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(57) Abstract: An optical waveguide (30) is provided having at least first and second diffraction regions, the first diffraction region
being arranged to diffract image -bearing light propagating along the waveguide so as to expand it in a first dimension and to turn
the image -bearing light towards the second diffraction region, the second diffraction region being arranged to diffract the image-
bearing light so as to expand ii in a second dimension and to release it from the waveguide as a visible image. The first diffraction
region is formed by first diffraction grating (14) embedded within the waveguide, arranged to present a substantially similar profile
to the image -bearing light when incident upon the grating from a given angle above or below the grating.
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OPTICAL WAVEGUIDE AND DIBPLAY DEVICE

This invention refales to an optical waveguide and a display device. In
particular it is relevant to display devices in which bmags bearing light is injected
into & waveguide, is expanded in two orthogonal dimensions to form g visible
image and fs reloased from the waveguide.

A known form of waveguide for use in a display device has been
desoribed in an earlier international patent application by the present Applicant,
published as WO 2010/118240, as will now be described with reference to
Figure 4. The waveguide in that case comprises an input diffraction region 42
for coupling an input puplt 44 of image-bearing light info the waveguids for
propagation by olal interna! reflection. The input pupit 44 is directed towards a
reflective surface 46 where it is reflected towards a turning difftaction region 48,
The turning diffraction region 48 expands the pupl in s first dimension &0
through multiple interactions with the region 48 and tums it towards an output
diffraction region 52. The output diffraction region 52 expands the pupil in 8
second dimension 54 and oulputs the image-bearing light from the waveguide
with an exit pupll 58. The use of the reflecing surface 48 allows the input
diffraction region 42 and the turning diffraction region 48 to be formed by a
single grating 58, The reflecting surface 48 may he omittad, atthough i that

case sach of the diffraction regions will be formed by separate gratings.

The crientation of the grooves of the grating 58 are inclined at an angle
of 80° to the x-axis so that image-hearing light incident on the input region 42 is
diffracted and propagated o the reflective surface 48 and thence reflected so
that the chief ray propagates and is incident on the grooves of the wrning region
48 at 807 to the normal to the grooves (ses insat &) The fight is partially
diffracted and expanded in a first dimension {here the x-dimension}) and
propagates through the waveguide o the output low diffraction efficiency (2% 1o
<0%) grating 52 having fis ordentation (grooves) iing it the x-direction. The
diffracted rays are incident normally on this grating (see inset B) and are
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parlially diffracted ot of the waveguide, the partial diffraction axpanding the
pupit in g second dimension, here the y-dimension, rasutting in the exit pupil 58,

Typical implementations of the waveguide designs described above use
& grating 52, 58 caried on the surface of the waveguide, or a grating of a profile
such as & blazed grating profile 60 as used for the tumning region 48 in the
earfier patent application, shown in Figure 5, 1o optimise the difraction
efficiency. Analysis has shown that the angled tuming diffraction ragion 48, as
required to direct the light towards the oulput diffraction region 52, wil typically
rotate the polarisation of both the diffracted light directed towards the output
diffraction region 52 and also the light which continues o propagate making

multiple further interactions to expand the input pupi in one dimension.

Refering to Figure 5, a chief input ray 82 is shown divected towards the
turning diffraction reglon 48 from the input difftaction region 42 (not shown in
Figure 5}, whether or not via a reflacting surface 45, The input ray 82 has a frst
angle of polarisation, thatis, changes 1 the state of polarisation of the Hght may
be identified with reference 1o an angle 3ssociated with the stale of polarisation
of the Input ray 62 even though the light s not necessarily plang-polanised. At a
first interaction 64 with the turning region 48, a portion 88 of the light is divected
fowards the culput aiffraction region 52 {not shown in Figure ) and a porticn 88
of the light continues to propagate along the tuning region 48, At the first
inferaction 84, the angle of polarisation of both of the partions 88, 88 is rotated
i1 one direction, for example a clockwise direction, and therefore the angles of
polanisation of light rays 88, 88 are different from the angle of polarisation of the
input ray 83, Al & second inferaction 70 with the grating 48, 3 portion 72 of the
propagating ray 58 is directed towards the output diffraction region 52 and a
portion 74 of the light continues to propagate aslong the turning region 48. At the
second inferaction 70, the angle of polarisation of both the portions 72, 74 is
rotated further In the same direcion, for example a clockwise direction.
Consequently, the angle of polarisation of the rays, 72, 74 is typically different
fram the angles of polarisations of both the input ray B2 and the propagating ray
88. At third interaction 78 with the grating 48, a portion 78 of the propagating

ray 74 is direcled towards the cutput diffraction reglon 52 and a portion 80 of



10

15

20

25

81778861
-3-

the light continues to propagate along the turning region. At the third interaction 76,
the angle of polarisation of both the portions 78, 80 are rotated further in the same
direction, for example a clockwise direction. Consequently, the angle of polarisation
of the rays 78, 80 are typically different from the angles of polarisation of the input ray
62, the propagating ray 68 and the propagating ray 74. Multiple further interactions
will occur between propagating rays and the grating 48, although only three
interactions are shown. Accordingly, the angles of polarisation of the rays 66, 72 78
directed towards the output diffraction region 52 are typically different from each
other. In the example shown in Figure 4, the output diffraction region 52 is sensitive
to the polarisation of light such that a ray having one angle of polarisation will be
more optimally diffracted towards a viewer than a ray having another angle of
polarisation. The rays 66, 72, 78 constitute expansion of the pupil of image bearing
light in the x-dimension and therefore vertical banding may occur in the exit pupil 56
as light is output from the waveguide at different intensities producing lighter and

darker regions.

The present invention provides an optical waveguide in which, in operation,
image-bearing light propagates therein by total internal reflection, the waveguide
comprising at least first and second diffraction regions, the first diffraction region
being arranged to diffract image-bearing light propagating along the waveguide so as
to expand it in a first dimension and to turn the image-bearing light towards the
second diffraction region, the second diffraction region being arranged to diffract the
image-bearing light so as to expand it in a second dimension and to release it from
the waveguide as a visible image, wherein the first diffraction region is formed by a
first diffraction grating embedded within the waveguide, arranged to present a
substantially similar profile to the image-bearing light when incident upon the grating
from a given angle above or below the grating such that the polarisation of the image
bearing light is rotated by substantially similar amounts, but in opposite directions, by
successive interactions with the first diffraction region, thereby increasing the

uniformity of intensity of the visible image released from the waveguide.

CA 2850948 2019-01-07
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The image bearing light turned towards the second diffraction region following
an even number of interactions with the first diffraction region may have substantially
the same polarisation. Additionally or alternatively, the image bearing light turned
towards the second diffraction region following an odd number of interactions with the

first diffraction region may have substantially the same polarisation.

The grating profile may be symmetrical with respect to a plane extending
normally to the waveguide and spaced from a first and from a second principle

surfaces of the waveguide by different amounts.

The first diffraction region may have a periodic square wave, sinusoidal or

triangular profile.

The invention also provides a helmet-mounted, head-mounted, head-up or

other display device comprising such an optical waveguide.

Embodiments of the invention now will be described merely by way of example

with reference to the accompanying drawings wherein;
Figure 1 shows an optical waveguide;
Figure 2 shows a diffraction region of the optical waveguide;
Figure 3 shows a display device comprising the optical waveguide;
Figure 4 shows a prior art optical waveguide; and
Figure 5 shows a diffraction region of the prior art waveguide.

Referring to Figures 1 and 2, an optical waveguide 10 is shown having a
number of features in common with the prior art waveguide described above with
reference to Figures 4 and 5 and shown in W0201 0/119240. For brevity, the
description of the present embodiment will concentrate predominantly on the
inventive differences between the prior art waveguide shown in figures 4 and 5 and
that of the present invention, in particular the arrangement of the turning diffraction
region (region 48 in Figure 4).

CA 2850948 2019-01-07
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The waveguide 10 comprises an input diffraction region 11 for coupling
an input puplt 12 of image-bearing light into the waveguide 10 for propagation
by lofal infernal reflection. The input pupll 12 is directed towards a reflective
surface 13, in this example, where 1t is reflecied towards & turning diffraction
region 14, The tuming diffraction region 14 expands the pupll of imags-bearing
fight in a first dimension 15 through mudtiple interactions with the region 14 ard
turns it towards an oulput diffraction region 16, The output diffraction region 18
expands the pupll of image-bearing light In 3 second dimension 17 and ouiputs
it from the waveguide as an exit pupl 180, The reflecting surface 13 may be
omitted as described above.

n Figure 2, a section is leken through the waveguide showing a
diffraction grating 18 used fo implement the tuming diffraction region 14 in more
detail. The profile of the grating 18 s arranged to present the same profile to
light approaching the grating 18 from any given angle oither above or below the
plane P of the waveguide, The profile of the grating 18 may for example be &
sguare-wave profile as shown in Figurs 2, or a sinusoidal or triangular profile.
Sueh regular, periodic grating profiles share the property of being symmstiic
aboul @ plane nommal o the plane P of the waveguide 10, Howaver, the
periodicity of the profile may be varied across the grating 18 while stif refaining
the properly of presenting the same profile to light appreaching the grating 18

from a given angle either above or below the plane P of the waveguide.

The grating 18 is embedded within the waveguide 10, unitke in the prior
art waveguide of Figure 4 and Figure 5 iIn which the gratings are formed on a
surface of the waveguide. The grating 18 may extend in any plane P of the
waveguide 10 although, in the present example it is off-set from a plane which
is egually spaced between the principal surfaces 30, 31 of the wavaguide 10,
The off-set is sufficlent © Improve pupll banding and uniformity. The smbedded
arangement of the grating 18 results a greater number of ideractions batween
the light and the grating 18 than would be possible with 2 surface-formed
grating.

A chief input ray 19 is directed towards the grating 18 of the tuming
diffraction region 14 from the input diffraction region 11 {noft shown in Figure 2),
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whether o not via a reflecting surface 13, The input ray 19 has a first angle of
polarisation. Al a first interaction 20 with the grating 18, a portion 21 of the light
s directad towards the output diffraction region 18 {not shown in Figure 2) and a
portion 32 of the light continues to propagate along the grating 18, Al the first

o

interaction 20, the angle of polarisation of both the puortions 21, 22 iz rotated in
one direction, for example a clockwise dirsction, and thersfore the angles of
polarisation of light rays 21, 22 are different from that of the input ray 19,

Al & second interaction 23 with the grating 18, a portion 24 of the

propagating ray 22 is direcled towards the output diffraction region 16 and a

0 portion 25 of the light continues to propagate along the grating 18, At the

second intevaction 23, the angle of polarisation of bofh the portions 24, 25 &

rolated in an opposite direction, for example an anti-clockwise direction.

Freferably, the second intersction 23 causes the angle of polarisation of the

ght 1o be rotated by an equal and opposite amaunt o the rolalion caused by

15 the first interaction 20. Consequently, the angie of polarisation of rays, 24, 25 is

typically the sarne or substantially the same as the angle of polarisation of the

input ray 19, Accordingly, the angle of polarisation of the propagating chief ray

25 has therefore refurned substantially to the original angle of polarisation of the
input ray 18,

20 it will be seen therefore that successive interactions with the grating 18
cause opposite rotation of the angle of polarisation of both the diffracted rays
and the propagating rays. in this way, afler an odd number of interactions with
the turning graling 18 the angles of polarisation of the diffracted fight and the
prapagating light are rotated compared © the angle of poladisation of the input

o3
w1

ray 19 and after an even number of inferactions with the fuming grating 18 the
angles of polarisation of the diffracted light and the propagating fight are
generally similar or the same as the angle of polarisation of the input ray 19
Thatl is, the rays 21, 27, 28 diffracted towards the output region 16 have a
generally uniform first angle of polarisation and the rays 24, 29, 32 diffracted
3¢ lowards the outpul region 18 have a generally uniform second angle of
polarsation, The output diffraction region 18 is seneitive to polarisation and
thersiore will typioally diffract one set of rays (sither the odd rays 21, 27, 38 or
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the even rays 24, 28, 32) more efficiently than the other set of rays, However,
undike the prdor et arangement desoribed above where the angles of
polarisation of the diffracted rays 88, 72, 78 are differant from one ancther, in
the pressnt invention the angles of polarisation of the even rays are uniform and
the angles of polarisation of the odd rays are unform and therefors the intensity
of the imags (af least in the X-dimension) output 1o a viewer will be gensrally

uriform, even though one set of rays is diffracted less efficiently.

it shoudd further be noted that the ohief rays of the arrangement have
been desoribed in relation o Figures 1 and 2. The chief rays 21, 34, 37, 28, 29,
32 are shown in Figure 1 extending across the X-dimension 15 On first
appearance therelore i would seem that the difference in polarisation of the odd
and even rays would give rise o banding dus to differing diffraction afficiency of
the oulput region 18, However, ® must be gppreciated that in addition o the
chiaf rays thers will be dispersion of light such that ravs diffracted from the

turning grating wiltt tend to overlap and eliminate any banding.

Referring fo Figure 1, the inpul diffraction region 11 and the turning
diffraction region 14 may be fermed by a single grating 33 which is embedded
within the waveguide 10. A single grating 33 has advantages from a
manufactuning perspective i that the grating 33 can be formed In one
manufacluring step, enabling the fringes of the input region 11 1o be more
accurately afigned with respect o the Wnges of the tuming ragion 14,
Alternatively, the Input reglon 11 and the tuming region 14 may ba formed by
separate gratings and in this case the reflective surface 13 s not required. For
example, this latler arrangement may be preferred i a requiremant of the optical
system s that the input reglon is formed by a surface grating, In a sHil further
arrangement the furning reglon 14 and the output region 18 may be formed by a
single embedded grating and in this case a reflective swface is required and is
located on an optical path betweern the fuming region 14 and the auiput ragion
16 as desaribed in greater detall in the present applicant's sarlier appiication
referenced above.
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The profile of the grating 18 used to implement the wming region 14 may
be formed by conventional means which willt be apparent ©© those skilad in the
relevant art, for example by etching or by holography.

A suilable embedded grating can for example be wreated as desaribed in
the present applicant's earfier patent application WO 2070/722330. In one
example & suitable profile would be crested on the surface of 8 glass substrate
by optical replication from 3 suitable master profile. The surface would be
coated with at least one layer of 3 dielectric material such as Hanium dioxide,
sificon dioxide or magnesium oxide. A second glass substrate would then be
faminated over the coated swiace using a sullable optical adhesive. Qne
sxample design would use N-BKT glass and a cement of matching refractive
index, a square wave grating profife of 438mm perind and 50nm depth with a
Htanium dioxide coating of between 25nm and S50nm thickness.

the optical waveguide 10 described with reference to Figures 1 and 2
may form part of head-up display, a head or halmet mounted display or other
display device. By way of example, a halmet mounted display 34 is shown in
Figure 3 mounted to a helmet 35 womn by a viewsr 36, A Hght source 37
Huminates a micro projector 38 for injesting image bearing fight into the
waveguide 10 in accordance with image data supplied by an HNBge processor
38, An image is propagated through the waveguide 10 and diffracted out o the
user's eye as a visible mage 180 with uniform intensity.
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CLAIMS:

1. An optical waveguide in which, in operation, image-bearing light propagates
therein by total internal reflection, the waveguide comprising at least first and second
diffraction regions, the first diffraction region being arranged to diffract image-bearing
light propagating along the waveguide so as to expand it in a first dimension and to
turn the image-bearing light towards the second diffraction region, the second
diffraction region being arranged to diffract the image-bearing light so as to expand it
in a second dimension and to release it from the waveguide as a visible image,
wherein the first diffraction region is formed by a first diffraction grating embedded
within the waveguide, arranged to present a substantially similar profile to the image-
bearing light when incident upon the grating from a given angle above or below the
grating such that the polarisation of the image bearing light is rotated by substantially
similar amounts, but in opposite directions, by successive interactions with the first
diffraction region, thereby increasing the uniformity of intensity of the visible image

released from the waveguide.

2. The waveguide according to claim 1, wherein the image bearing light, when
turned towards the second diffraction region following an even number of interactions
with the first diffraction region has a first polarisation and/or the image bearing light,
when turned towards the second diffraction region following an odd number of
interactions with the first diffraction region has a second polarisation, wherein the
second polarisation is substantially similar to the first polarization.

3. The waveguide according to claim 1 or claim 2, wherein the profile of the first
diffraction grating is substantially symmetrical about a plane extending normally to the
waveguide and wherein the first diffraction grating is spaced from a first and from a
second principle surface of the waveguide by different amounts.

CA 2850948 2019-01-07
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4. The waveguide according to any one of claims 1 to 3, wherein the first

diffraction grating has a periodic square wave, sinusoidal or triangular profile.

5. A helmet-mounted, head-mounted, head-up or other display device comprising

the waveguide of any one of claims 1 to 4.

CA 2850948 2019-01-07
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