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Keksintd liittyy diffraktiiviseen aallonjohdinelementtiin henkildokohtaista nayttlaitetta varten, missa elementti kasittaa
nayttéaallonjohtimen, joka sijaitsee aallonjohdintasossa, sisdankytkevan diffraktiivisen optisen elementin jarjestettyna
nayttéaallonjohtimen péaille tai sisélle kytkemaan valonsateet diffraktiivisesti nayttdaallonjohtimeen, seké uloskytkevéan diffraktiivisen
optisen elementin jarjestettyna nayttdaallonjohtimen paalle tai sisalle kytkemaan diffraktiivisesti kytketyt valonséteet ulos
nayttéaallonjohtimesta. Lisdksi esitelladn sateenmonistuselementti optisesti ylavirtaan uloskytkevasta diffraktiivisesta optisesta
elementistd, missa sateenmonistuselementti kykenee jakamaan sisdankytkentéhilaan saapuvan valonsateen useisiin yhdensuuntaisiin
séteisiin, jotka on avaruudellisesti erotettu toisistaan aallonjohdintasossa, ennen kuin ne siirtyvat uloskytkevaan diffraktiiviseen optiseen
elementtiin. Keksinto liittyy myds aallonjohdinnéyttolaitteeseen.

The invention relates to a diffractive waveguide element for a personal display device, the element comprising a display waveguide
extending in a waveguide plane, an in-coupling diffractive optical element arranged onto or into the display waveguide for diffractively
coupling light rays into the display waveguide, and an out-coupling diffractive optical element arranged onto or into the display
waveguide for coupling the diffractively coupled light rays out of the display waveguide. In addition, there is provided a ray multiplier
element optically upstream of the out-coupling diffractive optical element, the ray multiplier element being capable of splitting a light ray
incoming to the in-coupling grating into a plurality of parallel rays spatially displaced in the waveguide plane before they enter the
out-coupling diffractive optical element. The invention additionally relates to waveguide display device.
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Diffractive waveguide element and diffractive waveguide display

Field of the Invention

The invention relates to diffractive waveguides. Such waveguides can be used in personal

display devices, such as head-mounted displays (HMDs) and head-up displays (HUDs).

Background of the Invention

Waveguides are key image-forming elements in many modern personal display devices.
The image to be displayed can be coupled into and out of the waveguide, as well as
modified within the waveguide, using diffractive gratings. For example, there may be
provided an in-coupling grating for coupling an image from a projector into the waveguide,
an exit pupil expander grating for expanding the light field in one or more in-plane
dimensions of the waveguide, and an out-coupling grating which couples the image of the

waveguide to the user's eye.

One problem related to diffractive waveguide elements is striping of the image out-
coupled therefrom. This is because the light beams travelling in the waveguide via total
internal reflections may have a bouncing period, i.e. hop length, longer than the diameter
of the eye pupil of the viewer. In this case, a pixel may be diffracted beside the pupil and
be therefore not visible for the user. This effect is noticeable in particular with high angles
of incidence (with respect to the normal of the waveguide) and when laser projector is

used for image formation, since each image pixel is composed of a narrow beam only.

Document US2010321781 A1 (LEVOLA) discloses a device for expanding an exit pupil in
two dimensions, wherein a crossed grating is employed to bounce light rays sideways,
after which the rays continue with their original density. Document US2016291328 A1
(POPOVICH) discloses a holographic wide angle display, wherein an input image node is
configured to provide at least a first and second image modulated lights, and a
holographic waveguide device is configured to propagate the modulated light in a first
direction, wherein beam splitting takes place inside a waveguide. Document
WO02017207987 A1 (BAE SYSTEMS) discloses a waveguide structure, wherein a pupil
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expansion in two dimensions is provided. The waveguide structure comprises a primary
waveguide and a secondary waveguide, the secondary waveguide being positioned on a
face of the primary waveguide. Document US2015346490 A1 (TEKOLSTE) discloses
systems for generating virtual content display with a virtual or augmented reality
apparatus, wherein separate layer EPE and OPE structures produced by various methods
may be integrated in side-by-side or overlaid constructs, and multiple such EPE or OPE
structures may be combined to exhibit EPE/OPE functionality in a single layer. Finally,
document US2017131551 A1 (ROBBINS) discloses waveguides with embedded
components, wherein an optical component 802 may be affixed to one of the major planar
surfaces of a bulk substrate of a planar optical waveguide, from which it differs in terms of

index of refraction.

Summary of the Invention

It is an aim of the invention to solve the abovementioned problem and to provide solution

that prevents or diminishes striping and helps to provide a more integral image.

The invention is based on the idea of providing, in connection with an in-coupling
diffractive optical element of a waveguide, a ray multiplier element that is capable of
splitting incoming rays into a plurality of parallel rays that propagate in the waveguide
displaced from each other. The multiplier can be designed such at least one ray,
preferably a plurality of rays, exit to the pupil of the viewer, at all angles of incidence,
whereby striping is prevented. The ray multiplier element can be adapted to split the

incoming ray in one or two dimensions.
In particular, the invention is characterized by what is stated in the independent claims.

According to a first aspect, the invention provides a diffractive waveguide element for a
personal display device, the element comprising a display waveguide extending in a
waveguide plane, an in-coupling diffractive optical element arranged onto or into the
display waveguide for diffractively coupling light rays into the display waveguide, and an
out-coupling diffractive optical element arranged onto or into the display waveguide for
coupling the diffractively coupled light rays out of the display waveguide. In addition, there
is provided a ray multiplier element optically upstream of the out-coupling diffractive

optical element, the ray multiplier element being capable of splitting a light ray incoming to
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the in-coupling grating into a plurality of parallel rays spatially displaced in the waveguide
plane before they enter the out-coupling diffractive optical element. The ray multiplier
element may be provided either upstream or downstream of the in-coupling diffractive

optical element.

In particular, the density of the plurality of parallel rays, i.e. including the original ray and
multiplied rays, is higher than the hop length of the incoming light ray in the direction of
propagation of the incoming light ray in the display waveguide. This ensures that real ray

densification of the light field take place.

According to a second aspect, the invention provides a diffractive waveguide display
comprising a diffractive waveguide element of the above kind, and an image projector
adapted to project a plurality of laser rays onto said in-coupling diffractive optical element,
the rays being spatially multiplied in the ray multiplier element. The initial single beam
emitted by the image projector exits as a parallel multi-ray beam from the out-coupling

grating.

In particular, the spatial displacement of multiplied rays at each particular angle that takes
place in the ray multiplier element is different from the hop length of the rays in the display
waveguide, so that additional spatial spreading of the rays takes place. In a typical

embodiment, the displacement is smaller than the hop length in the waveguide.

The invention offers significant benefits. The ray multiplier increases the bouncing density
of rays propagating in the waveguide and therefore increases the number of out-coupled
rays per unit area at the out-coupling grating. This increases the probability or fully
ensures that there is at least one ray that exits to the eye pupil of the viewer. Thus,
striping is prevented or at least decreased and an integral and more homogeneous

(stripe-free) image is seen.

The invention improves the performance of the display in particular with high angles of

incidence, which have previously been prone to striping.

It should be noted that the invention differs from conventional exit pupil expander (EPE)
gratings such that the density of the plurality of parallel rays is higher than the hop length

in the direction of propagation of the incoming light. EPEs according to prior art are
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incapable of densifying the light field in the original propagation direction, but only in the

transverse direction.

The invention can be implemented with relatively simple ray multiplier element with minor

or no changes the overall waveguide design. No changes are required in the projector.
The dependent claims are directed to selected embodiments of the invention.

In some embodiments, the ray multiplier element comprises a planar multiplier waveguide
having a thickness smaller than said display waveguide. The multiplier waveguide can be
positioned such that it directly interacts with the in-coupling diffractive optical element so
as to cause the ray multiplication in at least one dimension. Additional grating or
micromirror arrangement, for example, can be provided to cause multiplication in the
other dimension. In some embodiments, the multiplier waveguide is arranged onto or
below the surface of the display waveguide aligned with the in-coupling diffractive optical
element. Thus, the multiplication can be achieved without increasing the footprint of the

waveguide.

In some embodiments, the ray multiplier element comprises one or more micromirror
elements or diffractive gratings adapted to carry out or facilitate the splitting of the

incoming light ray.

In some embodiments, the multiplier element is a zone in the display waveguide having
two diffractive gratings arranged on opposite surfaces of the display waveguide and on
the propagating path of the light diffracted into the waveguide by said in-coupling
diffractive optical element. The diffractive gratings, or more generally diffractive optical

elements, cause the required displacement for rays hitting them.

In some embodiments, the ray multiplier element is configured to split the light ray only
above predefined angle of incidence of the incoming ray. Likewise, the ray multiplier
element can be configured to provide at least two different multiplication factors for at

least two different angles of incidence of the incoming rays, respectively.

In typical embodiments, the waveguide element is a laser-illuminated element, in which
each single ray at having a specific angle of incidence corresponds to a single pixel of the
image seen by the user. Thus, the image projector is a laser beam projector, such as a

scanning beam projector.



PRH 13 -12- 2021

20176161

10

15

20

25

Next, embodiments of the invention and advantages thereof are discussed in more detail

with reference to the attached drawings.

Brief Description of the Drawings

Figs. 1A and 1B show cross-sectional side views of a conventional waveguide with

incoming rays that do not exit and do exit to the pupil of the viewer, respectively.

Figs. 2A-C show cross-sectional side waveguides with three different kinds of ray

multiplier elements according to embodiments of the present invention.

Fig. 3 shows a top view of a waveguide according to one embodiment of the invention.

Detailed Description of Embodiments

Definitions

Diffractive optical element herein refers to gratings and other optical structures that
contain regular or non-regular features having at least one dimension in the order of
visible light wavelengths, i.e, typically less than 1 um, and thus causes significant
diffraction of light. Examples include line gratings (one dimensional gratings) and two-
dimensional gratings. The gratings can be single-region gratings (with the same
microstructure and optical response throughout the grating area) or multi-region gratings

(i.e. containing zones having different microstructures and optical responses).

"Hop length” is the distance between two successive bouncing points of light propagating

in a waveguide via total internal reflections on the same surface of the waveguide.

Description of selected embodiments

Beam multipliers herein discussed are needed for example when augmented reality (AR)
waveguides are illuminated by laser light. For the image produced by such a waveguide to
appear uninterrupted to the observer’s eye, it is necessary that at least one laser beam

corresponding to each FOV angle illuminates the eye pupil at all times. Usually, the pupil

of the human eye has a diameter exceeding 2 mm, which means that the beams should
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be separated by no more than this distance from each other at the out-coupling region to
ensure an uninterrupted image in all situations. However, in normal waveguide structures
the inter-beam distances after exit pupil expansion may be as large as 5 mm, and thus the
beams must be subdivided additionally (to the EPE function). This additional subdivision is

the purpose of the present ray multiplier.

To first illustrate the problem underlying the invention, Fig. 1A shows a planar waveguide
10 having an in-coupling grating 31 and an out-coupling grating 33. An incident ray 11A is
diffracted by the in-coupling grating 31 into the waveguide 10, where it propagates via
total internal reflections. The angle of incidence of the incoming ray 11A is relatively high
with respect to the normal of the waveguide, whereby also the diffraction angle is high and
hop length (bouncing period) da is long. Because of the long period, the rays 15A, 15B
exiting the waveguide at the region of the out-coupling grating 33 miss the pupil 20 of the
viewer's eye. In order for a ray at a specific angle to be seen, it should exit within the zone
of sight 22 for that angle.

Fig. 1B shows a modified situation, where the angle of incidence of the incoming ray 11B
is lower, making also the diffraction angle lower and hop length dg shorter. Now, one
exiting ray 16 meets the pupil 20. Even if the eye is moved, at least one of the exiting rays
15A, 16, 15B will always meet the pupil 20.

Generally speaking, the present beam multiplier element may be a component separate
from the main waveguide of the display element or it may be integrated as part of the
waveguide functionality. It can be realized using a combination of gratings and/or

controlling the waveguide thickness. Non-limiting examples are discussed below.

In some embodiments, the beam multiplier element is provided upstream of the in-
coupling grating taking advantage of an additional waveguide having a thickness smaller

than the thickness of the main display waveguide.

In accordance with this, Fig. 2A shows an embodiment, where a ray multiplier element
12A is provided on the waveguide 10. The element 12A herein comprises a multiplier
waveguide which is thinner and smaller in area than the main waveguide 10. The in-
coupling grating is located downstream of the multiplier element between the multiplier
waveguide and the display waveguide 10. The incident ray 11 bounces inside the

multiplier waveguide with a short bounce period, and at every bounce at the in-coupling
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grating 31, part of the light is diffracted into the display waveguide 10. Thus, the ray is
multiplied and at least one, herein two, rays 16A, 16B exit to the eye pupil 20.

Fig. 2B shows an embodiment, where the ray multiplier element 12B is formed by two thin
multiplication/multiplier waveguides 31A, 31B and an intermediate DOE 31C
therebetween. When incident light 11 enters the multiplier element 12B, the thin portions
interact so that the amount of rays is multiplied when they escape into the main
waveguide 10 for propagation therein towards the out-coupling grating 33. In this

example, four rays 16A-D hit the pupil 20 of the eye.

In some embodiments, there are provided two or more thin layers having different
thicknesses. In further embodiments, there is provided a zero-order grating (grating

having only zeroth diffraction orders) between at least one pair of the layers.

In some embodiments, light propagates in the stacked thin layers into different directions,

which also provides an efficient beam multiplier configuration.

Fig. 2C shows an embodiment, where the ray multiplier element 12C comprises two
multiplier gratings 14A, 14B arranged on opposite surfaces of the display waveguide 10.
The gratings are adapted to diffract the rays into lower angle, again with the result that
one or more beams 16A, 16B exit to the eye pupil 20. When the initial in-coupled ray hits
the first multiplier grating 14A on a first side (here the bottom side) of the waveguide 10, a
first part of it continues "normally” via total internal reflection and second part of it is
directed by reflective diffraction towards the second multiplier grating 14A on the second
side (here the upper side) of the waveguide 10. From that point, the second ray is again
reflectively diffracted and continues in the same propagation angle as the first ray but

displaced therefrom. Thus, both rays "fit" into the eye pupil pipe of sight 22.

In one embodiment, the multiplier gratings 14A, 14B are similar to each other, i.e., have

the same grating periods and orientations (or more generally grating vectors).

In the example of Fig. 2C, the multiplication factor is two, but by extending the width of the
ray multiplier element 12C, i.e. the multiplier gratings 14A, 14B therein, a multiplication
factor of more than two can be achieved.
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In the example of Fig. 2C, ray multiplication in one dimension only is shown for simplicity.
However, by using multi-region grating and/or two-dimensionally periodic gratings,

multiplication in two dimensions can be achieved.

In one embodiment, the multiplier gratings 14A, 14B are replaced with some optical
element carrying out essentially the same optical function. For example, with a partially
transmissive mirror arrangement, the same angle-maintaining beam-splitting effect can be

achieved.

In some embodiments, the multiplier element is provided as a thin waveguide layer on top
the thicker main waveguide layer at the region of the out-coupling grating. As light leaks
from the main waveguide into the thin waveguide, its hop length shortens. The shorter
hop length shortens the distance of exiting rays that are coupled out by the out-coupling

grating/DOE that sits on top of the thin layer.

There may also be provided a cascade of similar or different kinds of ray multiplier

elements to increase the multiplication factor.

In typical embodiments, the multiplier element is capable of providing a multiplication
factor of at least 4, in particular at least 9, such as 4 - 100, for high incident angle beams,
that is, beams at the FOV limit angles of the display element. In particular, the
multiplication element may be configured to provide at least 9 beams per pupil area

having a diameter of 2 mm for all angles within the FOV of the display device.

Fig. 3 illustrates the invention as a top view of the waveguide 10. Here the ray multiplier
element 12 is aligned with the in-coupling grating 31 in order to replicate the original beam
11 into additional beams 11' displaced in two dimensions and propagating into the same
direction. The beams 11, 11' travel to an exit pupil expander (EPE) grating 32, to increase
the exit pupil in one or two dimensions. From the EPE grating 32, the rays continue
towards the out-coupling grating 33, from which the out-coupled beams 16, 16',
corresponding to the original and replicated beams 11, 11' and extended across the whole
out-coupling grating 33, exit parallel to each other. Thus, the integrity, i.e. relative pixel
positions, of the image is maintained and the homogeneity of the image improved. The
dashed circles 19 illustrate the original pupil size, i.e. herein the area of the in-coupling

grating 31, which is replicated several times on the out-coupling grating 33.
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In this example, the illustrated multiplication factor is 2x2, i.e., 4, but other symmetric or
non-symmetric multiplication factors can be implemented as well, as understood from the

above-described examples.

For clarity, the illustrated examples show the ray-multiplication effect for one angle of
incidence only. The same effect is, however, seen at a wider range of angles that meet
the in-coupling grating and the ray multiplier element. By positioning of the ray multiplier
element suitably with respect to the image projector and dimensioning thereof, the angle
range can be controlled and even different multiplication factors provided for different

angles.

In some embodiments, the multiplication factor for at least some high angles of incidence
is configured to be higher than the multiplication factor for at least some low angles of

incidence (for which the hop length is inherently shorter and the problem less relevant).

Embodiments of the invention can be utilized in various personal display devices,
augmented reality (AR), virtual reality (VR) and mixed reality (MR) devices, like near-to-
the-eye displays (NEDs) and other head-mounted displays (HMDs), as well as head-up
displays (HUDs), in their different forms.

Even though not discussed here in detail, the waveguide or individual layers thereof may
comprise, in addition to the in-coupling, exit pupil expander and out-coupling gratings, also

other diffractive optical elements, such as beam redirection gratings.
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Claims

1. Diffractive waveguide element for a personal display device, the element comprising

- a display waveguide (10) extending in a waveguide plane,

- an in-coupling diffractive optical element (31) arranged onto or into the display

waveguide (10) for diffractively coupling light rays into the display waveguide (10), the

coupled light rays propagating in the display waveguide (10) with a propagation hop

length (da, dg),

- an out-coupling diffractive optical element (33) arranged onto or into the display

waveguide (10) for coupling the diffractively coupled light rays out of the display

waveguide (10),

- a ray multiplier element (12A, 12B, 12C) upstream of the out-coupling diffractive optical element (33),
the ray multiplier element (12A, 12B, 12C) being capable of splitting a light ray incoming to the in-
coupling diffractive optical element (31) into a plurality of parallel rays spatially displaced in the
waveguide plane in at least one dimension thereof, the density of the plurality of

parallel rays in the direction of propagation of the incoming light being higher than

said hop length (da, ds),

characterized by exactly one of:

- the ray multiplier element (12A, 12B, 12C) being disposed as a multiplier waveguide upstream of the
in-coupling diffractive optical element (31) covering the in-coupling diffractive optical element (31) but
not covering the out-coupling diffractive optical element (33), and

- the ray multiplier element (12A, 12B, 12C) being disposed as a zone configured to split said
incoming light ray in said display waveguide (10), having two diffractive gratings arranged on opposite
surfaces of the display waveguide (10) and on the propagating path of the light diffracted into the

waveguide by said in-coupling diffractive optical element (31).

2. The element according to claim 1, wherein the ray multiplier
element (12A, 12B, 12C) is adapted to multiply an incoming ray into at least two, such as at least four,

displaced beams within said hop length (da, dg).

3. The element according to any of the preceding claims, wherein the ray multiplier
element (12A, 12B, 12C) is the multiplier waveguide and comprises a planar multiplier waveguide

(31A, 31B) having a thickness smaller than said display waveguide (10).
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4. The element according to any of the preceding claims, wherein the ray multiplier
element (12A, 12B, 12C) is adapted to split each ray incoming to the in-coupling diffractive optical

element (31) into a plurality of parallel rays in two dimensions.

5. A diffractive waveguide display comprising

- a diffractive waveguide element according to any of the preceding claims,

- an image projector adapted to project a plurality of laser rays onto said in-coupling
diffractive optical element (31), the rays being spatially multiplied in said ray multiplier
element (12A, 12B, 12C).

6. The display according to claim 5, wherein the image projector is a laser projector.
7. A diffractive waveguide display according to claim 6, wherein the laser

projector comprises a microelectromechanical mirror for providing said plurality of rays at

different angles onto said in-coupling diffractive optical element (31).
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Patenttivaatimukset

1. Diffraktiivinen aallonjohdinelementti henkilokohtaista nayttolaitetta varten, missa elementti kasittaa

nayttoaallonjohtimen (10), joka sijaitsee aallonjohdintasossa,

sisdankytkevan diffraktiivisen optisen elementin (31) jarjestettyna nayttéaallonjohtimen (10) paalle tai
sisdlle kytkemaan valonsateet diffraktiivisesti ndyttoaallonjohtimeen (10), missa kytketyt valonsateet

etenevat nayttoaallonjohtimessa (10) etenemishyppypituudella (da, dg),

uloskytkevan diffraktiivisen optisen elementin (33) jarjestettyna nayttéaallonjohtimen (10) paélle tai

sisdlle kytkemaan diffraktiivisesti kytketyt valonsateet ulos ndyttdaallonjohtimesta (10},

sdteenmonistuselementti (12A, 12B, 12C) ylavirtaan uloskytkevdsta diffraktiivisesta optisesta

elementista (33),

missd sdteenmonistuselementti (12A, 12B, 12C) kykenee jakamaan sisdankytkevaan diffraktiiviseen optiseen

elementtiin (31) saapuvan valonsateen useisiin yhdensuuntaisiin sateisiin avaruudellisesti erotettuna toisistaan

aallonjohdintasossa vahintdan yhdessa sen ulottuvuudessa, missd mainittujen useiden yhdensuuntaisten

sdteiden tiheys saapuvan valon etenemissuunnassa on korkeampi kuin mainittu hyppypituus (da, dg),

missd tunnusomaista on yksi ja vain yksi seuraavista:

sdteenmonistuselementti (12A, 12B, 12C) kdsittdd monistavan aaltojohtimen joka sijoitettu ylavirtaan
sisddnkytkevasta diffraktiivisesta optisesta elementistd (31), peittden sisddnkytkevan diffraktiivisen
optisen elementin (31) mutta jattden peittdamatta uloskytkevan diffraktiivisen optisen elementin (33),

tai

sdteenmonistuselementti (12A, 12B, 12C) on vyohyke jarjestettynd jakamaan sanotun saapuvan
valonsdteen mainitussa nayttdaallonjohtimessa (10), jossa vyéhykkeessd on kaksi diffraktiivista hilaa
jarjestettyna nayttoaallonjohtimen (10) vastakkaisille pinnoille ja sisddnkytkevan diffraktiivisen optisen

elementin (31) aaltojohtimeen diffraktoiman valon kulkureitill&.
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2. Patenttivaatimuksen 1 mukainen elementti, jossa sdteenmonistuselementti (12A, 12B, 12C) on sovitettu
monistamaan saapuva sdde vahintaan kahdeksi, ja esimerkiksi vahintdan neljaksi, erillddn olevaksi sdteeksi

mainitun hyppypituuden (da, dg) sisalla.

3. Jonkin edeltavan patenttivaatimuksen mukainen elementti, jossa sdteenmonistuselementti (12A, 12B, 12C)
on mainittu monistava aaltojohdin ja kdsittda tasossa monistavan aallonjohtimen (31A, 31B), jonka paksuus on

pienempi kuin mainitun nayttdaallonjohtimen (10).

4. Jonkin edeltavan patenttivaatimuksen mukainen elementti, jossa sdteenmonistuselementti (12A, 12B, 12C)
on sovitettu jakamaan kunkin sisddnkytkevaan diffraktiiviseen optiseen elementtiin (31) saapuvan siteen

useiksi yhdensuuntaisiksi sateiksi kahdessa ulottuvuudessa.

5. Diffraktiivinen aallonjohdinnaytto kasittden
- diffraktiivisen aallonjohdinelementin jonkin edeltdvan patenttivaatimuksen mukaisesti,

- kuvaprojektorin sovitettuna projisoimaan useita lasersateitd mainitulle sisdankytkeville diffraktiiviselle
optiselle elementille (31), missa sdteet monistetaan avaruudellisesti mainitussa

sdteenmonistuselementissa (12A, 12B, 12C).

6. Patenttivaatimuksen 5 mukainen naytto, jossa kuvaprojektori on laserprojektori.

7. Patenttivaatimuksen 6 mukainen diffraktiivinen aallonjohdinnaytto, jossa laserprojektori kasittaa
mikrosahkomekaanisen peilin mainittujen useiden sateiden tarjoamiseksi eri kulmissa mainitulle

sisdankytkeville diffraktiiviselle optiselle elementille (31).
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