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WIDE FIELD PERSONAL DISPLAY

This is a continuation application of U.S. patent applica-
tion Ser. No. 15/411,179, filed on Jan. 20, 2017, which in
turn claims the benefit of priority to U.S. Provisional Appli-
cation Ser. Nos. 62/286,019 filed on Jan. 22, 2016, 62/406,
674 filed on Oct. 11, 2016, and 62/397,138 filed on Sep. 20,
2016, the contents of which are relied upon and incorporated
herein by reference in their entirety.

FIELD OF THE INVENTION

The disclosure relates generally to personal display
devices and more particularly to apparatus and methods for
a wide-field head-mounted or other single-viewer display
having a pupil imaging system.

BACKGROUND

Personal display devices make it possible to provide
image content to a viewer in applications where the use of
conventional display screens would be an encumbrance.
Head-mounted devices (HMDs), such as display goggles,
are being considered as a useful type of wearable personal
display device usable in a variety of fields, with applications
ranging from military, medical, dental, industrial, and game
presentation, among others. Stereoscopic imaging, with its
enhanced spatial representation and improved presentation
of relevant detail, can be particularly useful for presenting
images that are more lifelike and that show depth informa-
tion more accurately than can be possible with 2-dimen-
sional (2-D) flat displays.

Although a number of advances have been made for
improving usability, size, cost, and performance of wearable
display devices, there remains considerable room for
improvement. In particular, imaging optics that present the
electronically processed images to the viewer have been
disappointing. Conventional design approaches have proved
difficult to scale to the demanding size, weight, and place-
ment requirements, often poorly addressing optical prob-
lems related to field of view and distortion, eye relief, pupil
size, and other factors.

SUMMARY OF THE INVENTION

According to an aspect of the present disclosure, there is
provided a display apparatus comprising:

an image generator that generates image-bearing light;

a lens spaced apart from the image generator and having
an aspheric incident refractive surface concave to the image
generator and having an aspheric reflective surface concave
to the image generator, and

a beam splitter plate disposed in free space between the
image generator and the lens and having first and second
surfaces that are oblique to a line of sight of a viewer,

wherein the lens and the beam splitter plate define a
viewer eye box for the image-bearing light along the line of
sight of the viewer.

According to some embodiments the image generator
generates the image-bearing light from a flat surface such as
from a flat display source. According to some embodiments
the beam splitter plate has first and second surfaces that are
substantially parallel to one another. According to at least
some embodiments a principal axis of the reflective surface
of the lens is normal to the flat surface of the image
generator.
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According to an aspect of the present disclosure, there is
provided a display apparatus comprising:

an image generator that generates a flat field of image-
bearing light from a flat surface;

a lens spaced apart from the image generator and having
an aspheric incident refractive surface concave to the image
generator and having an aspheric reflective surface concave
to the image generator, wherein a principal axis of the
reflective surface is normal to the image generator; and

a beam splitter plate disposed in free space between the
image generator and the lens and having first and second
parallel surfaces that are oblique to a line of sight of a
viewer,

wherein the lens and the beam splitter plate define a
viewer eye box for the image-bearing light along the line of
sight of the viewer.

The display apparatus designs described herein result in
increased field of view, reduced image aberration, and large
pupil size at low cost compared to other designs, thereby
providing personal display device designs that are readily
manufacturable and inherently adapted to the human visual
system. Additional features and advantages will be set forth
in the detailed description which follows, and in part will be
readily apparent to those skilled in the art from the descrip-
tion or recognized by practicing the embodiments as
described in the written description and claims hereof, as
well as the appended drawings.

It is to be understood that both the foregoing general
description and the following detailed description are merely
exemplary, and are intended to provide an overview or
framework to understand the nature and character of the
claims.

The accompanying drawings are included to provide a
further understanding, and are incorporated in and constitute
a part of this specification. The drawings illustrate one or
more embodiment(s), and together with the description
serve to explain principles and operation of the various
embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a schematic side view that shows optical
characteristics and relationships for forming a virtual image
to the eye of a viewer.

FIG. 1B is a schematic side view of another embodiment
that shows optical characteristics and relationships for form-
ing a virtual image to the eye of a viewer.

FIG. 2 is a perspective view showing a display apparatus
for forming a binocular or stereoscopic image at a viewer
eye box.

FIGS. 3A, 3B, and 3C are perspective, side, and front
views, respectively, of an embodiment of the display appa-
ratus.

FIGS. 4A, 4B, and 4C are perspective, side, and front
views, respectively, of an alternate embodiment of the
display apparatus.

FIGS. 5A, 5B, and 5C are perspective, side, and front
views, respectively, of another alternate embodiment of the
display apparatus.

FIG. 5D is a perspective view that shows an alternate
embodiment wherein a separate beam splitter plate is used
for each of a left-eye and a right-eye virtual image forming
apparatus.

FIG. 5E is a perspective view that shows an alternate
embodiment with beam splitter plates disposed at opposite
oblique angles.
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FIG. 6A is a schematic side view of an alternate embodi-
ment that uses polarization for directing light at the beam
splitter plate.

FIG. 6B is a schematic side view of an alternate embodi-
ment that uses polarization for directing light at the beam
splitter plate.

FIG. 7 is a perspective view of an alternate embodiment
in which part of the field of view is blocked.

FIGS. 8A and 8B are side views of a foldable packaging
arrangement for a display apparatus according to an embodi-
ment of the present disclosure.

FIG. 9 illustrates an embodiment of the display apparatus
in a mechanical housing with a protective shield and periph-
eral windows.

FIG. 10 illustrates the display apparatus of FIG. 9, with
protective shields on the outside and inside of the optical
system situated therebetween.

FIG. 11 is a cross section of the display apparatus showing
the adjustment mechanism for rotating the image generator.

FIG. 12 illustrates an embodiment of the display appara-
tus, including image generator in a mechanical housing with
an optical component for folding the viewing direction of
image generator that is situated over the camera.

FIG. 13 illustrates an embodiment of the display appara-
tus in a mechanical housing that includes a visor for sun
glare minimization.

FIG. 14 illustrates another embodiment of the display
apparatus described herein

DETAILED DESCRIPTION

Figures shown and described herein are provided in order
to illustrate key principles of operation and fabrication for an
optical apparatus according to various embodiments and a
number of these figures are not drawn with intent to show
actual size or scale. Some exaggeration may be necessary in
order to emphasize basic structural relationships or prin-
ciples of operation.

The figures provided may not show various supporting
components, including optical mounts, power sources,
image data sources, and related mounting structure for
standard features used in a display device. It can be appre-
ciated by those skilled in the optical arts that embodiments
of the present invention can use any of a number of types of
standard mounts and support components, including those
used with both wearable and hand-held display apparatus.

In the context of the present disclosure, terms such as
“top” and “bottom” or “above” and “below” or “beneath”
are relative and do not indicate any necessary orientation of
a component or surface, but are used simply to refer to and
distinguish views, opposite surfaces, spatial relationships, or
different light paths within a component or apparatus. Simi-
larly, terms “horizontal” and “vertical” may be used relative
to the figures, to describe the relative orthogonal relationship
of components or light in different planes relative to standard
viewing conditions, for example, but do not indicate any
required orientation of components with respect to true
horizontal and vertical orientation.

Where they are used, the terms “first”, “second”, “third”,
and so on, do not necessarily denote any ordinal or priority
relation, but are used for more clearly distinguishing one
element or time interval from another. These descriptors are
used to clearly distinguish one element from another similar
element in the context of the present disclosure and claims.
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The terms “viewer”, “observer”, and “user” can be used
interchangeably in the context of the present disclosure to
indicate the person viewing an image from a personal
display apparatus.

As used herein, the term “energizable” relates to a device
or set of components that perform an indicated function
upon receiving power and, optionally, upon receiving one or
more enabling signals. For example, a light source is ener-
gizable to emit a beam of light and can be modulated for
image presentation according to image data signals.

In the context of the present disclosure, two planes,
direction vectors, or other geometric features are considered
to be substantially orthogonal when their actual or projected
angle of intersection is within +/—4 degrees of 90 degrees.

In the context of the present disclosure, the term “oblique”
or phrase “oblique angle” is used to mean a non-normal
angle that is slanted so that it differs from normal, that is,
differs from 90 degrees or from an integer multiple of 90
degrees, by at least about 4 degrees or more along at least
one axis. For example, an oblique angle may be at least
about 4 degrees greater than or less than 90 degrees using
this general definition.

In the context of the present disclosure, the term
“coupled” is intended to indicate a mechanical association,
connection, relation, or linking, between two or more com-
ponents, such that the disposition of one component affects
the spatial disposition of a component to which it is coupled.
For mechanical coupling, two components need not be in
direct contact, but can be linked through one or more
intermediary components.

In the context of the present disclosure, the term “left eye
image” describes a virtual image that is viewed by the left
eye of the viewer and a “right eye image” describes a
corresponding virtual image that is viewed by the right eye
of'the viewer. The phrases “left eye” and “right eye” may be
used as adjectives to distinguish imaging components for
forming each image of a stereoscopic image pair, as the
concept is widely understood by those skilled in the stereo-
scopic imaging arts.

The term “at least one of” is used to mean one or more of
the listed items can be selected. The term “about” or
“approximately”, when used with reference to a dimensional
measurement or position, means within expected tolerances
for measurement error and inaccuracy that are accepted in
practice. The expressed value listed can be somewhat altered
from the nominal value, as long as the deviation from the
nominal value does not result in failure of the process or
structure to conform to requirements for the illustrated
embodiment.

With relation to dimensions, the term “substantially”
means within better than +/-12% of a geometrically exact
dimension. Thus, for example, a first dimensional value is
substantially half of a second value if it is in the range of
from about 44% to about 56% of the second value. Positions
in space are “near” each other or in close proximity when,
relative to an appropriate reference dimension such as a
radius of curvature, a focal point, a component location, or
other point on an optical axis, distance dimensions are
substantially the same, no more than about 12% apart,
preferably within 5% or 1% or less distance from each other.

The term “actuable” has its conventional meaning, relat-
ing to a device or component that is capable of effecting an
action in response to a stimulus, such as in response to an
electrical signal, for example.

The term “in signal communication” as used in the
application means that two or more devices and/or compo-
nents are capable of communicating with each other via
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signals that travel over some type of signal path. Signal
communication may be wired or wireless. The signals may
be communication, power, data, or energy signals which
may communicate information, power, and/or energy from a
first device and/or component to a second device and/or
component along a signal path between the first device
and/or component and second device and/or component.
The signal paths may include physical, electrical, magnetic,
electromagnetic, optical, wired, and/or wireless connections
between the first device and/or component and second
device and/or component. The signal paths may also include
additional devices and/or components between the first
device and/or component and second device and/or compo-
nent.

The term “exemplary” indicates that the description is
used as an example, rather than implying that it is an ideal.

With respect to positions of components or centers of
curvature or other features of an optical apparatus, the term
“near” has its standard connotation as would be used by one
skilled in the optical design arts, with consideration for
expected manufacturing tolerances and for measurement
inaccuracies, for example, as well as for expected differ-
ences between theoretical and actual behavior of light.

As is well known, the light distribution within and from
a specific optical system depends on its overall configura-
tion, which need not be geometrically perfect or exhibit ideal
symmetry for suitable performance. For example, the light
distribution for a curved mirror can more accurately
described as focused on a small region that is substantially
centered about a focal point; however, for the purposes of
description, the conventional terms such as “focal point” or
“focal region” are used. The term “eye box” denotes a region
from which a virtual image formed by an optical system can
be viewed.

When a scene is viewed from a single position and is
presented to the observer at both eye positions the view lacks
the perception of depth, the third dimensional effect. A scene
viewed in this way is called bi-ocular. However, when a
single scene is viewed from two positions spaced even
slightly from one another, the view presented to the observer
has the sense of depth. A scene viewed in this way is called
binocular. A scene viewed from one eye position and pro-
duced from one position is called monocular and lacks the
third dimensional effect.

As is well known to those skilled in the imaging arts, a
virtual image is synthetically simulated by divergence of
light rays provided to the eye from an optical system and
viewed in space at an eye box. An optical system forms a
virtual image that appears in the field of view of a viewer at
a given position and distance. There is no corresponding
“real” object in the field of view from which the rays
actually diverge. So-called “augmented reality” viewing
systems employ a virtual imaging system to provide super-
position of the virtual image onto the real-world object scene
that is viewed along a line of sight of the viewer. This
capability for forming a virtual image that can be combined
with object scene image content in the viewer’s field of view
distinguishes augmented reality imaging devices from other
display devices that provide only a real image to the viewer.

Referring to the schematic diagram of FIG. 1A, there is
shown, in side view representation, a virtual image forming
apparatus 10 that forms a virtual image for view by an eye
pupil P in an eye box E. A beam splitter plate 26 (alternately
termed a plate beamsplitter, beamsplitter, or beam splitter)
having first and second parallel surfaces S1 and S2 is
obliquely disposed along a viewer line of sight 12 and is
spaced apart from, and disposed in free space between, an
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image generator 24 for providing an image, and a lens L.1.
In the embodiment illustrated, image generator 24 is a
display source having a display surface 24' for providing an
image. In some embodiments, as shown in FIG. 1, the
surface 24' of the image generator is flat and thus generates
a flat field of image bearing light. For example, the display
surface may be a flat display surface of a cell phone or a
“smart phone”. However, in other embodiments the display
surface 24' of the image generator 24 may be slightly curved.

FIG. 1A illustrates that in this embodiment lens L1 is a
modified meniscus. More specifically, lens L1 has a refrac-
tive aspheric surface 22 that is concave with respect to image
generator 24 and a reflective aspheric surface 20 that is also
concave with respect to image generator 24. In FIG. 1A
embodiment, lens [.L1 may be a catadioptric optical ele-
ment—i.e., a meniscus lens with a reflective surface on the
rear side of the element forming a curved mirror that reflects
light back toward the image generator 24 without spherical
aberration in a flat image field (i.e., flat image surface across
the field of view). A principal axis A of the reflective
aspheric surface 20 is normal to image generator 24. Image
generator 24 is energizable to direct a flat field of image-
bearing light toward spaced-apart surface S2 of beam splitter
plate 26. Image generator 24, beam splitter plate 26, and lens
L1 cooperate and are structured to form a virtual image that
is viewable along line of sight 12 at eye box E. In some
embodiments the image generator 24 may be situated above
the viewer’s eye, and the lens is situated below viewer’s
eyes. In some embodiments the image generator 24 may be
situated below the viewer’s eye, and the lens L1 is situated
above viewer’s eyes.

Beam splitter plate 26 and lens [.1 define, for an image for
a single eye, an optical path 40 along which the light from
beam splitter plate 26 is conveyed through free space for a
first refraction in a first direction through aspheric incident
refractive surface 22. The refracted light is reflected from
aspheric reflective surface 20 and then continues back along
optical path 40, where the reflected light is refracted a
second time from aspheric incident refractive surface 22.
The light then travels through free space and back to beam
splitter plate 26 that reflects the light from the lens L1 along
an uninterrupted path toward the viewer eye box E along line
of'sight 12 of a viewer, wherein line of sight 12 for the object
scene extends through beam splitter plate 26. Beam splitter
plate 26 provides a slanted window through which the object
scene is viewable. Thus the beam splitter is structured and
positioned such that the image bearing light generated by the
image generator traverses the beam splitter as it propagates
toward the lens, and is reflected from the beam splitter after
it is reflected by the lens. According to some embodiments
beam splitter plate 26 weighs less than 25 grams (e.g., <20
grams, <15 grams, <10 grams) and provides a horizontal full
field of view that is at least 30 degrees, and in some
embodiments exceeds 40 degrees (e.g., 40-70 degrees, for
example 50-60 degrees). In some embodiments the beam
splitter plate 26 weighs 2-10 grams, for example no more
than 5 grams, and in some embodiments 2 to 5 grams.
According to some embodiments the beam splitter plate 26
has a partially reflecting surface, the partially reflecting
surface is positioned to face the lens L1, L.2. In the exem-
plary embodiments described herein the partially reflective
surface reflects at least 25% of the light (e.g., 25% to 75%,
or 30% to 70%, or 40 to 60% or 45 to 65%) in the visible
spectrum transmits, and transmits at least 25% of the light
(e.g., 25% to 75%, or 30% to 70%, or 40 to 60% or 45 to
65%) in the visible spectrum transmits. For example, the
partially reflective surface my: (i) transmit 45% of light and
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reflect 55% of light, or (ii) may transmit 50% of light
through, and reflect 50% of light back, or (ii) may transmit
55% of light and reflect 45% of light in the visible spectrum.

It is noted that if the imaging optical element was simply
a spherical mirror, instead of lens L1 (with a refractive
surface facing the image generator 24 and a reflective back
surface), the resultant field would be very out of focus. This
defocusing can be addressed by significantly reducing the
field of view. However, as shown by the embodiments
described herein by having an optical component [.1, [.2 that
has a refractive as well as a reflective lens surface (which
are, in this embodiment both aspheric) we can correct the
image aberrations (across the pupil and the field) and obtain
a well focused image even when the field of view exceeds
40 degrees. Because the light from the image generator 24
passes through the refractive surface 22 twice, lens L1
provides an equivalent of three aspheric surfaces, enabling
correction of several optical aberrations over a wide field of
view that exceeds 40 degrees via a simply, single, compact,
light weight element. In some embodiments, one or more of
the aspheric surfaces can have different factors such as radii
of curvature, conic constants or other factors (e.g., A, B and
C aspheric coefficients which will be described further
below) that define the optical properties of the aspheric
surfaces. In some embodiments, all aspheric surfaces may
have such differing radii of curvature and/or other factors.

As referred to herein “flat image field” refers to the flat
image plane across the field of view”. As referred to herein,
a “flat field of image” and “flat field of image-bearing light”
generated by the image generator 24, refers to a flat display
surface 24' or the light emanating from this surface across
the (object) field of view displayed by the source 24.

According to an embodiment of the present disclosure,
lens 11 is designed to provide correction for field curvature
of the virtual image. In another embodiment, an alternate
approach to compensate field curvature is use of a field lens
placed in proximity to the image generator 24; however, the
use of a monolithic lens at the reflective surface along
optical path 40 can provide the same function and is advan-
taged for simplicity, reducing optical placement require-
ments and allowing any of a number of types of display to
be used, including displays that can differ in size and aspect
ratio, for example.

Image distortion could alternately be corrected using one
or more additional lenses [.1', [.2' (not shown) in the optical
system. However, distortion can also be digitally corrected
in a straightforward manner, by appropriate adjustment to
the image data.

FIG. 1A showed the arrangement of components of vir-
tual image forming apparatus 10 for forming a single
left-eye or right-eye image. The schematic diagram of FIG.
2 shows how a display apparatus 30 forms a binocular
virtual image, with left-eye and right-eye images viewable at
respective eye boxes EL. and ER using a single beam splitter
plate 26. A single image generator 24 generates real left-eye
and right-eye images, 321 and 32R, respectively. A flat field
of image-bearing light from left-eye image 32L transmits
through beam splitter plate 26 and to lens [.1. With this
arrangement, image generator 24 and lens [.1 form a left-eye
virtual image forming apparatus 10L in cooperation with
beam splitter plate 26. Similarly, light from right-eye image
32R transmits through beam splitter plate 26 and to lens [.2.
Image generator 24 and lens L2 form a right-eye virtual
image forming apparatus 10R with beam splitter plate 26.
The use of a single beam splitter plate 26 and lenses L1, [.2
for defining eye box positions for both left- and right-eye
virtual images is advantageous for reducing parts count and
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simplifying component mounting. The arrangement of FIG.
2 is capable of providing stereoscopic viewing when pro-
vided with appropriate left- and right-eye image content.
The image content can be stereoscopic or can alternately be
non-stereoscopic. In addition, a field lens can be added, for
example in between the image generator and the beam
splitter plate 26 to further correct for aberrations. For
example, the field lens may be situated adjacent to the image
generator.

In some embodiments (see for example FIG. 1B) only one
surface of Lens [L1, L2 (i e., either the reflective or the
refractive surface of the lens L1, L2 is aspheric. The
embodiment of FIG. 1B is similar to the embodiment shown
in FIG. 1, but further includes a field lens L situated
adjacent to or in contact with the image generator. In the
embodiment of FIG. 1B the field lens L. has at least one
aspheric surface, for example surface S;.

The design of display apparatus 30 in FIG. 2 can scale
with the focal length of each respective lens L1 and L.2.
FIGS. 3A through 5D show different exemplary arrange-
ments possible with different focal lengths, allowing longer
or shorter eye relief based on focal length. In addition, the
vertical spacing of display apparatus 30 components can be
more or less compact, making the display apparatus scalable
for a variety of wearable and head-mounted configurations,
as well as hand-held configurations, or for stationary con-
figurations in which the display apparatus 30 is mounted to
other equipment.

FIG. 3A shows a perspective view from the front of a
configuration of display apparatus 30 with a single image
generator 24 for providing left-eye and right-eye image
content, from different portions of the display surface, to
respective pupils P (viewer’s eye pupils) at each correspond-
ing eye box. FIG. 3B shows a side view of the FIG. 3A
configuration. FIG. 3C shows a front view of the FIG. 3A
configuration. As shown in the front plan view of FIG. 3C
each eye’s field of view may be horizontally non-symmetric.
That is, the field of view to the outside of the eye, the
peripheral field extending horizontally to the right and left,
may be larger than the field of view to the inside of the eye.

In FIG. 3A and subsequent embodiments, there is a
corresponding left or right line of sight 12 for the corre-
sponding left or right eye.

FIG. 4A shows a perspective view, FIG. 4B a side view,
and FIG. 4C a front plan view of an embodiment that uses
separate left- and right-eye image generators, 241, and 24R,
respectively. Image generators 241, and 24R and/or display
surfaces 241, 24R’ can lie in the same plane or may be offset
from each other, tilted or adjusted for improved packaging
or to adjust for viewer anatomy, for example.

FIG. 5A shows a perspective view, FIG. 5B a side view,
and FIG. 5C a front view of an alternate embodiment that
uses a single beam splitter plate 26 with separate left- and
right-eye image generators, 241, and 24R, respectively.

FIG. 5D is a perspective view that shows an alternate
embodiment wherein a separate beam splitter plate 26L is
used for a left-eye virtual image forming apparatus 10L;
beam splitter plate 26R is used in the right-eye virtual image
forming apparatus 10R. Each beam splitter plate 261, 26R
lies along the corresponding left or right line of sight 12 for
the corresponding left or right eye.

The perspective view of FIG. S5E shows an alternate
embodiment using individual beam splitter plates 261 and
26R for the left- and right-eye virtual image forming appa-
ratus. Left and right beam splitter plates 26L. and 26R are
disposed at opposite oblique angles relative to line of sight
12. The positions of image generators 241, and 24R and of






