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(57) Abrege/Abstract:

Example display devices include a waveguide configured to propagate visible light under total internal reflection in a direction
parallel to a major surface of the waveguide. The waveguide has formed thereon an outcoupling element configured to outcouple a
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(57) Abrege(suite)/Abstract(continued):

portion of the visible light In a direction normal to the major surface of the waveguide. The example display devices additionally
Include a polarization-selective notch reflector disposed on a first side of the waveguide and configured to reflect visible light having
a first polarization while transmitting the portion of the visible light having a second polarization. The example display devices further
Include a polarization-independent notch reflector disposed on a second side of the waveguide and configured to reflect visible light

having the first polarization and the second polarization, where the polarization-independent notch reflector is configured to convert
a polarization of visible light reflecting therefrom.
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(57) Abstract: Example display devices include a waveguide configured to propagate visible light under total internal reflection in
a direction parallel to a major surtace of the waveguide. The waveguide has formed thereon an outcoupling element contigured to
outcouple a portion of the visible light in a direction normal to the major surface of the waveguide. The example display devices
additionally include a polarization-selective notch retlector disposed on a first side ot the waveguide and configured to retlect visible
light having a first polarization while transmitting the portion of the visible light having a second polarization. The example display
devices further mnclude a polarization-independent notch retlector disposed on a second side of the waveguide and configured to reflect
visible light having the first polarization and the second polarization, where the polarization-independent notch retlector 1s configured

to convert a polarization ot visible light retlecting therefrom.
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VARIABLE-FOCUS VIRTUAL IMAGE DEVICES BASED ON POLARIZATION
CONVERSION

INCORPORATION BY REFERENCE

[6001] This application claims the priority benefit of U.S. Provistonal Patent
Application No. 62/462,850 filed on February 23, 2017 entitled “VARIABLE-FOCUS
VIRTUAL IMAGE DEVICES,” which is incorporated by reterence herein in its entirety.
This provisional patent apphlication includes the following sections both of which are
incorporated by reference and form a part of this patent application:

I. SECTION I Specification and Drawings tor the portion of the application entitied
“DISPLAY SYSTEM WITH VARIABLE POWER REFLECTOR.”

2. SECTION II: Specification and Drawings for the portion of the application entitled
“VARIABLE-FOCUS VIRTUAL IMAGE DEVICES BASED ON POLARIZATION
CONVERSION”

[0002] sections [ and IT both discuss variable {ocus or variable power devices and
features associated with the components of these devices and both Sections equally form part
of the disclosure of this application. Accordingly, various features, elements, structures.
methods, etc. described in Section  can be used with, combined with, incorporated into, or
are otherwise compatible with teatures, elements, structures, methods, etc. descrnibed in
Section I in any combination. Likewise, vanous features, elements, structures, methods, eic.
described 1n Section II can be used with, combined with, incorporated into, or are otherwise
compatible with tfeatures, elements, structures, methods, etc. described in Section 1 in any
combination.

[0003] This application also mcorporates by reference the entirety of each of the
following patent applications: U.S. Application No. 14/555,585 filed on November 27, 2014:
U.S. Application No. 14/690,401 filed on Apnl 18, 2015; U.S. Application No. 14/212.961
filed on March 14, 2014; and U.S. Application No. 14/331,218 filed on July 14, 2014
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BACKGROUND
Held

6004 The present disclosure relates to display systems and, more particularly, to
augmented reality display systems comprising diffractive devices based at least partly on

polarization conversion.

(LT FVY LR L L L L L L L L L e S P Y Y Y LYY " Y Y Y T 1 1 ™))

[0005]) Modern computing and display technologies have facilitated the
development of systems for so called “virtual reality” or “augmented reality™ experiences,
wherein digitally reproduced 1images 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
typtcally 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
visuaitzation of the actual world around the user. A mixed reality, or “MR”, scenario is a
type of AR scenario and typically involves virtual objects that are integrated into, and
responsive to, the natural world. For example, in an MR scenario, AR image content may be
blocked by or otherwise be perceived as interacting with objects in the real world.

[0006] Referring to Figure 1, an augmented reality scene 1 is depicted wherein a
user of an AR technology sees a real-world park-like setting 1100 featuring people, trees,
buildings in the background, and a concrete platform 1120, In addition to these items, the
user of the AR technology also perceives that he “sees” “virtual content” such as a robot
statue 1110 standing upon the real-world platform 1120, and a cartoon-like avatar character
1130 flying by which seems to be a personification of a bumble bee, even though these
elements 1130, 1110 do not exist in the real world. Because the human visual perception
system 1s complex, it 1s challenging to produce an AR technology that facilitates a

comtortable, natural-feeling, rnich presentation of virtual image elements amongst other

UqQ

virtual or real-world umagery elements.
[G007] systems and methods disclosed herein address various challenges related

to AR and VR technology.
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SUMMARY

[6008] This application includes discussions of systems and methods that can be
emploved to provide variable optical power. Varable focus or variable power devices may
find application in certain head mounted display devices that project images as 1f the 1mages
originated from different depths. By changing the optical power of an optical element in the
head mounted display device, images presented to the wearer of the head mounted display
device appear as if located at different distances trom the wearer. The vanable tocus or
variable power optical device can thus be modulated to cause different image content to be
displaved as if the image content is situated at different locations with respect to the user
Some variable power elements comprise retlectors comprising movable membranes. Other
variable power elements comprise liquid crystal switchable devices that can switch between
optical power {evels using switchable liquid crystal elements. Some variable focus devices
described herein utilize the polarnzation properties of light to facilitate switching from one
focus to another.

[060G] In an aspect, a display device comprises a waveguide configured to
propagate visible light under total internal reflection in a direction parallel to a major surface
of the waveguide; an outcoupling element formed on the waveguide and configured to
outcouple a portion ot the visible hight in a direction normal to the major surface of the
wavegutde. The display device additionally comprises a polarization-selective notch
reflector disposed on a first side of the waveguide and contigured to retlect visible light
having a first polarization while transmitting the portion of the visible hight having a second
polarization. The display device further comprises a polanzation-independent notch reflector
disposed on a second side of the waveguide and configured to retlect visible light having the
first polarization and the second polarization, wherein the polarization-independent notch
reflector 1s configured to convert a polarization of visible light reflecting therefrom.

3010} In another aspect, a display device comprises a wave-guiding device
mterposed between a first switchable lens and a second switchable lens, wherein the wave-
guiding device comprises one or more cholesteric liquid crystal (CLC) layers each
comprising a plurality of chiral structures, wherein each chiral structure comprises a plurality
of liquid crystal molecules that extend in a layer depth direction and are successively rotated

tn a first rotation direction, wherein arrangements of the liquid crystal molecules of the chiral
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structures vary periodically in a lateral direction perpendicular to the layer depth direction
such that the one or more CLC layers are configured to Bragg-retlect incident light. The
wave-guiding device additionaily includes one or more waveguides formed over the one or
more CLC lavers and configured to propagate visible light under total internal reflection
(TIR) in a direction parallel to a major surtace of the waveguide and to optically couple
visible light to or from the one or more CLC layers.

[0011] In another aspect, a display device contigured to display an tmage {o an
eve of a user comprises an optical dispiay. The optical display has a forward side and a
rearward side, where the rearward side 15 closer to the eye of the user than the forward side.
The optical display is contigured to output light having a wavelength range toward the
rearward side. A first notch reflector is disposed rearward of the optical display, the first
notch reflector configured to retlect light having the wavelength range output from the
optical display. A second notch retlector 1s disposed forward of the optical display, the
second notch reflector configured to reflect hight having the wavelength range. The first
notch reflector 1s configured to substantially transmit light having a first polarization and
substantially reflect light having a second polanization that is ditferent from the first
polarization. The second notch reflector is configured to convert light incident on a rearward
face having the second polanzation to the first polarization and to redirect the light rearward.

[0012] In another aspect, a dynamically focused display system comprises a
display contigured to output circularly polarized light in a first circular polarization state.
The display 15 disposed along an optical axis and has a forward side and a rearward side, the
rearward side closer to the eye of the user than the forward side, the optical display
configured to output light having a wavelength range toward the rearward side. A first
switchable optical element 1s disposed along the optical axis, the first switchable optical
element contigured to change the circular polarization state of light transmitted through the
tirst switchable optical element from the first circular polarization state to a second, different.
circular polanization state. A first cholesteric liquid crystal (CLC) lens is disposed forward of
the tfirst switchable optical element along the optical axis. A second switchable optical
clement 1s disposed forward of the first CLC lens along the optical axis, the second
switchable optical element configured to change the circular polarization state of light

transmitted through the second switchable optical element from the first circular polarization
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state to a second, different, circular polarization state. A second CLC lens disposed forward
of the second switchable optical element along the optical axis. A controller 1s contigured to
electronically switch the states of the first and the second switchable optical elements to
dynamically select either the first CLC lens or the second CLC lens.

(0013} In another aspect, aspect, a wearable augmented reality head-mounted
display system 1s configured to pass light from the world torward a wearer wearing the head-
mounted system mnto an eye of the wearer. The wearable augmented reality head mounted
display system comprises an optical display configured to output light to form an image; one
or more waveguides disposed to receiving said light from said display; a frame configured to
dispose the waveguides forward of said eye such that said one or more waveguides have a
forward side and a rearward side, said rearward said closer to said eye than said forward side:
a cholesteric liquud crystal (CLC) reflector disposed on said torward side of said one or more
waveguides, said CLC reflector configured to have an optical power or a depth of focus that
is adjusiable upon application of an electrical signal; and one or more out-coupling elements
disposed with respect to said one or more waveguides to extract light from the one or more
waveguides and direct at least a portion of said light propagating within said waveguide to
the CLC reflector, said light being directed tfrom said CLC reflector back through said
waveguide and into sard eye to present an irage from the display into the eye of the wearer.

[0014] In ancther aspect, a display device comprises a waveguide configured to
propagate visible light under total internal reflection in a direction parallel to a major surface
ot the wavegulde and to outcouple the visible light in a direction normal to the major surface.
A notch reflector 1s configured to retlect visible light having a first polarization, wherein the
notch retlector comprises one or more cholesteric liquid crystal (CLC) layers, wherein each
of the CLC layers comprises a plurality of chiral structures, wherein each of the chiral
structures comprises a plurality of liquid crystal molecules that extend in a layer depth
direction and are successively rotated in a first rotation direction, wherein arrangements of
the liquid crystal molecules of the chiral structures vary periodically in a lateral direction
perpendicular to the layer depth direction such that the one or more CLC layers are
configured to Bragg-reflect incident light.

{3015} Details of one or more implementations of the subject matter described in

this specification are set forth in the accompanying drawings and the description below.
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Other features, aspects, and advantages will become apparent from the description, the
drawings, and the claims. Neither this summary nor the following detailed description

purports to define or limit the scope of the tnventive subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016G] Figure | illustrates a user’s view of augmented reality (AR) through an
AR device.

[6017] Figure 2 ilustrates an example of wearable display system.

1301 8] Figure 3 illustrates a conventional display system for simulating three-
dimensional imagery for a user.

[0019] Figure 4 illustrates aspects of an approach for simulating three-
dimensional 1magery using multiple depth planes.

(00201 Figures SA-5C illustrate relationships between radius of curvature and
focal radius.

[6021] Figure O iltustrates an example of a waveguide stack for outputting tmage
information to a user,

[0022] Figure 7 illustrates an example of exit beams outputted by a waveguide.

160231 Figure 8 illustrates an example of a stacked waveguide assembly in which
each depth plane includes images formed using multiple different component colors.

[0024] Figure 9A illustrates a cross-sectional side view of an example of a set of
stacked wavegutdes that each includes an incoupiing opiical element.

[G025] Figure 9B illustrates a perspective view of an example of the plurality of
stacked waveguides of Figure 9A

[3026] Figure 9C illustrates a top-down plan view of an example of the plurality
of stacked waveguides of Figures 9A and 9B.

[6027] Figure 10 illustrates a cross-sectional side view of an example of a
cholesteric liquid crystal diffraction grating (CLCG) having a plurality of uniform chiral
structures.

[0028] Figure 11 tllustrates a cross-sectional side view of an example of a CLCG

having differently arranged chiral structures in a lateral direction.
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G029 Figure 12 illustrates a cross-sectionai side view of an example of a CLC
layer configured for Bragg reflection at an off-axis incident angle.

[0030] Figure 13A illustrates a cross-sectional side view of an example of a CLC
laver having a first helical pitch and configured for Bragg-reflection at a first off-axis
imcident angle.

[0031] Figure 13B illustrates a cross-sectional side view of an example of a CLC
layer having a second helical pitch and configured for Bragg-reflection at a second off-axis
incident angle.

[0032] Figure 13C illustrates a cross-sectional side view of an example of a
CLCG including CLC layers of Figures 13A and 13B having different helical pitches in a
stacked configuration for Bragg-reflection at a plurality of off-axis incident angles and high
diftraction bandwidth,

[6033] Figure 14 illustrates a cross-sectional side view of an example of a CLCG

including a CL.C layer having vertical regions with ditfferent helical pitches along a depth

direction for Bragg-reflection at a plurality of off-axis incident angles and high diffraction
bandwidth.

3034 Figure 15 illustrates a cross-sectional side view of an examiple of a CLCG
including a CLC layver having lateral regions with difterent helical pitches along a lateral
direction for spatially varying Bragg-retlection.

[0035] Figure 16 1llustrates an example of an optical wave-guiding device
comprising a waveguide coupled to a CLCG and configured to propagate light by total
iternal reflection (TIR).

[3036] Figure 17A 1llustrates an example of an optical wave-guiding device
comprising a wavegulde coupled to a CLCG and configured to selectively propagate light
having a wavelength by total internal reflection (TIR).

[06037] Figure 178 illustrates an example of a plurality of optical wave-guiding
devices 1n the same optical path, each comprising a waveguide coupled to a CLCG and
configured to selectively propagate hight having a wavelength by total itaternal reflection
(TIR).

[0038] Figure 17C illustrates an example of a plurality of optical wave-guiding

devices in the same optical path, each comprising a waveguide coupled to a CLCG and



CA 03052831 2015-08-06

WO 2018/156784 PCT/US2018/019257

configured to selectively propagate light having a wavelength by total internal reflection
(TIR).

10039} Figure 18 1llustrates an example of an optical wave-guiding device
comprising a common waveguide coupied to a plurality of CLCGs and configured to
selectively propagate light having a plurality of wavelengths by total internal retlection (TIR).

[0040] Figure 19 illustrates an example of an optical wave-guiding device
comprising a waveguide coupled to a CLCG and configured to propagate light by total
internal retlection (TIR).

[0041] Figure 20 ilustrates an example of an optical wave-guiding device
comprising a waveguide coupled to a CLCG and a polarization converting reflector, where
the CLCG 1s configured to receive incident light and the waveguide is configured to
propagate light Bragg-~reflected trom the CLCG by total internal reflection (TIR).

[0042] Figure 21 A illustrates the optical wave-guiding device of Figure 20, where
the CL.CG 1s configured to receive incident light that is linearly polarized or unpolarized, and
where the waveguide 1s configured to propagate light Bragg-reflected from the CLCG and
tight reflected by the reflector by total internal reflection (TTR).

|0043]  Figure 21B illustrates the optical wave-guiding device of Figure 20, where
the CLCG configured to recerve mcident light that 1s polarized into orthogonal elliptical or
circular polarized light beams, and where the waveguide is configured to propagate light
Bragg-retlected from the CLCG and light reflected by the reflector by total internal reflection
(TIR).

[6044] Figure 22ZA illustrates an example of an optical wave-guiding device
comprising a plurality of CLC layers coupled to a common waveguide, including a first CLC
layer having chiral structures having a first rotation direction and a second CLC layer having
chiral structures having a second rotation direction opposite to the first rotation direction,
under a condition in which the incident light beam is linearly polarized or unpolarized.

[0045] Figure 228 illustrates the optical wave-guiding device of Figure 22A,
under a condition in which the incident fight is polarized into orthogonal elliptical or circular
polarized light beams.

[3046] Figure 22C illustrates an example of an optical wave-guiding device

comprising a plurality of CLC layers coupled to a common waveguide interposed between
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two CLC lavers, including a first CLC layer having chiral structures having a first rotation
direction and a second CLC layver having chiral structures having a second rotation direction
opposite to the first rotation direction, under a condttion in which the incident light beam is
linearly polarized or unpolarized.

[0047] Figure 23 illustrates an example of an tmaging system comprising a
forward-tfacing camera configured to 1mages a wearer’s eye using a cholesteric liquid crystal
(CLC) off-axis murror,

6048} Figures 24A-24F illustrate examples of tmaging systems comprising a
forward-facing camera configured to images a wearer’s eye using a CLC off-axis mirror.

[6049] Figures 24( and 24H illustrate examples of imaging systems comprising a
forward-facing camera configured to mmages a wearer's cye using a diffractive optical
element comprising a plurality of segments 1acluding one more CLC off-axis mirrors, where
each of the segments can have ditferent optical properties.

[6050] Figure 25A  llustrates an example display device comprising a
polanization converter and configured to cutput an image to a user.

0051 Figure 258 tllustrates an example display device comprising a polarization
converter and configured to output image 10 a user.

[06052] Figure 20A  illustrates an example display device comprising a
polanzation converter and a switchable lens, and configured to output virtual image to a user.

[0053] Figure 26B 1illusirates an example display device comprising a polarization
converter and a switchable lens, and contfigured to output a real image to a user.

[6054] Figure 26C 1illustrates an example display device comprising a polarization
converter and a switchable lens, and configured to output virtual image to a user.

[6O55] Figure 26D Illustrates an example display device comprising a
polatization converter and a switchable lens, and configured to output a real image to a user

{0056 Figure 27A illustrates an example display device comprising a
polanzation converter and a Pancharatnam-Barry (PB) lens, and configured to output virtual
image to a user.

[0057] Figure 278 illustrates an example display device comprising a polarization

converter and a PB lens, and configured to output a real image to a user.
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0058 Figure 27C itlustrates an example display device comprising a polarization
converter and a PB lens, and configured to output virtual image to a user.

{30S59] Figure 27D dlustrates an example display device comprising a
polarization converter and a PB lens, and configured to output a real image to a user.

[0060] Figure 28A 1llustrates a spatral off-set created by two orthogonal
polarization i1mages formed by an example display device comprising a polanzation
converter and a PB lens.

{0061] Figure 288 tllustrates an example offset compensator comprising a pair of
lenses for compensating the spatial oft-set 1llustrated in Figure 28A.

[0062] Figure 28C 1Hustrates a negation effect of the spatial off-set illustrated in
Figure 28A using an embodiment of the offset compensator tllustrated in Figure 28B.

{3063] Figure 29 iliustrates an example display device comprising a waveguide
assembly configured to asymmetrically project ight and PB lenses, and configured to output
image to a user.

[0064] Figure 30 illustrates an example display device comprising a waveguide
assembly having a CL.CG and a deformable mirror, and configured to output image to a user.

13065] Figures 31A-31C illustrate example reflective diffraction lenses that can
be implemented as part of a display device, where the reflective diffraction lenses are formed
of patterned CLC materials serving as a reflective polarizing mirror.

[0066] Figure 32A illustrates an example of chromatic aberration observed in
diffractive lenses.

(0067} Figure 32B illustrates an example reflective diffraction lens comprising a
plurality of reflective diftraction lenses in a stacked configuration.

[06068] Figures 33A-33D illustrates example retlective diffraction lens assemblies
and their operation tor dynamic switching between different focal distances,

3069 Figure 34 illustrates an example combination of waveguide assembly
comprising an eyepiece configured to direct light world-ward and a CLC ltens configured to
re-direct the light eye-ward.

[6014] Throughout the drawings, reference numbers may be re-used to indicate

correspondence between referenced elements.  The drawings are provided to illustrate

~10-
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exampie embodiments described herein and are not intended to limit the scope of the

disclosure.
DETAILED DESCRIPTION
[0070C] AR systems may display virtual content to a user, or viewer, while still

allowing the user to see the world around them. Preferably, this content is displayed on a
head-mounted display, e.g., as part of eyewear, that projects image information to the user’s
eyes. In addition, the display may also transmit light from the surrcunding environment to
the user’s eyes, to allow a view of that surrounding environment. As used herein, it will be
appreciated that a “head-mounted” display is a display that may be mounted on the head of a
VIEWET.

10071] Figure 2 illustrates an example of wearable display system 80. The
display system 80 includes a display 62, and various mechanical and electronic modules and
systems to support the functioning of that display 62. The display 62 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 eyes of the user 60. The display 62 may be
considered eyewear in some embodiments. 1n 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 stereo/shapeable 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 1s contigured to allow the user to provide inputs or commands to the system
80 (e.g., the selection of voice menu commands, natural language questions, etc.). and/or
may allow audio communication with other persons (e.g., with other users of similar display
systems.  The microphone may further be configured as a peripheral sensor to continuously
collect audio data (e.g., to passively collect from the user and/or environment). Such audio
data may 1nclude user sounds such as heavy breathing, or environmental sounds, such as a
toud bang indicative of a nearby event. The display system may also include a peripheral
sensor 3Ua, which may be separate from the frame 64 and attached to the body of the user 60

(.., on the head, torso, an extremity, etc. of the user 60). The peripheral seasor 30a may be

-11-



CA 03052831 2015-08-06

WO 2018/156784 PCT/US2018/019257

configured to acquire data characterizing the physiological state of the user 60 in some
embodiments, as described further herein. For example, the sensor 30a may be an electrode.

{00)72] With continued reference to Figure 2, the display 02 1s operatively coupled
by communications link 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 contigurations, such as tixedly
attached to the frame 64, tixedly attached to a helmet or hat worn by the user, embedded in
headphones, or otherwise removably attached to the user 60 (eg., in a backpack-style
configuration, in a belt-coupling style configuration). Similarly, the sensor 30a may be
operatively coupled by communications link 30b, e g., a wired lead or wireless connectivity,
to the local processor and data module 70. 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 utilized to assist tn the
processing, caching, and storage of data. The data include data a) captured from sensors
(which may be, e.g., operatively coupled to the frame 64 or otherwise attached to the user
6(), such as 1mage capture devices (such as cameras), microphones, inertial measurement
units, accelerometers, compasses, GPS units, radio devices, gyros, and/or other sensors
disciosed herein;, and/or b) acquired and/or processed using remote processing module 72
and/or remote data repository 74 (including data relating to virtual content), possibly for
passage to the display 62 after such processing or retrieval. The local processing and data
module 70 may be operatively coupled by communication links 76, 78, such as via a wired or
wireless communication links, to the remote processing module 72 and remote data
repository 74 such that these remote modules 72, 74 are operatively coupled to each other
and available as resources to the local processing and data module 70, In some
embodiments, the local processing and data module 70 may include one or more of the image
capture devices, microphones, inertial measurement units, accelerometers, compasses, GPS
units, radio devices, and/or gyros. In some other embodiments, one or more of these sensors
may be attached to the frame 64, or may be standalone structures that communicate with the
local processing and data module 70 by wired or wireless communication pathways.

[G073] With continued reference to Figure 2, in some embodiments, the remote
processing module 72 may comprise one or more processors configured to analvze and

process data and/or image information. In some embodiments, the remote data repository 74
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may comprise a digital data storage facility, which may be available through the internet or
other networking configuration in a “cloud” resource configuration. In some embodiments,
the remote data repository 74 may include one or more remote servers, which provide

information, c¢.g., mformation for generating augmented reality content, to the local

\

processing and data module 70 and/or the remote processing module 72, In some
embodiments, all data is stored and all computations are performed 1n the local processing
and data module, allowing fully autonomous use from a remote module.

{0074] The perception of an image as being “three-dimensional” or “3-D’ may be
achieved by providing slightly difterent presentations of the image to each eve of the viewer
Figure 3 tllustrates a conventional display system for simulating three-dimensional imagery
for a user. Two distinct images 5, 7—one for each eye 4, 6—are outputted to the user. The
images 5, 7 are spaced from the eyes 4, 6 by a distance 10 along an optical or z-axis parallel
to the line of sight of the viewer. The 1mages S, 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 perception of depth and/or scale for the
combined 1mage.

607 5] 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 perceive 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 (i.e., rotation of the
eyes so that the pupils move toward or away from each other to converge the lines of sight of
the eyes to fixate upon an object) of the two eyes relative to each other are closely associated
with focusing (or “accommodation”) ot the lenses and pupils of the eves. Under normal
conditions, changing the focus of the lenses of the eyes, or accommodating the eyes, to
change tocus from one object to another object at a different distance will automatically
cause a matching change in vergence to the same distance, under a relationship known as the
“accommodation-vergence reflex,” as well as pupil dilation or constriction. Likewise, a
change in vergence will trigger a matching change in accommodation of lens shape and pupil

size, under normal conditions. As noted herein, many stereoscopic or “3-D” display systems
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display a scene using slightly different presentations {and, so, slightly different images) to
cach eye such that a three-dimensional perspective 1s perceived by the human visual system.
Such systems are uncomtortable for many viewers, however, since they, among other things,
simply provide a diffcrent presentation of a scene, but with the eyes viewing all the image
information at a single accommodated state, and work against the “accommodation-vergence

”n

reflex.” Display systems that provide a better match between accommodation and vergence
may form more realistic and comfortable simulations of three-dimensional imagery
contributing to increased duration of wear and in turm compliance to diagnostic and therapy
protocols.

0076} Figure 4 illustrates aspects of an approach for simulating three-
dimensional 1magery using multiple depth planes. With reference to Figure 4, objects at
vartous distances from eyes 4, 6 on the z-axis are accommodated by the eves 4, 6 so0 that
those objects are 1n focus. The eyes (4 and 6) assume particular accommeodated states to
bring 1nto focus objects at different distances along the z-axis. Consequently, a particular
accommodated state may be said to be associated with a particular one of depth planes 14,
with has an associated focal distance, such that objects or parts of objects in a particular
depth plane are in focus when the eye is in the accommodated state for that depth plane. In
some embodiments, three-dimensional imagery may be simulated by providing different
presentations ot an umage for each of the eves 4, 6, and also by providing different
presentations ot the image corresponding to each of the depth planes. While shown as being
separate for clarity of itlustration, it will be appreciated that the fields of view of the eyes 4, 6
may overlap, for example, as distance along the z-axis increases. In addition, while shown as
flat tor ease of ilustration, 1t 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 the eve in a
particular accommodated state.

6077} The distance between an object and the eye 4 or 6 may also change the
amount of divergence of light from that object, as viewed by that eye. Figures SA-5C
tHlustrates relationships between distance and the divergence of light rays. The distance
between the object and the eye 4 s represented by, in order of decreasing distance, Ri, R2,
and R3. As shown in Figures SA-5C, the light rays become more divergent as distance to the

object decreases. As distance increases, the light rays become more collimated. Stated
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another way, it may be said that the light field produced by a point (the object or a part of the
object) has a spherical waveflront curvature, which s a function of how far away the pointis
from the eve of the user. The curvature increases with decreasing distance between the
object and the eye 4. Consequently, at different depth plancs, the degree of divergence of
tight ravs s also different, with the degree of divergence increasing with decreasing distance
between depth planes and the viewer’s eye 4. While only a single eye 4 1s illustrated for
clanty of iltustration in Figures SA-5C and other figures herein, it will be appreciated that the
discussions regarding eye 4 may be applied to both eyes 4 and 6 of a viewer.

(007 8] Without being himited by theory, 1t 1s believed that the human eye
typically can interpret a finite number of depth planes to provide depth perception.
Consequently, a highly believable simulation of perceived depth may be achieved by
providing, to the eye, different presentations of an image corresponding to each of these
imited 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.

[G079] Figure O tlustrates an example of a waveguide stack for outputting image
information to a user. A display system 1000 includes a stack of waveguides, or stacked
waveguide assembly, 1178 that may be utilized to provide three-dimensional perception to
the eye/brain using a plurality of waveguides 1182, 1184, 1186, 1188, 1190. In some
embodiments, the display system 1000 is 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 1178 may be part of the display 62 of Figure 2. {t will be appreciated
that the display system 1000 may be considered a light field display in some embodiments

[608G] With continued reference to Figure 6, the waveguide assembly 1178 may
also 1ictude a plurality of features 1198, 1196, 1194, 1192 between the waveguides. Tn some
embodiments, the features 1198, 1196, 1194, 1192 mayv be one or more lenses. The
waveguides 1182, 1184, 1186, 1188, 1190 and/or the plurality of lenses 1198, 1196, 1194,
t192 may be contigured to send image information to the eve with various levels of

wavetront curvature or light ray divergence. Each waveguide level may be associated with a
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particular depth plane and may be configured to cutput 1mage information corresponding to
that depth plane. Image ijection devices 1200, 1202, 1204, 1206, 1208 may function as a
source of light tor the waveguides and may be utilized to inject timage information into the
waveguides 1182, 1184, 1186, 1188, 1190, each of which may be configured, as described
herein, to distribute incoming light across each respeciive waveguide, for output toward the
eye 4. Light exits an output surface 1300, 1302, 1304, 1306, 1308 of the image injection
devices 1200, 1202, 1204, 1206, 1208 and 15 injected into a corresponding input surface
1382, 1384, 1386, 1388, 1390 of the waveguides 1182, 1184, 1186, 1188, 1190, In some
embodiments, the each of the input surfaces 1382, 1384, 1386, 1388, 1390 may be an edge of
a corresponding waveguide, or may be part of a major surface of the corresponding
waveguide (that 1s, one of the waveguide surfaces directly facing the world 1144 or the
viewer's eye 4). In some embodiments, a single beam of light (e.g. a collimated beam) may
be mjected into each waveguide to output an entire field of cloned collimated beams that are
directed toward the eye 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 1mjection devices 1200, 1202, 1204, 1206, 1208 may be associated with and
tinject light into a plurality (e g., three) of the waveguides 1182, 1184, 1186, 1188, 1190,

[G081] In some embodiments, the 1mage injection devices 1200, 1202, 1204,
1206, 1208 are discrete displays that each produce image information for injection into a
corresponding waveguide 1182, 1184, 1186, 1188, 1190, respectively. In some other
embodiments, the image injection devices 1200, 1202, 1204, 1206, 1208 are the output ends
of a single multiplexed display which may, e g, pipe image information via one or more
optical conduits (such as fiber optic cables) to each of the image injection devices 1200,
1202, 1204, 1200, 1208. It will be appreciated that the image information provided by the
image injection devices 1200, 1202, 1204, 1206, 1208 may include light of different
wavelengths, or colors (e.g., different component colors, as discussed herein)

[6082] In some embodiments, the light injected into the waveguides 1182, 1184,
1186, 1188, 1190 15 provided by a light projector system 2000, which comprises a light
moduic 2040, which may include a light emitter, such as a light emitting diode (LED). The
ight from the light module 2040 may be directed to and modified by a light moduiator 2030,

¢.g., a spatial light modulator, via a beam splitter 2050. The light modulator 2030 may be
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configured to change the perceived intensity of the light injected into the waveguides 1182,
1134, 1186, 1188, 1190, Examples of spatial light modulators include hiquad crystal displays
(L.CD) including a liquid crystal on silicon (LCOS) displays.

[G083] In some embodiments, the display system [000 may be a scanning fiber
display comprising one or more scanning {ibers configured to project light in various patterns
(e.g., raster scan, spiral scan, Lissajous patterns, etc.) into one or more waveguides 1182,
L1834, 1186, 1188, 1190 and ultimately to the eye 4 of the viewer. In some embodiments, the
tlustrated image injection devices 1200, 1202, 1204, 1206, 1208 may schematically
represent a single scanmung fiber or a bundles of scanning fibers configured to inject light into
one or a plurality of the waveguides 1182, 1184, 1186, 1188 1190. In some other
embodiments, the illustrated image injection devices 1200, 1202, 1204, 1206, 1208 may
schematically represent a plurality of scanning fibers or a plurality of bundles of scanning,
fibers each of which are configured to inject Light into an associated one of the waveguides
Ple2, 1184, 1186, 1188, 1190, It will be appreciated that the one or more optical fibers may
be contigured to transmit light from the light module 2040 to the one or more waveguides
U182, 1184, 1186, 1188, 1190. 1t will be appreciated that one or more intervening optical
structures may be provided between the scanning fiber, or fibers, and the one or more
waveguides 1182, 1184, 1186, 1188, 1190 to, e¢.g., redirect light exiting the scanning fiber
into the one or more waveguides 1182, 1184, 1186, 1188, 1190,

[0084] A controller 1210 controls the operation of one or more of the stacked
waveguide assembly 1178, including operation of the image injection devices 1200, 1202,
1204, 1206, 1208, the light source 2040, and the light modulator 2030, In some
embodiments, the controller 1210 is part of the local data processing module 70, The
controller 1210 includes programming (e.g., instructions in a non-transitory medium) that
regulates the timing and provision of image intormation to the waveguides 1182, 1184, 1186,
1188, 1190 according to, eg., any of the various schemes disclosed herein.  In some
embodiments, the controller may be a single integral device, or a distributed Sy stem
connected by wired or wireless communication channels. The controller 1210 may be part of
the processing modules 70 or 72 (Figure 1} in some embodiments.

[BO35]  With continued reference to Figure 6, the waveguides 1182, 1184, 1186,

1188, 1190 may be configured to propagate light within each respective waveguide by total
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internal retlection {T1R). The waveguides 1182, 1184, 1186, 1188, 1190 may each be planar
or have another shape (e.g., curved), with major top and bottom surtaces and edges extending
between those major top and bottom surfaces. In the ilustrated configuration, the
waveguides 1182, 1184, 1186, 1188, 1190 may each include cutcoupling optical elements
1282, 1284, 1286, 1288, 1290 that are configured to extract light out of a waveguide by
redirecting the light, propagating within each respective waveguide, out of the waveguide to
output image informaiion to the eye 4. Exiracted hight may also be referred to as outcoupled
light and the outcoupling optical elements light may also be referred to light extracting
optical elements. An extracted beam of light is outputted by the waveguide at locations at
which the light propagating in the waveguide strikes a light extracting optical element. The
outcoupling optical elements 1282, 1284, 1286, 1288, 1290 may, for example, be gratings,
including diffractive optical features, as discussed further herein. While tllustrated disposed
at the bottom major surfaces of the waveguides 1182, 1184, 1186, 1188, 1190 for ease of
description and drawing clarity, 1n some embodiments, the outcoupling optical elements
1282, 1284, 1280, 1288, 1290 may be disposed at the top and/or bottom major surfaces,
and/or may be disposed directly i the volume of the waveguides 1182, 1184, 1186, 1188,
1190, as discussed further herein. In some embodiments, the outcoupling optical elements
1282, 1284, 1286, 1288, 1290 may be tormed 1n a layer of matenal that is attached to a
transparent substrate to form the waveguides 1182, 1184, 1186, 1188, 1190, In some other
embodiments, the waveguides 1182, 1184, 1186, 1188, 1190 may be a monolithic piece of
material and the outcoupling optical elements 1282, 1284, 1286, 1288, 1290 may be formed
on a surface and/or in the interior of that piece of material.

[G086] With continued reference to Figure 6, as discussed herein, each waveguide
1182, 1184, 1186, 1188, 1190 1s configured to output light to form an image corresponding
to a particutar depth plane. For example, the waveguide 1182 vearest the eye mav be
configured to deliver collimated light, as injected into such waveguide 1182, to the eve 4
The collimated hight may be representative of the optical infinity focal plane. The next
waveguide up 1184 may be configured to send out collimated light which passes through the
first lens 1192 (e.g., a negative lens) before it can reach the eye 4; such first lens 1192 may
be contigured to create a slight convex wavefront curvature so that the eye/brain interprets

light coming from that next waveguide up 1184 as coming from a first focal plane closer
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mward toward the eye 4 from optical infinity. Simularly, the third up waveguide 1186 passes
its output hight through both the first 1192 and second 1194 lenses betore reaching the eye 4.
the combined optical power of the first 1192 and second 1194 lenses may be configured to
create another incremental amount of wavetront curvature so that the eye/brain interprets
light coming trom the third waveguide 1186 as c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>