retarder, the relationship between ¢, An, and g 15 chosen so that the
phase shift between polarization components is I' = i, For g quarter wave retarder, the

relationship between d, An, and 4 i1s chosen so that the phase shift between polarization

components 18 T =n/2.
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[110] The term half wave retarder herein typically refers to light propagating normal to the
retarder and normal to the spatial light modulator.

{111} In the present disclosure an 'A-plate’ refers to an opiical retarder utilizing a layer of
birefringent material with its optical axis parallel to the plane of the laver.

[112] A 'positive A-plate' refers to positively birefringent A-plates, i.e. A-plates with a
positive An.

[113] In the present disclosure a ‘C-plate’ refers to an optical retarder utilizing a layer of
birefringent material with its optical axis perpendicular io the plane of the laver. A 'positive
C-plate’ refers to positively birefringent C-plate, 1.e. a C-plate with a positive An. A 'negative
C-plate' refers o a negatively birefringent C-plate, t.e. a C-plate with a negative An.

[E14} 'O-plate’ refers to an optical retarder utilizing a layer of birefringent roaterial with 1ts
optical axis having a component parallel io the plane of the layer and a component
perpendicular to the plane of the laver. A 'positive O-plaie’ refers to positively birefringent O-
plates, 1.e. G-plates with a positive An.

[115] Achromatic retarders may be provided wherein the material of the retarder is provided

with a retardance An . ¢ that varies with wavelength A as

An.d/A=x eqn. 3

{116} where « 1s substantially a constant.

[117] Examples of suitable materials include modified polycarbonates from Teijin Films.
Achromatic retarders may be provided in the present embodimenis to advantageously
minimise colour changes between polar angular viewing directions which have low
luminance reduction and polar angular viewing directions which have mcreased lumunance
reductions as will be described below,

[118] Various other terms used in the present disclosure related 1o retarders and to hquid
crystals will now be described.

(1191 A ligud crystal cell has a retardance given by An . d where An 1s the birefringence of
the ligund crystal material in the liquid crvstal cell and d 15 the thickness of the hiquid crvstal
cell, independent of the alignment of the liquid crystal material in the liquid crystal cell.

[120] Homogeneous alignment refers to the alignment of liquid crvstals i switchable liquid
crystal displays where molecules align substantially parallel to a substrate. Homogeneous

alignment 1s sometimes referred 1o as planar alignment. Homogeneous alignment may
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typically be provided with a small pre-tilt such as 2 degrees, so that the molecules at the
surfaces of the alignment layers of the liquid crvstal cell are slightly inclined as will be
deseribed below. Pretilt is arranged to minimise degeneracies in switching of cells.

[121}] In the present disclosure, homeotropic alignment is the state in which rod-like liquid
crystatline molecules align substantially perpendicularly to the substrate. In discotic liquid
crystals homeotropic alignment is defined as the state in which an @as of the cohuon
structure, which is formed by disc-like higmd crystalline molecules, aligns perpendicularly to
a surface. In homeotropic alignment, pretilt is the tilt angle of the molecules that are close to
the alignment layer and is typically close to 90 degrees and for example may be 88 degrees.
(122} Liguid crystal molecules with positive dielectric anisotropy are swiiched from a
homogeneous alignment (such as an A-plate retarder orientation) to a homeotropic aligniment
{such as a C-plate or G-plaie retarder orientation) by means of an applied electric field.

(123} Ligud ecrystal molecules with negative dielectric anisotropy are switched from a
homeotropic alignment (such as a C-plate or O-plate retarder orientation) to a homogeneous
alignment (such as an A-plate retarder orientation) by means of an applied electric field.

{124] Rod-like molecules have a positive birefringence so that n. > n, as described in
equation 2. Discotic molecules have negative birefringence so that ne <u,.

[125] Posttive retarders such as A-plates, positive O-plates and positive C-plates may
tvpically be provided by streiched films or rod-like liguid cryvstal molecules. Negative
retarders such as negative C-plates may be provided by stretched films or discotic like hiquid
crystal molecules.

[126] Parallel liquid crystal cell alignment refers to the alignment direction of homogeneous
alignment layers being parallel or more typically antiparallel. In the case of pre-tilted
homeotropic alignment, the alignment layvers may have components that are substantially
parallel or antiparallel. Hyvbnd aligned hquid crystal cells may have one homogeneous
alignment laver and one homeotropic alignment laver. Twisted liquid crystal cells may be
provided by ahignment layers that do not have parallel alignment, for example oriented at 90
degrees to each other.

[127] Transmissive spatial light modulators may further comprise retarders between the
input display polariser and the output dispiay polariser for example as disclosed in US.
Patent No. 8,237,876, which is herein incorporated by reference in s entirety.  Such
retarders (not shown) are m a different place to the passive retarders of the present

embodiments. Such retarders compensaie for contrast degradaiions for off-axis viewing
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focations, which is a different effect to the luminance reduction for off-axis viewing positions
of the present embodiments.

[128] A pnvate mode of operation of a display is one in which an observer sees a low
contrast sensitivity such that an image is not clearly visible. Contrast sensitivity is a measure
of the ability to discern between luminances of different levels in a static image. Inverse
contrast sensitivity may be used as a measure of visual security, i that a ligh visual security
level (VSL) corresponds to low image visibility.

[129] For a privacy display providing an image 1o an observer, visual security may be given

as:
VSL=(Y +R)/ (Y - K} eqn. 4
[130] where VSL is the visual security level, Y 1s the luminance of the white state of the
display at a snooper viewing angle. K 15 the luminance of the black state of the display at the
snooper viewing angle and R is the luminance of reflected light from the display.
{131} Panel contrast ratic is given as;
C=Y/K egn. 3
(132} For high contrast optical LCD modes, the white state transmussion remains
substantially constant with viewing angle. Tn the contrast reducing hiquid crvstal modes of
the present embodiments, white state transmission typically reduces as black state
transnussion increases such that

Y+K~PL eqn. &

[133] The visual security level may then be further given as:

VSL=(C +Lo/m{C+1y(PLY eqn. 7
(C-1)

[134] where off-axis relative luminance, P is typically defined as the percentage of head-on

luminance, L at the snooper angle and the dispiay may have image contrast ratio C and the

surface reflectivity 1s p.
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[135] The off-axis relative luminance, P is sometimes referrad to as the privacy level
However, such privacy level P describes relative luminance of a display at a given polar
angle compared 1o head-on luminance, and 15 not a measure of privacy appearance.

[136] The display may be illuminated by Lambertian ambient illuminance 1. Thus in a
perfectly dark environment, a high conirast display has VSL of approximately 1.0. As
ambient iHuminance increases, the perceived image contrast degrades, VSL increases and a
private image is perceived.

[137] For typical liquid crystal displays the panel contrast C is above 100:1 for almost all

viewing angles. The visual secunty level may then be approximated to:

VSL=1+1Lp/AnPL) eqn. 8

{138} In comparison to privacy displays, desirably public displays are wide angle displays

that are easily observed in standard ambient iHluminance conditions. One measure of image

visibilily is given by the contrast sensitivity such as the Michelson conirast which is given by:

M= (ima % iﬁ'n) / (.Imax + Lx‘dn) edqn. 9
(1391 and so:
M= {Y+R) - (K+RY /{(Y+R) + (K+R}) = (Y-K} / (Y+K+2.R) eqn. 10

[140] Thus the visual security level, VSL is equivalent (buf not identical to} I/M. In the
present discussion, for a given off-axis relative lumunance, P the public mode image

visibility, W is approximated as

W= 1/VSL = /(1 +1p/nP L) eqi 11

{141} ¥t would be desirable 1o provide a display that is switchable between privacy and
public modes of operation over a wide range of ambient lluminance and further provides
optimised image quality for head-on display users.

[142] FIGURE 1 15 a schematic diagram illustrating in side perspective view a switchable
privacy display apparatus comprising display device 100 arranged to display an image. The

display device 100 comprises a transmissive spatial light modulator 48, a swiichable retarder
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501 and a passive compensation retarder 530 arranged between crossed mnput polariser 210
and output polariser 218; and a reflective polanser 302, compensated switchable retarder 300
and additional polariser 318 arranged on the output side of the mput polariser 2138,

[143] The display device 100 further comprises a backlight 20 arranged to illununate the
optical stack 548 and luminance-privacy arrangement 399 with light cone 402A.  The
backlight 20 comprises input light sources 15, waveguide 1, rear reflector 3 and optical stack
5 comprising diffusers, light tuming films and other known optical backlight structures.
Hlustrative embodiments of backlight 20 that further provide directional iHumination are
described below with reference to FIGURES 15A-D.  Further light cone 402B of reduce
solid angle may be provided by the backlight 20, providing control of output light cone 402C
and providing a luminance-privacy arrangement 399 as will be described further below.

{144} For the present embodiments, the size of a light cone 402 may be the solid angle
determuined by the full width half maximum luminance in comparison to the peak luminance
or head-on luminance.

[145] Onptical stack 348 comprises spatial light modulator 48 comprising a laver 214 of
fiquud crystal material 213 that 1s arranged to receive light from the backlight 20 and output
light from an output side. In the present disclosure, spatial light modulator 48 comprises a
pixelated hquid crystal phase modulator comprising transparent substrates 212, 216, hquid
crystal laver 214 and red, green and blue pixels 220, 222, 224.

[146] The display device 100 compmises the spatial light modulator 48 and a display
polariser that 18 an output polaniser 218 arranged on the output side of the spatial light
modulator 48, A selectively operable luminance-privacy optical arrangement 399 is
arranged on the output side of the spatial light modulator 48, however in other embodiments
{not shown) the lominance-privacy optical arrangement 399 may be arranged on the wput
side of the spatial light modulator 48 and the display polariser 1s the input polariser 210. In
the embodiment of FIGURE 1, an additional polariser 318 is arranged on the output side of
the spatial light modulator 48,

[147] At least one retarder 300 is arranged between the output polariser 218 and the
additional polariser 318 in the case the additional polariser 318 is arranged on the cutput side
of the output polariser 218 The at least one retarder 300 comprises a switchable liquid
crysial retarder 301 comprising a laver 314 of hiqud crystal material 313 and further

comprises at least one passive compensation retarder 330. Io general retarders 301, 330 may
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be replaced by other configurations of at least one retarder, some examples of which are
present in the devices described below,

[148] Tvpical polarisers 210, 218, 318 may be polarisers such as dichroic polarisers. The
lumunance-privacy optical arrangement 399 further comprises a reflective polanser 302
arranged between the at least one retarder 300 and the output polariser 218.

[149] The substrates 312, 316 of the switchable liguid crystal retarder 301 comprise
electrodes 413, 415 arranged to provide a voltage Vi across the layer 314 of hiqud crystal
material 313, Control system 352 is arranged fo control the voltage Vi applied by voltage
driver 350 across the electrodes 413, 415 of the switchable liquid crystal retarder 301 as will
be described further with respect to FIGURE 7 hereinbelow,

{150} In operation the lununance-privacy optical arrangement 399 is arranged to reduce the
luminance of the image o an off-axis viewer {or ‘snooper’). The at least one retarder 300
does not affect the luminance of light passing through the reflective polariser 302, the
retarders 300 and the additional polariser 318 along an axis along a normal to the plane of
the retarders 300 but the at least one retarder 300 does reduce the luminance of light passing
therethrough along an axis inclined to a normal to the plane of the retarders 300, i at least
one of the switchable states of the switchable retarder 301, The principles leading to this
effect are described in greater detail below with reference to FIGURE 23A to FIGURE 25E
and arises from the presence or absence of a phase shift introduced by the retarders 300 to
light along axes that are angled differently with respect to the liquad crvstal material of the
retarders 300,

[151] The plural retarders 300 and additional polariser 31¥ are arranged to provide reduced
size output luminance cone 4020 in privacy mode in comparison o the cone 402D used for
public mode.

[152] Display device 100 further has a selectivelv operable contrast-privacy optical
arrangement 599 arranged on operation to reduce the contrast of the image to an off-axis
viewer,

(1531 In the embodument of FIGURE 1, the contrast-privacy optical arrangement 399
comprises spatial light modulator 48 and plural retarders 500 comprising switchable liquid
crystal retarder 501 and passive compensation retarder 530 arranged between the input
polariser 210 and output polariser 218, In other embodimenis retarder 500 may comprise a

single laver 514 switchable hquid crystal retarder 501,
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[154] The plural retarders 500 are illustrated as arranged on the input side of the spatial light
modulator 48 but may be on the output side of the spatial light modulator 48. The plural
retarders 500 mclude a switchable hiquid crystal retarder 301 comprising a layer 514 of hquid
crystal material 513 and further comprises at least one passive retarder 530,

[155] As will be described further with respect to FIGURE 11A hereinbelow, the substrates
512, 516 of the switchable liquid crystal retarder 501 comprise electrodes 513, 515 arranged
to provide a voltage V¢ across the laver 514 of hquid crystal material 513, Control system
552 is arranged to control the voltage V¢ applied by voltage driver 550 across the electrodes
503, 505 of the switchable liquid crysial retarder 501.

[1536] In operation the contrast-privacy optical arrangement 399 is arranged to reduce the
contrast of the image to an off-axis viewer (or “snooper’). The at least one retarder 500 does
not affect the contrast of image passing through the retarders 500, spatial light modulator 48
and the output polariser 218 along an axis along a normal to the plane of the retarders 500 but
the at least one retarder 500 does reduce the contrast of light passing therethrough along an
axis inchined to a normal to the plane of the retarders 500, in at least one of the switchable
states of the switchable retarder 501. The principles leading to this effect are described n
greater detail below with reference to FIGURE 23A to FIGURE 25E and anises from the

presence or absence of a phase shift introduced by the retarders 500 to hight along axes that

1g
are angled differently with respect to the liguid crystal material of the retarders 500.

[157] FIGURE 2 is a schematic diagramn illustrating a conirol system 700 for the
controllable privacy display device 100 of FIGURE 1.

(158} Control system 700 is arranged to control the display device 100, the control system
700 being capable of selectively operaling either one or both of the luminance-privacy
arrangement 399 and the contrasi-privacy arrangement 599,

{1539} The displav apparatus comprises an arobient light sensor 450 arrange to detect the
level of the ambient light 604.  Ambient light 604, may be for example natural light, artificial
Light or light output from the display device 100 and reflected from the ambient environment.
Ambient light sensor 450 detects ambient light 604 and inputs a level to the display controller
710,

(160 Controller 710 provides control of backlight controller 715 that provides control of
light sources 15, contrast controlier 752 that provides control of voltage driver 550, image

controller 252 that provides black and white signal voltages o respective image pixels of the
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spatial light modulator 48; and luminance and reflectivity retarder controller 552 that
provides control of voltage driver 350

[1611 In operation, the control syvstem 700 is arranged to operate neither of the luminance-
privacy arrangement 399 and the condrast-privacy arrangement 599 in a public mode and one
or both of the luminance-privacy arrangement and the contrasi-privacy arrangement in a
privacy mode.

[162] FIGURE 3 is a flowchart iHlustrating a method to conirol the apparatus of FIGURES
1-2 for use in privacy mode of operation.

{163} In a first step, the display luminance is set 1o a desirable level for typical head-on user
use, for example by conirol of the current supplied fo the light sources 15 of the backhight 20.
The contrast-privacy arrangement 599 is not operated while the lununance-privacy
arrangement 399 is operated.

[164] The control system 700 is arvanged, in the privacy mode, to determine a visual
security level, VSL representing the security against viewing of a displayed image by an off-
axis viewer, the visual security level VSL being dependent on the level of ambient light 604
detected by the ambient light sensor 450 and increasing as the level of ambient light 604
increases, and the control system 700 15 arranged, in the privacy mode, {0 selectively operate
the lununance-privacy arrangement 399 and the coutrast-privacy arrangerent 599 to
maintain the visual security level VSL above a predetermined threshold 600.

[165] The ambient hght 604 is thus measured, and using mformation about the display
device 100 design parameters, the visual security level, VSL calculated, for example as
described in equation 4 above. Display design parameters may include but not limited to
engular luminance characteristics, angular contrast characteristics and angular reflectivity
characteristics. The VSL may be determined at a single polar location, for example at 45
degrees lateral viewing angle and at 0 degrees elevation, or may be an average or worst case
value over a polar range of angles as will be illustrated further below.

[166] In the present disclosure, other definmitions of visual security level may be provided,
and may include display white state, display black state and display reflectivity to determine
the security of the displaved image seen by an off-axis snooper and the quality of the
displayved image seen an on-axis user.

{1671 The control system may comprise a destrable VSL threshold 600 as will be described
further below. If the V8L 15 above the VSL threshold 600 then no contrast voltage control 15

provided, and the operation of the display continues until the VSL falls below the VSL
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threshold 600. The VSL may vary for example if the display user increases head-on
fuminance, or the ambient tHuminance changes. The control system 700 is thus arranged, in
the privacy mode, to operate the luminance-privacy arrangement 399 when the ambient light
sensor 450 detects first levels of ambient hight 604; that is the VSL is above a certain VSL
threshold 600 for the given display parameters. Advantageously, the contrast-privacy
arrangement 599 is notl operated and display conirasi seen by the primary user is not
compronused while desirable levels of privacy are achieved for off-axis snoopers.

[168] The operation of the display device 100 when the VSL falls below VSL threshold 600
will now be described. The conirol sysiem 700 is arranged to operaie both the luminance-
privacy arrangement 399 and the contrast-privacy arrangement 599 when the ambient light
sensor 450 detects second levels of ambient light 604 below the first levels. When the
ambient light 604 falls below the first levels, the VSL falls below the VSL threshold 600.
[169] The conirol system may automalically reduce the display huminance for example by
reduction of backlight lurminance, that may be achieved by backlight controller 715, If the
primary user accepis the reduced luminance while achieving the desirable VSL threshold then
no further contrast control is provided.

[170] However, if the head-on luminance is too low {or desirable operation by the head-on
user then the contrast-prnivacy arrangement 399 is operable by means of contrast controller
752 that determines the drive voltage V¢ from voltage dnver 550.

[171] The control system 700 determines the VSL and adjusis the voltage Ve of the
contrast-privacy arrangement 399 until the display VSL is at or above the VSL threshold 600,
at which point the contrast properties are set and display operation continues, monitoring
ambient light 604 in order to provide desirable VSL to off-axis snoopers.

[172] Advantageously desirable security can be achieved while optimising display
performance to the prumary user as will be further described below.

{173} Hlustrative embodiments for the variation of VSL with ambient light 604 illuminance
will now be further described.

(174} FIGURE 4A is a schematic graph illustrating the varnation of visual security level,
VSL with the ratio of ambient luminance to display head-on luminance for two different
displaved contrast ratios in an a display comprising a reflective polariser 302 with a display
reflectivity of 30%; and FIGURE 48 13 a schematic graph iltustrating the variation of visual
security level with the ratio of ambient luminance to display head-on luminance for two

different contrast ratios in an a display comprising no reflective polariser, with a display
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reflectivity of 5%. For both graphs, the privacy level, P is assumed to be 0.5%. The
reflective polariser 302 increases frontal reflection and so correspondingly increases VSL.
Profiles 601, 605 are for contrast ratios of 1000:1 and profiles 603,607 are for contrast ratios
of 3.2:1.

[175] To continue the ilustrative embodiment, a display device 100 with head-on
tuminance of 300 nits may be ilhuminated by a Lambertian light source with duminance onto
the front of the display of 300 lux, providing a lux/mit ratio of 1.0. Such a display can provide
comfortable on-axis viewing in an office environment and a visual security level of just over
VSL=4.0 in displays with no reflective polariser 302 and VSL=20 with reflective polariser
302.

[176] However, as the display illununance 1s reduced, for example by moving the display to
a darker environment, the VSL falls due to reduced luminance of ambient light 604 reflected
from the front of the display device 100

[177] Such VSL reduction can be compensated by reducing head-on display luminance, to
restore the lux/nits ratio. However, the display may become undesirably dim to the head-on
user.

[178] As illustrated in FIGURE 4B, when the Tux/nits ratio 1s reduced to ratio 612, of about
(.95 (285 lux 1o the illustrative example) then the V8L falls below a desirable VSL threshold
600 of 4.0. Thus the display has undesirable visibility to an off-axis snooper at tHhuminance
below 285 nits without some further control of VSL.

[179] 1t would be desirable to mcrease V8L at such reduced illuminance. As illustrated in
FIGURE 4B by the profile 607 for an image contrast of logyy contrast = 0.5 then the VSL
increases from 4.0 to just under 6.0 at lux/nits = 0.95.  For the arrangement of FIGURE 4A
i which a reflective polariser 302 is provided in FIGURE 1, then such a VSL threshold 600
is provided at lux/nits ratio of 0.15 (45 lux for the 300 nit head-on hurninance).

[180] The control of image contrast in response to reduced ambient illuminance will now be
described.

(181} FIGURE 5A is a schematic graph illustrating the varnation of visual security level,
VSL with the ratio of ambient luminance to display head-on luminance provided by the
display device 100 of FIGURE 1 with the reflective polariser 302 imncorporated; and
FIGURE 3B is a schematic graph llustrating the variation of visual securnity level with the
ratio of ambient fuminance to displav device 100 head-on lununance provided by the display

of FIGURE 1 with the refiective polariser 302 omitted.
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[182] As illustrated by profiles 609, 611, the contrast-privacy optical arrangement 599 is
arranged on operation to reduce the contrast of the image to an off-axis viewer by a
controllable amount, and the control sysiem 700 is arranged, when operating the contrast-
privacy arrangement 599, to control the amount of reduction of the contrast of the image to
an off-axis viewer in dependence on the detected level of ambient light 604.

(183} In operation, VSL profile 609 is the same as profile 601 in hw/nit region 614, 15 the
same as the profiles 601, 605. In lux/nit region 616, the profile 609 has a uniform VSL at the
VSL threshold fevel 600. In lux/nit region 618, the VSL. is determined by the VSL that is
provided for the contrast ratio that can be conveniently achieved over the snooper visibility
and 1s thus simalar to or the same as the profile 603, 607 respectively.

[184] When the measured ambient iluminance of light 604 is above a threshold such that
the VSL is above VSL threshold 600, then the privacy performance is controlled by the
luminance-privacy arrangement 399 alone.

[185] When the measured ambient illuminance of light 604 is below a nunimum level 610
of lux/nit (representing a first level 610 of ambient light 604) then the visual secunty level,
V5L is conirolled by both the luminance-privacy arrangement 399 and the contrast-privacy
arrangement 599, The display device 100 desirably maintains VSL at VSL threshold 600
tevel until the tux/mit ratio falls to a second ambient light 604 threshold represented by lux/nit
threshold 620 by means of adjustment of control voliage V¢ to the contrast-privacy
arrangement 599

[186] Below the threshold 620 of lux/nit ratio, further adjustment of control voltage V¢ does
not provide improvement in V8L, and so the profile 609 is provided by profiles 603, 607 for
the combined effects of fuminance and contrast reduction.

[187] The polar profiles of VSL will be considered further below, however the same
principles of adjustment of lununance and contrast to achieve a display which operates at or
above the threshold VSL can be applied by considering regions in the polar profile of hikely
or measured snooper locations.

[188] As will be described, contrast-privacy arrangements 599 typically provide undesirable
roll-offs in image contrast with polar viewing angle that may degrade image appearance and
colowur to the head-on user. The present embodiment may not operate the contrast-privacy
arrangement 399 above the threshold VSL 600, Advantageously the present embodiments
provide high image contrast and image uniformity for illumimance levels above a first level,

while achieving high visual security for off-axis snoopers. Improved image quality is
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provided to the primary user by providing contrast reduction at the minimal level that
achieves desirable display visual security to off-axis snoopers for a given measured ambient
light 604 illuminance.

[189] The structure of the luminance-privacy arrangement 399 and contrast-privacy
arrangement S99 of FIGURE 1 will now be further descnibed.

[190] FIGURE 6 is a schematic diagram illustrating in front view alignment of optical
lavers in the optical stack of FIGURE 1. The input polaniser 210 has an electric vector
transmission direction 211 that is orthogonal fo the electric vector transmission direction 219
of the output polariser 218  Passive compensation retarder 530 comprises a negative
dielectric anisotropy material 533 that has an optical axis that 1s perpendicular to the plane of
the passive retarder 530, The hiquid crystal layer 214 of the spatial light modulator has liquid
crystal material 213 that can be switched in onentation in the plane of the liquid crvstal laver
214 bv means of an applied electric field between orientations 222A, 222B and orientations
220A, 2208 to provide black and white states respectively.

[191] The electric vector transmission direction of the reflective polariser 302 is parallel to
the electric vector transmission direction of the output polariser 218, Further the electric
vector transmussion divection 303 of the reflective polariser 302 13 parallel to the elecinc
vector transmission direction 319 of the additional polaniser 318, Passive retarder 330 may
comprise retardation layer with material 430 that has an optical axis that is perpendicular to
the plane of the passive retarder 330, while switchable hguid crysial retarder 301 may
comprise alayer 314 of hquid crystal material 313, as will be described below.

[192] The structure of an embodiment of a luminance-privacy arrangement 399 will now be
described.

(193] FIGURE 7 i3 a schematic diagram illustrating in perspective side view an
arrangement of a reflective polariser 302 and plural retarder lavers 301, 330 arranged
between the output polariser 218 and additional polariser 318,

(194} The luminance-privacy optical arrangement 399 comprises: an  additional  polanser
318 arranged on the same side of the spatial light modulator 48 as the display polariser 218;
and at least one retarder 300 arranged between the additional polariser 318 and the display
polariser 218, the at least one retarder 300 including a switchable liquid crystal retarder 301
comprising a laver 314 of liquid crvstal material 313 and electrodes 413, 415 arranged 1o
applyv a voltage, Vi for switching the layer 314 of iquid crvstal material 313, The at least

one retarder 300 further includes at least one passive compensation retarder 330,
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[195] TABLE ! describes an illustrative embodiment for the arrangement of FIGURE 7.

Passive retarden(s) Active LC retarder
Mode Type An.d Alignment Pretil And Ae | Voltage 'V,
/nm layers /deg / Y
Public ) Homeottopic %8 O
Negative C =700 ) 810 -4.3
Privacy Horaeotropic 88 22

TABLE 1

[196] The operation of an embodiment of a luminance-privacy arrangement 399 will now be
described.

[197] FIGURE 8A is a schematic diagram illustrating in side view propagation of ouiput
Light through the huminance-privacy arrangement 399 of FIGURE 1 in a public mode of
operation; and FIGURE 8B 15 a schematic graph illustrating the vanation of the transmission
with polar direction for the transnutted light ravs in FIGURE 8A for the illustrative
embodiment of TABLE 1.

[198] When the hiquid crystal retarder 301 is driven by a voltage Vi o provide operation in
the public mode, the retarders 300 provide no overall transformation of polansation
component 360, 361 to output light ray 400 passing therethrough perpendicular to the plane
of the swiichable retarder 301 or for Hight ray 401 at an acute angle 10 the perpendicular {o the
plane of the switchable retarder 301, That 15 polarisation component 362 is substantially the
same as polansation component 360 and polarisation component 364 is substantially the
same as polarisation component 361. Thus the angular transmission profile of FIGURE 8B is
substantially uniformly transmitting across a wide polar region.  Advantageously a display
may be swilched to a wade field of view that can be seen by multiple display users. Further
luminance uniformity is increased for the head-on user.

[199] The operation of the reflective polariser 302 in public mode will now be described.
[200] FIGURE %A 15 a schematic diagram lustrating in side view propagation of ambient
light 604 through the luminance-privacy arrangement 399 of FIGURE 1 in a public mode of
operation; and FIGURE 9B s a schematic graph illustrating the variation of the reflectivity
with polar direction for the transmitted hght ravs in FIGURE 9A for the idlustrative
embodiment of TABLE 1.

[201] Ambient light source 604 illunvnates the display 100 with unpolarised light

Additional polariser 318 transmuis light ray 410 normal to the display surface with a first
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polarisation component 372 that is a hnear polarisation component parallel to the electric
vector transmission direction 319 of the additional polariser 318.

[202] When the hiquid crystal retarder 301 is driven by a voltage Vi o provide operation in
public mode (that may be zero volts), the retarders 300 provide no overall transformation of
polarisation component 372 to ambient light ravs 412 passing through the additional polanser
318 and then the retarders 300, that is perpendicular to the plane of the retarders 300 or at an
acute angle to the perpendicular to the plane of the retarders 300.

[203] In operation in the public mode, mput light ray 412 has polarisation state 372 after
transmussion through the additional polariser 318. For both head-on and off-axis directions
no polarisation transformation occurs and thus the reflectivity for hght rayvs 402 from the
reflective polarniser 302 is low. Light ray 412 15 transmuitted by reflective polariser 302 and
lost in the display polarisers 218, 210 or the backlight of FIGURE 1.

204} Advantageously in a public mode of operation, high huminance and low reflectivity is
provided across a wide field of view. Such a displav can be conveniently viewed with high
contrast by mmltiple observers.

[205] FIGURE 18A is a schematic diagram illustrating in side view propagation of cutput
light through the output polanser of FIGURE 1 in a privacy mode of operation; and FIGURE
108 is a schematic graph tHustrating the variation of the transroission with polar direction for
the transimitted light rays in FIGURE 10A for the illustrative embodiment of TABLE 1.

[206] When the layer 314 of ligund crystal material is driven by a second voltage Vi (that is
different to the voltage for the public mode) to provide operation in privacy mode, the
retarders 300 provide no overall transformation of polarisation component 360 to output light
rays 400 passing therethrough along an axis perpendicular o the plane of the switchable
retarder, but provides an overall transformation of polansation component 361 to hight rays
401 passing therethrough for some polar angles which are at an acute angle to the
perpendicular to the plane of the retarders.

207} Polarisation component 360 from the output polariser 218 1s transmitted by reflective
polariser 302 and incident on retarders 300, On-axis light has a polarisation component 362
that is unmodified from component 360 while off-axis light has a polarisation component 364
that 18 fransformed by the retarders 300. At a munimum, the polarisation component 361 is
transformed to a linear polarisation component 364 and absorbed by additional polariser 318,

More generally, the polarisation component 361 is transformed to an elliptical polarisation
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component, that is partially absorbed by additional polariser 318 and an intermediate
transmission is provided.

[208] In a polar representation of transmussion by the retarders 300 and additional polariser
318 in a privacy mode, regions of high transmission and regions of low transmission are
provided as illustrated in FIGURE 10B.

209} The polar distribution of light transmission dlustrated in FIGURE 4B modifies the
polar distribution of lununance output of the underlying spatial light modulator 48, In the
case that the spatial light modulator 48 comprises a directional backlight 20 then off-axis
fuminance may be further be reduced as described above.

[210] Advantageously, a privacy display device 100 is provided that has low luminance to
an off-axis snooper while maintaining high lunnance for an on-axis observer.

{211} FIGURE 16< 1s a schematic diagram illusirating in side view propagation of ambient
Light 604 through the lumnance-privacy arrangerent 399 of FIGURE 1 in a privacy mode of
operation; and FIGURE 10D is a schematic graph illustrating the variation of the reflectivity
with polar direction for the transnutted light rays in FIGURE 10C for the illustrative
embodiment of TABLE 1.

212} For on-axis ray 410 the polarisation component 372 remains unmodified by the
retarders 300 and so transmitted polarisation component 382 is parallel to the transmission
axis of the reflective polariser 302 and the output polariser 218, so ambient light is directed
through the spatial light modulator 48 and lost.

2131 By comparison, for ray 412, off-axis hight is directed through the retarders 300 such
that polarisation component 374 incident on the reflective polariser 302 may be reflected.
Such polarisation component is re-converted into component 376 after passing through
retarders 300 and 1s transmitied through the additional polariser 318,

{214} Thus when the layer 314 of liquid crvstal material is driven by a second voltage Vi
{(that is different to the voitage for the public mode} {o provide operation in privacy mode, the
reflective polariser 302 provides no reflected light for ambient light rays 410 passing through
the additional polariser 318 and then the retarders 300 along an axis perpendicular to the
plane of the retarders 300, but provides reflected light rays 412 for ambient light passing
through the additional polariser 318 and then the retarders 300 at some polar angles which are
at an acute angle to the perpendicular to the plane of the retarders 300; wherein the reflected
light 412 passes back through the retarders 300 and is then transmitted by the additional

polariser 318.
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[215] The retarders 300 thus provide no overall transformation of polarisation component
380 to ambient light rays 410 passing through the additional polariser 318 and then the
retarder 300 along an axis perpendicular to the plane of the switchable retarder, but provides
an overall transformation of polarisation component 372 to ambient light rays 412 passing
through the absorptive polariser 318 and then the retarders 300 at some polar angles which
are ab an acute angle to the perpendicular to the plane of the retarders 300

216} The polar distribution of hight reflection illustrated in FIGURE 10D thus dlustrates
that high reflectivity can be provided at typical snooper locations by means of the privacy
state of the retarders 300. Thus, in the privacy mode of operation, the reflectivity for off-axis
viewing positions 1s increased, and the luminance for off-axis hight from the spatial light
maodulator is reduced as ilhustrated 1o FIGURE 10B.

{217} Advantageously, a privacy display is provided that has high reflectivity to an off-axis
snooper while mamtaining low reflectivity for an on-axis observer. As will be described
helow, such increased reflectivity provides enhanced privacy performance for the display in
an ambiently ilhiminated environment.

[218] It will be appreciated that the structure of the switchable Hiquid crystal retarder 301
and passive compensation retarder of TABLE 1 15 an illustrative embodiment, and that other
arrangements mav be provided to achieve lurmnance-privacy arrangement 399

[219] The operation of an embodiment of a contrast-privacy arrangement 599 will now be
described.

[220] FIGURE 11A is a schematic diagram illustrating in perspective side view an
arrangement of an in-plane switching spatial light modulator 48 and plural retarder layers 500
arranged between crossed polarisers 210, 218 wherein the plural retarders 500 comprise a
passive negative C-plate compensation retarder 530 and a homogeneously aligned switchable
liquid crvstal retarder 501, driven by voltage Ve by driver 552 to provide a public mode of
operation,

221} The contrast-privacy optical arrangement 599 comprises ai least one retarder 500
arranged between the imput polariser 210 and the output polariser 218 on either the mput side
or the output side of spatial light modulator 48.

(222} In the embodiment of FIGURE 11A, the spatial light modulator 48 is one of an in-
plane switching device or a fringe field switching device. Electrodes 503, 505 are arranged

to apply a voltage for switching the layer 514 of hiquid crystal material 413.
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[223] Homogeneous alignment layers 217A, 217B are arranged on opposing sides of the
fiquud erystal layer 214 of the spatial light modulator 48 that have pretilt directions 217A,
2178 that are parallel or anti-paraliel (o the transmission direction 219 of the output polanser,
or in other embodiments {not shown) may be orthogonal.

[224] When no voltage is applied across the electrodes in pixels 222A, 222B {s¢ that
voltage Vi is zero) the liquid crystal material 213 provides no phase modulation of
polarisation states parallel to the output polariser 218 electric vector transmuassion direction
219. As will be described for on-axis light in privacy mode and for on-axis and off-axis light
in public mode, the pixels 222A, 222B provide low transmission after the output polarisation
state from the layer 214 is analysed at output polariser 218,

[225] Pixel regions 220A, 2208 illustrate first and second regions of a pixel operating in
high transmission state and driven by voltage Vw across electrodes 205 that are inclined at +/-
45 degrees to the transmission direction 219 of the ouiput polariser 218 For maximum
transoission Jthe liquid crystal molecules of material 213 are rotated by the in~-plane electric
field so that there is a nominal orientation of the molecules of +45 degrees for the first region
and -45 degrees for the second region. Incident polarisation states are arranged o undergo a
half wave phase retardation. In cases in which the polarisation component incident onto the
laver 214 1s linear polarised at 0 degrees, then the polarisation component output from the
layer 214 1s rotated by 90 degrees so that it is parallel to the direction 219 and transmutted.
The regions 2204, 2208 are arranged to provide an averaging of polar angular transnussion
differences between clockwise and anti-clockwise polansation rotations. The field of view
of the luminance control of half wave retarders of pixel regions 2204, 2208 of FIGURE 1 15
relatively high, that is the retarders do not provide an off-axis contrast effect that would be
desirable {or a contrast controlled privacy display.

(2261 Anillustrative embodiment of the plural retarders 500 is given in TABLE 2.

Passive retarder(s) Active LC retarder
p LCD
Mode i And Alignment Pretilt And Vohage mode
Type Ag r
; layers , ; Ve iV
/mm - /deg / am
Fublic Negative Homogeneous -2 >3
&C 300475 400+100 | 100 In-plane
Privacy ' Homopgensouns 2 25462

TABLE 2
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[227] The switchable liquid crystal retarder 501 comprises two swrface alignment lavers
517a, 517b disposed adjacent to the layer of liquid crvstal material 513 and on opposite sides
thereof and each arranged 1o provide homogenous alignment in the adjacent hquid crystal
material 513; and the ligund crystal material 513 has a positive dielectric anisotropy.

[228] The at least one passive retarder comprises a passive retarder 330 having an optical
axis perpendicular to the plane of the passive retarder 530 and baving and having a retardance
for light of a wavelength of 550mm 10 a range from ~373nm to ~225mm.

[229] In public mode a high voltage is applied across the switchable liguid crystal laver 514
such that the molecules of the layer 514 have a substantially homeotropic alignment under the
applied field, with small residual splay near to the alignment layvers 509A, S09B.

{230} The propagation of light through the optical stack 548 when the liquid crvstal matenal
533 of the switchable liquid crystal retarder 530 is arranged for public mode as illustrated in
FIGURE 11A will now be described.

[231] FIGURE 11B is a schematic diagram illustrating in side view propagation of output
light from a spatial light modulator 48 through the optical stack of FIGURE 11A in a public
mode of operation for a maximum transnussion state.  The propagation of on-axis light ray
400 and off-axis light ray 401 will now be considered.

{232} In comparison to the arrangement of FIGURE 11 A, in the embodiment of FIGURE
118 the plural retarders 500 are arranged between the spatial light modwdator 48 and the
output polariser 218, however the output polarisation state achieved i both embodiments is
sirnilar or identical.

[233] Polarisation component 559 from input polariser 210 is incident onto spatial light
modulator 48 As illustrated in FIGURE 11A, pixels 220A, 220B provide a linear
polarisation component S60 for on-axis light and simularly a hinear polansation compounent
361 for off-axis light that 1s substantially the same as the component 560.

{234} In the public mode of operation, the plural retarders 500 are arranged to provide
substantially no modification of the polansation components 560, 561 so that rays 400, 401
have polarisation coraponents 563, 365 that are substantiallv linear with directions parallel to
the transnussion direction 219 of the output polariser 218, Thus light rays 400, 401 are
transmitted with high luminance. Advantageously a pixel that has high transmittance over a
wide polar viewing angle range 13 provided.

{235} The propagation of light rays for black pixels in public mode will now be described.
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[236] FIGURE 11C is a schematic diagram illustrating in side view propagation of output
light from a spatial hight modulator 48 through the optical stack of FIGURE 11A m a public
mode of operation for a miniroum transmission state.  In comparison to FIGURE 11B, the
output polarisation components 560, 561 from the spatial light modulator 48 are unmaodified
in comparison to nput component 559, The plural retarders 500 provide minimal further
polarisation modification and the output components 5363, 565 are substantially absorbed at
the output polariser 218, Advantageously a pixel that remains black with low transmittance
over a wide polar viewing angle range is provided and high image conirast may be achieved
over a wide polar field of view.

{2371 The operation of the display of TABLE 2 in privacy mode will now be described. In
comparison to the amrangement of FIGURE 11A, a different voltage Vi, 1s applied to the
layer 514 so that the material 513 is re-oriented. Such reorientation provides a splaved
retarder structure, with a uniform retardance across the area of the display 100,

[238] FIGURE 12A 15 a schematic diagram ilustrating in perspective side view an
arrangement of an in-plane switching spatial light modulator 48 and plural retarder layers 500
arranged between crossed polarisers 210, 218 wherein the plural retarders 500 comprise a
passive negative C-plate compensation retarder 530 and a homogeneously aligned switchable
liquid crystal retarder 501, 1n a privacy mode of operation. In comparison to the arrangement
of FIGURE 11A, the voliage V¢ 1s adjusted and the Hqud crystal molecules 513 have
different alignrment within the layver 514 to achieve a polar field-of-view contrast roli-off
characteristic.

{2391 The propagation of light through the optical stack 548 when the liquid crystal material
533 of the switchable liquid crvstal retarder 530 is arranged for privacy mode as illusirated in
FIGURE 12A will now be described.

[240] FIGURE 12B 15 a schematic diagram tllustrating in side view propagation of output
light rays 400, 401 from a spatial light modulator 48 through the contrast-privacy
arrangernent 599 of FIGURE 6 i a privacy mode of operation for a maximum {ransmission
siate.

[241] In comparison 1o the arrangement of FIGURE 11B, the plural retarders 500 are
arranged to introduce no phase shift to polansation components of light passed by the input
polariser 210 along an axis 199 along a normal {o the plane of the retarder 500 and are

arranged to miroduce a phase shift to polarisation components of light rayvs 401 passed by the
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input polariser 210 along an axis inclined to the axis 199 along a normal to the plane of the
retarder in a switchable mode of the at least one switchable Hiquid crysial retarder 501,

{242} Thus on-axis ray 400 has polarisation component 360 that 18 ouiput as unmodified
polarisation component 563 from the plural retarders 500 and is transmitted by the output
polartser 218. However, off-axis ray 401 has polarisation component that comprises a
combination of polarisation components that are respectively parallel and perpendicular to
the electric vector transmission direction 219 of the output polariser 218, providing an
intermediate output transmission, rather than a maximum transmission.

[243] FIGURE 12C is a schematic diagram illustrating in side view propagation of cutput
light from a spatial light modulator 48 through the contrast-privacy arrangement 599 of
FIGURE 12A i a privacy mode of operation for a mimiomum transnussion state. As with
FIGURE 12B, the polarisation component 563 of the on-axis ray 400 i1s substantially
unmodified, while the off-axis ray 401 has a polarisation component that is modified, to
provide an intermediate ouiput fransmussion.

[244] The polar contrast profiles for FIGURES 12B-C for the present illustrative
embodiment will now be described.

[245] FIGURE 13A is a schematic graph illustrating the vantation of the logarithm of
comtrast with polar direction for the transmitted light rays i FIGURES 1IB-C and the
illustrative embodiment of TABLE 2. In combination the rays 400, 401 achieve high contrast
over a wide polar range. Advaniageously the display device 100 may be visible with high
contrast by multiple users over a wide viewing range of polar viewing angles.

[246] FIGURE 13B is a schematic graph iilusirating the variation of the logarithm of
contrast with polar direction for the transmitted light rays in FIGURES 1ZB-C for the
arrangement of FIGURE 12A. Advantageously high head-on contrast ratio s achieved while
the off-axis contrast ratio 15 reduced, reducing image visibility for off-axis snoopers.

{247} The polar region 540 that provides high visual security level will now be considered.
{248} For iso~contrast lines where log;o contrast is O, image contrast is 1:1 and the display 15
substantially mnvisible to off-axis snoopers, independent of luminance and illuminance levels.
However the polar region in which such low visibility is present is imited. For the present
discussion, the polar region 540 over which 0.5>logy contrast> -0.5 (3.16:1 > contrast >
(.316:1) will be considered. For contrast levels less than 1.1, the images are mverted,
however the image structure such as text and outlines will remain visible to an off-axis

SROOPCK.
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[249] Advantageously the polar region 540 over which the display device 100 has reduced
tmage visibility, and therefore increased visual security level, VSL is increased by means of
contrast reduction.

250} An alternative contrast-privacy arrangement 599 will now be described.

[251] FIGURE 14A is a schematic diagram iilusirating in side perspective view a
controllable privacy display device 100 for use i ambient light 604 lumimation comprising:
a transmussive spatial light modulator 48 comprising a biased in-plane switching liguid
crystal mode, arranged between input and output polarisers 210, 218; and a reflective
polariser, a compensation retarder and a switchable hiquid crystal retarder arranged between
the output polaniser and an additional polanser.

{252} The display device 100 comprises a spatial light modulator 48 coraprising a laver 214
of liquid crystal material 213 and the contrasi-pnivacy optical arrangement 599 comprises at
least one electrode 203, 205 arranged to provide biased in-plane switching of the liqud
crystal matenal 213,

[253] In comparison to the arrangement of FIGURE 1, the contrast-privacy arrangement
599 is provided by electrodes 203, 205 at the liquid crysial layer 214 of the spatial light
modulator 48 in comparison to the plural retarders 300,

[254] FIGURE 148 is a schematic diggram llustrating a control system for the controliable
privacy display of FIGURE 14A. The structwre and operation of FIGURE 14B s similar to
FIGURE 2, with contrast control retarder 752 conirolling voltage driver 950 that sets bias
voltage V.

[255] FIGURE 14C is a schematic diagram illustrating in front view alignment of optical
favers in the optical stack of FIGURE 14A. The structure of FIGURE 14C is simular to the
optical stack of FIGURE 3, however the plural retarders 500 are omutted.

2561 The operation of a bias controlied in-plane switching hiquid crystal layer 214 will now
be described.

[257] FIGURE 14D is a schematic diagram illustrating in perspective side view an
arrangement of a biased in~-plane switching spatial light modulator, in a public mode of
operation; and FIGURE 14F is a schematic diagram illustrating in perspective side view an
arrangement of a biased in-plane swiiching spatial light modulator, in a privacy mode of

operation.
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[258] In public mode, voliage Vg is set to zero volts so that the molecules 213 of the display
operate in-plane and public mode operation is achieved as described for FIGURE 11A for
example.

{259} By comparison, in privacy mode, as llustrated m FIGURE 14E, the molecules 213
are tilted by the applied voltage Vg to achieve out-of-plane liqud crvstal molecule
orientation, at angle 221 from the plane. Such tilted molecules of liquid crystal material 213
provide viewing angle contrast modifications that may be sinular in nature to that provided
by an uncompensated switchable retarder 501 of FIGURE 1 (ie omifting a passive
compensation refarder 530) and as will be described with respect to TABLE 4, below.

[260] However, in comparison o the arrangement of FIGURE 1, the molecules undergo a
splay and twist as well as tilt due to the homogeneous alignment at the upper alignment laver
209A that degrades colour performance. Undesirably such displays provide colour saturation
variations that are clearly visible lo on~axis observers.

261} Further lununance-privacy arrangements 399 comprising backlights 20 that are
directional backlights and may further comprise switchable backlights and will now be
described.

[262] FIGURE 184 is a schematic diagram llustrating a rear perspective view operation of
an imaging waveguwde 1 providing on-axis optical window 26a and off-axis optical windows
26b, 26¢. Imaging waveguides are described in U.S. Patent No. 9,519,153 and U.8. Patent
MNo. 10,054,732, both of which are herein incorporated by reference in their entireties.

263} The display device 100 coraprises: a backlight 20 comprising plural hight sources 15a-
n and a directional waveguide | arranged to direct light from different light sources 15a-n in
different angular ranges; and a spatial light modulator 48 arranged to receive light from the
waveguide 1 and output light from an oulput side, and the lominance-privacy optical
arrangement 399 comprises a switching arrangement arranged to selectively operate the light
sources 1 5a-n.

264} Light rays 400A, 400B provided by nput set 15a of hight sources are directed to
reflective end 4, and directed within the waveguide 1 to extraction feature 12 by means of
total intermal reflection within the waveguide 1. The waveguide 1 comprises a light input
surface 2 extending along a first end of the directional waveguide 1, and a reflective end 4
extending along a second end of the directional wavegumide 1 opposite 1o the first end 2 for
reflecting the input light back along the waveguide 1, the reflective end 4 having positive

optical power i the lateral direction. The second guide surface § comprises hight exiraction
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features 12 and intermediate regions 10 between the light extraction features 12, the light
extraction features 12 being oriented to deflect the reflected input light 400A, 400B through
the first gunde swrface 6 as output hight and the intermediate regions 10 being arranged to
direct light through the waveguide 1 without extracting it.

[265] As illustraied in FIGURE 15A, the light extraction features may have positive optical
power in the lateral direction, such optical power cooperates with the optical power of the
curved reflective end 4 to provide tmaging of the set 15 of hight sources. After reflection rays
4004, 400B is directed in the z-direction to optical window 26 in the window plane 106.
Optical window 26a is an tmage in the lateral direction {y-axis) of the set 15 of light sources.
[266] The second guide surface 8 is thus arranged to deflect the reflected input light 400A,
4008 through the first guide 6 surface as output light, and the wavegwide 1 is arranged to
image the set 15 of light sources in the lateral direction so that the output light from the light
sources is directed into respective optical windows 26 in oulput divections that are distributed
in dependence on mnput positions of the light sources of the set 15 of light sources.

[267] Further off-axis optical windows 26b, 26¢ are provided by illuminating sets 15b, 15¢
of hight sources respectively. By switching light source sets 15b, 15¢ independently of light
source set 15a, then the backlight 20 may switch between a narrow angle profile and a wide
angle profile.

[268] The backlight 20 may thus provide the luminance-privacy arrangement 399 or may be
used in cooperation with the retarder 300 and additional polariser 318 of FIGURE 1 for
example.

[269] Advantageously the angular profile of the public mode of operation may be
maximised o achieve increased image visibility for off-axis observers in public mode of
operation, and increased visual security level in privacy mode.

(270} FIGURE 15B 5 a schematic graph illustrating field-of-view luminance plot of the
output of FIGURE 15A when used in a display apparatus with no switchable fiquid crystal
retarder 300 and additional polariser 318, where luminance contour lines are iltustrated.

271} Advantageously relatively low levels of off-axis luminance may be achieved for off-
axis viewing, achieved by the imaging of the waveguide 1. For example less than 5% of
head-on luminance at a lateral angle of 45 degrees and elevation of § degrees may be

provided.
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(272} Such a waveguide has a thickness that 1s linmited by the height of the light sources and
efficiency determined by the relative height of the reflective end 4 and input end 2. 1t would
be desirable to provide reduced thickness.

273} FIGURE 18C 15 a schematic diagram illustrating side view of a backlight comprising
collimating waveguide; and FIGURE 18D i5 a schematic graph illusirating field-of-view
huminance plot of the output of FIGURE 15C.

274} Directional backlight 20 comprises a collimating waveguide 901 with first and second
opposing guide surfaces. A plurality of elongate lenticular elements 906 15 arranged on the
first guide surface of the waveguide 901. The lenticular elements 906 have extended
cyhindrical lens shapes that extend away from end 902 of the waveguide 901

(2751 A plurality of inclined light extraction features 912 arranged in an arrav on the second
guide surface of the waveguide 901 opposite the first guide surface with planar fight guiding
surface 908 between light deflecting features 912

[276] Toput light sources 915 are arranged at the end 902. The plurality of elongate
lenticular elements 906 and the plurality of inclined light extraction features 912 are oriented
to deflect input light rays 940 guided through the directional waveguide 901 1o exit through
the first guide surface of the waveguide 901,

(2771 Light ray 940 from tllununation source 915 is guided within the waveguide 901 and
output towards tuming film 927 either by transmission through the lenticular surface 906 or
by reflection from the reflector 903 after exiting planar surfaces 908, Output hight rays 950
from the waveguide 901 are deflected by total internal reflection in the turning film 927 and
are incident onto the optical stack 548 of the display 100.

[278] In comparison to the arrangement of FIGURE 15A, thickness may be advantageously
reduced.

(2791 In the present embodiments, the backlight 20 may be arranged to provide an angular
hight distribution that has reduced luminance for off-axis viewing positions in comparison to
head-on luminance. A typical wide angle backlight has a roll-off at higher angles such that
the full width half maximum of relative luminance may be preferably greater than 40°, more
preferably greater than 60° and most preferably greater than 80°.

[280] The backlight 20 may be a directional backlight that provides a luminance at polar
angles to the normal to the spatial light modulator 48 greater than 45 degrees that is at most
30% of the lumimance along the normal to the spatial light modulator 48, preferably at most

20% of the luminance along the normal to the spatial light modulator 48, and more preferably
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at most 10% of the luminance along the normal to the spatial light modulator 48, In an
ihustrative embodiment of FIGURE 1A, the luminance at polar angles o the normal to the
spatial light modulator 48 greater than 45 degrees may be at most 18%.

[281] Backlight 20 may further comprise a switchable backlight arranged to switch the
output angular lominance profile in order io provide reduced off-axis luminance in a privacy
mode of operation and higher off-axis lununance tn a public mode of operation. Such a
directional backlight provides some off-axis luminance reduction, advantageously increasing
head-on efficiency and reducing display visibility and stray light for off-axis locations.

{282] The polar properties of various display arrangemenis will now be discussed,
extending the discussion of visual security level given for FIGURES 4A-B and FIGURES
5A-B.

[283] FIGURE 164 15 a schematic graph illusirating field-of-view visual security level,
VSL plot for a display comprising the luminance, transmission, reflectivity, and logarithmic
contrast ratio polar vanations of FIGURES 16B-E for a ratio of illunminance {o head-on
tuminance of 1.0 lux/nit. In the present embodiments, the visual security level, VSL is
calculated according to equation 4, above.

[284] FIGURE 16B 15 a schematic graph illustrating luominance field-of~view plot for a
collimated backlight 20; FIGURE 16C is a schematic graph itllustrating transmission field-
of-view plot for a display comprising plural retarders 300 of TABLE 3 arranged between the
output polariser 218 and the additional polaniser 318; FIGURE 16D 15 a schematic graph
iustrating reflectivity field-of-view plot for a display 100 comprising no reflective polariser
arranged between the output polariser 218 and the additional polariser 318; and FIGURE
16K is a schematic graph illustrating logarithmic condrast ratio field-of-view plot for a display
comprising no retarder 500 arranged between the input polariser 210 and the output polariser

218,

Passive retarder(s) Active LC retarder
Mode Type And Alignment Preqlt And Ag Vohage
Jam lavers /deg /nm Y
Public +500 @ 45° | Homogeneons 2 10
, Crossed A 750 132
Privacy +500 @ 135° | Homogeneous 2 23
TABLE 3
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[285] Referring to FIGURE 16A, the VSL threshold 600 contour is illustrated along with
the desirable region 690 that is above VSL threshold 600 for viewing by a snooper. Further a
region 694 s indicated with a VSL that is above an image visibility threshold of W=0.83
(VSL = 1.2}, within contour 692, {described with respect to equation 11 above).

[286] FIGURE 17A is a schematic graph illustrating field-of-view visual security level plot
for a display comprising the luminance, transmission, reflectivity, and logarithmic contrast
ratio polar variations of FIGURES 17B-E {or a ratio of illuninance to head-on luminance of
1.0 lux/nit, FIGURE 17B 15 a schematic graph ilustrating luminance field-of-view plot for a
cotiimated backlight; FIGURE 17C is a schematic graph illustrating transmission field-of-
view plot for a display comprising plural refarders of TABLE 2 arranged between the cutput
polariser and the additional polariser.

[287] FIGURE 17D is a schematic graph illusirating reflectivity field-of-view plot for a
display comprising a reflective polariser 302 arranged between the cutput polanser 218 and
the plural retarders 300 for the arrangervent of TABLE 3, as a percentage of peak reflectivity
achievable for a given optical stack of reflective polariser 302

288} FIGURE 17K is a schematic graph illustrating logarithmic contrast ratio field-of-
view plot for a display comprising no retarder arranged between the input polariser and the
output polariser. As no contrast-privacy arrangement 399 is operated, the contrast is uniform.
[289] In comparison to the arrangement of FIGURE 16A, FIGURE 17A advantageously
achieves mcreased region over which VSL is above threshold, due to the effect of imcreased
display reflectivity from the reflective polariser 302.

[290] FIGURE 18A is a schematic graph illusirating field-of-view visual security level plot
for a display comprising the lununance, transmission, reflectivity, and logarithmic contrast
ratio polar variations of FIGURES 18B-E for a ratio of illuminance to head-on tununance of
1.0 lux/nit,

[291] FIGURE 18B is a schematic graph illustrating huminance field-of-view plot for a
wide angle backlight that is typically used with such an arrangement; FIGURE 18C 5 a
schematic graph illustrating transmission field-of-view plot for a displav comprising plural
retarders of TABLE 2 arranged between the output polariser and the additional polariser; and
FIGURE 18D is a schematic graph illustrating reflectivity field-of-view plot for a display
comprising a reflective polariser arranged between the output polaniser and the plural

retarders.

38



WO 2019/090252 PCT/US2018/059256

292} FIGURE 18E is a schematic graph illustrating logarithmic contrast ratic field-of-
view plot for a display comprising retarders as described in TABLE 4 arranged between the

nput polariser and the output polariser.

Active LC retarder IPS cell
Mode Alignment Prenilt And Ag Voltage Ve And
Iayefﬂ /deg /i N / nn
Public | Homogeneous 2 10
i +300 | 132 265
Privacy | Homogeneous 2 1.6
TABLE 4

293} In comparison to FEGURES 16A and 17A, the polar region for visual security level
VS1L.>4 is substantially reduced.

(294} The effect of reducing ambient light 604 lluminance on a display of FIGURE 1 with
no contrasi-privacy element 5399 will now be described.

[295] FIGURE 19A is a schematic graph illustrating field-of-view visual security level plot
for a display coroprising the luminance, transmission, reflectivity, and logarithmic contrast
ratio polar variations of FIGURES 16B-E (with no reflective polariser 302) for ratios of
illuminance to head-on luminance of 1 hux/mit, 0.5 hux/nit, 0.25 lux/nit, 0125 lux/nit and 0.05
tux/nit; and FIGURE 198 is a schematic graph illustrating field-of-view visual security level
plot for a displav comprising the luminance, transmission, reflectivity, and logarithmic
contrast ratio polar varations of FIGURES 17B-E (with reflective polariser) for ratios of
illuminance to head-on lunminance of 1 lux/nit, 0.5 tux/nit, 0.25 lux/nit, 0.125 hux/nit and 0.05
hwe/mit.

[296] As the display illuminance falls, the region 690 of VSL above threshoid 600
significantly reduces in size. Undesirably the angles from which a snooper can perceive the
displayed image increase in size, undesirably reducing efficacy of the privacy mode of
operation.

{297} For illustrative purposes, polar reference locations 696, 698 are marked. For the
arrangement of FIGURE 19A, lux/nit ratios of 0.5 and 1.0 the display achieves desirable VSL
above threshold 600 at both locations 696, 698 whereas at lower ambient illununance levels,
the reference points are below threshold 600 and the display may be undesirably visible 10 a

snooper. In comparison to the arrangement of FIGURE 19A, the display maintains desirable
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visual security at lux/nit ratios of 0.125 and above, however, the visual security at 0.05 lux/nit
is undesirable.

298] The appearance of visual security level, VSL for displays incorporaling both
lumunance-privacy arrangement 399 and conirast-privacy arrangement 599 will now be
described.

[209] FIGURE 20A is a schematic graph illustrating field-of~view visual security level plot
for a display coroprising the luminance, transmission, reflectivity, and logarithmic contrast
ratio polar variations of FIGURES 20B-E for a ratio of illunminance to head-on luminance of
1.0 lux/mit; FIGURE 20B 15 a schematic graph illustrating luminance field-of-view plot for a
collimated backlight 20; FIGURE 20C is a schematic graph illustrating transmission field-
of-view plot for a display comprising the plural retarders 300 of TABLE 3 arranged between
the output polariser 218 and the additional polariser 318; FIGURE 20D is a schematic graph
iHustrating reflectivity field-of-view plot for a display comprising no reflective polariser 302
arranged between the output polanser 218 and the additional polanser 318; and FIGURE
26K 15 a schematic graph illustrating logarithmic contrast ratio field-of-view plot for a display
100 comprising retarders 500 as described in TABLE 4 arranged between the input polariser
210 and the oulput polariser 218,

[300] FIGURE 21A is a schematic graph illusirating field-of-view visual secunity level plot
for a display comprising the luminance, transmussion, reflectivity, logarithmic contrast ratio
and logarithmic contrast ratio polar vanations of FIGURES 21B-E for a ratio of dluminance
to head-on lunminance of 1.0 lw/mit; FIGURE 21B is a schematic graph illustrating
fuminance field-of-view plot for a collimated backlight 20; FIGURE 21€ is a schematic
graph itlustrating transmission field-of-view plot for a display 100 comprising plural retarders
300 of TABLE 3 arranged between the ouiput polariser 218 and the additional polariser 318;
FIGURE 21D 15 a schematic graph illustrating reflectivity field-of-view plot for a display
100 compnising a reflective polariser 302 arranged between the output polariser 218 and the
plural retarders 300, and FIGURE 23K 15 a schematic graph tHustrating togarithmic conirast
ratio field~of~view plot for a display comprising plural retarders 500 as described 1o TABLE
4 arranged between the input polariser 210 and the output polariser 218,

[301] It would be desirable to provide improved visual security level at low lux/nit ratios
while maintaining high image quality {or the privnary user. The effect of ambient ihuminance

light 604 on the appearance of visual security level, VSL for displays incorporating both
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luminance-privacy arrangement 399 and contrast-privacy arrangement 599 with the control
apparatus of the present disclosure will now be described.

[302] FIGURE 224 are schematic graphs tlustrating field-of-view visual security level
plot for a display comprising the luminance, transnussion, reflectivity, logarithmic contrast
ratio and black pixel state polar variations of FIGURES 20B-E for a ratio of illumunance to
head-on lumunance of 1.0 lux/nit, 0.5 Tu/mt, 0.25 hagmit, 0125 lux/nit, 0.05 /it and 0.25
hue/nit; and FIGURE 22B are schematic graphs illustrating field-of-view visual security
level plot for a display comprising the luminance, itransnussion, reflectivity, logarithmic
contrast ratio and black pixel state polar variations of FIGURES 21B-E for a ratio of
tHuminance to head-on luminance of 1.0 hodnit, 0.5 hed/nit, 0.25 Twd/mit, 0125 Tux/mit, 0.08
tax/mit and 0.25 hux/nit,

[303] FIGURES 22A and 22B further indicate whether the luminance-privacy arrangement
399 15 operable or whether both the luminance-privacy and contrast-privacy amrangements
399, 599 are operable at each of the respective lux/nit ratios. Thus for the arrangement with
no reflective polariser 302, then the contrast-privacy arrangement 15 introduced at level of
ambient light 604 for a fux/nit ratio of between 0.5 and 0.25. By companson when the
reflective polariser 302 is infroduced as shown in FIGURE 22B the conirast-privacy
arrangement is operable at lux/oit ratio between 0.125 and 0.05. Advantageously the
display maintains a desirable visual security level for low ambient light 604 and maintains
high 1mage quality without contrast degradations for the primary user at higher ambient light
604 levels.

[304] The control of the luminance-privacy arrangement 399 and conirast-privacy
arrangement 399 will now be described further.

[305] FIGURE 22 15 a schematic graph illustrating the variation of control voltages for
the display of FIGURE 1 with no reflective polariser 302; and FIGURE 22D is a schematic
graph tllustrating the vanation of control voltages for the display of FIGURE 1 with
reflective polanser 302

[306] As idlustrated by profile 680, the control voltage Vi that is used to drive the
switchable hiquid crystal laver 314 and as described in TABLE 3 may be fixed, for example
at 2.3V so that for the lux/nit range of 0 to 1.0 then the luminance-privacy arrangement 399 is
operable.

[307] The voltage V¢ applied to the contrast-privacy arrangement 599 is adjusted when the

ambient light sensor 450 detects second levels of ambient light 604 below the first level 610,
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[308] As illustrated by profile 682, the control voltage V¢ that is used to drive the
switchable hiquid crystal laver 514 and as described in TABLE 4 is adjusted depending on the
measured ambient light 604, At lugher ambient light 604 levels (high lux/nit) above first
level 610, the layer 514 may be driven at high voltage for example at >3V so that only small
variations of contrast with viewing angle are provided, and the display has high image quality
1o the primary user while maintaining desivable visual security levels. Below threshold 620,
the layer 514 is driven at 1.6V to provide optimum countrast-privacy performance.

[309] At mtermediate levels between levels 620 and 610 of ambient light 604, the voltage
Ve is adjusted. Thus the out-of-plane tilt of the molecules 513 in the layer 514 are adjusted
to achieve increasing contrast effect but so the contrast variations of the display device 100
contrast-privacy arrangement 599 is not fully switched on.  The profile 682 mn the
imtermediate levels may be linear as shown or may be non-linear with adjustment to maintain
desirable VSL at the reference measurement points for the measured ambient hight 604,

(310} FIGURE 22E 15 a schematic graph dlustrating an alternative varation of control
voltages Ve, Vi for the display of FIGURE 1. In comparison to FIGURE 22C, FIGURE 22E
ihustrates that the luminance-privacy control voltage profile 681 may be adjusted at ambient
light 604 levels above the fivst level 610, Advantageously, the VSL may be maintained at a
desirable level, and the lununance roll-off of the display may be reduced, improving image
luminance uniformity to the head-on user. As the ambient light 604 level reduces the voltage
may be adjusted to achieve increased visual security level to compensate for the loss of light
from retlection from the display.

[311] FIGURE 22E also illustrates that the contrast-privacy arrangement 599 control
voltage profile 683 may be adjusted in a non-linear manner in order to achieve desirable
visual security level. Further, the voltage for no contrast modulation may be less than the
voltage for field-of-view contrast modulations, for example zero volts, that is dependent on
the optical structure of the arrangement 599. For example a biased in-plane switching LCD
will typically have zero volts for public operation or for luminance levels above the first level
610,

[312] FIGURE 22F 15 a schematic graph illustrating an alternative variation of control
voltages Ve, Vi, for the display of FIGURE 1. In comparison to the other embodiments
described herein, at ambient light 604 levels above the first level 610, the luminance-privacy
arrangement 399 voltage V. 15 set for a mode of operation between narrow angle and public

operation. Further the contrasi-privacy arrangement 599 voltage Vo is set for an intermediate
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contrast range. The combined V8L of the two settings provides a desirable visual security
fevel. Advantageously the display achieves reduces luminance uniformity variations and
reduces contrast uniformuty vanations while achieving desirable visual security level for
varying ambient light 604 levels.

[313] A description of the operation of plural retarders 500 and retarders 300 will now be
given in more detail, the principles of which may be applied in general to all of the devices
described above. In various devices described above, plural retarders 500 are arranged
between the mnput polariser 210 and the outpwt polanser 218 in various different
configurations. In each case, the plural retarders are configured so that they do not affect the
transmission of light for a white state pixel along an axis along a normal to the plane of the
retarder(s) but it does reduce the transrussion of light along an axis inchined to a normal to
the plane of the retarder(s), at least in one of the swiichable states of the plural retarders 500.
Further the plural retarders 500 are configured so that they do not affect the transmission of
light for a black state pixel along an axis along a normal to the plane of the retarder(s) but it
does increase the transmission of light along an axis inclined to a normal to the plane of the
retarder(s}, at least in one of the switchable states of the plural retarders 500,

{314} The operation of the present off-axis contrast reducing embodiments may be
considered n a similar manner to the operation of retarders between parallel polarisers as will
be described further below. In the present embodiments a contrast modification for off-axis
viewing locations is achieved by modification of the polarisation stafes representing black
and white pixel states, due to the angular variation in optical phase in the plural retarders and
fiquid crystal spatial light modulator 48, Intermediate grey level states of image pixels may
be considered as combinations of black and whiie pixels.

{315} In various devices described above, plural retarders 300 are arranged between a
displav polariser 216 or 218 and an additional polariser 318 in various duferent
configurations. In each case, the retarders 300 are configured so that they do not affect the
luminance of hight along an axas aong a normal to the plane of the retarder(s) but it does
reduce the luminance of hight along an axis inclined to a normal to the plane of the
retarder(s), at least in one of the switchable states of the switchable retarder 301.

{316} There will now be given a description of this effect in more detail, the principles of
which may be applied in general to all of the devices described above,

{317} FIGURE 23A 15 a schematic diagram illustrating in perspective view illununation of

a retarder laver by off-axis light. Correction retarder 630 may comprise birefringent material,
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represented by refractive index ellipsoid 632 with optical axis direction 634 at 0 degrees to
the x-axis, and have a thickness 631, Normal light rays 636 propagate so that the path length
i the material 1s the same as the thickness 631, Light ravs 637 are i the v-z plane have an
increased path length: however the birefringence of the material is substantially the same as
the rays 636. By way of comparison light rays 638 that are in the x-z plane have an increased
path length in the birefringent material and further the birefringence is different to the normal
ray 636.

[318] The retardance of the retarder 630 is thus dependent on the angle of incidence of the
respective ray, and also the plane of incidence, that 15 ravs 638 in the x-z will have a
retardance different from the normal rays 636 and the rays 637 n the v~z plane.

(3191 The interaction of polarized light with the retarder 630 will now be described. To
distinguish from the first and second polarization components during operation in a
divectional backlight 101, the following explanation will refer to third and fourth polarization
components.

[320] FIGURE 238 is a schematic diagram illustrating in perspective view illumination of
a retarder layer by off-axis light of a third linear polarization state at 90 degrees io the x-axis
and FIGURE 23C 15 a schematic diagram illustrating in perspective view illunmination of a
retarder layer by off-axis light of a fourth linear polarization state at 0 degrees to the x-axis.
In such arrangements, the incident linear polanization states are aligned to the optical axes of
the birefringent matenal, represented by ellipse 632, Consequently, no phase difference
between the third and fourth orthogonal polarization components 1s provided, and there is no
resuitant change of the polarization state of the linearly polarized input for each ray 636, 637,
638. Thus, the retarder 630 introduces no phase shift to polarisation components of light
passed by the polariser on the input side of the retarder 630 along an axis along a normal o
the plane of the retarder 630. Accordingly. the retarder 630 does not affect the lumanance of
light passing through the retarder 630 and polarisers {not shown} on each side of the retarder
630. Although FIGURES 29A-C relate specificallv to the retarder 630 that is passive, a
simmlar effect 1s achieved by the retarders in the devices described above.

[321] FIGURE 23D is a schematic diagram illustrating in perspective view illumination of
a retarder 630 laver by off-axis light of a linear polarization state at 45 degrees. The linear
polanization state may be resolved into third and fourth polavization components that are
respectively orthogonal and parallel to optical axis 634 direction. The retarder thickness 631

and material retardance represented by refractive index ellipsoid 632 may provide a net effect
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of relatively shifting the phase of the third and fourth polanzation components incident
thereon 1 a normal direction represented by ray 636 by half a wavelength, for a design
wavelength, The design wavelength may for example be in the range of 500 to 550 nm.

{322} At the design wavelength and for light propagating normally along ray 636 then the
output polarization may be rotated by 90 degrees to a linear polarization state 640 at -45
degrees. Light propagating along ray 637 may see a phase difference that 15 simular but not
identical to the phase difference along ray 637 due to the change in thickness, and thus an
elliptical polarization state 639 may be output which may have a major axis similar to the
linear polarization axis of the output light for ray 636,

{3231 By way of contrast, the phase difference for the incident linear polarization state along
ray 638 may be significantly different, i particular a lower phase difference may be
provided. Such phase difference may provide an output polarization state 644 that is
substantially circular at a given inclination angle 642, Thus, the retarder 630 introduces a
phase shift to polarisation components of light passed by the polariser on the input side of the
retarder 630 along an axis corresponding to ray 638 that is inclined to a normal to the plane of
the retarder 630. Although FIGURE 23D relates to the retarder 630 that is passive, a similar
effect 15 achieved by the retarders described above, in a switchable state of the switchable
liquid crystal retarder corresponding to the privacy mode,

{324} To tilusirate the off-axis behaviour of retarder stacks, the angular luminance control
of C-plates 3084, 308B between an additional polariser 318 and output display polariser 218
will now be described for various off-axis dlumination arrangements with reference to the
operation of a C-plate between the paraliel polarisers 500, 210 will now be described.

[325] FIGURE 24A is a schematic diagram illustrating in perspective view illumination of
a C-plate laver bv off-axis polarised hght with a posttive elevation. Incident linear
polarisation component 704 1s incident onto the birefringent material 632 of the retarder 560
that 1s a C-plate with optical axis direction 507 that is perpendicular to the plane of the
retarder 560. Polarisation component 704 sees no net phase difference on transmission
through the liquid cryvstal molecule and so the output polarisation component is the same as
component 704, Thus a maximum transmission is seen through the polariser 210, Thus the
retarder 560 having an optical axis 561 perpendicular to the plane of the retarder 560, that is
the x-y plane. The retarder 560 having an optical axis perpendicular (o the plane of the

retarder coraprises a C-plate.
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[326] FIGURE 248 is a schematic diagram illustrating in perspective view illumination of
a C-plate layer by off-axis polarised light with a negative laieral angle. As with the
arrangement of FIGURE 24A, polarisation state 704 sees no net phase difference and 1s
transmitied with maximum luminance. Thus, the retarder 560 introduces no phase shift to
polarisation components of light passed by the polariser on the input side of the retarder 560
along an axis along a normal to the plane of the retarder 560. Accordingly, the retarder 560
does not affect the luninance of light passing through the retarder 560 and polansers (not
shown} on each side of the retarder 560,

(3271 FIGURE 24C is a schematic diagram illustrating in perspective view illumination of
a C-plate layer by offtaxis polarised light with a positive elevation and negative lateral angle.
In comparison to the arrangement of FIGURES 24A-B, the polarisation state 704 resolves
onto eigenstates 703, 705 with respect to the birefringent material 632 providing a net phase
difference on iransmission through the retarder 560. The resultant elliptical polarisation
component 636 is transiitted through polariser 210 with reduced lununance in comparison to
the rays ilustrated in FIGURES 24A-B.

[328] FIGURE 24D is a schematic diagram illusirating in perspective view illumination of
a C-plate layer by off-axis polansed hight with a positive elevation and positive lateral angle.
In a simalar manner to FIGURE 24C, the polarisation component 704 is resolved mto
eigenstates 703, 705 that undergo a net phase difference, and elliptical polarisation
component 660 153 provided, which after transmission through the polariser reduces the
luminance of the respective off-axis ray. Thus, the retarder 560 introduces a phase shift to
polarisation components of light passed by the polariser on the input side of the retarder 560
along an axis that 15 inclined to a normal to the plane of the retarder 560.

[329] Although FIGURE 24D relates o the retarder 560 that 1s passive, a similar effect is
achieved by the retarders described above, in a switchable state of the switchable hquid
crystal retarder corresponding to the privacy mode.

(330} FIGURE 24K 15 a schematic graph illustrating the variation of ouiput transmission
with polar direction for transmutted hight rays 1o FIGURES 24A-D. Thus, the C-plate may
provide luminance reduction in polar quadrants. In combination with switchable liquid
crystal retarder layver 314 described elsewhere herein, (i) removal of luminance reduction of
the C-plaie may be provided m a first public mode siate of operation () extended polar

region for luminance reduction may be achieved in a second privacy state of operation.
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[331] To illustrate the off-axis behaviour of retarder stacks, the angular luminance control
of crossed A-plates 308A, 308B between an additional polariser 318 and outpui display
polariser 218 will now be described for various off-axis itlumination arrangements.

[332] FIGURE 25A is a schematic diagram illustrating in perspective view illumination of
crossed A-plate retarder layers by off-axis polarised light with a positive elevation. Linear
polariser 218 with electric vector transmission direction 219 is used o provide a linear
polarisation state 704 that is parallel to the lateral direction onto first A-plate 308A of the
crossed A-plates 308A, 308B. The optical axis direction 309A is inclined at +45 degrees to
the lateral direction. The retardance of the retarder 308A for the off-axis angle 8, in the
posttive elevation direction provides a resultant polarisation component 650 that is generally
eliiptical on output. Polarisation component 650 is incident onto the second A-plate 308B of
the crossed A-plates 308A, 308B that has an optical axis direction 309B that is orthogonal to
the optical axis direction 309A of the first A-plate 308A. In the plane of incidence of
FIGURE 25A. the retardance of the second A-plate 308B for the off-axis angle 0 is equal
and oppostte to the retardance of the tust A-plate 308A. Thus a net zero retardation 1s
provided for the incident polarisation component 704 and the output polarisation component
is the same as the input polarisation component 704.

[333] The output polarisation component is aligned to the electric vector transmission
direction of the additional polariser 318, and thus s transmitted efficiently. Advantageously
substantially no losses are provided for light rays that have zero lateral angle angular
component so that full transmission efficiency is achieved.

(334} FIGURE 25B 15 a schematic diagram illustrating in perspective view illununation of
crossed A-plate retarder lavers by off-axis polarised light with a negative lateral angle. Thus
mput polarisation component is converted by the first A-plate 308A to an intermediate
polarisation component 652 that 1s generally an elliptical polarisation state. The second A-
plate 308B agamn provides an equal and opposite retardation to the first A-plate so that the
output polarisation component is the same as the input polarisation component 704 and light
is efficiently transmitted through the polariser 318,

{335} Thus the retarder comprises a pair of retarders 308A, 308B which have optical axes in
the plane of the retarders 308A, 308B that are crossed, that is the x-v plane in the present
embodiments. The pair of retarders 308A, 308B have optical axes 309A, 305B that each
extend at 45° with respect to an electric vector transmussion direction that 1s parallel o the

electric vector transmission of the polariser 318,
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[336] Advantageously substantially no losses are provided for light ravs that have zero
elevation angular component so that full transmission efficiency is achieved.

(3371 FIGURE 258C 15 a schematic diagram illustrating in perspective view illumination of
crossed A-plate retarder lavers by off-axis polarised light with a positive elevation and
negative lateral angle. Polarisation component 704 is converted to an elliptical polarisation
component 654 by first A-plate 308A. A resultant elliptical component 656 1s output from
the second A-plate 308B. Elliptical component 656 15 analysed by input polariser 218 with
reduced lununance in comparison to the input luminance of the first polarisation component
704,

{338} FIGURE 25D 15 a schematic diagram illustrating in perspective view illumnation of
crossed A-plate retarder layers by off-axis polarised light with a positive elevation and
positive lateral angle. Polarisation componenis 658 and 660 are provided by first and second
A-plates 308A, 303B as net retardance of first and second retarders does not provide
compensation.

[339] Thus luminance is reduced for light ravs that have non-zero lateral angle and non-zero
elevation components. Advaniageously display privacy can be increased for snoopers that
are arranged 1n viewing quadrants while luminous efficiency for primary display users is not
substantially reduced.

[340] FIGURE Z5E 15 a schematic graph illustrating the variation of oulput {ransmission
with polar direction for transmutted light rays in FIGURES 25A-D.  In comparison to the
arrangement of FIGURE 24E, the area of lununance reduction is increased for off-axis
viewing. However, the swiichable liquid crystal retarder layer 301 may provide reduced
uniformity in comparison to the C-plate arrangements for off-axis viewing in the first wide
mode siate of operation.

[341] As mav be used herein, the terms “substantiallv” and “approximately” provide an
industry-accepted tolerance for its corresponding ierm and/or relativity beiween items. Such
an ndustry-accepted tolerance ranges from zero percent o ten percent and comresponds o,
but 15 not limuted 1o, component values, angles, et cetera. Such relativity between items
ranges between approximately zero percent to ten percent.

[342] 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
exarple only, and vot hinutation. Thus, the breadth and scope of this disclosure should not

be himited by any of the above-described exemplary embodiments, but should be defined only
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in accordance with any claims and their equivalents issuing from this disclosure.
Furthermore, the above advantages and {eatures are provided in described embodiments, but
shall not Himit the application of such issued claims to processes and structures accomplishing
any or all of the above advanitages.

[343] 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 anvy claims that may issue from
this disclosure. Specifically and by way of example, although the headings refer o 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 15 prior art to
any embodiment(s) in this disclosure. Neither is the “Summary” o be considered as a
characierization of the embodiment(s) set forth in issued claims. Furthermore, any reference
i this disclosure to “invention” in the singular should not be used 1o argue that there is only a
single point of novelty in this disclosure. Multiple embodiments may be set forth according to
the limutations 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 n light of this

disclosure, but should not be constrained by the headings set forth herein.
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Claims:

1 A display apparatus comprising:

a display device arranged to display an image, the display device having a selectively
operable lurmnance-privacy optical arrangement arranged on operation to reduce the
luminance of the image 1o an off-axis viewer, and a selectively operable conirast-privacy
optical arrangement arranged on operation to reduce the contrast of the image to an off~axis
viewer; and

a control svstem arranged 1o control the display device, the control system being
capable of selectively operating either one or both of the luminance-privacy arrangement and

the contrast-privacy arrangement.

2. A display apparatus according to claim 1, wherein the control system is arranged {o
operate neither of the lununance-privacy arrangervent and the contrast-privacy arrangement
in a public mode and one or both of the luminance-privacy arrangement and the contrast-

privacy arrangement in a privacy mode.

3. A display apparatus according to claim 2, wherein

the display apparatus further comprises an ambient light sensor arrange to detect the
tevel of the ambient light, and

the control system is arranged, in the privacy mode, 1o operate the luminance-~-privacy
arrangement when the ambient light sensor detects first levels of ambient light and to operate
both the lunmunance-privacy arrangement and the contrast-privacy arrangement when the

ambient light sensor detects second levels of ambient light below the fivst levels.

4. A display apparatus according to claim 3, wherein

the contrasi-privacy optical arrangement is arranged on operation to reduce the
contrast of the 1roage to an off-axis viewer by a controllable amount, and

the conirol svstem 1s arranged, when operating the conirasi-privacy arrangement, {0
control the amount of reduction of the contrast of the image to an off-axis viewer in

dependence on the detected level of armbient light.

5. A display apparatus according to claim 3 or 4, wherein
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the conirol svstem is arranged, in the privacy mode, 1o determine a visual security
fevel representing the security against viewing of a displaved image by an off-axis viewer,
the visual security level being dependent on the level of ambient light detecied by the
ambient light sensor and increasing as the level of ambient light increages, and

the control svstem is arranged, in the privacy mode, 1o selectively operate the
luminance-privacy arrangement and the contrast-privacy arrangement to maintan the visual

security level above a predetermined threshold.

6. A display apparatus according {0 anv one of the preceding claims, whergin

the display device comprises:

a spatial light modulator; and

a display polariser arranged on a side of the spatial light modulator, and

the lumanance-privacy optical arrangement comprises:

an additional polariser arranged on the same side of the spatial light modulator as the
display polariser; and

at least one retarder arranged between the additional polariser and the display
polariser, the at least one retarder including a swiichable liquid crystal retarder comprising a
laver of hquid crystal matenal and electrodes arranged to apply a voltage for switching the

tayer of iquid crystal material.

7. A display apparatus according to claim 6, wheremn the at least one retarder further

includes at least one passive compensation retarder.

8. A display apparatus according to claim 6 or 7, wherewn the additional polariser is
arranged on the output side of the spatial light modulator and the luminance-privacy optical
arrangement further comprises a reflective polariser arranged between the at least one

retarder and the output polariser.

9. A display apparatus according to any one of claims 1 to 5, wherein

the display device comprises:

a backlight comprising plural light sources and a divectional waveguide arranged to
direct light from different light sources mn different angular ranges; and

a spatial light modulator arranged to receive light from the waveguide and output hight
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from an output side, and
the luminance-privacy oplical arrangement comprises a switching arrangemennt

arranged to selectively operale the light sources.

10. A display apparatus according to any one of the preceding claims, wherein

the display device comprises:

a backlight;

a spatial light modulator comprising a laver of liquud crystal material arranged to
receive light from the backlight and output light from an output side;

an mput polariser arranged on an input side of the spatial hight modulator; and

an output polariser arranged on the output side of the spatial light modulator, and

the contrast-privacy optical arrangement comprises at least one retarder arranged
between the inpui polariser and the output polariser on etther the input side or the cutput side
of spatial light modulator,
the at least one retarder including a switchable liquid crystal retarder comprising a layer of
fiquid crystal material and electrodes arranged 1o apply a voltage for switching the layer of

Liquad crystal material.

11 A display apparatus according to any one of claims 1 to 9, wherein the display device
comprises a spatial Hight modulator comprising a layver of Hiquid crystal matenial and the
contrast-privacy optical arrangement comprises at least one electrode arranged to apply a

voltage to provide biased in-plane switching of the liguid crvstal material.

i2. A display apparatus according to claim 10 or claim 11 wherein the voltage is adjusted

when the ambient light sensor detects second levels of ambient light below the first levels.
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