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Waveguide element and waveguide stack for display applications

Field of the Invention

The invention relates to waveguide-based displays. In particular, the invention relates to a
light in-coupling arrangement for use in such displays. The invention can be used in
modern personal displays, such as head-mounted displays (HMDs) and head-up displays
(HUDs).

Background of the Invention

To maximize the field of view of see-through augmented reality (AR) displays based on
diffractive waveguides, a common approach is to use multiple waveguides stacked on top
of each other. To make the optimization process manageable, it is desirable that each
lightguide in-couples only a single wavelength (e.g. laser light) or a narrow wavelength
band (e.g. spectrum of a single color led). Some approaches based on polarization has
been presented earlier, e.g. in US 2014/0064655 A1. Typically, surface relief gratings are
not very polarization sensitive over a large field of view (FOV) which causes cross-

coupling between the plates and leads to color variations over a uniform white image.

Some conventional in-coupling solutions also require a relatively large area on the
waveguide and/or set some undesired restrictions on the form factor of the waveguide,
limiting their use in practical applications.

Thus, there is a need for improved in-coupling schemes.

Summary of the Invention

It is an aim of the invention to address the abovementioned problem and in particular to
provide a novel waveguide element and waveguide stack by which cross-coupling can be
reduced and/or the waveguide surface area used better.

According to a one aspect, there is provided a waveguide display element comprising a
waveguide body and an in-coupling grating arranged to the waveguide body. The in-
coupling grating is configured to couple incoming light into the waveguide body into two
separate directions using opposite diffraction orders for splitting the field of view of the
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incoming light. Further the in-coupling grating is configured, typically by setting its period
suitably short, such that said coupling takes place only at wavelengths below a threshold
wavelength residing in the visible wavelength range.

According to another aspect, there is provided a waveguide stack for diffractive displays,
the stack comprising at least two waveguide layers, wherein at least one of the waveguide
layers is a waveguide element of the above kind.

According to a further aspect, there is provided a see-through display device comprising a
waveguide or stack as discussed above, and a multicolor image projector directed at the
in-coupling grating.

In particular, the invention is characterized by what is stated in the independent claims.

The invention offers significant benefits. Most notably, it provides a selective in-coupler
usable for realization of high-quality user-friendly multi-color displays. In particular, cross-
coupling between layers is prevented while maintaining the ability to provide a large FOV.

The dependent claims are directed to selected embodiments of the invention.

In some embodiments, the threshold wavelength is selected from the range of 500-540
nm or 620-660 nm, such as 510-530 nm or 630-650 nm. The threshold wavelength can be
e.g. 520 nm or 640 nm. This provides the possibility to separate blue and green, and, on
the other hand, green and red wavelengths from each other. In particular the first
separation has been challenging in high-FOV applications due to the overlapping
wavelength ranges of the colors, in particular when uncoherent LED light sources are
used.

In some embodiments, the waveguide body is made of transparent material having an
index of refraction higher than 1.8, such as 1.9 - 2.1.

In some embodiments, the element further comprises two first reflective gratings or first
exit pupil expander gratings on different sides of the in-coupling grating corresponding to
said separate directions, at least one second exit pupil expander gratings adapted to
receive light from the two first gratings, respectively, and a single out-coupling grating
adapted to receive light from the at least one second exit pupil expander grating. The out-
coupling grating reconstructs the field of view split in the in-coupler. Typically, there is
either a single second exit pupil expander grating or two second exit pupil expander
gratings at least partly on different sides of the out-coupling gratings, in which case the
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second exit pupil expander gratings may extend to the opposite side of the out-coupling
grating, as seen from the first gratings. This helps to optimize the usage of the surface
area of the waveguide for practical applications, since at least part of the light is adapted
to travel from the first exit pupil expander gratings to the second exit pupil expander
gratings via a region of the waveguide layer on which the out-coupling grating is located,
and further back to the out-coupling grating.

In some embodiments, the in-coupling gratings are adapted to couple light into the
waveguide layers using the first positive and first negative diffraction orders, such as the

first positive and negative transmission diffraction orders.

Next, embodiments of the invention and advantages thereof are discussed in more detail
with reference to the attached drawings.

Brief Description of the Drawings

Fig. 1 shows a wave vector diagram illustrating the operation and benefit of the present

invention according to one embodiment.

Fig. 2 illustrates in top view one practical waveguide layout having a single second EPE
grating.

Fig. 3 illustrates in top view of another practical waveguide layout having a two second
EPE gratings.

Fig. 4 shows a wave vector diagram illustrating the operation and benefit of the
embodiment of Fig. 3.

Fig. 5 illustrates in a side view a waveguide stack according to one embodiment.

Detailed Description of Embodiments

In one embodiment, the present approach comprises uniquely in-coupling only
wavelengths below a threshold value using an in-coupler that splits FOV into two parts by
+/-1st diffraction orders and exhibits such a small grating period that wavelengths above
the threshold value experience only the zeroth order diffraction.

This is illustrated in Fig. 1 that shows the wave vector analysis for the in-coupling grating

that has a grating vector parallel to the y-axis. It is assumed that the lightguide has
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refractive index of 2.0, it resides in the xy-plane, and the virtual image has 52 deg
diagonal FOV with 16:9 aspect ratio. The +/-1st orders moves the FOV box from the
center into the annulus. The inner radius of annulus is defined by the refractive index of air
(=1.0) and the outer radius by the refractive index of the waveguide (=2.0). The FOV
points inside the annulus propagate via total internal reflection inside the waveguide. The
FOV points outside the annulus are forbidden modes that never exist. It can be seen from
Fig. 1 that only wavelength below 520 nm couple into the lightguide. The total FOV at 450
nm can be obtained by combining the FOV parts in-coupled by +/-1st orders. The same
applies for all wavelengths that are smaller than 450 nm and still remain inside the
annulus. This means that if the incident light, for instance, consists of wavelength bands
B=[430,450] nm and G=[520,550] nm, then the in-coupler couples only B wavelengths and
G wavelengths propagate through the grating with the zero order diffraction.

The presented in-coupling scheme can be used with traditional waveguide grating
configurations. An example is given in Fig. 2. The in-coupling grating 21 is surrounded by
two reflective gratings 22, 23 that turn the in-coupled light rays 26A, 26B on the exit pupil
expansion (EPE) grating 24 that finally turns the light rays 27B, 28B on the out-coupling
grating 25.

An alternative scheme is presented in Fig. 3. The in-coupling grating 31 is accompanied
with first EPE gratings 32A, 32B that turn and expand light on the second EPE gratings
33A, 33B. Light is out-coupled by the out-coupling grating 34A. By properly selecting the
gratings vectors in this configuration, light rays can be fed through the out-coupler on the
EPE gratings 33A, 33B without any diffraction. This can be seen from the wave vector
analysis example shown in Fig. 4. Out-coupler diffracts the light rays coming from the first
EPE gratings out-side the annulus, i.e. no diffraction occurs. Light transportation through
the out-coupler on the EPE gratings enables smaller grating areas and thus better form
factor for the waveguide.

The illustrated in-coupling scheme can be directly utilized in a RGB wave guide stack.
Fig. 5 shows an exemplary stack. Waveguides 51A, 51B, and 51C are designated for
blue, green and red light respectively and they contain in-coupling gratings 52A, 52B,
52C. To prevent blue light to in-couple waveguides of green and red light, an optical filter
53A that reflects the blue light back to the waveguide 51A is placed between the
waveguides 51A and 51B. In a similar manner, the optical filter that reflects green light is
placed between the waveguides 51B and 51C. The waveguide 51C receives only red
light. The filters 53A and B can be also absorptive filters.
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All the presented embodiments can be utilized with both uncoherent (LED) and coherent
(laser) light image projectors and projection schemes which are known in the art of
waveguide displays.

Embodiments of the invention are most suitably used in see-through near-to-the-eye
display (NED) devices or other HMDs.

Citations list
Patent literature

US 2014/0064655 A1
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Claims
1. A waveguide display element comprising

— awaveguide body,

— an in-coupling grating arranged to the waveguide body,

wherein the in-coupling grating is configured to couple incoming light into the waveguide
body into two separate directions using opposite diffraction orders for splitting the field of
view of the incoming light, the grating further being configured such that said coupling
takes place only at wavelengths below a threshold wavelength residing in the visible
wavelength range, wherein the in-coupling grating has a period, which is short enough to
prevent coupling of wavelengths above said threshold wavelength into the waveguide
body.

2. The element according to claim 1, wherein the threshold wavelength is in the range of
500-540 nm or 620-660 nm, such as 510-530 nm or 630-650 nm, for example 520 nm or
640 nm.

3. The element according to any of the preceding claims, wherein the waveguide body
has an index of refraction higher than 1.8, such as 1.9 - 2.1.

4. The element according to any of the preceding claims, further comprising

— two first reflective gratings or first exit pupil expander gratings on different sides of
the in-coupling grating corresponding to said separate directions,

— at least one second exit pupil expander grating adapted to receive light from the
two first reflective gratings or exit pupil expander gratings, respectively,

— asingle out-coupling grating adapted to receive light from the at least one second

exit pupil expander grating.

5. The element according to claim 4, comprising a single second exit pupil expander
grating.

6. The element according to claim 5, comprising two second exit pupil expander gratings
at least partly on different sides of the out-coupling grating.

7. The element according to claim 6, wherein the second exit pupil expander gratings
extend to the opposite side of the out-coupling grating, as seen from the first exit pupil
expander gratings.
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8. The element according to claim 6 or 7, wherein at least part of the light is adapted to
travel from the first exit pupil expander gratings to the second exit pupil expander gratings
via a region of the waveguide layer on which the out-coupling grating is located, and
further back to the out-coupling grating.

9. The element according to any of the preceding claims, wherein the in-coupling gratings
are adapted to couple light into the waveguide layers using the first positive and first
negative diffraction orders, such as the first positive and negative transmission diffraction

orders.

10. A waveguide stack for diffractive displays, the stack comprising at least two
waveguide layers, wherein at least one of the waveguide layers is a waveguide element
according to any of the preceding claims.

11. The stack according to claim 10, comprising at least three waveguide layers at least
two of which are according to any of claims 1 - 9 and have different threshold
wavelengths.

12. The stack according to claim 11, wherein

— afirst of the waveguide layers comprises a first in-coupling grating adapted to
couple light to a first waveguide layer only below a first threshold wavelength,

— asecond of the waveguide layers comprises a second in-coupling grating adapted
to couple light to a second waveguide layer only below a second threshold
wavelength higher than the first threshold wavelength,

— athird waveguide layer comprises an in-coupling grating configured to couple light
to a third waveguide layer above said second threshold wavelength,

the stack further comprising

— afirst wavelength filter element arranged between the first and the second
waveguide layer and arranged to prevent wavelengths below the first threshold
wavelength entering the second in-coupling grating,

— asecond wavelength filter element arranged between the second and the third
waveguide layer and arranged to prevent wavelengths below the second threshold
wavelength entering the third in-coupling grating.

13. The stack according to claim 12, wherein the first and/or second wavelength filter is a
reflective filter or absorptive filter.
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14. A see-through display device comprising

— awaveguide element or waveguide stack according to any of the preceding
claims,

— awaveguide display image projector directed at the in-coupling grating and being
capable of presenting a multicolor image comprising wavelengths both above and
below said threshold wavelength.



