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FOVEATED OPTICAL LENS FOR NEAR EYE DISPLAY

Summary

In some aspects of the present description, an optical system is provided, the optical
system including an optical system axis, a display, and at least one lens. The optical system forms
a virtual image of an image emitted by the display for viewing by an eye. The eye has an optical
eye axis such that a first retinal image of the virtual image at a first virtual image location and an
associated first field angle, the first field angle between about 5 degrees and about 30 degrees, has
a first image resolution when the eye axis is substantially coincident with the system axis, and a
second image resolution when the eye is rotated so that the eye axis is substantially coincident with
a first field axis extending between the eye and the virtual image at the first field angle. The
second image resolution is greater than the first image resolution.

In some aspects of the present description, an optical system is provided, the optical
system including an optical system axis, a lens assembly having at least one lens, an eye-side
configured to be disposed proximate an eye of a viewer, and a display-side configured to be
disposed proximate a display. The optical system is configured to display a virtual image of an
image emitted by the display to the eye of the viewer. When a substantially collimated light that
propagates along a first direction making a first angle of between about 5 degrees and about 30
degrees with the system axis illuminates the optical system from the eye-side of the optical system
and enters the optical system through, and substantially fills, a field stop positioned proximate the
eye-side of the optical system, and focuses to a focal spot after going through the lens assembly
and exiting the optical system from the display-side thereof, the focal spot has a first minimum
size when the field stop is substantially centered on the system axis and a second minimum size
when the field stop is rotated about a first center proximate a center of the eye of the viewer so that
the field stop is substantially perpendicular to the first direction, the second minimum size being
smaller than the first minimum size.

In some aspects of the present description, an optical system is provided, the optical
system including an optical system axis, a display, and at least one lens. The optical system forms
a virtual image of an image emitted by the display for viewing by an eye when the eye is
positioned proximate an eye-location on an eye-side of the optical system. For each first virtual
image location at a first field angle of between about 5 degrees and about 30 degrees relative to the
system axis, when an imaging system (e.g., a camera with an objective lens) centered on an
imaging system axis is positioned proximate the eye-location and forms an image of the virtual

image corresponding to the first virtual image location, a resolution of the formed image increases
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as the imaging system is at least rotated so that the imaging system axis approaches the first field
angle.

In some aspects of the present description, an optical system is provided, the optical
system including an optical system axis, a display, at least one lens, a partial reflector, and a
reflective polarizer. The optical system forms a virtual image of an image emitted by the display
for viewing by an eye. The eye has an optical eye axis extending from a center of a fovea of the
eye to a center of a pupil of the eye. A first retinal image of the virtual image at a first virtual
image location and an associated first field angle of between about 5 degrees and about 30 degrees,
has a first image resolution when the eye axis is substantially coincident with the system axis, and
has a second image resolution when the eye is rotated so that the eye axis is substantially
coincident with a first field axis. The first field axis extends between the eye and the virtual image

at the first field angle. The second image resolution is greater than the first image resolution.

Brief Description of the Drawings

FIG. 1is a side view of an optical system including a foveated optical lens, in accordance
with an embodiment of the present description;

FIGS. 2A and 2B provide visual depictions of optical axes for an optical system, in
accordance with an embodiment of the present description;

FIG. 3 provides a side view of a foveated optical lens, in accordance with an embodiment
of the present description;

FIG. 4 provides an alternate view of the foveated optical lens of FIG. 3, in accordance
with an embodiment of the present description;

FIGS. 5A and 5B provide side views of an optical system including an imaging system, in
accordance with an embodiment of the present description;

FIGS. 6A and 6B provide details on an optical system including lenses with defined
surface curves, in accordance with an embodiment of the present description;

FIGS. 7A and 7B provide additional definition for the lens surfaces of FIGS. 6A and 6B,
in accordance with an embodiment of the present description; and

FIGS. 8A and 8B provide additional details for the lens surfaces of FIGS. 6A and 6B, in

accordance with an embodiment of the present description.

Detailed Description
In the following description, reference is made to the accompanying drawings that form a
part hereof and in which various embodiments are shown by way of illustration. The drawings are

not necessarily to scale. It is to be understood that other embodiments are contemplated and may
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be made without departing from the scope or spirit of the present description. The following
detailed description, therefore, is not to be taken in a limiting sense.

Near Eye Displays (e.g.. head-mounted displays, wearable displays, virtual reality
headsets) are used to create a virtual image in the field of view of one or both eyes. A near eye
display creates a virtual image in such a way that the image appears at a distance (¢.g., displayed
out in front of a user) and seems larger than the actual image generated by the corresponding small
display creating the virtual image. Key performance metrics for optical lenses used in near eye
displays include gaze resolution, pupil swim (image distortion as your eye moves around the lens),
image contrast, and ghosting (unwanted images caused by reflections from the surfaces of a lens).
While the lens in a pair of eyeglasses can be designed to provide the best optical characteristics for
a chosen viewing angle and distance (e.g., focusing on a computer display at arm’s length), the
same methods may not work as well for a head-mounted virtual reality (VR) headset. This is
because a VR system requires a wide field of view (e.g., greater than 85-degree field of view), and
eye rotation over that wide field of view can cause image issues. For example, as the pupil of the
eye moves over the larger field of view, the image may lose sharpness or resolution when the gaze
moves off the main optical axis (e.g., gazing up and to the left).

According to some aspects of the present description, an optical system is configured to
provide optimal viewing characteristics over a large field of view. This may be done, for example,
by designing a lens or lens assembly within the optical system wherein the lens components and
surfaces are configured to provide equal or increasing retinal image resolution when the eye of the
user is rotated at an angle with the optical system axis (¢.g., at an upward angle of between about 5
degrees and about 30 degrees with the optical system axis) as compared to the retinal image
resolution when the eye is substantially aligned with the optical system axis. In some
embodiments, the optical system includes an optical system axis, a display, and at least one lens. In
some embodiments, the optical system may form a virtual image of an image emitted by the
display for viewing by an eye. In some embodiments, the eye may have an optical eye axis such
that a first retinal image of the virtual image at a first virtual image location and an associated first
field angle between about 5 degrees and about 30 degrees may have a first image resolution when
the eye axis is substantially coincident with the system axis, and a second image resolution when
the eye is rotated so that the eye axis is substantially coincident with a first field axis extending
between the eye and the virtual image at the first field angle. In some embodiments, the second
image resolution is greater than the first image resolution. In some embodiments, the second image
resolution may be greater than the first image resolution for all first field angles between about 5

degrees and about 30 degrees.
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In some embodiments, the optical system may further include one or more of a partial
reflector (e.g., a 50/50 beamsplitter layer or coating), a reflective polarizer, and an optical retarder
(e.g., a quarter-wave plate). In some embodiments, the optical system axis may be a folded optical
axis. In some embodiments, the optical system axis may be folded so that a first segment of the
optical system axis substantially coincides with a different second segment of the optical system
axis. For example, in some embodiments, the at least one lens may be a lens assembly with at least
a first display-side lens component and a second eye-side lens component. A partial reflector may
be disposed on a side of the display-side lens component closest to the display. An optical retarder
may be disposed between the display-side lens component and the eye-side lens component. A
reflective polarizer may be disposed on a side of the eye-side lens component closed to the eye of
an observer. In such an embodiment, the optical axis may pass from the display, through the partial
reflector and the optical retarder, be reflected off of the reflective polarizer, back through the
optical retarder, and then reflected off of the partial reflector, back through the optical retarder and
the reflective polarizer (as the polarization state has now changed after passing through the optical
retarder three times) and finally leaves the eye-side lens component through the reflective polarizer
toward the eye of the observer.

For the purposes of this specification, the terms “optical system axis”, “system axis”, and
“optical axis” are synonymous, and these terms shall be defined to mean an imaginary line
defining a path along which light propagates through an optical system and around which the light
path exhibits some degree of rotational symmetry. In some embodiments, an optical system axis
may be folded (i.c., light may pass through, be reflected by, be refracted by, or otherwise affected
by one or more optical components (¢.g., lenses, optical films, optical retarders, etc.) such that the
path of the light is folded rather than strictly linear). However, even in a system with a folded
optical axis, as used herein, these terms shall be defined to be the imaginary line along which there
is rotational symmetry in an optical system.

In some embodiments, the at least one lens may include a first optical lens with opposing
first and second major surfaces, and a second optical lens with opposing third and fourth major
surfaces. In some embodiments, the second and third major surfaces may face each other. In some
embodiments, the first through fourth major surfaces may have respective sags S1-S4, where each
of the sags is defined by the following equation:
cr?

S= S 8
1+1- 1 +k)c2r?

+ a,rt + asr® + a,r

where ¢ is 1/radius of curvature of the major surface, k is the conic constant of the surface,
r is a distance from the optic axis, and o is an aspheric deformation constant. In some

embodiments, the first major surface may have a convex central portion surrounded by an annular
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concave outer portion, and the second major surface may be convex. In some embodiments, the
third major surface may be substantially planar, and the fourth major surface may be convex. In
some embodiments, for a value of r extending from about 1 mm to at least about 25 mm, the
following conditions may be true:

-0.7 is less than or equal to S1/82, and S1/S2 is less than or equal to 1,

-0.2 is less than or equal to S1/584, and S1/54 is less than or equal to 0.4, and

a best fourth-order polynomial fit to each of the S1/82 and S1/S4 has an r-squared value
greater than about 0.95.

According to some aspects of the present description, an optical system may include an
optical system axis, a lens assembly having at least one lens, an eye-side configured to be disposed
proximate an eye of a viewer, and a display-side configured to be disposed proximate a display
(e.g., a light-emitting diode display, a liquid crystal display, an organic LED display, etc.). In some
embodiments, the optical system may be configured to form a virtual image of an image emitted
by the display to be observed by a viewer (e.g., the virtual image is viewed when the user is
wearing a VR headset). In some embodiments, when a substantially collimated light that
propagates along a first direction making a first angle of between about 5 degrees and about 30
degrees with the system axis illuminates the optical system from the eye-side of the optical system
and enters the optical system through, and substantially fills, a field stop positioned proximate the
eye-side of the optical system, and focuses to a focal spot after going through the lens assembly
and exiting the optical system from the display-side thereof, the focal spot may have a first
minimum size when the field stop is substantially centered on the system axis. The focal spot may
have a second minimum size when the field stop is rotated about a first center proximate a center
of the eye of the viewer so that the field stop is substantially perpendicular to the first direction. In
some embodiments, the second minimum size is smaller than the first minimum size. In some
embodiments, the field stop may have a size of between about 1 millimeter (mm) and about 10
mm, or between about 2 mm and about 9 mm, or between about 2 mm and about 8 mm, or
between about 2 mm and about 7 mm, or between about 3 mm and about 7 mm. In some
embodiments, the optical system may further include one or more of a partial reflector, a reflective
polarizer, and an optical retarder.

According to some aspects of the present description, an optical system may include an
optical system axis, a display, and at least one lens. In some embodiments, the at least one lens
may include a first lens which is a Fresnel lens with a structured major surface. In some
embodiments, the optical system may further include a partial reflector, a reflective polarizer, and
an optical retarder. In some embodiments, the optical system may form a virtual image of an image

emitted by the display for viewing by an eye when the eye is positioned proximate an eye-location
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on an eye-side of the optical system (¢.g., positioned near a near eye display in a VR headset). In
some embodiments, for each first virtual image location at a first field angle of between about 5
degrees and about 30 degrees relative to the system axis, when an imaging system centered on an
imaging system axis is positioned proximate the eye-location and forms an image of the virtual
image corresponding to the first virtual image location, a resolution of the formed image may
increase as the imaging system is at least rotated so that the imaging system axis approaches the
first field angle.

According to some aspects of the present description, an optical system may include an
optical system axis, a display, at least one lens, a partial reflector, and a reflective polarizer. In
some embodiments, the optical system may be configured to form a virtual image of an image
emitted by the display to be observed by a viewer (e.g., the virtual image is viewed when the user
is wearing a virtual reality headset). In some embodiments, the eye may have an optical eye axis
extending from a center of a fovea of the eye to a center of a pupil of the eye. The fovea, or fovea
centralis, is a small pit in the back surface of the eye composed of closely packed cones, and is
responsible for sharp central vision (i.e., foveal vision). Foveal vision provides the highest
resolution in the eye (e.g., important for perceiving high visual detail). In some embodiments, a
first retinal image of the virtual image at a first virtual image location and an associated first field
angle of between about 5 degrees and about 30 degrees, may have a first image resolution when
the eye axis is substantially coincident with the system axis, and has a second image resolution
when the eye is rotated so that the eye axis is substantially coincident with a first field axis. In
some embodiments, the first field axis may extend between the eye and the virtual image at the
first field angle. In some embodiments, the second image resolution may be greater than the first
image resolution.

In some embodiments, the optical system may further include one or more of a partial
reflector, a reflective polarizer, and an optical retarder. In some embodiments, the optical system
axis may be folded. For example, in some embodiments, the optical system axis may be folded so
that a first segment of the system axis substantially coincides with a different second segment of
the system axis. In some embodiments, the presence of one or more optical layers (e.g., a partial
reflector, a reflective polarizer, an optical retarder, etc.) may aid in creating the folded optical
system axis.

Turning to the drawings, FIG. 1 is a side view of an optical system including a foveated
optical lens, according to the present description. In some embodiments, optical system 300
includes a display 20, an optical system axis 10, and at least one lens (e.g., such as lenses 30/40).
In some embodiments, lenses 30 and 40 may be separate lens components in a lens assembly. In

some embodiments, the optical system may further include one or more of a partial reflector 50
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(e.g., a 50/50 beamsplitter coating or film), a reflective polarizer 60, and an optical retarder 90
(e.g., a quarter-wave plate).

In some embodiments, optical system 300 forms a virtual image 70 of an image 41 emitted
by display 20. The virtual image 70 may be viewed by an eye 80 of an observer as a first retinal
image 82 on the retina of eye 80. Eye 80 may have an optical axis 81. The eye 80 may be rotated at
times such that optical axis 81 of eye 80 is substantially in line with optical system axis 10, and
eye 80 may be rotated at times such that optical axis 81 is not aligned with optical system axis 10
(e.g., eye 80 may be rotated up by angle al, as shown in FIG. 1, so that the observer is looking at a
higher point on virtual image 70).

Optical system 300 may have an eye-side 301, substantially facing eye 80, and a display-
side 302, facing away from eye 80 and facing display 20. Optical system 300 may be configured to
provide the virtual image 70 to eye 80 optimally when eye 80 is positioned proximate eye-location
84. In some embodiments, the resolution of the retinal image 82 formed on the retina of eye 80
may be greater when the optical axis 81 is rotated by angle al than the resolution of the retinal
image 82 when the optical axis 81 is substantially aligned with optical system axis 10. In some
embodiments, angle al may be between about 5 degrees and about 30 degrees.

FIGS. 2A and 2B provide visual depictions of optical axes for the optical system of FIG.

1, providing additional details. For simplicity, the at least one lens and the display shown in FIG. 1
have been omitted in FIGS. 2A and 2B, and, accordingly, the partial optical system shown is
relabeled 300a. Components shown in FIGS. 2A and 2B have a common function and/or purpose
as like-numbered components in other figures herein unless otherwise specified. FIG. 2A shows an
eye 80 of an observer located proximate eye-location 84 (i.c., a location for which the optical
system is configured to provide optical resolution for the entire field of view), and with an optical
eye axis 81 extending from a center of a fovea 87 of the eye 80, through the center 83 of eye 80, to
the pupil 88. In operation, a retinal image 82 of virtual image 70 is formed on the retina 86. In FIG.
2A, optical eye axis 81 is positioned such that it is substantially aligned with optical system axis 10
(i.e., eye 80 is rotated to be looking directly along, or substantially parallel to, optical system axis
10).

In FIG. 2B, eye 80 is rotated up, such that optical eye axis 81 is now substantially aligned
with a first field axis 72 extending between the eye 80 and a first virtual image location 71. In
some embodiments, first field axis 72 creates a first field angle a1 with the optical system axis 10.
In some embodiments, first field angle ol may be between about 5 degrees and about 30 degrees.

In some embodiments, the first retinal image 82 has a first image resolution of a first
virtual image location 71 when optical eye axis 81 is substantially coincident with optical system

axis 10, and the first retinal image 82 has a second image resolution of a first virtual image
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location 71 when optical eye axis is substantially coincident with first field axis 72. In some
embodiments, the second image resolution may be greater than the first image resolution. Stated
another way, the first retinal image 82 may have a greater image resolution when eye 80 is rotated
to align with first field axis 72 than when eye 80 is aligned with optical system axis 10.

FIGS. 3 and 4 provide side views of a foveated optical lens as part of an optical system,
according to the present description. FIGS. 3 and 4 show essentially the same optical system, but
with the eye 80 at two different angles of rotation. FIGS. 3 and 4 should be viewed together for the
following discussion. Like-numbered components common to both FIGS. 3 and 4 shall be
assumed to have the same function and description unless otherwise specified herein.

Optical system 300 includes an optical system axis 10, a lens assembly 130, and a display
20. In some embodiments, the lens assembly 130 has an eye-side 301 configured to be disposed
proximate an eye 80 of a viewer, and a display-side 302 configured to be disposed proximate the
display 20. In some embodiments, the lens assembly 130 includes a first lens component 30
disposed closer to display 20 and a second lens component 40 disposed proximate first lens
component 30 on an opposing side (i.c., the side facing away from display 20). In some
embodiments, the lens assembly 130 may further include a partial reflector 50 disposed on a side
of first lens component 30 closest to display 20 (e.g., on the display-side 302), an optical retarder
disposed between first lens component 30 and second lens component 40, and a reflective
polarizer 60 disposed on a side of the second lens component 40 closest to eye 80 (e.g., on the eye-
side 301). In some embodiments, the optical system 300 is configured to display a virtual image 70
of an image 41 emitted by display 20 to the eye 80 of the viewer.

In some embodiments, a substantially collimated light 110 propagates along a first
direction 111. First direction 111 makes a first angle 61 with the optical system axis 10. In some
embodiments, first angle 61 may be between about 5 degrees and about 30 degrees. When
substantially collimated light 110 illuminates optical system 300 from the eye-side 301 and enters
the optical system 300, and substantially fills, a field stop 120/121 positioned proximate the eye-
side 301, light 110 focuses to a focal spot 112 after going through lens assembly 130 and exiting
optical system 300 from the display-side 302.

In some embodiments, when eye 80 is positioned proximate eye-location 84, focal spot
112 may have a first minimum size when the field stop 120/121 is substantially centered on optical
system axis 10 (in position 120, with eye 80 rotated as shown in FIG. 3), and focal spot 112 may
have a second minimum size when the field stop 120/121 is rotated about a first center 83
proximate a center of the eye 80 of the viewer (in position 121, with eye 80 rotated as shown in
FIG. 4) so that the field stop 120/121 is substantially perpendicular to first direction 111. In some

embodiments, the second minimum size may be smaller than the first minimum size. In some
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embodiments, the maximum dimension of field stop 120/121 may be based on a nominal size of an
adult, human pupil. In some embodiments, a maximum dimension of field stop 120/121 may be
between about 2 millimeters (mm) and about 8 mm.

FIGS. 5A and 5B provide visual depictions of optical axes for an optical system such as
optical system 300 of FIG. 1, in which the eye 80 of a viewer has been replaced with an imaging
system 40 (¢.g., a camera with an objective lens capable of focusing on the virtual image) centered
on an imaging system axis 141. For simplicity, as was done with FIGS. 2A and 2B described
elsewhere herein, the lenses (the at least one lens) and the display shown in FIG. 1 have been
omitted, and, accordingly, the partial optical system shown is relabeled 300b. Components shown
in FIGS. 5A and 5B have a common function and/or purpose as like-numbered components in
other figures herein unless otherwise specified.

Optical system 300b includes an optical system axis 10, a display (such as display 20, as
shown in FIG. 1), and at least one lens (such as lens components 30 and 40, shown in FIG. 1). In
some embodiments, optical system 300b may form a virtual image 70 for viewing by an eye (such
as eye 80, shown in FIG. 1) when the eye is positioned proximate eye-location 84. In some
embodiments, for each first virtual image location 71 at a first field angle a1, when an imaging
system 140 is, centered on imaging system axis 141, is positioned proximate the eye-location 84
and forms an image of the virtual image 70 corresponding to the first virtual image location 71, a
resolution of the formed virtual image 70 may increase as the imaging system 140 is rotated so that
the imaging system axis 141 moves away from being coincident with optical system axis 10 and
approaches first field angle al (i.e., as it rotates up and approaches becomes substantially
coincident with a first field axis 72 extending between the imaging system 140 and the first virtual
image location 71 at first field axis al).

FIGS. 6A and 6B provide details on one embodiments of an optical system which includes
lenses with specifically defined surface curves. Optical system 400 may be any of the optical
systems discussed herein, including optical system 300 of FIGS. 1 and 4, optical system 300a of
FIGS. 2A and 2B, and optical system 300b of FIGS. 5A and 5B.

In some embodiments, optical system 400 may include a first optical lens 40 and a second
optical lens 30. In some embodiments, first optical lens 40 includes first major surface 41 and an
opposing second major surface 42. In some embodiments, second optical lens 30 includes third
major surface 31 and an opposing fourth major surface 32. In some embodiments, the second
major surface 42 of first optical lens 40 and the third major surface 31 face each other. In some
embodiments, the first major surface 41 may include a convex central portion 43 surrounded by an
annular concave outer portion 44. FIG. 6B provides a front view of first major surface 41

identifying convex central portion 43 and annular concave outer portion 44, for one embodiment.
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In some embodiments, the second major surface 42 may be convex, the third major surface may be
substantially planar, and the fourth major surface may be convex.

In some embodiments, optical system 400 may further include one or more of a partial
reflector 50 (e.g., a 50/50 beamsplitter coating or film), a reflective polarizer 60, and an optical
retarder 90 (e.g., a quarter-wave plate). In such embodiments, partial reflector 50 may be disposed
on fourth major surface 32 of second optical lens 30, reflective polarizer may be disposed on
second major surface 42 of first optical lens 40, and optical retarder 90 may be disposed between
second major surface 42 of first optical lens 40 and third major surface 31 of second optical lens
30. In such embodiments, where one or more of the partial reflector 50, reflective polarizer 60, and
optical retarder 90 are present, the optical system axis 10 may be folded (e.g., reflected one or
more times from one or more surfaces of the lenses and reflective films) such as shown by light
path 85 in FIG. 6A. That is, light 85 emitted by image 41 of display 20 may be redirected multiple
times passing through optical system 400 before reaching optical perceiving system 145 (e.g., an
imaging system such as 140 in FIG. 5, or the eye of a viewer 80 as shown in FIG. 1).

In some embodiments, the first through fourth major surfaces (41, 42, 31, 32) may have
respective sags S1-S4, wherein each of the sags is defined by:

cr?

S =
14+ J1— 1+ k)c?r?

where ¢ is 1/radius of curvature of the major surface, k is the conic constant of the surface,

8

+ a,rt + asr® + a,r

r is a distance from the optic axis, and o is an aspheric deformation constant. FIG. 7A shows
example sag definitions for one embodiment of optical system 400. S1 corresponds to the defined
sag of first major surface 41, S2 corresponds to the defined sag of second major surface 42, S3
corresponds to the defined sag of third major surface 31, and S4 corresponds to the defined sag of
fourth major surface 32.

FIG. 7B provides a definition for sag, s, as used in FIG. 7A. As used herein, sag, s, applics
to either the convex or concave curvature of a lens and represents the physical distance, r, between
the vertex (highest or lowest point of the curve) along the curve and the center point of a line 99
drawn perpendicular to the curve. Sag, s, may also be referred to as sagittal depth for a given point
on the curve.

Finally, FIGS. 8A and 8B define the relationships between some of the sag values for the
major curves of first optical lens 40 and second optical lens 30 of FIG. 6A. FIG. 8A shows a plot
of S1/82 (that is, the S1 sag of first major surface 41 divided by the S2 sag of second major surface
42) for one embodiment of the optical system. FIG. 8 A shows a plot of S1/54 (that is, the S1 sag
of first major surface 41 divided by the S4 sag of fourth major surface 32). In some embodiments,

for a value of r extending from about 1 mm to at least about 25 mm:
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-0.7<81/82 <1,and -0.2 < S1/54 <0.4.

In some embodiments, a best fourth-order polynomial fit to each of the S1/52 and S1/54 has
an r-squared value greater than about 0.95. See, for example, the plot of best fourth-order polynomial
fit shown in FIG. 8B (substantially identical to the plot of S1/54).

Terms such as “about” will be understood in the context in which they are used and
described in the present description by one of ordinary skill in the art. If the use of “about™ as
applied to quantitics expressing feature sizes, amounts, and physical properties is not otherwise
clear to one of ordinary skill in the art in the context in which it is used and described in the
present description, “about” will be understood to mean within 10 percent of the specified value. A
quantity given as about a specified value can be precisely the specified value. For example, if it is
not otherwise clear to one of ordinary skill in the art in the context in which it is used and
described in the present description, a quantity having a value of about 1, means that the quantity
has a value between 0.9 and 1.1, and that the value could be 1.

Terms such as “substantially” will be understood in the context in which they are used and
described in the present description by one of ordinary skill in the art. If the use of “substantially
equal” is not otherwise clear to one of ordinary skill in the art in the context in which it is used and
described in the present description, “substantially equal” will mean about equal where about is as
described above. If the use of “substantially parallel” is not otherwise clear to one of ordinary skill
in the art in the context in which it is used and described in the present description, “substantially
parallel” will mean within 30 degrees of parallel. Directions or surfaces described as substantially
parallel to one another may, in some embodiments, be within 20 degrees, or within 10 degrees of
parallel, or may be parallel or nominally parallel. If the use of “substantially aligned” is not
otherwise clear to one of ordinary skill in the art in the context in which it is used and described in
the present description, “substantially aligned” will mean aligned to within 20% of a width of the
objects being aligned. Objects described as substantially aligned may, in some embodiments, be
aligned to within 10% or to within 5% of a width of the objects being aligned.

All references, patents, and patent applications referenced in the foregoing are hereby
incorporated herein by reference in their entirety in a consistent manner. In the event of
inconsistencies or contradictions between portions of the incorporated references and this
application, the information in the preceding description shall control.

Descriptions for elements in figures should be understood to apply equally to
corresponding elements in other figures, unless indicated otherwise. Although specific
embodiments have been illustrated and described herein, it will be appreciated by those of ordinary
skill in the art that a variety of alternate and/or equivalent implementations can be substituted for

the specific embodiments shown and described without departing from the scope of the present
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disclosure. This application is intended to cover any adaptations or variations of the specific
embodiments discussed herein. Therefore, it is intended that this disclosure be limited only by the

claims and the equivalents thercof.
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What is claimed is:

1. An optical system comprising an optical system axis, a display and at least one lens, the
optical system forming a virtual image of an image emitted by the display for viewing by an ¢ye,
the eye having an optical eye axis, such that a first retinal image of the virtual image at a first
virtual image location and an associated first field angle, the first field angle between about 5
degrees and about 30 degrees, has a first image resolution when the eye axis is substantially
coincident with the system axis, and a second image resolution when the eye is rotated so that the
eye axis is substantially coincident with a first field axis extending between the eye and the virtual
image at the first field angle, wherein the second image resolution is greater than the first image

resolution.

2. The optical system of claim 1, wherein the at least one lens comprises a first optical lens
comprising opposing first and second major surfaces and facing a second optical lens comprising
opposing third and fourth major surfaces, the second and third major surfaces facing each other,
the first through fourth major surfaces having respective sags S1-S4, wherein each of the sags is
defined by:

cr?

S =
1+ /1 -1+ k)c?r?

where ¢ is 1/radius of curvature of the major surface, k is a conic constant of the surface, r

+ art + asr® + a,rd

is a distance from the optical system axis, and o is an aspheric deformation constant,
wherein the first major surface comprises a convex central portion surrounded by an annular
concave outer portion, the second major surface is convex, the third major surface is substantially
planar, and the fourth major surface is convex,
wherein for r extending from about 1 mm to at least about 25 mm:
-0.7<S1/82<1;
-0.2 <81/84 <0.4; and
a best fourth-order polynomial fit to each of the S1/S2 and S1/S4 has an r-squared value
greater than about 0.95.

3. The optical system of claim 1, wherein the second image resolution is greater than the first

image resolution for all first field angles between about 5 degrees and about 30 degrees.

4, The optical system of claim 1 further comprising one or more of a partial reflector, a

reflective polarizer, and an optical retarder.
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5. The optical system of claim 1, wherein the optical system axis is folded.

6. The optical system of claim 1, wherein the optical system axis is folded so that a first
segment of the system axis substantially coincides with a different second segment of the system

axis.

7. An optical system comprising an optical system axis, a lens assembly comprising at least
one lens, an eye-side configured to be disposed proximate an eye of a viewer, and a display-side
configured to be disposed proximate a display, the optical system configured to display a virtual
image of an image emitted by the display to the eye of the viewer,

such that when a substantially collimated light that propagates along a first direction making
afirst angle of between about 5 degrees and about 30 degrees with the optical system axis illuminates
the optical system from the eye-side of the optical system and enters the optical system through, and
substantially fills, a field stop positioned proximate the eye-side of the optical system, and focuses
to a focal spot after going through the lens assembly and exiting the optical system from the display-
side thereof, the focal spot has a first minimum size when the field stop is substantially centered on
the optical system axis and a second minimum size when the field stop is rotated about a first center
proximate a center of the eye of the viewer so that the field stop is substantially perpendicular to the

first direction, the second minimum size being smaller than the first minimum size.

8. The optical system of claim 7, further comprising one or more of a partial reflector, a

reflective polarizer, and an optical retarder.

9. The optical system of claim 7, wherein the optical system axis is folded.

10. The optical system of claim 7, wherein the optical system axis is folded so that a first
segment of the optical system axis substantially coincides with a different second segment of the

optical system axis.

11. The optical system of claim 7, wherein the field stop has a size of between about 2 mm and

about 8 mm.

12. The optical system of claim 7, wherein the field stop has a size of between about 3 mm and

about 7 mm.
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13. An optical system comprising an optical system axis, a display and at least one lens, the
optical system forming a virtual image of an image emitted by the display for viewing by an eye
when the eye is positioned proximate an eye-location on an eye-side of the optical system,

such that for each first virtual image location at a first field angle of between about 5 degrees and
about 30 degrees relative to the system axis, when an imaging system centered on an imaging system
axis is positioned proximate the eye-location and forms a formed image of the virtual image
corresponding to the first virtual image location, a resolution of the formed image increases as the

imaging system is at least rotated so that the imaging system axis approaches the first field angle.

14. The optical system of claim 13, wherein the imaging system is a camera with an objective

lens capable of focusing on the virtual image.

15. The optical system of claim 13 further comprising one or more of a partial reflector, a

reflective polarizer, and an optical retarder.

16. The optical system of claim 13, wherein at least a first lens in the at least one lens is a Fresnel

lens comprising a structured major surface.

17. An optical system comprising an optical system axis, a display, at least one lens, a partial
reflector, and a reflective polarizer, the optical system forming a virtual image of an image emitted
by the display for viewing by an eye, the eye having an optical eye axis extending from a center of
a fovea of the eye to a center of a pupil of the eye, such that:

a first retinal image of the virtual image at a first virtual image location and an associated
first field angle, the first ficld angle between about 5 degrees and about 30 degrees, has a first image
resolution when the eye axis is substantially coincident with the system axis, and

a second image resolution when the eye is rotated so that the eye axis is substantially
coincident with a first field axis extending between the eye and the virtual image at the first field

angle, wherein the second image resolution is greater than the first image resolution.

18. The optical system of claim 17 further comprising an optical retarder.

19. The optical system of claim 17, wherein the optical system axis is folded.
20. The optical system of claim 17, wherein the optical system axis is folded so that a first

segment of the system axis substantially coincides with a different second segment of the system

axis.

-15-



PCT/1IB2022/051334

WO 2022/175813

1/8

300




WO 2022/175813 PCT/1IB2022/051334

218

70
30%‘1Q \\g

80 96

\““Q retina

8 e ;)8% G TR
7 . s —— . u i oooooooooo
fovea &34 W e at

-
o
>
-
.
.
°




WO 2022/175813 PCT/1IB2022/051334

313

300 30

FIG. 3



WO 2022/175813

418

60

90

PCT/1IB2022/051334
70
112 /
a
|
: L
|
Rl
. 1 ﬂ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
§
1 ¢
W
| e
i
|
e
302
50



PCT/1IB2022/051334

WO 2022/175813

5/3

FIG. 5A

300b

140

FIG. 5B



WO 2022/175813 PCT/1IB2022/051334

6/3

400

1 Ny




WO 2022/175813 PCT/1IB2022/051334

718

50 50 40 30 20 40 00 10
Sag {mm)
FIG. 7A
&
99
e i
10 F
¥

N\ g
J| vertex

FIG. 7B



WO 2022/175813 PCT/1IB2022/051334

8/3

y = -7E- Gﬁx“*+0@003x’ 0,005+ 0.0169% +0, 8788
D24 g o RE=09990 e N

0 5 10 15 20 7% 30

0.4

R e N ——sysa -
03 S ttPOly (5S4

0.2 ............................ AAAAAAAAAAAAAAAAAAAAAAAAAAAAA ............................. o AAAAAAAAAAAAAAAAAAAAAAAAAAAAA

51/54

0.1 R ............................. ............................. ............................. R T .............................

00 S N s R

y = -2E- GSX +9k- 05)(3 0. GOT?X‘“F 0.0048x + G 3418 N
N\ S— - RE=06999 IS W —

'0.2 ¥ ¥ s P X X ¥ (4 Y Y (aaan s g MMMt Mt Jadaid Mt SAMA SN SAMAE SAAeS A0t MAReS aatas J




INTERNATIONAL SEARCH REPORT

International application No

PCT/IB2022/051334

A. CLASSIFICATION OF SUBJECT MATTER
INV. GO02B27/01

ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

G02B

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

ET AL) 21 March 2019 (2019-03-21)
paragraph [0077]; figures 7B,13

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y WO 2018/211405 A2 (3M INNOVATIVE 1-20
PROPERTIES CO [US])
22 November 2018 (2018-11-22)
figures 1D, 2D
claims 2,3
Y US 2019/086679 Al (RATCLIFF JOSHUA J [US] 1-20

I:‘ Further documents are listed in the continuation of Box C.

‘z‘ See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance;; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance;; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

5 May 2022

Date of mailing of the international search report

16/05/2022

Name and mailing address of the ISA/
European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040,
Fax: (+31-70) 340-3016

Authorized officer

Linke, Felix

Form PCT/ASA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/IB2022/051334
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2018211405 A2 22-11-2018 CN 212658889 U 05-03-2021
JP 2020519964 A 02-07-2020
Us 2020081234 A1l 12-03-2020
WO 2018211405 A2 22-11-2018
US 2019086679 Al 21-03-2019 NONE

Form PCT/ASA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - wo-search-report
	Page 27 - wo-search-report

