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(57) Abstract: Architectures are provided for selectively outputting light for forming images, the light having different wavelengths
and being outputted with low levels of crosstalk. In some embodiments, light is incoupled into a waveguide and deflected to propag-
ate in different directions, depending on wavelength. The incoupled light then outcoupled by outcoupling optical elements that out-
couple light based on the direction of propagation of the light. In some other embodiments, color filters are between a waveguide
and outcoupling elements. The color filters limit the wavelengths of light that interact with and are outcoupled by the outcoupling
elements. In yet other embodiments, a different waveguide is provided for each range of wavelengths to be outputted. Incoupling op -
tical elements selectively incouple light of the appropriate range of wavelengths into a corresponding waveguide, from which the
light is outcoupled.



ARCHITECTURES AND METHODS FOR OUTPUTTING DIFFERENT
WAVELENGTH LIGHT OUT OF WAVEGUIDES

Priority Claim
[0001] This application claims the priority benefit of U.S. Provisional Patent

Application No. 62/057,165, filed on September 29, 2014, entitled “VIRTUAL AND
AUGMENTED REALITY SYSTEMS AND METHODS”.

Reference
[0002] This application references of each of the following patent applications:

U.S. Application No. 14/331218 (attorney docket no. 20020.00); U.S. Provisional
Application No. 62/012,273 (attorney docket no. 30019.00); and U.S. Provisional
Application No. 62/005,807 (attorney docket no. 30016.00).

BACKGROUND
Field
[0003] The present disclosure relates to virtual reality and augmented reality

imaging and visualization systems.

Description of the Related Art

[0004] Modem computing and display technologies have facilitated the
development of systems for so called “virtual reality” or “augmented reality” experiences,
wherein digitally reproduced images or portions thereof are presented to a user in a manner
wherein they seem to be, or may be perceived as, real. A virtual reality, or “VR”, scenario
typically involves presentation of digital or virtual image information without transparency
to other actual real-world visual input; an augmented reality, or “AR”, scenario typically
involves presentation of digital or virtual image information as an augmentation to
visualization of the actual world around the user. For example, referring to Figure 1, an

augmented reality scene 1 is depicted wherein a user of an AR technology sees a real-world
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park-like setting 1100 fearuring people, trees, buildings in the background, and a concrete
platform 1120, in addidon to these items, the user of the AR technology also perceives that
he “secs” a robot statue 1110 standing upon the real-world platform 1120, and 2 cartoon-like
avatar character 1130 flying by which scems to be & persontfication of g bumble bee, even
though these clements 1130, 1110 do not exist in the real world, Because the human visual
perception system is complex, it 1s challenging to produce a VR or AR technology that
facilitates a comfortable, natural-feeling, rich presentation of virtual image clements amongst
other virtual or real-world imagery elements.

FO04351 Systems and methods disclosed hersin address various challenges related

to VR and AR icchnology.

SUMMARY

j3846] Embodiment 1; Av optical system comprising:

a wavegnide comprising a fust major swrface and a second major surface, the
waveguide configured to propagate light by total internal reflection between the first and the
second major surfaces;

an incoupling optical element configired to inconple incident light imto the
waveguide at a first plurality of wavelengths along a first direction and incouple incident
light info the waveguide at one or more second wavelengths along a second divection,
wherein incoupled light of the first phirality of wavelengths propagate through the waveguide
along the first divection by total internal reflection and incoupled light of the one or more
second wavelengths propagate through the waveguide along the second direction by total
internal reflection; and

first and sccond outcoupling optical clemonts configured to outcounle the incoupled
light out of the waveguide.

136871 Embodiment 2: The optical system of Embodiment !, wherein the

incoupling optical element includes one or more diffractive optical clements.

{0008} Embodiment 3: The optical system of Embodiment 2, wherein the one or

more diffractive optical elements comprises onc or more of an analog surface relief grating

{

{ASR]}, a binary surface rclief structure (BSR), & hologram, and a switchable diffractive

optical clement.

L
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{30691 Embodiment 4: The optical system of Embodiment 3, wherein the

switchable diffractive optical clement is a switchable Polymer Dispersed Liquid Crystal
(PDLC) grating.

10010] Embodiment 5; The optical system of any of Embodiments 1-4, further

comprising:

a first wavelength sclective reflector configured to reflect incoupled light of the first
plurality of wavclengths propagating along the first direction, while passing light of
wavelengths other than the first plurality of wavelengths; and

a second wavelength selective reflector configured to reflect incoupled light of the
one or more second wavelengths propagating along the second direction, while passing light
of wavelengihs other than the one or more second wavelengths,

[0811] Embodiment &; The optical system of Embodiment 3, further comprising:

a first absorber counfigured to absorb incoupled light passing through the first
wavelength selective reflector; and

a second absorber configured to absorb incoupled light passing through the second
wavelength selective reflector,

{8012] Embodiment 7; The optical system of Embodiment 5, wherein the first and

second wavelength selective reflectors are a dichroie filters.

{8813 Embodiment 8: The optical system of any of Embodiments 127, wherein

the light at the first plurality of wavelengths inchudes red Hght and blue light.

{1 4] Embodiment 9. The optical systemn of any of Embodiments 1-8, wherein

the light of the one or more second wavelengths includes green light,

{3815] Embodiment 10; The optical system of any of Emboediments 1-9, further

QY

comprising:

first light distributing element configured to receive incoupled fight of the first
plurality of wavelengths traveling along the first direction and distribute the light of the first
plurality of wavelengths to the first outcoupling optical elements; and

second light distributing clement configured to receive incoupled light of the one or
more second wavelengths traveling along the second direction and distribute the Hght in the

seccond plurality of wavelengths to the second outcoupling optical clements.
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(0016} Embodiment 11: The optical system of Embodiment 10, wherein the first

and the second light distributing elements comprise onc or more diffractive optical eloments.

J00171 Embodiment 12: The optical system of Embodiment 11, wherein the one

or more diffractive optical elements comprise one or more gratings.

[0818] Embodiment _13: The optical system of any of Embodiments 10-12,

wherein the first hight distributing clement is configured to redireet light of the first plurality
of wavelengths to propagate within the waveguide along a direction different from a
direction in which the second hight distributing clement is configured to redirect light of the
sceond plurality of wavclengths,

{3819] Embodiment 14; The optical system of any of Embodiments 10-13,

wherein the first light distributing element is configured to redirect hight of the first plurality
of wavelengths to propagate within the waveguide along the second direction, and wherein
the second light distributing element is configured to redirect hight of the second plurality of
wavelengths to propagate within the waveguide along the first direction.

{08281 Embodiment 15; The optical system of any of Embodiments 10-14,

wherein the firgt and second light distributing elements are orthogonal pupil expanders.

{80211 Embodiment 16; The optical system of any of Embodiments 1-15, wherein

the first outcoupling optical element comprises one or more gratings configured to outcouple
light of the first plarality of wavelengths out of the waveguide; and wherein the second
outcoupling optical element comprises one or more gratings configured to ontcouple light of
the one or more second wavelengths out of the waveguide.

[00221 Embodiment 17; The optical system of Embodiment 16, wherein the one

or more gratings of the first cutcoupling optical clement are disposed on the first major
surface of the waveguide and the one or more gratings of the second outcoupling optical
element arg disposed on the second major surface of the waveguids.

13623} Embodiment 18: The optical system of Embodiment 16, wherein the one

or more gratings of the first sutcoupling optical element and the one or more gratings of the
second outcoupling optical element are disposed on a same major surface of the waveguide.

10624] Embodiment 19; The optical system of any of Embodiments 16-18,

wherein the onc or more gratings of the first outcoupling optical element comprises one or
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more of an analog surface relief grating (ASR), a binary surface relief structure (BSR), a
hologram, and a switchabic diffractive optical element.
{00251

Embodiment 20: The optical system of Embodiment 19, wherein the
swiichable diffractive optical clement comprises a switchable Polymer Dispersed Liquid
Crystal (PDLC) grating.

[0626]

Embodiment 21: An optical system cormprising:

a plurality of stacked waveguides, cach waveguide comprising a first major surface
and a sccond major surface, cach waveguide configured to propagate light 1

ght hy total internal
reflection between the first and the seccond major surfaces, each waveguide further
comprising:

incoupling optical element configured to incouple incident hight into the waveguide at
a first plurality of wavelengths along a first divection and incouple incident light into the
wavegaide at one or more second wavelengths along a second direction; and

outcoupling optical element configured 1o outcouple the mcoupled light out of the
waveguide.

10027

Embodiment 22: The optical system of Embodiment 21, wherein each
waveguide has an associated depth plane, wherein each waveguide is configured 1o produce

[0628]

4n fmage appearing to originate from that waveguide’s associated depth plape.

Embodiment 23: The optical system of any of Embodiments 21-22,
wherein different waveguides bave different associated depth planes.
[429]

Embodiment 24: The optical system of any of Embodiments 2123
I ¥ 5 ,

wherein the outcoupling optical elements for different depth planes have different optical

power so as to provide different divergence of ¢xiting light for cach depth plance,
803061

Embodiment 25: An optical sysicm comprising:
a waveguide comprising a first major surface and a second major surface

an incoupling optical clement configured to incouple incident light into the
waveguide,

a first wavelength selective filter on the first major surface, the first wavelength
selective filter having a first rearward surface adjacent the first major surface and a first

forward surfacc opposite the first rearward surface, the first wavelength selective filter
configured o
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transmit incoupled light at 2 first plarality of wavelengths through the first rearward
surface of and reflect a portion of the transmitted light at the first plurality of waveiengths
from the first forward surface; and

reflect incoupled light at other wavelengths; and

a first outcoupling optical element disposed on the first wavelength sclective filter,
the first outcoupling optical clement configured to cutcouple the incoupled light of the first
plurality of wavelengths transmitted through the first wavelength selective filter,

{66831} Embodiment 26: The optical systemn of Embodiment 25, further

comprising:

a sccond wavelength selective filter on the second major surface, the second
wavelength selective filter having a second rearward surface adjacent the second major
sarface and a second forward surface opposite the second rearward surface, the first
wavelength selective filter configured to:

transmuit incoupled light at one or more second wavelengths different from the first
plurality of wavelengths through the second rearward surface and reflect a portion of the
transmitted light at the one or more second wavelengths from the second forward surface;
and

reflect incoupled Hight at the {irst plurality of wavelengths; and

a second ontcoupling optical clement disposed on the second wavelength selective
filter, the second outcoupling optical clement configured to ountcouple the incoupled light at
one ar more second wavelengths transmitted through the second wavelength selective filter.

[00321 Embodiment 27: The optical system of Embodiment 26, wherein the first

and the sccond wavelength sclective filters comprise dichroic filters.

13633} Embodiment 28: The optical svstem of any of Embodiments 26-27,

wherein the first and the second wavelength selective filters are configured to transmit Hght
of the first plurality of wavelengths and the one or more second wavelengths incident at
angles between § degrees and 20 degrees with respect 1o a normal o the corresponding first
or the second major surface of the waveguide.

10634] Embodiment 29; The optical system of any of Embodiments 26-28,

wherein the light of the one or more sccond wavelengths inchudes green light.

6
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{3035} Embodiment 3&: The optical system of any of Embodiments 26-29, further

comprising:

light distributing clements configured to:

receive incoupled Hght of the first plurality of wavelengths and the one or more
seoond wavelengths from the incoupling optical element; and

distribute the light of the first plurality of wavelengths and the one or more second
wavclengths to the first and second outcoupling optical clements.

[{3836] Embodiment 31; The optical system of Embodiment 30, wherein the light

distributing clements comprise one or more diffractive optical clements.

13837} Embodiment 32: The optical system of any of Embodiments 30-31,

wherein the light distributing elementis are orthogonal pupil expanders.

[0038] Embodiment _33; The optical system of any of Embodiments 30-32,

wherein a first portion of light at the first plurality of wavelengths is reflected from the first
forward surface of the frst wavelength selective filter and a second portion of light at the
first plurality of wavelengths is redirected by the light redistributing elements.

{3039} Embodiment 34; The optical system of Embodiment 33, wherein the first

portion of light at the first plurality of wavelengths is incident on the first wavelength
selective filter after being reflected from the second major surface, and wherein a portion of
the first portion of light is redirected by the light redistributing ¢lements.

160401 Embodiment 35 The optical system of any of Embodiments 30-34,

wherein a third portion of light at the one or more second wavelengths is reflected from the
second forward surface of the second wavelength selective filter and a fourth portion of light
at the onc or more second wavelengths is redirected by the light redistributing cloments.

106411 Embodiment 36: Tho optical systom of Embodiment 35, wherein the third

portion of light at the one or more sgeond wavelengths is incident on the second wavelength
selective filter after being reflected from the first major surface, and whergin a portion of the
third portion of light is redirected by the light redistributing elements,

136421 Embodiment 37. The optical svstem of any of Embodiments 26-36,

wheretn:
the first outcoupling clement compriscs one or more diffractive optical elements; and

the second outcoupling element comprises one or more diffractive optical clements.

-3



CA 02962899 2017-03-27

WO 2016/054092 PCT/US2015/053016

13643} Embodiment 38: The optical system of Embodiment 37, wherein the one

or morg diffractive optical elements of the first outcoupling optical element comprises one or
more of an analog surface relief grating {ASR), a binary surface relief structure (BSR), a
hologram, and a switchable diffractive optical element.

08441 Embodiment 39 The optical system of Embodiment 38, wherein the

switchable diffractive optical cloment comprises a switchable Polymer Dispersed Liquid
Crystal (PDLO) grating.

~y
]
i

, wherein the one

[3845] Embodiment 43: The optical system of Embodiment 3
or more gratings of the second outcoupling optical clement comprises ong or more of an
analog surface relief grating (ASR), a binary surface relief stracture {BSR), a hologram, and
a switchable diffractive optical element,

[(046] Embodiment_41; The optical systemn of Embodiment 40, wherein the

switchable diffractive optical element comprises a switchable Polvmer Dispersed Liquid
Crystal (PDLC) grating,

{0847] Embodiment _42; The optical system of any of Embodiments 25-41,

wherein the incoupling optical element includes one or more diffractive optical elements.

{8048] Embodiment 43: The optical system of Embodiment 42, wherein the one

or more diffractive optical elements comprises one or more of an analog surface relief grating
{ASR)}, a binary swrface relief structure (BSR), a helogram, and 2 switchable diffractive

optical element.

{{349] Embodiment 44. The optical system of FEmbodiment 43, wherein the
switchable diffractive optical clement is a switchable Polymer Dispersed Liquid Crystal
{PDLC) grating.

{39561 Embodiment 45: The optical svstem of any of Embodiments 25-44,

wherein the incoupling optical element comprises a prism.,

(3051} Embodiment 46: The optical system of any of Embodiments 25-46,

wherein the light of the first plurality of wavelengths inclhudes red light and blue light.

[0882] Embodiment 47: A optical system comprising:

a plurality of stacked waveguides, cach waveguide comprising & first major surface

and a second major surface, cach waveguide further comprising:
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an incoupling optical clement configured to incouple incident light into the
waveguide:

a first wavelength selective filter on the first major surface, the first wavelength
selective filter having a first rearward surface adjacent the first major surface and a first
forward surface opposite the first rearward surface, the first wavelength selective filter
configured to:

transmit incoupled light at a first plurality of wavelengths through the first rearward
surface of and reflect a portion of the transmitted light at the first plurality of wavelengths
from the first forward surface; and

a first outcoupling optical clement disposed on the first wavelength selective filter,
the first outcoupling optical element configured to outcouple the incoupled hight of the first
plurality of wavelengths transmtted through the first wavelength selective flter,

jH853] Embodiment 48; The optical system of Embodiment 47, wherein each

waveguide further comprises:

a second wavelength selective filter on the second major surface, the second
wavelength selective filter having a second rearward surface adjacent the second major
surface and a second forward swrface opposite the second rearward surface, the first
wavelength selective filter configured to:

transmit incoupled light at one or more second wavelengths different from the first
plurality of wavelengths through the second rearward surface and reflect a portion of the
franamitted Hght at the one or more second wavelengths from the second forward surface |
and

a sccond outcoupling optical clement disposed on the second wavelength selective
filter, the sccond outcoupling optical clement configured to outcouple the incoupled light at
one or more second wavelengths transmitted through the second wavelength selective fikter.

13654} Embodiment 49: The optical system of any of Embodiments 47-4§,

wherein ¢ach wavegnide has an associated depth plane, wherein cach wavegnide is
configured to produce an image appearing to originate from that waveguide’s associated

depth plane.

{00551 Embodiment 50:; The optical system of any of Embodiments 47-49,

wherein different waveguides have different associated depth planes.
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{3956} Embodiment 51: The optical svstem of anv of Embodiments 47-30,

wherein the outcoupling optical elements for different depth plancs have different optical
power 80 as to provide different divergence of exiting light for cach depth plane,

[8057] Embodiment 52 The optical system of any of Embodiments 48-51,

wherein cach waveguide further comprises a light redistributing element configured to:
receive a portion of light at the first plurality of wavelengths and the one or more
sceond wavelengths trangmitted through the first and the second wavelength selective filters;
and
distribute the light of the first plurality of wavelengths and the one or more second
wavelengths to the first and second outcoupling optical elements.

{08581 Embodiment 53; An optical system comprising:

a plurality of stacked waveguides, cach waveguide comprising:

an incoupling optical element configured to selectively incouple incident light into
the waveguide based upon a property of the incident light;

an outcoupling optical element configured to outcouple the light incoupled into the
wavegiide.

{8059] Embodiment 54 The optical system of Embodiment 53, wherein the

property of the incident tight is wavelength.

{8860] Embodiment 55: The optical system of any of Embodiments 33-54,

wherein the incoupling optical element is a wavelength selective reflector.

{61 Embodiment 56; The optical system of FEmbodiment 55, wherein the
wavelength selective reflector 15 a dichroic refiector.

{3862} Embodiment 57, The optical system of any ¢of Embodiments 55-36,

wherein cach wavegnide comprises a wavelength sclective refloctor configured to reflect
light of a different range of wavelengths than the wavelength selective reflector of another
wavegnide of the plurality of stacked waveguides.

18863 Embodiment 58: The optical system of any of Embodiments 55-37,

wherein cach wavelength sclective reflector is configured to reflect light of 2 range of
wavelengths corresponding to a different color than the wavelength selective reflecior of

other wavegunides of the plurality of stacked waveguides.
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{3964} Embodiment 59: The optical svstem of anv of Embodiments 53-3§,

wherein the pharality of stacked waveguides comprises three waveguides, including a first
waveguide configured to output red light, a second waveguide configured to output green
light, and a third waveguide configured to output blue light.

{08651 Embodiment _60: The optical system of any of Embodiments 53-39,

wherein the outcoupling optical clement s a diffractive optical element.

{0066 Embodiment _61: The optical system of Embodiment 60, wherein the

diffractive optical element comprises one or more of an analog surface relief gratings (ASR],
a binary surface relief structures {(BSR). a hologram, and a switchable diffractive optical
clement.

{08671 Embodiment 62; The optical system of Embodiment 61, wherein the

5

switchable diffractive optical element comprises a swiichable Polymer Dispersed Liquid
Crystal {PDLC) grating.,

[0068] Embodiment_63; The optical system of any of Embodiments 53-62,

wherein cach waveguide further comprises an angle-modifyving optical element configared to
modify an angle of propagation of the incident hight, such that the incident light propagates at
a shallower angle to the waveguide surface after impinging on the angle-modifying optical
clement.

[88369] Embodiment 64:. The optical system of Embodiment 63, wherein the

angle-modifying clement is configured to change focus of the incident light.

{370] Embodiment 63; The optical system of Embodiment 63, wherein the

angle-modifying optical element is a prism.

{3871 Embodiment 66 The optical system of Embodiment 63, whercin the

angle-modifying optical clement is a diffractive optical element.

{3872} Embodiment 67. The optical system of any ¢of Embodiments 53-66,

wherein cach waveguide further comprises a light distributing clement, wherein the
incoupling optical clement is configured to direct light to the light distributing clement,
wherein the light distributing clement is configured to direct light to the cutcoupling optical
clement.

{04731 Embodiment 68: The optical system of Embodiment 67, wherein the light

distributing element is an orthogonal pupil expander.
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13974} Embodiment 6€9: The optical svstem of anv of Embodiments §7-6,

wherein the light distributing element, the incoupling optical clement, and the cutcoupling
optical clement arc disposed on a surface of the waveguide.

[8075) Embodiment 79; The optical system of any of Embodiments 67-69,

wherein the Hight distributing elements comprise one or more of analog surface relief gratings
{ASR), binary surface reliet structures {(BSR), a hologram, and a switchable diffractive
optical element.

{6676} Embodiment 71: The opiical system of Embodiment 70, wherein the

switchable diffractive optical cloment comprises a switchable Polymer Disporsed Liquid
Crystal {PDLC) grating,

§8771 Ermbodiument 72 An optical system comprising:
o {3

multiple sets of stacked wavegumdes, cach set coroprising a plurslity of stacked
waveguides, each waveguide comprising:

an incoupling optical element configured to selectively incouple incident light into
the wavegnide based upon a property of the incident light; and

an ouicoupling optical element configared 1o outcouple the hight incoupled into the
waveguide,

{66781 Embodiment 73: The optical system of Embodiment 72, wherein each

waveguide has an associated depth plane, wherein each waveguide is configured to produce
an image appearing to originate from that waveguide’s associated depth plane, and wherein
wavegnides of different sets of wavegmides have different associated depth planes.

[04791 Embodiment 74: The optical system of any of Embodiments 73-73,

wherein wavegnides of cach set of stacked waveguides have the same associated depth plane.

{60801 Embodiment 75: The optical svstem of any of Embodiments 72-74,

wherein the outcoupling optical elements have optical power so as to provide a diverging
light beam.

{081} Embodiment 76; The optical system of any of Embodiments 72-75,

wherein the outcoupling optical elements for different depth planes have different optical

power 8o as to provide different divergence of exiting light for cach depth plane,
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[0081a] In accordance with an aspect of an embodiment, there is provided a display
system comprising: a display comprising a plurality of stacked waveguides, each waveguide
comprising a first major surface and a second major surface, wherein the plurality of stacked
waveguides comprises: a first waveguide; a first incoupling optical element configured to
incouple incident light into the first waveguide; a first wavelength selective filter on the first
major surface of the first waveguide; a first outcoupling optical element comprising
diffractive elements disposed on the first wavelength selective filter, the first outcoupling
optical element configured to outcouple the incoupled light at a first plurality of wavelengths
transmitted through the first wavelength selective filter; a second waveguide over the first
outcoupling optical element; a second incoupling optical element configured to incouple
incident light into the second waveguide; a second wavelength selective filter on the first
major surface of the second waveguide; and a second outcoupling optical element comprising
diffractive elements disposed on the second wavelength selective filter, the second
outcoupling optical element configured to outcouple the incoupled light at a second plurality
of wavelengths transmitted through the second wavelength selective filter.

[0081b] In accordance with another aspect of an embodiment, there is provided an
optical system comprising: a waveguide comprising a first major surface and a second major
surface, the waveguide configured to propagate light by total internal reflection between the
first and the second major surfaces; an incoupling optical element configured to incouple
incident light into the waveguide at a first plurality of wavelengths along a first direction and
incouple incident light into the waveguide at one or more second wavelengths along a second
direction, wherein incoupled light of the first plurality of wavelengths propagate through the
waveguide along the first direction by total internal reflection and incoupled light of the one
or more second wavelengths propagate through the waveguide along the second direction by
total internal reflection; and first and second outcoupling optical elements configured to
outcouple the incoupled light out of the waveguide.

[0081c] In accordance with another aspect of an embodiment, there is provided an
optical system comprising: a plurality of stacked waveguides, each waveguide comprising a
first major surface and a second major surface, each waveguide configured to propagate light
by total internal reflection between the first and the second major surfaces, each waveguide

further comprising: incoupling optical element configured to incouple incident light into the
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waveguide at a first plurality of wavelengths along a first direction and incouple incident light
into the waveguide at one or more second wavelengths along a second direction; and
outcoupling optical element configured to outcouple the incoupled light out of the waveguide.

[0081d] In accordance with another aspect of an embodiment, there is provided an
optical system comprising: a waveguide comprising a first major surface and a second major
surface; an incoupling optical element configured to incouple incident light into the
waveguide; a first wavelength selective filter on the first major surface, the first wavelength
selective filter having a first rearward surface adjacent the first major surface and a first
forward surface opposite the first rearward surface, the first wavelength selective filter
configured to: transmit incoupled light at a first plurality of wavelengths through the first
rearward surface of and reflect a portion of the transmitted light at the first plurality of
wavelengths from the first forward surface; and reflect incoupled light at other wavelengths;
and a first outcoupling optical element disposed on the first wavelength selective filter, the
first outcoupling optical element configured to outcouple the incoupled light of the first
plurality of wavelengths transmitted through the first wavelength selective filter.

[0081e] In accordance with another aspect of an embodiment, there is provided an
optical system comprising: a plurality of stacked waveguides, each waveguide comprising:
an incoupling optical element configured to selectively incouple incident light into the
waveguide based upon a property of the incident light; an outcoupling optical element
configured to outcouple the light incoupled into the waveguide.

[0081f] In accordance with another aspect of an embodiment, there is provided an
optical system comprising: multiple sets of stacked waveguides, each set comprising a
plurality of stacked waveguides, each waveguide comprising: an incoupling optical element
configured to selectively incouple incident light into the waveguide based upon a property of
the incident light; and an outcoupling optical element configured to outcouple the light

incoupled into the waveguide.
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BRIEF DESCRIPTION OF THE DRAWINGS
{36982] Figure 1 illustrates a user’s view of augmented reality (AR} through an

AR device.

[0083] Figure 2 illustrates an example of wearable display system.
0084 Figure 3 illustrates a conventional display system for simulating three-

dimensional imagery for a user.

[H0851 Figure 4 tllustrates aspects of an approach for simulating three-
dimensional imagery using multiple depth plancs.

[(086] Figures SA-5C ilustrate rclationships between radius of curvature and
focal radius,

jO887] Figure 6 illustrates an example of a waveguide stack for outputiing image
information o a user.

{0088] Figure 7 shows an example of exit beams outputted by a wavegnide.

[6089] Figure § schematically illustrates an example of a stacked waveguide
assembly in which each depth plane includes images formed using multiple different
component colors,

{84990] Figare 9A schematically itlustrates an example of a top view of a display
device including a waveguide, an incoupling optical element, and an outcoupling optical
element.

(60911 Figure 9B schematically Hustrates an example of a cross-sectional view of
the display device depicted in Figore 9A along the axis A-A'

00921 Figure 9C iHustrates an example of a dichroic wavelength selective filter
and depicts the operation of the dichroic wavelength selective filter,

136931 Figure 10A schomatically illustrates an example of a top view of a display
device including a waveguide, an incoupling optical clement, wavelength selective filters,
and first and second outcoupling optical clements.

[63094] Figures 10B and 10C ilhustrate examples of a cross-sectional view of the
display device depicted in Figure 10A along the axig A-A'

[0095) Figure 11A illustrates an example of a cross-sectional side view of &
plurality of stacked waveguides that arc cach counfigured to ontput light of a different

wavelength or range of wavelengths.
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{3096} Figure 11B illustrates an example of a perspective view of the plurality of
stacked waveguides of Figure 11A.

{38971 Figures 12A-12B illustrate examples of cross-sectional side views of a
waveguide with an angle-modifying optical clement to facilitate the incoupling of lght into
the waveguide.

[8098] Figure 13 is a plot showing the expected impact of refractive index on
field of view.

{53699] The drawings are provided to illustrate cortain example embodiments and
are not intended to limit the scope of the disclosure. Like numerals refer to like parts

throughout.

DETAILED DESCRIPTION

{0180 VR and AR experiences can be provided by display systems having
displays in which tmages corresponding to a plurality of depth planes are provided to a
viewer., The images may be different for each depth plane {e.g. provide slightly different
presentations of a scene or object) and may be separately focused by the viewer’s eves,
thereby helping to provide the user with depth cues based on the accommodation of the eye
required to bring into focus different image features for the scene located on different depth
plane and/or based on observing different image features on different depth planes being out
of focus.  As discussed herein, such depth cues provide credible perceptions of depth.

HIEEE Y In some configurations, a full color image may be formed for the varions
depth planes by overlaying component images that cach have a particular component color.
For cxample, red, green, and blue images may cach be outputted to form cach full color
image. As a result, cach depth plane may have multiple component color images associated

with it.  As disclosed herein, the component color images may be ouiputted using

wavegnides that incouple Hight containing image information, distribute the incoupled light
across the waveguides, and then outcouple light towards a viewer.

{0102} Light may be incoupled to the waveguide using incoupling optical
clements, such as diffractive clemeonts, and then outcoupled out of the wavegnide using
outcoupling optical elements, which may also be diffractive clements. Conventionally, a pair

of incoupling and outcoupling optical elements may be used. Such an arrangement, however,
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can degrade image guality. For example, such optical clements typically most efficiently
deflect a particular design wavelength and, undesirably, a full color image formed by red,
green, and blue component tmages fed through such a system may exhibit significant
cropping and mis-focusing depending on wavelength {e.g., cropping and wus-focusing may
occur for non-design wavelength channelsy.  In addition, crosstalk, or ghosting may be
caused by such the incoupling and outcoupling optical clements. In some cases, a diffractive
optical clement optimized for one wavelength can cause ghast-like images to be formed
when impinged upon by light of other wavelengths,  For example, a diffractive optical
clement that is designed to place a green image on a depth plane 1 meter from the viewer
may place blue and red images on depth plancs closer or farther than a meter, This crosstalk
between depth planes can undermine the viewer’s perception of depth and reduce image
clarity.

HHERY In addition, color halance may be adversely impacied by the tendency of
incoupling and outcoupling optical elements such as diffractive optical elements to deflect
some amount of light even at wavelengths that the optical elements are not specifically
designed to deflect. Becaunse a full color image is formed using multiple component color
images, color accuracy in the full color image and the range of colors that are available may
be dependent on the ability to precisely regulate the amount of light of the component colors
undesirable. For example, a full color image may be formed using component red, green,
and hlue mmages. A red component color image, formed using red-colored light, that also
inclades unintended green light or blue light is undesirable for, among other things,
undermining the ability to precisely regulate the amount of green or biue Hght that makes up
the final full color image. This can reduce the color accuracy of the full color image and also
reduce the range of colors that are generated, since the ability to precisely and finely regulate
proportions of the different colors of light is diminished by the crosstalle.  Stated another
way, the full color image may be of a higher quality when the component color images are
gach formed with light of a “pure” component color, rather than a “dirty” component color
that include a range of other unintended colors.

{0104] Advantageously, various embodiments disclosed herein provide low levels

of cross-talk and unintended outcoupling behavior,
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{0105] In some embodiments, various architectures are provided for sclectively

outputiing light of different wavelengths with low levels of crosstalk. In some embodiments,
light is incoupled into & waveguide and deflected to propagate in different dircctions,
depending on wavelength.  The incoupled light s then outcoupled by one or more
outcoupling optical clements that seloctively outcouple light based on the direction of
propagation of the light. In some cmbodiments, color filters are provided between a
waveguide and the one ar more outcoupling clements on the surface of the waveguide. The
color filters limit the wavelengths of Light that interact with and are outcoupled by the one or
more ocutcoupling elements. In yet other embodiments, a different waveguide 1s provided for
gach range of wavelengths or colovs to be outputied. OUnc or more incoupling optical
clements selectively incouple light of the appropriate range of wavelengths into a
corresponding waveguide, from which the light is ouicoupled.

{3186] In these various embodiments, as described herein, the waveguides may
form direct view display devices or near-eve display devices, with the waveguides
configured to receive input image information and generate an output image based on the
input image nformation. These devices may be wearable and constitute eyewear. The input
image information received by the waveguides can be encoded in multiplexed light streams
of different wavelengths {(e.g., red, green and blue lighty which are incoupled into one or
more wavegnides. The incoupled light can be outeoupled (or owtputted) from the waveguide
by oue or more outcoupling optical clements. The one or more outcoupling optical clements
can inchide diffractive structures, such as, for example, an anslog surface relief grating
{ASR), binary surface rclict structures (BSR}, Volume Holographic Optical Elcments
{VHOE), Digital Swrface Relicf structures and/or vohime phasc holographic material {(¢.g.,
holograms reccorded in volume phase holographic material), or a switchable diffractive
optical elemont (c.g., Polymer Dispersed Liquid Crystal (PDLC} grating). #t will be
appreciated that analog surface relief grating can combine multiple functions in a single
structure. These structures may additively build functionality (e.g., one functionality may be
a selectively for deflecting light of o particular wavelongth or range of wavelengths, and
another functionality may be a selectivity for deflecting Hght of another wavelength or range
of wavelengths) through successive fabrication steps {¢.g., in which a structure with one

functionality is buili on 1op of a structure with another functionality).
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J01074 Various embodimenis described herein can include one or more gratings
{e.g., linear grooves) that are configured such that light propagating along a direction
substantially parallel to the grating is not sufficiently deflected from its path such that it is
coupled out of the waveguide. In contrast, light propagating along a direction that is at an
angle with respect to the grating (e.g., perpendicular to the grooves), such that 1t mpinges or
strikes the grating, is diffracted at angles that do not satisfy the requirerent for total internal
reflection {(TIR} and are thus coupled out of the waveguide. In some embodiments, the
waveguide includes one or more incoupling optical clements that can redirect light at
different directions that are compatible with the orientation of the corresponding diffractive
structures,

{3188] Various embodiments described herein can inchude optical filfers that
fransmit specific wavelengths of hight. The filters can himit the wavelengths of light that
intevact with or impinge on the one or more outcoupling optical elements, thereby reducing
the likelihood of the outcoupling of light of unintended wavelengths.

[0109] It will be appreciated that embodiments disclosed herein roay provide one
or more of the following advantages. For example, as noted herein, the outcoupling of light
of unintended wavelengths may be reduced, thereby veducing the occurrence of ghosting, as
discussed above. This reduction or elimination of ghosting can improve image clarity. In
addition, the reduction in the outcoupling of light if unintended wavelengths can increase the
perceived color quality of images formed using the light. In some embodiments, the ability
o specifically outcouple a desived wavelength or range of wavelengths of Hight can provide
images with a high degree of color accuracy and precision. In addition, the range of colors
that may be displaved may be increased, since a high degree of control over the outcoupling
of individual wavelengths of light may provide a high degree of control over the ultimate
proportions of particular wavelengths of light in a final full color image. The ability to
precisely control proportions of different wavelengths of light can increase the number of
repeatable combination of compenent colors possible, thereby increasing the mumber of
colors (from mixtures of the component colorsy that may be displayed. In some
embodiments, multiple wavelengths or ¢olors of light may be outcoupled from the same

waveguide, which can have advantages for improving manufacturability and vield and
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reducing device costs by, for example, reducing the number of parts utilized in a display
system, thereby reducing the structural and clectrical complexity of the display system.

4116} Embodiments disclosed herein may be implemented as display systems
gencrally, In some embodiments, the display systems take the form of evewear {c.g., they
are wearable), which may advantageously provide 4 more immersive VR or AR expericnce.
For example, displays containing waveguides for displaying multiple depth planes, cg. a
stack of waveguides {(one wavegnide or set of wavegmides for cach depth plane), may be
configured to be worn positioned in front of the cves of a user, or viewer. In some
embodiments, multiple waveguides, ¢.g. two stacks of waveguides, one for cach ¢ve of a
viewer, may be utihized to provide different images to cach gve.

{0111 Figure 2 illustrates an example of wearable display systern 80, The
display svstem 80 includes a display 62, and various mechanical and electronic modules and
systems o support the functioning of that display 62. The display 62 constitutes syewear and
may be coupled to a frame 64, which is wearable by a display system user or viewer 60 and
which is configured to position the display 62 in front of the eves of the user 60. In some
embodiments, a speaker 66 is coupled to the frame 64 and positioned adjacent the ear canal
of the user 60 {in some embodiments, another speaker, not shown, is positioned adjacent the
other ear canal of the user to provide for siereo/shapesble sound control).  In some
embodiments, the display system may also include one or more microphones 67 or other
devices to detect sound. In some embodiments, the microphone is configured to allow the
user to provide inputs or commands to the system R0 (e.g., the selection of voice menu
commands, natural langnage questions, etc.) and/or may allow audio commumnication with
other persons {¢.g., with other users of similar display systems).

161121 With continued reference to Figure 2, the display 62 is eperatively coupled
68, such as by a wired lead or wireless connectivity, to a local data processing module 70
which may be mounted in a variety of configurations, such as fixedly attached to the frame
64, fixedly attached to 2 hebmet or hat worn by the user, embedded in headphones, or
otherwise removably attached to the user 60 {e.g., in a backpack-style configuration, in a
beli-coupling stvle configuration). The local processing and data module 70 may comprise a
hardware processor, as well as digital memory, such as non-volatile memory {e.g., flash

memory or hard disk drives), both of which may be wiilized o assist in the processing,
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caching, and storage of data. The data inchude data a) captured from sensors (which may be,
¢.g., operatively coupled to the frame 64 or otherwise attached to the user 60}, such as image
capture devices (such as cameras), microphones, incrtial measurement units, accelerometers,
compasses, GPS units, radio devices, and/or gyros; and/or by acquired and/or processed using
remote processing module 72 and/or remote data repository 74, possibly for passage to the
display 62 after such processing or retricval. The local processing and data module 70 may
be operatively coupled by communication links 76, 78, such ss via a wired or wircless
communication links, to the remote processing module 72 and remote data repository 74 such
that these remote modules 72, 74 arc operatively coupled to each other and available as
resources to the local processing and data module 70. 1o some embodiments, the location
processing and data module 70 may include one or more of the image capture devices,
microphones, inertial measurement untis, acceleroweters, compasses, GPS onits, radio
devices, and/or gyvros. In some other embodiments, one or more of these sensors may be
attached to the frame 64, or may be stand alone siructures that communicate with the location
processing and data module 70 by wired or wireless communication pathways.

(6113} With contirued reference to Figure 2, in some embodiroents, the remote
processing moduole 72 may comprise one or more processors configured to analyze and
process data and/or image information. In some embodiments, the remote data repository 74
may comprise a digital data storage facility, which may be available through the internet or
other networking configuration in 8 “cloud” resource configuration. In some embodiments,
all data is stored and all computations are performed in the local processing and data module,
allowing fully autonomous use from a remote module,

HHIE) The perception of an image as being “three-dimensional” or “3-D7 may be
achioved by providing slightly different prosentations of the mage to cach cye of the viewer.
Figure 3 illustrates a conventional display system for sinmilating three-dimensional imagery

for a user. Two distinct images S, 7—one for gach eye 4, 6—are cutputted to the user. The

ay

images 35, 7 are spaced from the eves 4, 6 by a distance 10 along an optical or z-axis paralle
to the line of sight of the viewer. The images 5, 7 are flat and the eves 4. 6 may focus on the
images by assuming a single accommodated state.  Such systems rely on the human visual

system to combine the images 5, 7 to provide a pereeption of depth for the combined image.
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[0115] It will be appreciated, however, that the human visual system is more
complicated and providing a realistic perception of depth is more challenging., For example,
many viewers of conventional “3-D” display systems find such systems to be uncomfortable
or may not perccive a sense of depth at all. Without being limited by theory, it is believed
that viewers of an object may perceive the object as being “three-dimensional” due to a
combination of vergence and accommodation.  Vergence movements {ie., rolling
maovements of the pupils toward or away from each other to converge the lines of sight of the
eves to fixate upon an object) of the two eyes relative to cach other are closely associated
with focusing {or “accommodation”} of the lenses of the eves. Under normal conditions,
changing the focus of the lenses of the eyes, or accommodating the eyes, to change focus
from one object to another object at a different distance will automatically cause a matching
change in vergence io the same distance, under a relationship known as the “accommodation-
vergence reflex.” Likewise, a change in vergence will trigger a matching change in
accommodation, under normal conditions.  As noted herein, many stereoscopic or “3-037
display systems display a scene using slightly different presentations {and, so, slightly
different images) to each eve such that a three-dimensional perspective is perceived by the
buman visnal system.  Such systems are uncomfortable for many viewers, however, since
they, among other things, sitoply provide different presentations of a scene, but with the eyes
viewing all the image information at a single accommodated state, and work against the
“accommodation-vergence reflex.” Display systems that provide a better match between
accommaodation and vergence may form more realistic and comfortable simulations of three-
dimensional imagery,

{3116] Figure 4 illustratcs aspeets of an approach for simmlating three-
dimensional tmagery using multiple depth planes. With reference to Figure 4, objects at
various distances from cyes 4, 6 on the z-axis are accommodated by the cyes 4, 6 so that
those objects are in focus. The eves (4 and 6) assume particular accommodated states to
bring into focus objects at different distances along the z-axis. Consequently, a particular
accommodated state may be said to be asseciated with a particular one of depth planes 14,
with has an agsociated focal distance, such that objects or paris of objects in a particuiar
depth plane are in focus when the cye s in the accommeodated state for that depth plane. In

some entbodiments, three-dimensicnal imagery may be simulated by providing different
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presentations of an image for each of the coyes 4, 6, and also by providing different
presentations of the image corresponding to cach of the depth plancs. While shown as being
separate for clarity of illustration, it will be appreciated that the ficlds of view of the eves 4, 6
may overlap, for exarple, as distance along the z-axis increascs. Additionally, while shown
as flat for case of illustration, it will be appreciated that the contours of a depth plane may be
curved in physical space, such that all features in a depth plane are in focus with thecve ina
particular accommodated state.

{81171 The distance between an object and the eve 4 or 6 can also change the
amount of divergence of light from that object, as viewed by that eyve.  Figures 5A-5C
itlusirates relationships between distance and the divergence of light rays. The distance
between the object and the eve 4 1s represented by, in order of decreasing distance, R1, R2,
and R3. As shown in Figores SA-5C, the light rays become more divergent as distance to the
object decreases.  As distance increases, the hght rays become more collimated.  Stated
another way, it may be said that the light feld produced by a point {the object or a part of the
object} has a spherical wavefront curvature, which is a function of how far away the point is
from the eve of the aser. The curvatire increases with decressing distance between the
object and the eye 4. Conseguently, at different depth planes, the degree of divergence of
fight rays is also different, with the degree of divergence increasing with decreasing distance
between depth planes and the viewer™s eve 4. While only a single eye 4 is illustrated for
clarity of Hlustration in Figures 54-5C and other figures herein, it will be appreciated that the
discussions regarding eve 4 may be applied to both eyes 4 and 6 of a viewer.

[O118] Without being limited by theory, it is believed that the human cye
typically can interpret a finite number of depth planes to provide depth perception.
Consequently, a highly believable sinmmfation of perceived depth may be achioved by
providing, to the eye, different presentations of an image corresponding to cach of these
limited number of depth planes. The different presentations may be separately focused by
the viewer’s eyes, thereby helping to provide the user with depth cues based on the
accommodation of the eye required to bring into focus different image features for the scene
located on different depth plane and/or based on observing different image features on

different depth planes being out of focus.
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[0119] Figure 6 illustrates an example of a waveguide stack for outputting image
information o a user. A display system 1000 includes a stack of waveguidsas, or stacked
waveguide assembly, 178 that may be wilized to provide three-dimensional perception to the
cye/brain using a plurality of waveguides 182, 184, 186, 188, 190. In some embodiments,
the display system 1000 s the system 80 of Figure 2, with Figure 6 schematically showing

some parts of that system 80 in greater detail. For example, the waveguide assembly 178

may be part of the display 62 of Figure 2.
{6128 With continued reference to Figure 6, the waveguide assembly 178 may

also include a plurality of features 198, 196, 194, 192 between the waveguides. In some
embodiments, the features 198, 196, 194, 192 may be lens. The waveguides 182, 184, 186,
188, 190 and/or the plurality of lenses 198, 196, 194, 192 may be configured to send image
nformation to the eye with varions levels of wavefront curvatare or light ray divergence.
Fach waveguide level may be associated with a particular depth plane and may be configured
to ouiput image information corresponding to that depth plane., Image injection devices 200,
202, 204, 206, 208 may function as a souree of light for the waveguides and may be utilized
to inject image information into the waveguides 182, 184, 186, 18§, 190, each of which may
be configured, as described herein, to distribute incoming light across each respective
waveguide, for output toward the eye 4. Light exits an output surface 300, 302, 304, 306,
308 of the image injection devices 200, 202, 204, 206, 208 and is injected into a
corresponding input surface 382, 384, 386, 388, 390 of the waveguides 182, 184, 186, 18K,
190, In some embodiments, the input surfaces 382, 384, 386, 38R, 390 may be an edge of a
corresponding waveguide, or may be part of a major surface of the corresponding waveguide
{that is, onc of the wavegnide surfaces dircetly facing the world 144 or the viewer's cye 4.
In some embodiments, a single beam of light (c.g. a collimated beam) may be injected into
each waveguide to output an entire ficld of cloned collimated beams that are directed toward
the cye 4 at particular angles {and amounts of divergence) corresponding to the depth plane
associated with a particular waveguide. In some embodiments, a single one of the image
injection devices 200, 202, 204, 206, 208 may be associated with and inject light into a
plurality {(e.g., three} of the waveguides 182, 184, 186, 188, 194

f0121] In some cmbodiments, the image injection devices 200, 202, 204, 206, 208

are discrete displays that each produce image information for injection into a corresponding
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waveguide 182, 184, 186, 188, 190, respectively. In some other embodiments, the image
injection deviges 200, 202, 204, 206, 208 are the output ends of a single multiplexed display
which may, ¢.g., pipe image information via one or more optical conduits (such as fiber optic
cables) to cach of the image injection devices 200, 202, 204, 206, 208, It will be appreciated
that the image information provided by the image injection devices 200, 202, 204, 206, 208
may inchide light of difforent wavelengths, or colors {e.g., different component colors, as
discussed herein).

{81221 A controller 210 controls the operation of the stacked waveguide assembly
178 and the image injection devices 200, 202, 204, 206, 208. In some cmbodiments, the
controller 210 is part of the local data processing module 70. The controller 210 meludes
programuming {€.g., instructions in a non-transitory medinm) that regulates the timing and
provision of image information fo the waveguides 182, 184, 186, 188, 190 according to, e.g.,
any of the various schemes disclosed herein. In some embodiments, the controller may be a
single integral device, or a distributed systern connected by wired or wireless communication
channels. The controller 210 may be part of the processing modules 70 or 72 (Figure 1) in
some erobodiments,

[3123] With ¢contimued reference to Figure 6, the waveguides 182, 184, 186, 188,
190 may be configured to propagate light within each respective waveguide by total internal
reflection {TIR}. The waveguides 182, 184, 186, 188, 190 may each be planar or have
another shape {e.g., curved), with major top and bottorn surfaces and edges extending
between those major top and botiom surfaces.  In the llustrated configuration, the
waveguides 182, 184, 186, 188, 190 may cach mclude one or more outcoupling optical
clements 282, 284, 286, 288, 290 that arc configured to cxtract light out of a waveguide by
redirecting the light, propagating within cach respective waveguide, out of the wavegnide to
output image information to the eye 4. Extracted Light may also be referred to as outcoupled
light and the one or more outcoupling optical elements light may also be referred to light
extracting optical clements. An exiracted beam of light is outputted by the waveguide at
locations at which the light propagating in the waveguide strikes a light extracting optical
clement. Some or all of the one or more outcoupling optical elements 282, 284, 286, 288,
290 may, for example, can be onc or more gratings, including diffractive optical features, as

discussed further herein. While illustrated disposed at the bottom major surfaces of the
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wavegmides 182, 184, 186, 188, 190 for case of description and drawing clarity, in some
embodiments, the one or more cutcoupling optical elements 282, 284, 286, 28K, 290 may be
disposed at the top and/or bottom major surfaces, and/or may be disposed directly in the
volume of the waveguides 182, 184, 186, 188, 190, as discussed further herein,  In some
cmmbodiments, the one or more cutcoupling optical clements 282, 284, 286, 288, 290 may be
formed in a layer of material that 15 attached to a iransparcot substrate to form the
waveguides 182, 184, 186, 188, 190. In some other embodiments, the waveguides 182, 184,
186, 188, 190 may be a monohihic picce of material and the one or more outcoupling optical
clements 282, 284, 286, 288, 290 may be formed on a surface and/or in the interior of that
picce of matenal,

{3124} With contimued reference to Figure 6, as discussed herein, cach waveguide
182, 184, 186, 188, 190 s configured to ouiput hight to form an image corresponding to a
particular depth plane. For example, the waveguide 182 nearest the eve may be configured
to deliver collimated light, as injected into such waveguide 182, to the eye 4. The collimated
light may be representative of the optical infinity focal plane. The next waveguide up 184
may be configured to send out collimated light which passes through the first lens 192 (e.g., a
negative lens) before it can reach the eye 4; such first lens 192 may be configured to create a
slight convex wavefront curvature 5o that the eyve/brain interprets light coming from that next
waveguide up 184 as coming from a first focal plane closer inward toward the eve 4 from
optical infinity. Similarly, the third up wavegmide 186 passes its output light through both
the first 192 and second 194 lenses before reaching the eye 4; the combinad optical power of
the first 192 and second 194 lenses may be configured to create another incremental amount
of wavefront curvature so that the eve/brain interprets Hight coming from the third waveguide
186 as coming from a second focal plane that is ¢ven closer inward toward the person from
optical infinity than was fight from the next waveguide up 184. Other ways of producing
these perceived colors may be possible.

{0125] The other waveguide layers 188, 190 and lenses 196, 19¥ are similarly
configured, with the highest waveguide 190 in the stack sending its cutput through all of the
lenses between it and the eye for an aggregate focal power ropreseniative of the closest focal
plane to the person. To compensate for the stack of lenses 198, 196, 194, 192 when

viewing/interpreting light coming from the world 144 on the other side of the stacked
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wavegiide assembly 17K, a compensating lens layver 18¢ may be disposed at the top of the

stack to compensate for the aggregate power of the lens stack 198, 196, 194, 192 below.

Such a configuration provides as many perccived focal planes as there are available
waveguide/lens pairings.  Both the one or more outcoupling optical elements of the
waveguides and the focusing aspects of the lenses may be static (e, not dynamic or electro-
active). In some alternative embodiments, cither or both may be dynamic using clectro-
active features.,

{8126} In some embodiments, two or more of the waveguides 182, 184, 186, 18R,
19¢ may have the same assoctated depth plane, For example, multiple waveguides 182, 184,
186, 188, 190 may be configored fo output images set to the same depth plane, or multiple
subsets of the wavegunides 182, 184, 186, 188, 190 may be configured to oniput images set to
the same plurality of depth plancs, with one set for cach depth plane. This can provide
advantages for forming a tiled fmage to provide an expanded field of view at those depth
planes.

{0127] With continued reference fo Figure 6, the one or more outcoupling optical
clements 282, 284, 286, 288, 290 may be configured to both redirect lght out of their
respective wavegnides and to output this light with the appropriate amount of divergence or
collimation for a particular depth plane associated with the waveguide.  As a result,
waveguides having different associated depth plancs may have different configurations of
one or more outcoupling optical elements 282, 284, 286, 288, 290, which output light with a
different amownt of divergence depending on the associated depth plane.  In some
embodiments, the features 198, 196, 194, 192 may not be lenses; rather, they may simply be
spaccers {¢.g., cladding layers and/or structurcs for forming air gaps).

{0128} In some cmbodiments, the one or more outcoupling optical clements 282,
284, 286, 288, 290 are diffractive featurcs that form a diffraction pattern, or “diffractive
optical element” (also referred to herein as a “DOE”).  Preferably, the IDOE’s have a
sufficiently low diffraction ¢fficiency so that only a portion of the light of the beam is
deflected away toward the eve 4 with each intersection of the DOE, while the rest continues
to move through a waveguide via total internal reflection. The light carrving the image

nformation is thus divided into a number of related exit beams that exit the waveguide at a
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multiplicity of locations and the result is a fairly uniform patiern of exit emission toward the
eye 4 for this particular collimated beam bouncing arcund within a waveguide.

{01294 In some embodiments, one or more DOHEs may be switchable between
“on” states in which they actively diffract, and “oft” states in which they do not significantly
diffract. For imnstance, a switchable DOE may comprise a layer of polymer dispersed hiquid
crystal, in which microdroplets comprise a diffraction pattern in a host roediom, and the
refractive index of the microdroplets can be switched to substantially match the refractive
index of the host matenal (in which case the pattern does not appreciably diffract incident
light} or the microdroplet can be switched to an index that does not match that of the host
medium {in which case the patiern actively diffracts incident light},

{01301 Figure 7 shows an example of exit beams outputted by a waveguide. One
waveguide 18 tlustrated, but 1t will be appreciated that other waveguides in the waveguide
assembly 178 may function similarly, where the waveguide assembly 178 includes multiple
waveguides, Light 400 is injected into the waveguide 182 at the mput edge 382 of the
wavegnide 182 and propagates within the waveguide 182 by TIR. At points where the light
4080 impinges on the DOE 282, a portion of the light exite the waveguide as exit beams 402,
The exit beams 402 are illustrated as substantially paraliel but, as discossed herein, they may
also be redirected to propagate to the eye 4 at an angle {e.g., forming divergent exit beams),
depending on the depth plane associated with the waveguide 182, It will be appreciated that
substantially parallel exit beams may be indicative of a wavegnide with one or more
outecoupling optical elements that cutcouple light to form images that appear to be set on a
depth plane at a large distance {c.g., optical infinity} from the eye 4. Other wavegnides or
other scts of outcoupling optical clements may output an ¢xit beam pattern that is more
divergent, which would require the cye 4 to accommodate to a closer distance to bring it into
focus on the retina and wonld be interpreted by the brain as light from a distance closer to the
eve 4 than optical infinity.

{8131 Figure 8 schematically illustrates an example of a stacked waveguide
assembly in which cach depth plane includes images formed using mmultiple different
component colors. In some enmboditaents, a full color image may be formed at cach depth

planc by overlaying images in cach of the component colors, ¢.

i

. three or more component

colors., The fllustrated embodiment shows depth planes 143 — 144£, although more or fewer
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depths are also contemplated. Each depth plane may have three component color images
associated with it: a first image of a first color, G; a second image of a second color, R; and a
third image of a third color, B. Different depth planes are indicated in the figure by different
numbers for diopters following the letiers G, R, and B, Just as examples, the numbers
following each of these letters indicate diopters (1/m), or distance of the depth plane from a
viewer, and cach box in the figures represents an individual component color image.

jO132] In some embodiments, hight of cach component color may be outputied hy
a single dedicated wavegumde and, conseguently, ecach depth plane may have multiple
waveguides associated with it. In such embodiments, cach box m the figures including the

fctters G, R, or B wmay be undersicod to represent an ndividaal waveguide, and three

waveguides may be provided per depth plane where three component color images are
provided per depth plane. While the waveguides associated with cach depth plane are shown
adjacent to one another in this schematic drawing for ease of description, it will be
appreciated that, in a physical device, the waveguides may all be arranged in a stack with one
waveguide per level,  In some other embodiments, multiple component colors may be
outputied by the same waveguide, such that, e.g., only a single waveguide mayv be provided
per depth plane.

{6133} With continued reference to Figure §, in some erobodiments, G is the eolor
green, R is the color red, and B is the color Blue.  In some other embaodiments, other colors,
including wagenta and cyan, may be used in addition to or may replace one or more of red,
green, ar blue.

{01341 It will be appreciated that references to a given color of light throughout
this disclosure will be understood to encompass light of one or more wavelengths within a
range of wavelongths of light that are perccived by a viewer as being of that given color, For
example, red light may incluade light of one or more wavelengths in the range of about 620
T8¢ nm, green light may inchude light of one or more wavelengths in the range of about 492
577 am, and blue light may inchide light of one or more wavelengths in the range of about
435493 nm.

10135) With reference now to Figure 94, an example of a top view of a display
device 900 including a waveguide 903, an incoupling optical clement 907 and one or more

outcoupling optical elements 909a/90%b is schematically illustrated. The waveguide 9035 can
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be planar, having a first major surface 903a, a second major swface 305b opposite the first
major surface 205b and edges extending between those first and the second major surfaces
905a and 905b. In such embodiments, the first and the second major surfaces 905a and 905b
can extend in the x-y plane and a surface normal that intersects the first and the second major
surfaces 905 and 905b can be oriented along the z-axis. The waveguide 905 cun comprise an
optical grade material that is configured to be transmissive to wavelengths in the visible
spectrumn or wavelengths corresponding to the component colors to be outputted by the
waveguide 905, In various embodiments, the waveguides disclose herein, meluding the
waveguide 905 can be monolithic picce of material. For example, the first and the seccond
major surfaccs 905a and 905b and the space between the two major surfaces 9052 and 905b
comprise the same material, In some embodiments, the waveguides may inchude multiple
layers of material. For example, the space between the first and the second major surfaces
905a and 905b can include materials having a first refractive index and the space between the
first and the second major surfaces 905a and 905b can include materials can include
materials that have a different refractive index.

{3136} The one or more outcoupling optical coupling elements can include a first
optical coupling element 90%a and a second optical coupling element 909, as depicted in
Figure 9B, which schematically illustrates an example of a cross-sectional view of the
display device 900 along the axis A-A’ In some embodiments, the first and the sceond
outcoupling optical elements 90% and 9090 can be combined together to form a single
outcoupling optical element, e g, on the same major surface or on both the first second major
surfaces 205a and 905b.

{1371 The incoupling optical clement 307 is configured to incouple incident light
of a first plurality of wavelengths such that they propagate through the waveguide 905 by
total internal reflection along a first direction and incouple light incident of one or more
second wavelengths such that they propagate through the waveguide 905 by total internal
reflection along a second direction. The first and the second directions extend in a plane
coplanar with the first or the second major surface 9052 or 905b of the wavegnide 905, For
example, as shown in Figure %A, when the waveguide 903 is viewed along a direction
parallel to the surface normal to the first or the second major surface 905a or 905b (¢.g., as

seen in a top-down view when the waveguide 903 is oriented with the first major surface

8-
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905a pointing upwards), the first direction can be paraliel to the y-axis and the second
direction can be paraliel to the x-axis. Accordingly, Figure 9A illustrates that the first and
the second dircctions arc orthogonal to cach other in a planc coplanar with the first or the
second major surface 903a or 905b. However, in other embodiments, the first and the second
directions can be oriented with respect to cach other at angles different from 90-degrees
when viewed along a dircction parallel to the surface normal to the first or the sceond major
surface 905a or 905b. For example, the first and the second directions can be oriented with
respect to cach other at angles between about 60 degrees and 120 degrees, between about 70
degrees and about 110 degrees, between about 80 degrees and about 100 degrees, hetween
about 85 degrees and about 95 degrees, or angles therehetween, Preferably, the angle 1s
chosen such that light propagating n the first direction is deflected at high efficiency by one
of the outcoupling clements and low efficiency by the other of the ouicoupling optical
elements, and hight propagating in the second direction is deflected at high efficiency by the
former cutcoupling element and low efficiency by the latter outcoupling optical element,

{8138] The one or more second wavelengths can be different from the first
plurality of wavelengths, In various embodiments, light having multiple component colors
{e.g., red, green, blue} can be coupled into the waveguide. The first outcoupling optical
clerment 909 is configured to redirect, out of the waveguide 905, light of the first plurality of
wavelengths that propagate through the waveguide 905 along the first direction; and the
second outcoupling optical element 808h is configured to redirect, out of the waveguide 905,
light of the one or more second wavelengths that propagate through the waveguide 905 along
the second direction. In some embodiments, the first plurality of wavelengths encompasses
light of two component colors, ¢.g., red and bluc; and the one or more second waveiengths
encompasses light of a third component color, ¢.g., greon. Preferably, the two component
colors have a greater difference between the wavelengths of those two component colors than
the difference between gither of the two component colors and the wavelength of the third
color, which can facilitate reductions in crosstalk. In some embodiments, the first
outcoupling optical ¢lement 90%a includes ASRs, which deflect light of cach of the two
component colors.

10139 It will be appreciated that the waveguide 9035 may be part of the stack of

waveguides in the display system 1006 (Figure 6). For example, the waveguide 905 may

-28.
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correspond to one of the waveguides 182, 184, 186, 188, 190, and the outcoupling optical
clements 90% and 909 may correspond to the owtcoupling optical clements 282, 284, 286,
288, 290 of Figure 6.

[3140] With continued reference to Figures 9A and 9B, in various embodiments,
the incoupling optical clement 907 can be a wavelength sclective optical component that is
configured to deflect different wavelengths of hight such that they propagate along different
directions through the waveguide 905 by TIR. For example, the incoupling optical cloment
307 can comprise a first set of incouphing optical elements configured to interact with light at
the first plurality of wavelengths and a second set of incoupling optical clements configured
to interact with light at the one or more sccond wavelengths, In various embodiments, the
elements forming the incoupling optical element 907 can include one or more optical prism,
or optical components including ong or more diffractive elements and/or refractive clements.

{0141} In some embodiments, the incoupling optical clement 907 can include one
or more gratings that can interact with light at one or more wavelengths., For example, it the
incident light comprises light at red, green and blue wavelengths, then the incoupling optical
clement 907 can include a grating that interacts with all three wavelengths or a first grating
that interacts with red light, a second grating that interact with green light and a third grating
that interacts with blue light. In svme embodiments, the first grating that interacts with red
light and the third grating that interacts with biue light can be cowbined in a single grating
structure.  The one or more gratings included in the incoupling optical element 907 can
mclide one or more of analog surface relief grating {(ASR}, Binary surface relief structures
{BSR), Volume Holographic Optical Elements (VHOE), Digital Surface Relief structures
and/or volume phase holographic material (e.g., holograms recorded in volume phase
holographic material), or switchable diffractive optical clement (¢c.g., Polyvmer Dispersed
Liguid Crystal {PDLC) grating). Other types of grating, holograms, and/or diffractive optical
clements, providing the functionality disclosed herein, may also be used. The ene or more
gratings are configured to direct incident light in the first plurality of wavelengths ~
reprosented by rays 90311 and 90312 ~ such that the light in the first plurality of wavelengths
propagates through the waveguide 905 along the first direction {e.g., along a dircction
parailel to the y-axis} and direct incident light at the onc or more second wavelengths —

represented by ray 90313 — such that light at the one or more second wavelengths propagates
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through the waveguide along the second direction (c.g., along a direction parallel to the x-
axis}). Accordingly, the one or more gratings are configured to couple light into the
waveguide 905 by detlecting light incident from a direction forward of the first major surface
905z or rearward of the second major surface 905b at appropriaic angles that results in the
meident hght to underge TIR in the waveguide 905, The incoupling optical element 907 can
inchude a reflective grating and/or transmissive grating. In some embodiments inclading one
or morc rcflective gratings, incoming light is tneident on the grating from within the
waveguide 305 and is diffracted along the first or the second divections of the wavegnide
905,

{3142} In some embodiments, one or more wavelength selective filters 813a and
913b may be integrated with or disposed adjacent to the incoupling optical elements 907,
The one or more wavelength selective filters 913a and 913b may be configured to filter out
some portion of light at the one or more second wavelengths that may be propagating along
the first direction and some portion of light at the fivst plurality of wavelengths that may be
propagating along the second direction respectively. In some embodiments, the wavelength
selective filters 913a and 913b can be absorptive filters. For example, in varous
embodiments, the wavelength selective filters 1013a and 1613b can be color band absorbers.

{0143} In sume embodiments, the wavelength selective filters 9132 and 913b can
mchude a dichroic filter. Figure 9C illustrates an example of a dichroic wavelength selective
filter 2130 and depicts the operation of that dichroic wavelength selective filter. The dichroic
wavelength selective filter 913h (or 9134) is configured o pass or teansmit light af the first
plarality of wavelengths {(or the one or more sccond wavelengths} that is propagating along
the sccond direction {or the first dirgetion) by TIR and reflect the one or more sceond
wavclengths (or the first plarality of wavciengths) propagating along the second direction {or
the first direction) by TiR. The light that is passed through the dichroic wavelength selective
filter 213b (or 913a) is absorbed by an absorber 915b that is integrated with or disposed
adjacent to the dichroic wavelength selective filter 913b (or 913a).  In this manner, the
incoupling optical element 907 either individually or in combination with the wavelength
seloctive filter 313b {or 913a) and absorber 915b can increase the degree of isolation between
incoupled light at the first plurality of wavelengths propagating through the waveguide 905

along the first direction and incoupled light at the one or more second wavelengths
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propagating through the waveguide 205 along the second direction.  In other words, the
incoupling optical element 907 cither individually or in combination with the wavelength
sclective filter 913b (or 913a) and absorber 915b can, by limiting the amount of hight of
different wavelengths propagating through the waveguide 905, reduce crosstalk between
meoupled light at the first plurslity of wavelengths propagating through the waveguide 905
along the first dircction and incoupled light at the one or more second wavelengths
propagating through the wavegnide 905 along the sccond direction.  Reducing crosstalk
between mcoupled Hght at the first plurality of wavelengths propagating through the
waveguide 05 along the first direction and incoupled light at the one or more second
wavelengths propagating through the waveguide 305 along the sccond direction can be
advantageous in improving the outcouphing efficiency of the first and the second ounicoupling
optical elements 9094 and 909h and also improve the quality of the color image generated by
the outcoupled light.

[0144] The incoupling optical element 907 can be disposed adjacent the first or
the second major surface 9035a or 905b of the waveguide 905, In various embodiments, the
incoupling optical element 907 can be disposed adjacent a corner of the waveguide 903, The
mcoupling optical element 307 can be distinet from the waveguide 905, Alternately, the
incoupling optical element 907 can be integrated with one or both of the first or the second
major surface 905a or 905b of the wavegnide 905, In various embodiments, the incoupling
optical element 907 and the wavegnide 905 can be monclithically integrated. In various
embodiments, the ncoupling optical element 907 can be formed in a portion of the
wavegiide 905, For example, in embodiments, in which the incoupling optical clement 907
include one or more gratings, the onc or more gratings may be formed in a portion of the first
and/or the sccond major surface 905a and/or 905b of the waveguide 905, In various
embodiments, the incoupling optical element %07 may be disposed in a layer of optical
transmissive material which is disposed adjacent o the first and/or the second major surface
9052 and/or 905b of the waveguide 905, in some other embodiments, as disclosed herein,
the incoupling optical element 907 may be disposed in the bulk of waveguide 905,

[0145) In various embodiments, the display device 900 can include first light
distributing clement 91 1a disposed in the light path of the incoupled light at the first plurality

of wavelengths propagating through the waveguide 9035 along the first direction. The display
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device 900 can also include second light distributing clement 911b disposed in the light path
of the incoupled light at the one or more second wavelengths propagating through the
waveguide 2905 along the second dircction.  The first and the second light distributing
clements 211a and 911b can be configured to distribute light of the first plurality of
wavelengths and of the one or more second wavelengths along the first and the second
dircction respectively. For example, in various embodiments, the first and the second light
distrihuting clements 91ia and 911b can be configured 1o clongate light (c.g., spread light
across the length) of the first phlurality of wavelengths and of the one or more second
wavelengths along the first and second directions respectively, The first and second light
distribuiing clements 911a and 911b can be referred to as pupil expanders or orthogonal pupil
expanders (OPEs) since by virtue of disiributing light along the first and the second
directions, they can advantageously increase the spot size of a first light beam including light
at the first plurality of wavelengths and a second light beam including light at the one or
more second wavelengths, The first and second light disteibuting elerents 911a and 911b
can also be useful to increase the size of the exit pupil of the display device 900, Increasing
the size of the exit pupil can be useful when the display device 900 is configured to be
directly viewed by a user and/or in near-to-eve display applications. Increasing the size of
the exit pupil can also be advantageous in alleviating the strain on eye when viewing the
display device 900

[0146] The first and the second light distributing clements 9ila and 911ib can
mclide one or more gratings that are configured to direct light propagating along the first and
the second direction respectively towards the first and the second omtcoupling optical
clements 909a and 909h. The onc or more gratings can be configured, for example, to have a
sizg (¢.g., groove depth or groove height, shape, spacing, and/or periodicity} and an
origntation that is configured to interact with light of the first plurality of waveiengths
propagating along the first direction or light of the ong or more second wavelengths
propagating along the second direction. For example, if light of the first plurality of
wavelengths includes red and blue light, then the first light distributing clement 911a can
include a grating that is configured to intcract with red and blue light or a first grating that

iteracts with red light and a sccond grating that interacts with blue Hght, Similarly, if light
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of the one or more second wavelengths includes green light, then the second light distributing
clement 911b can include a grating that is confignred to interact with green light,

{3147} In some embodiments, the first and the second light distributing clements
911a and 911b are cach configured to redirect a portion of the light that iropinges on the
gratings at as the light every bounce as the incoupled light at the first plurality of
wavelengths and at the one or more sccond wavelengths propagates through the wavegnide
by TIR. The first and the second light distributing clements 911a and 211b can divide the
first and the second light beams propagating along the fivst and the second directions into
multiple related beams that are redivected towards the first and the second outcoupling
optical clements 90%a and 949b. In various crabodiments, the multiple related beams can be
copies of each other. In this manner, the first and the second light distributing elements 91 1a
and 911b can be configured to uniformly or substantially uniformly illuminate a larger arca
of the first and the second outcouphing optical elements 90% and 909b which canresult ina
fairly oniforro patiern of exit emission from the waveguide 205, Without any loss of
gengrality, the first and the second light distributing clements 91ia and 911b can be
configured to redirect light incident al a single wavelength or multiple wavelengths within a
wavelength range.

[0148] In varivus embodiments, the une or more gratings included in the first and
the second light distributing elements 91 fa and 911b can include one or more of an analog
surface relief grating (ASR), Binary surface relief structures (BSR), a Volume Holographic
Optical Element (VHORE), Digital Surface Relief structures and/or volime phase holographic
material, or a switchable diffractive optical element (e.g., Polymer Dispersed Liquid Crystal
{PDLC) grating). Other types of gratings, holograms, and/or diffractive optical clements,
contigured to provide the functionality disclosed herein, may also be used, The first and the
second light distributing clements 911a and 211b can be disposed adjacent the first or the
second major surface 905a or 905b of the waveguide 905, In various embodiments, the first
and the second light distributing elements 9112 and 911b can be disposed such that they are
spaced apart from the first and the outcoupling optical gloments 909a and 909b, although the
first and the second light distributing clements 911a and 311b need not be so configured in
some embodiments. The first and the sceond light distributing clements 911a and 911b can

be integrated with one or both of the first or the second major surface 9053 or 905b of the
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waveguide 905, In various embodiments, the first and the second light distributing clements
9112 and S911b and the waveguide 9035 can be monolithically integrated.  In various
embodiments, the first and the second light distributing clements 911a and 911b can be
formed in a portion of the first and/or the second major surface 9052 and/or 905b of the
waveguide 905, In vartous embodiments, the {irst and the sccond light distributing clements
91la and 911h may be disposed in one or more layers of optical transmissive material which
are disposed adjacent fo the first and/or the second major surface 905a and/or 905b of the
waveguide 805, In some other embodiments, as disclosed herein, the fivst and the second
light distributing ¢clements 21 1a and 911b may be disposed in the bulk of waveguide 905.
13149] As discussed above, the first outcoupling optical clement 90%a and the
second outcouphing optical clement 90% are configured to redirect incoupled Hght that is
incident on them out of the plane of the waveguide 905, The first and the sccond outcoupling
elements 90%a and 909 are configured to redivect the incoupled light that is incident on the
first and the second outcoupling elements 909a and 909b toward the viewer {e.g., eve 4,
Figure 7) at appropriate angles to ensure proper overlay of light at different wavelengths such
that the viewer can perceive a color image of good visual guality, The first and the second
outcoupling optical clements 909 and 90%b can have an optical power that provides a
divergence to the light that exits through the waveguide 905 such that the image formed by
the light that exits through the waveguide 905 appears to originate from a certain depth.
Accordingly, the waveguide 905 may be considered to have an associated depth plane that is
correlated with the optical power of the first and the second outcoupling optical elements
90%a and 909b. As discussed hercin, various embodiments of display devices can include a
plurality different waveguides similar to waveguide 905 described above - including the
incoupling optical clement 907 and the first and the second outcoupling optical clements
9092 and 90%b with different optical powers - that are stacked together. In such
embodiments, the different waveguides can be associated with different depth planes
corresponding to the different optical powers of the first and the second outcoupling optical
clements 90%a and 909b including therein. Display deviees inclading such phurality of
different waveguides stacked together can be useful to generate 3D images and, in particular,

light ficld based 3D images.
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HIRI As discussed above, the first outcoupling optical ¢lement 9092 and the
second outcoupling optical eiement 9090 can inchude one or more gratings. For ¢xample, the
first outcoupling clement 90%a can include one or morc gratings that are configured to
interact with light of the first plurality of wavelengths and the second outcoupling clement
9090 car include one or more gratings that are configured to interact with light of the one or
more second wavelengths, For example, if the first plurality of wavelengths includes red and
blue wavelengths, then the first outcoupling element 90%a can include a grating strocture that
interacts with both red and blue light or a first grating that interacts with red light and a
seoond grating that interacts with blue light. As another example, if the one or more seeond
wavelengths includes green wavelength, then the secound outcoupling cleroent 30%h can
melude a grating that inferacts with green light.

(0151} The first and the second outcoupling elements 90%9a and 9095 can include
lingar grooves that are configured such that light propagating along a direction substantially
parallel to the length of grooves is not safficiently deflected from its path such that it is
couple out of the waveguide. In contrast, light propagating along a direction that is at an
angle with respect to the grooves (e.g., perpendicular to the length of the grooves) such that it
impinges ot strikes the grooves and is deflected at angles that do not satisfy requirernents for
TIR and are thus coupled out of the waveguide 903, Accordingly, the grooves in the first
outcoupling element 90%a are oriented along a direction paraliel or substantially parallel to
the sccond direction such that the Hght at the one or more second wavelengths propagating
along the second direction are not sufficiently deflected by the first outcoupling optical
clement 9093 to be outcoupled out of the waveguide 905 and light at the first plurality of
wavelengths propagating along the first direction arc sufficienily deflected by the first
outcouping optical element 9092 to be cutcoupied out of the waveguide 905, The grooves in
the scoond outcoupling element 309 are oriented along a direction parallel or substantiaily
parallel to the first direction such that the light at the first plurality of wavelengths
propagating along the first direction are not sufficiently deflected by the second cutcoupling
optical clement 9090 to be outcoupled out of the waveguide 905 and light of onc or more
second wavelengths propagating along the second direction is sufficiently deflected by the

second outcoupling optical element 309b to be outcoupled out of the waveguide 905,
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HHEY The first outcoupling optical element 909a and the second outcoupling

optical element 9096 can include analog surface relief grating (ASR), Binary surface relief
structures (BSR), Volume Holographic Optical Eloements (VHOE), Digital Surface Relief
structures and/or volume phase holographic material {(e.g., holograms recorded in volume
phase holographic material), or switchable diffractive optical element (e.g., Polymer
Dispersed Liquid Crystal (PDLC) grating).  Other types of gratings, holograms, and/or
diffractive optical clements, providing the functionality disclosed herein, may also be used.
In various embodiments, the first and the second outcoupling optical clements 90% and 90%
gan be integrated as a single outcoupling optical clement 909. For cxample, a single
outcoupling optical clement 909 including difforent holograms tor different wavelengths
{e.g., red, green and blue) recorded on top of each other can be disposed on one of the major
surfaces 905a and 905b instead of two onicouphing optical elements 90%a and 909 disposed
on the first and the second major surface 905a and 905b as shown in Figure 9B, In some
embodiments, the first outcoupling optical element 90%a can be disposed on one of the first
ot the second major sarface 9053 or 905b and the second outcoupling optical element 969b
can be disposed on the other major surface. The first and the second outcoupling optical
element 909 and 909 can be formed on one or both of the fivst and the second major
surface 905a and 905b.  In various embodiments, the first and the second outcoupling
element can be formed on a layer that is disposed on one of the first or the second major
surface 905a or 905b.

{1183] Figore 10A schematically lustrates an example of a top view of a display
device 1000 inchiding a waveguide 905, incoupling optical clement 1007, wavelength
scloctive filters 1013a and 1013b, and first and sccond outcoupling optical cloments 10092
and 1009, Figures 108 and 10C illustrate examples of a cross-soctional view of the display
device 1000 depicted in Figure 10A along the axis A-A’. The display device is configured
such that incoming incident light of different wavelengths represented by rays 90311, 9032
and 90313 are coupled into the waveguide 905 by the incoupling optical element 1007, The
incoupling optical element 1007 can be configured to couple all wavelengths of the incident
light into the wavegunide 905 at appropriate angles that support propagation through the
waveguide by virtue of TIR. In various cmbodiments, the incoupling optical clement 1007

need not be configured to incouple the different wavelengths of incident light such that they
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propagate along different directions. Thus, in some embodiments, all the wavelengths of the
incident light can be coupled into the waveguide 905 such that they propagate through the
waveguide along a same direction. The incoupling optical clement can include a plurality of
gratings, such as, for cxample, analog surtace relief grating (ASR), Binary surface rchief
structures (BSR}), Volume Holographic Optical Elements (VBOE), Digital Surface Relief
structures and/or volume phase holographic matenial {e.g., holograms recorded in volume
phasc holographic material), or switchable diffractive optical clement {c.g., a Polymer
Dispersed Liquid Crystal (PDLC) grating).  Other types of gratings, holograms, and/or
diffractive optical clements, providing the functionality disclosed herein, may also be used.
In various embodiments, the incoupling optical clement 1007 can include one or more optical
prisms, or optical components eluding one or more diffractive elements and/or refractive
clemenis,

{0154] The display device 1000 ncludes wavelength selective filters 1013a and
1013b, each wavelength selective filter 1013a and 1013b being associated with one of the
outcoupling optical element 18092 and 1009, In the illustrated embodiment, wavelength
selective filter 10133 is associated with outcoupling optical element 1009 and wavelength
selective filter 1013b is associated with outcoupling optical element 1009b. The wavelength
selective filter 1013a includes a first rearward surface and a first forward surface opposite the
first rearward surface. The wavelength selective filter 1013b includes a second rearward
surface and a second forward swface opposite the second rearward surface. In some
embodiments, the wavelength selective filter 1013a can be disposed on the first major surface
of the waveguide 905, in a recess, ¢.g., such that the first forward surface is on the same level
as portions of the first major surface 905a of the waveguide 905, as illustrated in Figure 10B.
In somge other embodiments, the wavelength selective filter 191 3a can be disposcd such that
the first rearward surface simply overlies the first major surface 9035a (without being
disposed in a recess) as illustrated in Figure 18C. In some embodiments, the wavelength
selective filter 1013b can be disposed in a recess in the second major surface of the
wavegnide 905, ¢.g., such that the second forward surface is on the same level as the second
major surface 903b of the waveguide 905 as illustrated in Figure 10B. In some other
embodiments, the wavelength selective filter 10613b can be disposed such that the second

rearward surface simply underlics the sccond major surface 903b (without being disposed in
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a recess) as illustrated in Figure 10C. Light propagating in the waveguide 908 is incident ¢n
the first or the second rearward surface of the first or the second wavelength selective filter
1013a or 1013b respectively. Light of the first plurality of wavelengths {or the one or more
second wavelengths) arc transmitted through the first rearward surface (or the second
rearward surface) of the first wavelength selective filter 10134 (or the second wavelength
selective filter 1013b). The first and the sccond wavelength selective filter 10132 and 1013b
are capable of reflecting a portion of the light transnutted through the first or the second
rearward surface.

01551 The wavelength selective filter 1013a is configured to transmit a portion
of light at a first plurality of wavelengths (e.g., light at red and biue wavelength ranges) that
are propagating through the waveguide 905 by multiple reflections towards the respective
outcoupling optical element 1009 that are configared to deflect the first plurality of
wavelengths out of the waveguide %05, The wavelength selective filter 1013a is configired
to reflect light at wavelengths different from the first plurality of wavelengths away from the
outcoupling optical element 100%. Similarly, the wavelength selective filter 1013b is
configured to transmit a portion of hight of ove or more second wavelengths {e.g., light in the
green wavelength range) that are propagating through the waveguide 905 by multiple
refiections towards the respective ouicoupling optical element 10096 that are configured to
deflect light of the one or more second wavelengths ouwt of the waveguide 905, The
wavelength selective filter 1013b is configured to reflect light at wavelengths different from
the ome or more second wavelengths away from the cutcoupling optical element 1309, In
this manner, the wavelength selective filters 1013a and 1813h can reduce crosstalk between
the different wavelengths of light that are coupled out of the waveguide 905 to gengrate the
color image.

[1156] In various embodiments, the wavelength selective filters 1013a and 1013b
can include one or more dichroic filters. The wavelength selective filters 1013a and 1013b
can be disposed on the first and the second major surfaces 9035a and 905b of the waveguide
905, Without any loss of generality, the wavelengths selective filters 1013a and 1013b can
be configured to transmit light that is incident on the filters 14133 and 1013b at near normal
angles. For example, when the wavelength selective filters 1013a and 1013b are disposed

paralicl to the first and the second major surfaces 903a and 905b, light that is incident at
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angles between, ¢.g., about { degrees and about 20 degrees with respect to a normal to the
first and the second major surfaces 995a and 905b can be wansmitted through the wavelength
sclective filters 10134 and 1013b. Accordingly, the wavclength selective filters 1013a and
1013b can be configured to transmit through light from the surrounding scene that 8 viewed
by a viewer through the waveguide.

[8187] The first and the sccond outcoupling optical clements 10092 and 1009b
can be disposed on the corresponding wavelength seleetive filter 10132 and 1013h. For
example, the first outcouplbing optical clement 100%a s disposed on the corresponding
wavelength selective filter 1013a and configured to outcouple light at the first plurality of
wavelengths that are transmitied through the wavelength selective filter 1013a out of the
waveguide 905, Similarly, the second outcoupling optical elerment 1009 are disposed on the
corresponding wavelength selective filter 1013b and configured to outcouple light of the one
or more second wavelengths that are transmitted through the wavelength selective filter
1913b out of the waveguide 905, In some embodiments, as noted herein, the first plurality of
wavelengths encompasses light of two component colors, ¢.g., red and blue; and the one or
more second wavelengths encoropasses lght of a third component color, ¢.g., green.
Preferably, the two component colors have a greater difference between the wavelengths of
those two component colors than the difference between either of the two component colors
and the wavelength of the third color, which can facilitate reductions in crosstalk. In some
embodiments, the first outcoupling optical clement 10092 includes one or more ASRs, which
deflect light of each of the two component colors and the second ostcoupling optical element
1009b includes ASR, which deflects light of the third component color.

{158 It will be appreciated that the waveguide 905 may be part of the stack of
wavegnides in the display system 1000 (Figure 6). For cxample, the waveguide 905 may
correspond to one of the waveguides 182, 184, 186, 18%, 190, and the outcoupling optical
elements 1009a, 1009b and wavelength sclective filter 1013a, 1013b may correspond to the
outcoupling optical clements 282, 284, 286, 288, 280 of Figure 6.

(3159 The first and the second outcoupling optical clements 100% and 1609b
can be physically and functionslly similar to the first and the sccond outcoupling optical
clements 9092 and 909b described above with reference to Figures 9A and 9B. For example,

the first and the second outcoupling optical elements 100%a and 1009b can include diffractive
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structures, such as, for exarple, one or morg of analog surface rolief gratings (ASRY, Binary
surface reliet structures (BSR}, Volume Holographic Optical Elements (VHOE), Digital
Surface Relief structures and/or volume phase holographic material (c.g., holograms
recorded i volume phase holographic material), or switchable diffractive optical clement
{e.g., Polymer Dispersed Liquid Crystal {(PDLCY grating).

[0160] Similar to the first outcoupling optical elements 90% and the second
outcoupling optical clements 909, first and second outcoupling optical cloment 1009 and
100%h are configured to redivect incoupled Light that is incident on them out of the plane of
the waveguide 905 at appropriate angles and efficicncics fo facilifate or ensure proper
overlay of hight at differont wavelengths such that a viewer can perccive a color 1image of
good visual quality., The first and the second outcouphing optical clements 100%a and 10090
¢an have an optical power that provides a divergence to the light that exits through the
waveguide 903 such that the image formed by the light that exits through the waveguide 905
appears to originate from a certain depth.

i0161] Light redistributing elements, such as, for example, first and second light
distributing elements 101 1a and 1011b can be disposed in the optical path along which the
different wavelengths of light propagate through the waveguide 305, The first and the
second light distributing elements 1011a and 1011b can be physically and functionally
similar to the first and second light distributing clements 911a and 911b described above with
reference to Figures 9A and 9B. For example, the first and the second light distributing
elements 1011a and 1011b can include diffractive structares, such as, for example, one or
more of analog smrface relief grating {ASR}, Binary surface relief structures {BSR), Volume
Holographic Optical Eloments (VHOE)}, Digital Surface Relief structures and/or volume
phase holographic material (¢.g., holograms recorded in volume phase holographic material},
or switchable diffractive optical element {¢.g.. Polymer Dispersed Liquid Crystal (PBLC)
grating}. The first and the sccond light distributing elements 10ila and 1011b can be
configured to redirect a portion of the light that interacts with them as it propagates through
the waveguide 905 towards the first and the second outcoupling optical eloments 10092 and
1009b thereby enlarging the beam size of the interacting light along the direction of
propagation.  Accordingly, the first and the second light distributing clements 1011a and

1011b may be advantageous in enlarging the exit pupil of the display device 1600 including

-4]-
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the waveguide 9035, In some embodiments, the first and the sgcond light distributing
clements 101 1a and 1011b may thus function as orthogonal pupil expanders (OPE’s).

{61621 Simntlar to the first and sccond light distributing clements 911a and 91 1b,
the first and the second light distributing elements 1011a and 1011b can be disposed on one
or both of the first and the sccond major surfaces 9053 and 905b of the waveguide. In the
embodiment iHustrated in Figures 10A and 10B, the first light distributing clements 101 1a is
disposed on the first major surface 9052 and the sccond light distributing clements 101 1b is
disposed on the sccond major surface 205b. In other embodiments, the first and the second
light distributing clements 1011a and 101 ib can be disposed on the same major surface of
the waveguide 905, In various embodmments, the first and the sccond hight distributing
clements 1011a and 1011b can be combived to form a single light distributing optical
clement.

{3163} In various embodiments, the first and the second light distributing
clements [011a can be configured to be wavelength selective sach that they have higher
redirgction efficiency for certain wavelengths of light than other wavelengths of light. For
example, in various embodiments, the first light redistributing element 101la can be
configured to redirect light at the first plurality of wavelengths towards the first outcoupling
optical element 1009 and the second light redistributing element 101 1b can be configured to
redirect Hght of the one or more second wavelengths towards the second outcoupling optical
clement 1009, In such cmbodiments, the first Hght distributing clement 10i1a can be
disposed over the first wavelength selective filter 101 3a and the second light distributing
element 1011bh can be disposed over the sccond wavelength selective filter 1013b. In this
manner, the amount of light at the one or more second {or first plurality of) wavelengths that
ig redirected towards the first {or second) outconpling optical clement 100% {or 1009b) by
the first (or second) Hight distributing elements 181 1a {or 1011b} can be reduced.

161641 In the embodiments discussed above with reference to Figures 9A — 10B,
the first and the second outcoupling optical elements 909a, 909b, 18092 and 1009k can be
configured to diffract light symmetrically on either side of the first or the second major
suarface that they are disposed on so that light from the waveguide is diffracted forward as
well as rearward of the major surfaces 9052 and 905b.  Accordingly, the quality of color

image is not compromised cven if some of the colors of the color image arc output by
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outcoupling elements disposed on one major surface of the wavegnide and some other colors
of the color image are generated by Hght cutput by outcoupling clements digposed on the
other major surface of the waveguide.

[0165] Additionally, the various incoupling and outcoupling optical clements and
the light distributing clements can be configured to interact with light at a plurality of

i
i

different wavelengths by combining different seis of diffractive structures, cach of the
different scts of diffractive structures being configured to interact with light at a single
wavelength. The different sets of diffractive structures can be disposed on the waveguide by
using fabrication methods such as injection compression molding, UV replication or nano-
mmprinting of the diffractive structures.

{3166] With refersnce now to Figore 11A, an examwple 8 llusirated of a cross-
sectional side view of a plurality or set 1200 of stacked waveguides that are each configured
o output light of a different wavelength or range of wavelengths, The set 1200 of stacked
waveguides includes wavegnides 1210, 1220, and 1238, FEach waveguide includes an
associated incoupling optical element, with, e.g., incoupling optical element 1212 disposed
on a major surface {e.g., a bottom major surface} of waveguide 1210, incoupling optical
element 1224 disposed on a major swface {e.g., a bottom major surface} of waveguide 1220,
and incoupling optical element 1232 disposed on a major surface {e.g., a bottom majur
surface} of waveguide 1230, In some embodiments, one or more of the incoupling optical
clements 1212, 1222, 1232 may be disposed on the fop major surface of the respective
waveguide 1218, 1220, 1230 (particularly where the one or mare incoupling optical elements
are transmissive, deflecting optical clements). Preferably, the incoupling optical clements

1

3]

12, 1222, 1232 are disposcd on the bottom major surface of their respective waveguide
1218, 1228, 1230 {or the top of the next lower wavegnide). In some embodiments, the
incoupling optical elements 1212, 1222, 1232 may be disposed in the bady of the respective
wavegnide 1210, 1220, 1230, Preferably, the incoupling optical elements 1212, 1222, 1232
are ¢color filters, inchuding filters that selectively reflect one or more wavelengths of light,
while transmitting other wavelengths of light. Examples of colors filters include dichroic
filters, as discussed hercin.  While illustrated on one side or corner of their respective

waveguide 1210, 1220, 1230, it will be appreciated that the incoupling optical clements
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12, 1222, 1232 may be disposed in other arcas of their respective waveguide 1219, 1228,
1238 in some embodiments.

{4167} Each waveguide also includes associated Hght distributing clements, with,
c.g., light distributing clements 1214 disposed on a major surface {c.g., a top major surface)
of waveguide 1210, light distributing clements 1224 disposed on a major surface {c.g., a top
major surface) of waveguide 1220, and light disiributing clements 1234 disposed on a major
surface {c.g., a top major surface) of waveguide 1230, In some other embodiments, the light
distributing clements 1214, 1224, 1234, may be disposed on a bhottom major surface of
associated waveguides 1210, 1220, 1234, respectively. In some other embodiments, the light
distribuiing clements 1214, 1224, 1234, may be disposed on both top and botiom major
surface of associated waveguides 1210, 1220, 1230, respectively; or the light distributing
clements 1214, 1224, 1234, may be disposed on different ones of the fop and botiom major
surfaces in different associated waveguides 1210, 1220, 1230, respectively.

{0168} The waveguides 1210, 1226, 1230 may be spaced apart and separated by
gas and/or solid layers of material. For example, as illustrated, layers 1216a and 1218a may
separate waveguides 1210 and 1220; and layers 1216b and {218b may separate waveguides
1220 and 1230, In some embodiments, the layers 12162 and 1216b are formed of materials
that are indexed matched with the muaterials forming the immediately adjacent one of
waveguides 1210, 1220, 1230, Advantageously, the indexed matched layers 1216a and
1216b may facilitate the propagation of light through the thickness of the set 1200 of
waveguides, such that Hight can travel, ¢ g, through the wavegnides 1210, 1220 and 1230 to
the incoupling optical element 1232 with little reflection or loss.

{3169 In some¢ cmbodiments, the layers 1216b and 121&b are formed of low
refractive index materials (that is, matorials having a lower refractive index than the material
forming the immediately adjacent one of waveguides 1218, 1228, 1230). Preferably, the
refractive index of the material forming the layers [216b, 1218b is .05 or more, or .10 or
more less than the refractive index of the material forming the waveguides 1210, 1220, 1230.
Advantageously, the lower refractive index layers 1216b, 1218b may function as ¢ladding
lavers that facilitate total internal reflection (TIR} of light through the waveguides 1210,
1226, 1230 {c.g., TIR between the top and bottom major surfaces of cach waveguide). In

some cmbodiments, the layers 1216b, 1218b are formed of air. While not dllustrated, it will
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be appreciated that the top and bottom of the iHlustrated set 1200 of waveguides may include
immediately neighboring cladding layers,

J01701 Preferably, for casc of manufacturing and other considerations, the
material forming the waveguides 1210, 1220, 1230 arc similar or the same, and the material
forming the layers 12160, 1218b are similar or the same. In some embodiments, the material
forming the waveguides 1210, 1226, 1230 may be different between one or more
waveguides, and/or the material forming the layers 12160, 1218b may be different, while still
holding to the various refractive index relationships noted above.

f0171 With continned reference to Figure 1A, hight rays 1240, 1242, 1244 are
ncident on the set 1200 of waveguides. It will be appreciated that the set 1200 of
waveguides may be part of the stack of waveguides in the display system 1000 (Figure 6).
For example, the waveguides 1210, 1220, 1230 may correspond to three of the waveguides
182, 184, 186, 188, 190, and the light ravs 1240, 1242, 1244 may be injected into the
waveguides 1210, 1220, 1230 by one or more image injection devices 204, 202, 204, 206,

08,

N>

{6172} Preferably, the light rays 1240, 1242, 1244 have different properties, ¢.g.,
different wavelengths or ranges of wavelengths, which may correspond to different colors.
The incoupling optical elements 1212, 122, 1232 selectively deflect the light vays 1240,
1242, 1244 based upon a particular feature of the property of light, while transmitting light
that does not having that property or features. In some embodiments, the property of light is
wavelength and the incoupling optical elements 1212, 122, 1232 sach selectively defleet one
or more particular wavelengths of light, while {ransmitting other wavelengths to an
underlying waveguide and associated incoupling optical clement.

18173} For cxample, incoupling optical clement 1212 may be configured to
selectively deflect {¢.g., reflect) ray 12480, which has a first wavelength or range of
wavelengths, while transmitting rays 1242 and 1244, which have different second and third
wavelengths or ranges of wavelengths, respectively, The transmitted ray 1242 then impinges
on and is deflected by the incoupling optical element 1222, which is configured to selectively
deflect {o.g., reflect) light of second wavelength or range of wavelengths, The ray 1244 i
transmitied by the incouphing optical element 1222 and continues on to impinge on and be

deflected by the incoupling optical element 1232, which is configured to selectively deflect
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{c.g., reflect) Hght of third wavelength or range of wavelengths, In some embodiments, the
incoupling optical clements 1212, 1222, 1232 are reflective color filters, such as dichroic
filters.

10174] With continued reference to Figure 11A, the deflected light ravs 1240,
1242, 1244 are deflected so that they propagate through a corresponding waveguide 1216,
12280, 1230, that is, the incoupling optical elements 1212, 1222, 1232 of cach waveguide
deflects light into that corresponding waveguide 1216, 1220, 1230 to incouple light into that
corresponding wavegmde. The light rays 1240, 1242, 1244 are deflecied at angles that cause

the light to propagate through the respective wavegnide 1210, 1220, 1230 by TIR,

{0175] In some embodimoents, to canse the light rays 1240, 1242, 1244 o impinge
on the incoupling optical elements 1212, 1222, 1232 at the appropriate angles for TIR, an

angle-modifyving optical element 1260 may be provided to alter the angle at which the light
rays 1240, 1242, 1244 strike the incoupling optical elements. For example, in some
embodiments, the light rays 1248, 1242, 1244 may be incident on the angle-modifying
optical elerent 1260 at an angle normal fo the waveguide 1210, The angle-modifying
optical element 1260 then changes the direction of propagation of the light rays 1240, 1242,
1244 so that they strike the incoupling optical elements 1212, 1222, 1232 at an angle of less
than 90 degrees relative to the surface of waveguide 1210, In some embodiments, the angle-
modifying optical element 1260 is a grating. In some other embodiments, the angle-
modifving optical clement 1260 is a prism.

{8176 With continued reference ta Figure 1A, the light rays 1240, 1242 1244
propagate through the respective waveguide 1210, 1220, 1230 by TIR until impinging on the
waveguide’s corresponding light distributing clements 1214, 1224, 1234,

[01774 With reference now to Figure 118, an cxample of a perspective view of
the plurality of stacked wavegnides of Figure 11A is illustrated.  As noted above, the
incoupled light rays 1240, 1242, 1244 are deflected by the incoupling optical elements 1212,
1222, 1232, respectively, and then propagate by TIR within the waveguides 1218, 1220,
1239, respectively, The light rays 1240, 1242, 1244 then impinge on the light distributing
clements 1214, 1224, 1234, respectively. The light distributing clements 1214, 1224, 1234
deflect the light rays 1240, 1242, 1244 so that they propagate towards the outcoupling optical

clements 1230, 12532, 1254, respectively.
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{0178} In some embodiments, the light distributing clements 1214, 1224, 1234
are orthogonal pupil expanders (OPE’s). In some embodiments, the OPE’s both deflect or
distribute light to the outcoupling optical clements 1250, 1252, 1254 and also increase the
beam or spot size of this light as it propagates to the outcoupling optical elements. In some
cmmbodiments, ¢.g., where the beam size s already of a desired size, the Hght distributing
clements 1214, 1224, 1234 may be omitted and the incoupling optical clements 1212, 1222,
1232 may be configured to deflect Hght directly to the outcoupling optical clements 1250,
1252, 1

1224, 1234 may be replaced with outcoupling optical clements 1254, 1252, 1234,

-

54, For example, with reference to Figure 11A, the Light distributing elements 1214,

N

respectively, in some embodiments,

{01791 As disclosed herein, it will be appreciated that the outcoupling optical
clements 1250, 1252, 1254 may include diffractive struchires, such as, for example, one or
more of analog surface relief grating (ASR), Binary surface velief structures (BSR), Volume
Holographic Optical Elements (VHOE), Digital Surface Relief structures and/or volume
phase holograms, or a switchable diffractive optical element {e.g., Polyroer Dispersed Liquid
Crystal (PDLC) grating). Tn some embodiments, it will be appreciated that the outcoupling
optical elements 1250, 1252, 1254 may be three of the outcoupling optical elements 282,
2R84, 286, 288, 290 of Figure 6. In some embodimeuts, the outcoupling optical elements
1258, 1252, 1254 are exit puptls {(EP’s) or exit puptl expanders {(EPE’s) that direct light in a
viewer’s eve 4 {Figure 7).

{1180 Accordingly, with reference o Figures T1A and 1B, in some
embodiments, the sct 1200 of waveguides includes a scparate waveguide 1210, 1220, 1230;
light distributing clements (e.g., OPEs) 1214, 1224, 1234; and outcoupling optical clements
{c.g., EP’s) 1250, 1252, 1254 for cach component color. The three waveguide 12160, 1220,
1238 may be stacked with an air gap between cach one, except where incoupling optical
elements {c.g., color filters) 1212, 1222, 1232 are located. The color filters reflect the
desired color into its appropriate waveguide, while transmitting light of other colors. For
example, light is initially coupled into the first waveguide 1210 by an angle-modifying
optical clement 1260, such as an in-coupling grating or a prism.  The light is then
propagating at an angle which will result in TIR if the surface it cneounters has a relative low

refractive index material {e.g., air} on the other side of the surface, or it will reflect almost
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entively if it hits an incoupling optical element {c.g., color filter) 1212, 1222, 1232, such as a
properly designed dichroic filter when the light has the proper wavelength. In the example
shown, light ray 1242 {c.g., green light) will reflect from the first incoupling optical clement
{c.g., color filter) 1212, and then continue to bounce down the waveguide, interacting with
the light distributing element (c.g., OPE’s) 1214 and then the cutcoupling optical element
{c.g., EPs) 1250, in a manner described carlier. The light rays 1242 and 1244 (c.g., blue and
red Hght) will pass through the incouphing optical clement (e.g., color filtery 1212 and into
the next wavegmide 1220, Light rayv 1242 will reflect from the next incoupling optical
clement {o.g., color filter) 1222 and then bounce down the waveguide 1220 via TIR,
proceeding on to s light distvibuting clement {¢.g., OPEs) 1224 and then the cutcoupling
optical element {e.g., EP's} 1252, Finally, light vavs 1244 (e.g., red light) will pass through
the incoupling optical element {e.g., color filter) 1232 and into its waveguide 1230, where it
propagates to s light distributing element (e.g., OPEs) 1234 and then the ontcoupling optical
clement (e.g., EPs) 1254, finally coupling out to the viewer, along with the light from the
other waveguides 1210, 1220,

{6181} With reference now to Figures [12A-128, examples of cross-sectional side
views of a waveguide with an angle-modifyving optical element 1260 to facilitate the
incoupling of light into the waveguide are shown.  As noted herein, the angle-modifying
optical element 1260 may include gratings that may, e.g., deflect light rays by diffraction. In
some other embodiments, the angle-modifying optical clement 1268 may be a prism, which
may alter the direction or angle of propagation of light rays, e g, by refraction. Figure 12A
shows a wavelength band of light being incoupled through the prism 1260 and reflected from
the incoupling optical clement {¢.g., color filter) 1212 and propagated by TIR within the first
wavegnide 1210, Figure 12B shows a sccond wavelength band of light being transmitted
though the incoupling optical element {e.g., color filter) 1212 and being reflected from the
incoupling optical ¢clement (e.g., color fiiter} 1222 and propagated by TIR within the second
waveguide 1220,

161821 It has been found that the various waveguides (e.g., 903, Figures 9A-10B;
and 1210, 1220, 1230, Figores 11A-11B) will benefit from being made using materials
having a high index of refraction. Figure 13 is a plot showing the expected impact of

refractive index on field of view. Figure 13 illustrates simulation results from a single color
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evepicce for the display 62, the cyepicce being significantly similar to one of the wavegnides
1210, 1220, 1230 of Figures 11A-11B. In the simulation, the index of refraction of the
waveguide was varicd up to values associated with various resins (atf the high end), down to a
value representing fused silica (at the low end). A clear increase in usable field of view was
found and iz shown in the graph. For this reason, in some cmbodiments, the various
waveguides disclosed hercin may be formed of material providing s high refractive index
waveguide,

{6183} In some embodiments, the various waveguides disclosed herein {¢.g., the
wavegnide 905, Figures 9A-10C; and wavegunides 1210, 1220, 1230, Figures 11A-118) may
be formed of glass, polymer, plastic, sapphire, resins, or other materials that are transmissive
o wavelengths n the visible spectrom. As disclosed herein, wavegnides comprising material
with relatively high refractive index can have a higher usable field of view (FoV)., For
example, the usable FoV can increase from about 35 degrees to about 60 degrees when the
refractive index of the material of the waveguide increases from about 1.45 to about 1.75.
Accordingly, various embodiments described herein may inchude waveguides comprising
material with a refractive index greater than 1.5, between about 1.5 and 1.8, greater than 1.6,
or greater than 1.8,

{0184} In some embodiments, it will be appreciated that the waveguides with
diffractive structures {e.g., gratings) on the waveguides may be made, e.g., by injection
compression molding, UV replication, or nano-imprinting of the diffractive structures on top
of a high index substrate. In some emhodiments, such methods may be used to form either
ASR structure based designs or binary surface relict designs.

{185] Varicus cxample embodiments of the invention arc described herein.
Reference is made to these cxamples in 8 non-limiting sense. They arc provided to itustrate
more broadly applicable aspecis of the invention. Various changes may be made to the
nvention described and equivalents may be substituted without departing from the true spirit
and scope of the invention.

[0186] While illustrated as an evewear in a wearable system as an advantageous
example, the waveguides and related structures and modules disclosed herein may be applied
to form a non-wearable display. For example, rather than being accommodated in a wearable

frame 64 (Figure 2), the display 62 may be attached to a stand, mount, or other structure that
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supports the display 62 and allows the display 62 to provide images to a viewer 60 without
being worn by the viewer 60 {c.g., as a desk or table-top monitor).

{31871 In some embodiments, various features described herein with reference o
certain figures may be utilized in embodiments discussed with reference to other figures, For
cxample, with reference to Figure 98, a color filter such as the color filters 1613a, 1013b of
Figures 10B&10C, may be provided between the outcoupling optical clements 90%9a, 909k,
respectively, and the wavegnide 905, Similarly, with reference to Figure 1A, a color filter
simtlar to the colors filters 1013a, 1013b of Figures 10B&10C, may be provided between the
outcoupling optical clements 1214, 1224, 1234 and their respectively waveguide 1210, 1220,
1238, & will be appreciated, that for cach oulcoupling optical clement, the color filter
separating that element from s corresponding waveguide 18 configured o transmif the
wavelength or wavelength of light that the outcoupling optical element is configured to
outcouple, while reflecting other wavelengths of hight.

[G188] In addition, many modifications may be made to adapt a particular
sitpation, material, composition of matter, process, process act{s) or step(s) to the
objective(s), spirit or scope of the present invention. Further, as will be appreciated by those
with skill in the art that each of the individual variations described and illustrated herein has
discrete components and features which may be readily separated from or combined with the
features of any of the other several embodiments without departing from the scope or spirit
of the present inventions. All such modifications are intended to be within the scope of
claims associated with this disclosure.

[0189 The mvention includes methods that may be performed using the subject
devices. The mcthods may comprise the act of providing such a suitable device. Such
provision may be performed by the end user. In other words, the “providing” act mercly
requires the end user obtain, access, approach, posifion, set-up, activate, power-up or
otherwise act to provide the requisite deviee in the subject method. Methods recited herein
may be carried out in any order of the recited events which is logically possible, as well as in
the recited order of events.

13199} Example aspects of the invention, together with details regarding material
sclection and manufacture have been set forth above. As for other details of the present

invention, these may be appreciated in connection with the shove-referenced patents and
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publications as well as generally known or appreciated by those with skill in the art. The
same may hold true with respect to method-based aspects of the invention in terms of
additional acts as commonly or logically employed.

10191 In addition, though the invention has been described in reference to
several examples optionally incorporating various features, the fnvention is not to be Hmited
to that which is described or indicated as contemplated with respect to cach variation of the
mvention. Varions changes may be made to the imvention described and equivalents (whether
recited herein or not included for the sake of some brevity) may be substiuted without
departing from the true spirtt and scope of the invention. In addition, where a range of values
is provided, it is understood that every intervening value, between the apper and lower hmit
of that range and any other stated or intervening value in that stated range, 1S sncompassed
within the invention,

{0193 Also, it i3 contemplated that any optional feature of the mventive
vartations described may be set forth and claimed independently, or in combination with any
one or more of the features described herein. Reference to a singular item, includes the
possibility that there are phural of the same items present. More specifically, as used herein

)

and in claims associated hereto, the singular forms “a,” “an,” “said,” and “the” inchude plural
referents unless the specifically stated otherwise. In other words, use of the articles aliow for
“at least one” of the subject itew in the description above as well as claims associated with
this disclosure. It is further noted that such claims may be drafted to exclude any optional
element. As such, this statement is intended to serve as antecedent bhasis for use of such
exclusive terminology as “solely,” “only” and the like in connection with the recitation of
claim clements, or use of a “negative” limitation.

161931 Without the use of such exclusive terminology, the term “comprising” in
claims associated with this disclosure shall allow for the inclusion of any additional clement-
-irrespeetive of whether a given mumber of clements are enumerated in such claims, or the
addition of a feature could be regarded as transforming the nature of an clement set forth in
such claims. Except as specifically defined herein, all technical and scientific terms used
hercin are to be given as broad a commonly understood meaning as possible while

maintaining claim validity.
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{3194} The breadth of the present invention is not to he limited to the examples
provided and/or the subject specification, but rather only by the scope of claim language

associated with this disclosure.



What is claimed is:

1. A display system comprising:

a display comprising a plurality of stacked waveguides, each waveguide
comprising a first major surface and a second major surface, wherein the plurality of
stacked waveguides comprises:

a first waveguide;

a first incoupling optical element configured to incouple incident light into
the first waveguide;

a first wavelength selective filter on the first major surface of the first
waveguide;

a first outcoupling optical element comprising diffractive elements disposed
on the first wavelength selective filter, the first outcoupling optical element
configured to outcouple the incoupled light at a first plurality of wavelengths
transmitted through the first wavelength selective filter;

a second waveguide over the first outcoupling optical element;

a second incoupling optical element configured to incouple incident light
into the second waveguide;

a second wavelength selective filter on the first major surface of the second
waveguide; and

a second outcoupling optical element comprising diffractive elements
disposed on the second wavelength selective filter, the second outcoupling optical
element configured to outcouple the incoupled light at a second plurality of
wavelengths transmitted through the second wavelength selective filter.

2. The display system of Claim 1, wherein the first waveguide further comprises:

a third wavelength selective filter on the second major surface; and

a third outcoupling optical element comprising diffractive elements disposed on the
third wavelength selective filter, the third outcoupling optical element configured to
outcouple the incoupled light at one or more third wavelengths transmitted through the

third wavelength selective filter.
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3. The display system of Claim 2, wherein the additional wavelength selective filter
is configured to transmit incoupled light at the one or more third wavelengths and reflect incoupled
light at wavelengths other than the one or more third wavelengths.

4. The display system of Claim 2, wherein the first waveguide further comprises a
light redistributing element configured to: receive a portion of light at the first plurality of
wavelengths and the one or more third wavelengths transmitted through the first and the third
wavelength selective filters; and distribute the light of the first plurality of wavelengths and the
one or more third wavelengths to the first and the third outcoupling optical elements.

5. The display system of any one of Claims 2 to 4, wherein the first and the third
wavelength selective filters comprise dichroic filters

6. The display system of any one of Claims 2 to 5, wherein the first and the third
wavelength selective filters are configured to transmit light of the first plurality of wavelengths
and the one or more third wavelengths incident at angles between 0 degrees and 20 degrees with
respect to a normal to the corresponding first or the second major surface of the first waveguide.

7. The display system of Claim 2, wherein the first waveguide comprises:

light distributing elements configured to:

receive incoupled light of the first plurality of wavelengths and the one or
more third wavelengths from the incoupling optical element; and

distribute the light of the first plurality of wavelengths and the one or more
third wavelengths to the first, second and the third outcoupling optical elements.

8. The display system of Claim 7, wherein the light distributing elements comprise
one or more diffractive optical elements.

9. The display system of any one of Claims 2 to 8, wherein the diffractive elements
of the third outcoupling optical element comprises one or more of a surface relief grating, a
hologram, or a switchable diffractive optical element.

10.  The display system of Claim 9, wherein the switchable diffractive optical element
comprises a switchable Polymer Dispersed Liquid Crystal (PDLC) grating.

11.  The display system of Claim 7, wherein the light distributing elements are
orthogonal pupil expanders.
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12.  Thedisplay system of Claim 2, wherein the third outcoupling element is configured
to receive incoupled light at the one or more third wavelengths at one or more angles that support
propagation of light in the first waveguide by total internal reflection.

13.  The display system of Claim 1, wherein each waveguide has an associated depth
plane, wherein each waveguide is configured to produce an image appearing to originate from that
waveguide's associated depth plane.

14.  The display system of Claim 1, wherein different waveguides of the plurality of
stacked waveguides have different associated depth planes.

15.  The display system of Claim 14, wherein the outcoupling optical elements for
different depth planes have different optical power so as to provide different divergence of exiting
light for each depth plane.

16.  The display system of any one of Claims 1 to 15, wherein the first wavelength
selective filter is configured to transmit incoupled light at a first plurality of wavelengths and
reflect incoupled light at wavelengths other than the first plurality of wavelengths.

17.  The display system of any one of Claims 1 to 16, wherein the diffractive elements
of one or both of the first outcoupling optical element and the second outcoupling optical element
comprises a surface relief grating, a hologram, or a switchable diffractive optical element.

18.  The display system of Claim 17, wherein the switchable diffractive optical element
comprises a switchable Polymer Dispersed Liquid Crystal (PDLC) grating.

19.  The display system of Claim 17 or Claim 18, wherein the surface relief grating
comprises one or more of an analog surface relief grating (ASR) or a binary surface relief structure
(BSR).

20.  The display system of any one of Claims 1 to 19, wherein one or both of the first
and the second incoupling optical elements includes one or more diffractive optical elements.

21.  The display system of Claim 20, wherein the one or more diffractive optical
elements comprises a surface relief grating or a hologram.

22.  The display system of Claim 20 or Claim 21, wherein the one or more diffractive
optical elements comprises a switchable diffractive optical element, the switchable diffractive

optical element being a switchable Polymer Dispersed Liquid Crystal (PDLC) grating.
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23.  Thedisplay system of claim 22, wherein the surface relief grating comprises one or
more of an analog surface relief grating (ASR) or a binary surface relief structure (BSR).

24.  The display system of any one of Claims 1 to 23, wherein the first outcoupling
element is configured to receive incoupled light of the first plurality of wavelengths at one or more

angles that support propagation of light in the first waveguide by total internal reflection.
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