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SCANNED LIGHT DISPLAY SYSTEM USING LARGE NUMERICAL
APERTURE LIGHT SOURCE, METHOD OF USING SAME, AND
METHOD OF MAKING SCANNING MIRROR ASSEMBLIES

CROSS-REFERENCE TO RELATED APPLICATIONS

[001] This application claims the benefit of Provisional Application No.
60/569,389, filed on May 7, 2004; Provisional Application No. 60/611,183, filed on
September 17, 2004; and Provisional Application No. 60/610,911, filed September 17,
2004, and U.S. Patent No. 11/078,970, filed March 9, 2005, the disclosures of each are

incorporated herein by reference.

TECHNICAL FIELD

[002] This invention relates to scanned light display systems, and more particularly
to scanned light displays using large numerical aperture light sources and/or relatively

compact optical systems for manipulating light from the light sources.

BACKGROUND

[003] A variety of techniques are available for providing visual displays of
graphical or video images to a user. In many applications cathode ray tube type displays
(CRTs), such as televisions and computer monitors, produce images for viewing. Such
devices suffer from several limitations. For example, typical CRTs are bulky and
consume substantial amounts of power, making them undesirable for portable or head-
mounted applications. .

[004] Matrix addressable displays, such as liquid crystal displays and field
emission displays, may be less bulky and consume less power. However, typical matrix
addressable displays utilize screens that are several inches across. Such screens have
limited use in head mounted applications or in applications where the display is intended
to occupy only a small portion of a user's field-of-view. Such displays have been
reduced in size at the cost of incréasingly difficult processing and limited resolution or
brightness. Also, improving resolution of such displays typically requires a significant

increase in complexity.
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[005] Another form of display is a scanned beam display. Various scanned beam
displays have been disclosed in the art, such as that described in U. S. Patent No.
5,467,104 of Furness et al., entitled VIRTUAL RETINAL DISPLAY, which is
incorporated herein by reference. In one example of a scanned beam display, a scanning
source outputs a beam of coherent light that is reflected by a mirror in a MEMS scanner
onto a viewer’s retina. The scanned light enters the viewer’s eye through the viewer’s
pupil and is directed onto the retina by the cornea and lens. The intensi‘ty of the light

| from the light source is modulated as the beam is scanned horizontally and vertically so
that the viewer perceives an image. In other examples, the scanning source may include
one or more modulated light emitters that are rotated through an angular sweep to scan
the light onto the viewer’s retina. One example of such a scanner suitable for either type
of display is described in U. S. Patent No. 5,557,444 to Melville et al., entitled
MINIATURE OPTICAL SCANNER FOR A TWO-AXIS SCANNING SYSTEM,
which is incorporated herein by reference.

[006] - Scanned beam displays are sometimeé used for partial or augmented view
applications in which a portion of the display is positioned in the user’s field-of-view to
create an image that occupies a region of the user’s field-of-view. The user can thus see
both a displayed virtual image and a background image. If the background light is
occluded, the viewer perceives only the virtual image. Applications for see-through and
occluded scanned beam displays include head-mounted displays and camera electronic
viewfinders, for example.

[007] A common requirement of scanned beam displays has been the need to
collimate the light into a beam having a relatively low numerical aperture, i.e., a small
divergence angle, prior to scanning the beam across the field-of-view. Unfortunately,
providing a collimated, low numerical aperture beam of light frequently employs
relatively expensive coherent light sources such as lasers, or edge-emitting light
emitting diodes (“EELED”). Such collimated light sources may result in low optical
efficiency and have the effect of producing a dimly lit display.

[008] Scanned beam displays frequently require a complex set of optics to generate
a scanned beam image. In one example, light from a low numerical aperture light
source is collected by a set of optics to form a beam. This light beam is then directed to

a bi-axial scanner, which scans the light beam into a set of optics that images the light
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beam onto an exit pupil expander (“EPE”) placed at an intermediate image plane. The
expanded image is then conveyed by another set of optics that translates positional
information from the EPE into angular information at the viewer’s pupil. In such
displays, the scanner outputs angular information that is converted to positional
information at the EPE, only to have this positional information converted back to
angular information through the viewing optics. The large number of optical
components used by these types of complex imaging systems results in displays that are

relatively bulky and expensive.

SUMMARY

[009] According to an aspect, a scanned light display system includes a light
source operable to emit light and a curved mirror positioned to receive at least a portion
of the light. The curved mirror is configured to substantially collimate the light received
from the light source. An actuator is operably coupled to at least one of the light source
and the curved mirror to move the light source and the curved mirror relative to each
other in order to scan the substantially collimated light to form an image.

[010] According to another aspect, a scanned light display system includes a light
source operable to emit light, a curved mirror positioned to receive at least a portion of
the light, and an optical element positioned in front of the curved mirror to receive and
relay the scanned light image. The optical element (e.g., a lens) is positioned to receive
light reflected from the curved mirror and configured to substantially collimate the light
received from the curved mirror. An actuator is operably coupled to at least one of the
light source, the relay optical element (e.g., a lens), and the curved mirror to move at
least one of the light source, the relay optical element, and the curved mirror in order to
scan the substantially collimated light to form an image. Optionally, the relay optical
element (e.g., a lens) may be made with variable power to allow for a range of eye
reliefs. This may be used to adapt the display to the use environment and offer a range
of field-of-view versus viewing distance pairs.

[011] According to another aspect, a scanned light display system may be adapted
to view stored or live still or video images as, for example, a camera subsystem.
According to still another aspect, a scanned light display system may be adapted to view

streaming and/or wireless media including video or still images.
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BRIEF DESCRIPTION OF THE DRAWINGS

[012] Figure 1 is a schematic cross-sectional view of a scanned beam display
employing an off-axis light source according to an embodiment.

[013] Figure 2 is a schematic cross-sectional view of a scanned beam display that
is more compact than the scanning beam display of Figure 1 according to an
embodiment.

[014] Figure 3 is a schematic cross-sectional view of a scanned beam display that
is more compact than the scanning beam display of Figure 1 according to an
erribodiment. ,

[015] Figure 4 is a schematic cross-sectional view of a scanned beam display that
is more compact than the scanned beam display of Figure 1 according to an
embodiment.

[016] Figure 5 is a schematic cross-sectional view of the display of Figure 4 in a
package according to an embodiment.

[017] Figure 6 is a schematic isometric view of the display of Figure 5.

[018] Figure 7 is an exploded schematic isometric view of the display of Figure 5
illustrating various components thereof. |

[019] Figure 8 is a schematic cross-sectional view of a scanned beam display in
which the display moves the array of light emitters while the curved mirror remains
stationary according to an embodiment.

[020] Figure 9A is a schematic cross-sectional view of a scanned beam display in
which the display includes a lens disposed between the viewer’s eye and the array of
light emitters according to an embodiment.

[021] Figure 9B is a schematic cross-sectional view of a variable power objective
optical element disposed between the viewer’s eye and the array of light emitters that
allows for a range of viewing distances according to an embodiment.

[022] Figure 9C is an elevation from the viewer’s perspective of a simple
mechanism for selecting from among a plurality of objective optical elements according
to an embodiment. '

[023] Figure 10 is a schematic cross-sectional view of a see-through scanned beam

display according to an embodiment.
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[024] Figure 11 is a schematic isometric view of the display of Figure 10 in a
package according to an embodiment.
[025] Figure 12 is an exploded schematic isometric view showing the main

components of the embodiment of Figure 11.

[026] Figure 13 is a schematic cross-sectional view of a scanned beam display
employing three arrays of light emitters according to an embodiment.

[027] Figure 14 is a schematic cross-sectional view of a scanned beam display in

which the display is mounted in a pair of eyeglasses according to an embodiment.

[028] Figure 15 is an exploded schematic isometric view of the scanned beam
display of Figure 14.
[029] Figure 16 is a schematic isometric view of a scanned beam display in which

the display is mounted in a pair of eyeglasses according to an embodiment.

[030] Figure 17 is a schematic partial cross-sectional view of the scanned beam
display of Figure 16.

[031] Figure 18 is a schematic isometric view of a scanned beam display having a
support structure configured to be worn on a VieWer’s head according to an
embodiment.

[032] Figure 19 is a schematic isometric view of a' scanned beam display
incorporated into a cellular phone according to an embodiment.

[033] Figure 20 is a schematic isometric view of the cellular phone of Figure 19
with the scanned beam display and the phone display closed.

[034] Figure 21 is a schematic cross-sectional view of a scanned beam display in
which the displayed image moves with the movement of a viewer’s eye according to an
embodiment.

[035] Figure 22 is a block diagram of a control system that may be used with the
displays of Figures 1 through 21 according to an embodiment.

[036] : Figure 23 is a schematic isometric view of a scanning mirror assembly
according to an embodiment.

[03;7] Figure 24 is a schematic isometric view of a scanned beam display
employing a scanning mirror assembly that is actuated using a magnetic actuator system

according to an embodiment.
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[038] Figure 25 is a schematic plan view of an assembly of a plurality of
interconnected scan frames with individual mirrors bonded thereto.

[039] Figure 26 is a schematic sectional view of an individual scanning mirror
assembly diced from the assembly of Figure 25.

[040] Figure 27 is a block diagram of a scanned light display system used in
conjunction with, or as a subsystem of a still or video camera or other stored image
viewing system according to an embodiment.

[041] Figure 28 is a blo‘ck\ diagram of a media viewer capable of rendering still
and/or video images to a user from a streaming and/or wireless media source according

to an embodiment.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[042] Figure 1 shows a scanned beam display 100 according to an embodiment.
The display 100 includes an off-axis light source 102 for producing light 104 having a
large numerical aperture. In some contexts, the light source 100 may also be referred to
as a Lambertian light source, though not all large numerical aperture devices are
Lambertian. Some of the light 104 from the light source 102 is reflected by a relatively
large curved mirror 108 (e.g., a spherical mirror). The curved mirror 108 may be
scanned both horizontally and vertically, although only two vertical scan positions are
shown in Figure 1.

[043] The curved mirror 108 provides two functions. First, the curved mirror 108
substantially collimates the light 104 into a beam 118 at and near an image plane
defined by a pupil 112 of a viewer’s eye 115. The beam 118 is larger than the diameter
of the viewer’s pupil 112. The viewer’s lens 114 then focuses the collimated beam 118
onto the viewer’s retina 116. The degree of collimation provided by the curved mirror
108 may correspond to an apparent image distance. Second, a field-of-view is formed
on the curved mirror 108 as it sweeps the light 104, while the intensity of the light 104
is modulated to sequentially create an array of picture elements. If the curved minor
108 is semi-transparent, the display 100 may be configured as a see-through display in
which a background image positioned behind the curved mirror 108 is visible. The
collimated beam 118 may be scanned across the viewer’s pupil 112 in the vertical z-axis

direction by tilting, i.e., rotating the curved mirror 108 about the x-axis, as shown in
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Figure 1, vertically moving the curved mirror 108 in the z-axis direction without
rotating the curved mirror 108, or combinations thereof. Rotating or vertically moving
the curved mirror 108 will both effectively scan the collimated beam 118 in the vertical
axis across the viewer’s pupil 112. Similarly, the collimated beam 118 may be scanned
in the horizontal X—éxis direction by tilting, i.e., rotating the curved mirror 108 about the
z-axis, horizontally moving the curved mirror 108 in the x-axis direction without
rotating the curved mirror 18, or combinations thereof.

[044] The curved mirror 108 should be relatively large to allow the collimated
beam 118 to sweep across the retina 116 during scanning, while keeping a portion of the
beam 108 aligned with the pupil 112. By making the diameter of the curved mirror 108
relatively large, the apparent position of the light source moves across the curved mirror
108 as it scans, creating the impression of an array of picture elements. Furthermore, by
making the diameter of the curved mirror 108 relatively large, there is a sufficient
portion of the collimated beam 118 to fill the viewer’s pupil 112, even at extreme
angles. | |

[045] The light source 102 may be a light source, such as a surface-emitting LED
light source, an organic LED (OLED) light source, or another suitable light source.
Such sources emit light in a cone or Lambertian pattern that fills the curved mirror 108
substantially uniformly. - Uniformly filling the curved mirror 108 improves image
uniformity because different portions of the beam 118 projected by the curved mirror
108 enter the pupil 112 from different angles during a horizontal and vertical sweep of
the collimated beam 118. Thus, pixels near the top of the displayed image use one
portion of the collimated beam 118, pixels neaf the middle of the image use another
portion of the collimated beam 118, and pixels near the bottom use yet another portion
of the beam 118. The different portions of the collimated beam 118 that are used to
form an image is a continuum with the portion of the beam 118 entering the pupil 112
constantly changing as the collimated beam 118 is scanned back and forth.

[046] Although the efficiency of the light source 102 may be less than optimum
because a portion of the light, shown as light 106, misses the curved mirror 108, the
numerical aperture of the light source 102 may be substantially matched to the
collection numerical aperture of the curved mirror 108 to provide greater efficiency,

while meeting other design constraints. For example, one or more laser light sources
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(not shown) may be used. In general, lasers emit light having a smaller numerical
aperture, i.e., a more collimated beam, that may be spread out by beam shaping optics to
fill the curved mirror 108. However, the use of a laser light source may not provide the
cost advantages of using a high numerical aperture light source.

[047] One advantage of some embodiments is a loosening of alignment tolerances.
For some embodiments, the light source 102 X, Y, Roll, Yaw, and Pitch axes need not
be precisely controlled. The Z axis, which establishes the display focus, generally has
tolerances typical of other scanned light displays. For some embodiments where it is
desirable to have an adjustable focus, even the Z axis does not need to be precisely
positioned in a fixed manner. This reduction in the amount of precision alignment,
along with the elimination of numerous lenses, may help to reduce the system cost.

[048] Table 1 shows the relationship between eye relief, exit pupil, field-of-view
(FV), and curved mirror diameter for three embodiments for a typical viewer’s pupil
diameter of 2 mm. In Cases 1 and 2 of Table 1, it is assumed that the fast scan (FS) axis
is the horizontal x-axis. Case 3 assumes the fast scan axis is aligned with the vertical z-
axis. Case 3 also assumes that the horizontal maximum scan angle (MSA) angle will be

smaller than the vertical MSA angle through the use of zones.

[049] Table 1: Mirror Diameter for various displéy configurations
Parameter Casel Case 2 Case 3
Eye Relief (mm) 10 12 10
Exit Pupil (mm) 5 \ 5 5
Diagonal FOV (degrees) 30 30 30
FS FOV (degrees) 24 24 24
Scanner Angle for FS (degrees) ‘ 6 6 4.5
Mirror Diameter (mm) 9.2 10 8.1
[050] The use of zones refers to using more than one light source rather than a

single light source, and will be discussed in more detail with reference to the
embodiments shown in Figures 4 through 24. Each light emitter in the array may
provide light for a range, or zone of pixels. By using a zoned approach, the curved

mirror 108 need only make enough fast scan sweeps to fill a zone during a given video
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frame, rather than having to make enough sweeps to fill the entire frame. The slow scan
angle is reduced because it only needs to scan the light from a given source enough to
fill the gap to the zones of the neighboring light sources (and optionally, any blending
zone). Thus, the use of more than one light source may greatly reduce the required
mirror fast scan frequency. Furthermore, slowing the mirror fast scan may also increase
the dwell time on each pixel and improve the achievable brightness using a given light
source.

fOSl] The display 100, shown in Figure 1, is able to use a large numerical light
source without the complex optical systems typically associated with scanned beam
displays using such light sources.

[052] Figure 2 shows a scanned beam display 120 that also employs an 6ff—axis
light source according to an embodiment. The configuration of the display 120
facilitates using a smaller scan mirror size by reflecting the image produced thereby off
an intermediate fixed reflective surface 124 (e.g., an elliptical mirror). In operation, the
light source 102 emits the light 104 that is substantially collimated and reflected from a
scanable curved mirror 122 located at a first focal pdint of an ellipse 130. Light 126
reflected from the curved mirror 122 is reflected from the intermediate fixed reflective
surface 124 onto the viewer’s pupil 112, and scanned across the viewer’s pupil 112 by
scanning the curved mirror 122 in a manner similar to the display 100 of Figure 1. In
the display 120, the viewer’s pupil 112 is located at the second focal point of the ellipse
130. This configuration of the display 120 may require relatively precise alignment of
the curved mirror 122 and the intermediate fixed reflective surface 124. However, the
display 120 provides relatively large eye relief and field-of-view without requiring as
large a moving mirror as the display 100 of Figure 1. Additionally, if the intermediate
fixed reflective surface 124 is partially transparent (e.g., half-silvered), the system of
Figure 2 may be configured as a see-through display.

[053] Figure 3 shows a scanned display 132 according to an embodiment. The
display 132 also employs an off-axis light source which enables altering the optical path
of the light emitted from the light source. In Figure 3, the optical path between the light
source 102 and scanning curved mirror 108 may be folded by redirecting the light 104
off of a reflective surface 136 onto the curved mirror 108. The display 132 further

includes a housing 147 that encloses the light source 102, the curved mirror 108
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operable to scan light across the pupil 112 of a viewer under actuation of actuator 146, a
reflective surface 136, and a transparent front plate 138 that is connected to the housing
147 and which the viewer views light reflected from the curved mirror 108
therethrough. The actuator 146 may be a magnetic actuator that actuates the curved
mirror 108 from instructions received by actuator controller 134 via a flex circuit 140.
The components of the display 132 occupy a relatively small volume, making the
display 132 well adapted to size-constrained applications such as camera viewfinders,
eyewear, and others.

[054]  h operation, the light 104 is emitted from the light source 102 and
subsequently reflected off of the opposing reflective surface 136. Light reflected from
the reflective surface 136 is directed onto the curved mirror 108. The actuator 146 is
operable to scan light reflected from the curved mirror 108 across the viewer’s pupil 112
in the vertical z-axis direction, the horizontal x-axis direction, or both by scanning the
curved mirror 108 under actuation by the actuator 146 in a manner similar to the display
100.

[055] Figure 4 shows- a scanned beam display 148 according to an embodiment.
The display 148 includes a curved mirror 108 (e.g., a spherical mirror) aligned directly
with a pupil 112 of a viewer. A linear array 150 of light emitters 162 extending
generally in the x-axis direction is positioned in front of the viewer’s pupil 112 at a focal
point of the curved mirror 108. The array 150 of light emitters 162 may be a fully
populated array with each light emitter 162 corresponding to a pixel of a horizontal
pixel line to be generated on the viewer’s retina 116. Light 152 emitted by the light
emitters 162 may radiate outwardly over a substantially hemispherical solid angle to.
strike the curved mirror 108. Light missing the curved mirror 108 may be absorbed by a
display housing (not shown). Light hitting the curved mirror 108 is substantially
collimated by the curved mirror 108 into a beam 154 and directed back to the pupil 112
where it is focused by the lens 114 of the viewer’s eye 115 onto the viewer’s retina 116.

[056] Each of the large number of light emitters 162 used in the linear array 150
may be a triad of red/green/blue (“RGB”) emitters so that the array 150 provides one
RGB triad per horizontal pixel. In one embodiment, the light emitters 162 of the array
150 may be OLED devices. Also, while the array 150 has been referred to as being

linear, individual light emitters 162 may, in fact, be offset to allow for manufacturability
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or other issues. If the light emitters 162 are offset by a substantial portion of a pixel
pitch or greater, pixel timing may be modified to account for the positional variation of
the light emitters 162 relative to the scan angle of the curved mirror 108. Finally,
although the array 150 has been referred to as linear, it may be curved to correspond to
the curvature of the curved mirror 108 so that the distance between the curved mirror
108 and each of the light emitters 162 is constant and the light emitters 162 remain in a
focal sphere of the curved mirror 108. ’

[057] Although the light 152 reflected by the curved mirror 108 is directed to the
viewer’s pupil 112, it will generally also be directed onto the viewer’s face. Light from
external light sources may also strike the viewer’s face, particularly if the display 148 is
used as a see-through display in which light sources are positioned behind the curved
mirror 108. This extraneous light striking the viewer’s face might be reflected from the
curved mirror 108 and be Visible to the user. To prevent extraneous light on the
viewer’s face from being visible, an optical filter 156 may be positioned between the
array 150 of light emitters 162 and the viewer’s pupil 112. One embodiment for the
optical filter 156 uses a linear polarizing plate 158 followed by a quarter wave
polarizing plate 160. Light reflected from the viewer’s face travels through the quarter
wave polarizing plate 160 twice (once from the face to the curved mirror 108 and again
from the curved mirror 108 to the pupil 112) and is substantially rejected by the filter
156. As a result, the optical filter 156 improves the contrast ratio of the viewed image.
One commercially available product that may be employed in filter 156 is sold by the
3M® Company. Other filter designs may also be used.

[058] Since the arréy 150 is not located at the viewer’s focus plane (infinity in the
case where the beam 154 is fully collimated), the array 150 and electrical conductors
(coupled to the light emitters 162) are not clearly visible to the user. The light emitter
array 150 does cut off some of the light returning from the curved mirror 108, however,
because the array 150 is small relative to the user’s pupil 112, the shadowing effect is
minimal.

[059] In operation, the curved mirror 108 scans only in the vertical axis to sweep
the collimated beam 154 vertically across the viewer’s pupil 112. As with the scanned
beam display 100 shown in Figure 1, the collimated beam 154 may be scanned across

the viewer’s pupil 112 in the vertical z-axis direction by tilting, i.e., rotating the curved
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mirror 108 about the x-axis, as shown in Figure 4, vertically moving the curved mirror
108 in the z-axis direction without rotating the curved mirror 108, or combinations
thereof. At each position of the curved mirror 108, the light emitters 162 may emit light
substantially simultaneously or may be sequentially activated with an intensity
corresponding to the intensity of a correspondingly positioned location in the image
being displayed. If the light emitters 162 are formed by RGB triads, the relative
intensity of the RGB emitters are controlled to replicate the color of a correspondingly
positioned location in the image being displayed. In an alternative embodiment, the
curved mirror 108 may be scanned vertically throughout its entire range as each light
emitter 162 is illuminated. However, this alternative embodiment is generally less
desirable because it requires that the curved mirror 108 be physically scanned at a
higher rate than the electrically scanning of the light emitters 162 even though physical
scanning is generally slower than electrical scanning. According to one embodiment,
the curved mirror 108 is scanned at a frame rate of, 60 Hz for example, and each light
emitter 162 in the array 150 is modulated at a frequency of 36 KHz (60 Hz * 600 lines)
to provide a display having the quality of an SVGA display. In this embodiment, the
array 150 may include 800 respective red, green, and blue light emitters 162 (2400 total
light emitters 162).

[060] In alternative embodiments, the scanning frequency of the curved mirror 108
may be increased, for example to 600 Hz, and the number of light emitters 162 in the
array 48 might be reduced. For the case of a 60 Hz scan, the 2400 light emitters 162
may be multiplexed in groups of 10, thus using only 240 circuits (not shown) driving the
light emitters 162. Other combinations may also be used.

[061] Figure 5 shows an embodiment for packaging the display 148 of Figure 4.
Display 164 includes a housing 174 for housing a scanning mirror assembly 170 and the
array 150. The scanning mirror assembly 170 includes the curved mirror 108 and an
actuator 172 operably coupled to an actuator controller 168 for controlling the actuator
172. The actuator 172 is operable to scan the curved mirror 108 as described above with
respect to the display 148 of Figure 4. The display 164 further includes a filter plate 166
connected to the housing 174 for filtering extraneous light in a manner similar to the

filter 156 of Figure 4.
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[062] Figures 6 and 7 show schematic views of the display 164 of Figure 5.
Referring to the exploded view of Figure 7, the housing 174 includes provision for
accepting the scanning mirror assembly 170. In the embodiment of display 164, a glass
emitter plate 176 that carries the array 150 is received by the housing 174 and connected
to the interior thereof. The emitter array 150 may be masked to prevent the leakage of
light in the direction opposite that of the curved mirror 108. The filter plate 180 is
placed over the emitter plate 176, and the emitter plate 176 and filter plate 180 are
secured within the housing 174 by a frame 178 which defines a viewing aperture.

[063] The filter plate 180 is a combination quarter-wave/polarizer plate assembled
with the polarizing side facing the viewer and the quarter wave side facing the emitter
plate and scanning mirror, and operates as described above with respect to filter 156.
The filter plate 180 may be dispensed with, especially in applications where glare from
the viewer’s eye, face, or surroundings is not an issue. Also, the quarter-wave rotation
and polarization functions may be split into two or more separate plates, may be
embodied as thin films, etc. In an alternative embodiment, the glass emitter plate 176
may be eliminated and the array 150 formed directly on the filter plate 180. In another
embodiment, the quarter-wave plate is positioned on the opposite end of the housing
174, near the curved mirror 108, or in another alternative position. As an alternative to
polarization and rotation, a neutral density, colored, or other filter may be substituted to
attenuate light from entering the display through the viewing aperture.

[064] Figure 8 shows a scanned beam display 182 that is structurally very similar
to the scanned beam display 148 of Figure 4 according to an embodiment. Therefore, in
the interest of brevity, components in both displays 148, 182 that are identical to each
other have been provided with the same reference numerals, and an explanation of their
structure and function will not be repeated unless the components function differently in
the two displays 148, 182. Like the display 148, the display 182 includes a curved
mirror 108 aligned with a pupil 112 of a viewer. A linear array 150 of light emitters 162
is also positioned directly in front of the viewer’s pupil 112 at a focal point of the curved
mirror 108. Each of the light emitters 162 emit light that may have a large numerical
aperture. The light emitters 162 preferably emit light from a relatively small cross-
section area to provide a high resolution image. The array 150 may be curved to

correspond to the curvature of the curved mirror 108 so that the distance between the
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curved mirror 108 and each of the light emitters 162 is constant and the light emitters
162 remain on a focal sphere of the curved mirror 108. Light 152 emitted by the light
emitters 162 is aimed at the curved mirror 108. Light hitting the curved mirror 108 is
reflected and collimated by the curved mirror 108 into a beam 154 and directed back to
the pupil 112 of the viewer’s eye 115 where it is focused by the viewer’s lens 114 onto
the viewer’s retina 116. The optical filter 156 may be provided to prevent light reflected
from the viewer’s face and eye from being reflected off the curved mirror 108 and back
to the eye 115 of the viewer.

[065] The display 182 differs from the diéplay 148 of Figure 4 by maintaining the
curved mirror 108 substantially stationary. Instead of maintaining the array 150 of light
emitters 162 stationary, the array 150 is moved vertically in the z-axis direction,
although only three positions of the array 150, 150" and 150" are shown in Figure 8.
Moving the array 150 vertically alters the location and angle at which the beam 154 is
directed by the curved mirror 108 onto the pupil 112 of the viewer, analogous to the
manner in which rotating or vertically moving the curved mirror 108 in the display 148
alters the location and angle at which the light is directed onto the pupil 112. In some
embodiments, the array 150 is moved vertically so the light emitter 162 emitting light is
positioned on the focal surface of the curved mirror 108.

[066] In operatfon, the light emitters 162 may emit light substantially
simultaneously or may be sequentially activated at each vertical position of the array
150. The light emitters 162 are activated with an intensity equal to the intensity of a
correspondingly positioned location in the image being displayed. If the light emitters
162 are formed by RGB triads, for example, the relative intensity of the RGB emitters
are controlled to replicate the color of a correspondingly positioned location in the
image being displayed.

[067] In the embodiment described above, the array 150 of light emitters 162 is
stationary in the vertical direction as the light emitters 162 may emit light substantially
simultaneously or may be sequentially illuminated in the horizontal x-axis direction.
After all of the light emitters 162 have been illuminated, the array 150 of light emitters
162 may be moved to the next vertical position along the z-axis direction, and the light
emitters 162, again, emit light substantially simultaneously or emit light sequentially.

This process of illuminating the light emitters 162 and then moving the array 150
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vertically after each scan continues until the array 150 has moved the entire vertical
dimension of the curved mirror 108. In an alternative embodiment, the array 150 of
light emitters 162 is moved vertically in the z-axis direction from top to bottom as each
light emitter 162 is illuminated in sequence. For example, the array 150 is moved from
top to bottom, while the first light emitter 162 in the array 150 is continuously
illuminated. The array 150 then returns to the top position, and the second light emitter
162 is illuminated, and it remains illuminated, while the array 150 is moved to the
bottom of the vertical scan, etc. However, this alternative embodiment is generally less
desirable because it requires that the array 150 be physically scanned at a higher rate
than the electrical scanning of the light emitters 162 even though physical scanning is
generally slower than electrical scanning. Regardless of the particular sequence that the
light emitters 162 are illuminated, the array 150 of the light emitters 162 may be moved
along a curved path so that the respective light emitter 162 that is emitting light is
maintained at a constant distance from the curved mirror 108.

[068] According to one embodiment, the array 150 is scanned vertically at a frame
rate, 60 Hz for example, and each light emitter 162 in the array 150 1s modulated at a
frequency of 36 KHz (60 Hz * 600 lines) to provide a display having the quality of an
SVGA display. In this embodiment, the array 150 may include 800 respective red,
green, and blue light emitters 162 (2400 total light emitters 162). In alternative
embodiments, the frequency at which the array is physically scanned may be increased,
for example to 600 Hz, and the number of light emitters 162 in the array 150 might be
reduced. For the case of a 60 Hz scan, the 2400 light emitters 162 may, for example, be
multiplexed in groups of 10, thus requiring only 240 circuits (not shown) driving the
light emitters 150. For a 600 Hz scan, the number of light emitters may be reduced.
Other combinations may also be used.

[069] As with the stationary array 150 of light emitters 162 of Figure 4, the moving
array 150 of Figure 8 is not located at the viewer’s focus plane (such as at infinity), and
the array 150 and electrical conductors (not shown) driving it are not clearly visible to
the user. Additionally, by moving the array 150 at a rapid rate, there may be less chance
it may be visible to the user, and to the extent the array 150 obscures some of the light
returning from the curved mirror 108, this shadowing effect is spread out over the entire

viewing area.
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[070] Vertically moving the array 150 rather than vertically scanning the curved
mirror 108 may further provide a potentially higher scanning frequency. The array 150
may be lighter than the curved mirror 108, and it may have a smaller cross-sectional
area to move through the air. As a result, for given power and actuator constraints, it
may be possible to vertically scan by moving the array 150 of light emitters 162 at a
frequency that is higher than the frequency at which vertical scanning may be
accomplished by rotating the curved mirror 108 or vertically moving the curved mirror
108 in the z-axis direction. |

[071] Figure 9A shows a scanned beam display 184 that provides a larger field-of-
view for a given curved mirror diameter according to an embodiment. In order to
increase the field-of-view, the diameter of the curved mirror 108 may be increased.
However, a larger mirror is undesirably bulky, expensive, and heavy. In the scanned
beam display 184, a lens 186 is used to increase the field-of-view to the viewer. In one
embodiment, the lens 186 is a lens doublet. The scanned beam display 184 is
structurally very similar to the scanned beam display 182 of Figure 8. Therefore, in the
interest of brevity, components in both displays 182, 184 that are identical to each other
have been provided with the same reference numerals, and an explanation of their
structure and function will not be repeated unless the components function differently in
the two displays 182, 184. Like the display 182, the display 184 includes a curved
mirror 108 aligned with a pupil 112 of the viewer’s eye 115. The lens 186 is located
between the array 150 and the viewer’s pupil 112, and the array 150 is located forward
of the focal surface of the curved mirror 108. By positioning the array 150 forward of
the focal surface of the curved mirror 108, the point which the array 150 may rotate in
order to maintain a constant distance between the light emitters 162 thereon and the
curved mirror 108 is moved within the display 184. Thus, instead of the pivot point for
the array 150 being located approximately at the eye 115 of the viewer as in the display
182 of Figure 8, the pivot point is located within the display 184 facilitating the
mechanical design of a pivoting mechanism.

[072] In operation, the light emitters 162 of the array 150 emit light that is directed
onto the curved mirror 108. However, since the array 150 is located forward of the
focal surface of the curved mirror 108, the light reflected from the curved mirror 108

will not be collimated (i.e., slightly divergent). The lens 186 focuses the divergent light
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reflected from the curved mirror 108 into a substantially collimated beam that is directed
onto the pupil 112 of the viewer’s eye 115. As shown in Figure 9A, in one embodiment,
the array 150 may be moved vertically in the z-axis direction, while the lens 186 and the
curved mirror 108 are maintained stationary in order to vertically scan light in the z-axis
direction collimated by the lens 186. In an alternative embodiment, the array 150 may
be rotated about an axis that extends through the lens 186 or proximate the lens 186 in
the x-axis direction. In this embodiment, the array 150 rotates so that the light emitter
162 of the array 150 emitting light is located on the focal surface of the optical system
defined by the curved mirror 108 and the lens 186. By moving the point of rotation to
the lens 186 or a location proximate the lens 186, a support bar that supports the array
150 may be shortened which substantially reduces the moment of inertia of the support
bar. In an alternative embodiment, the curved mirror 108 and the array 150 are
maintained stationary and the lens 186 may be tilted, i.e., rotated about the X-axis,
moved vertically in the z-axis direction, or combinations thereof to scan the collimated
beam across the viewer’s pupil 112 in the vertical z-axis direction. In yet another
alternative embodiment, the lens 186 and the array 150 are maintained stationary, while
the light focused by the lens 186 may be scanmed across the viewer’s pupil 112 in the
vertical z-axis direction in a manner similar to the display 148 of Figure 4 by tilting, i.e.,
rotating the curved mirror 108 about the ){-axis, vertically moving the curved mirror 108
in the z-axis direction without rotating the curved mirror 108, or combinations thereof.
Although the use of the lens 186 was described using a scanned display structurally
similar to the display 182 of Figure 8, the lens 186 may also be used with displays 100,
148 shown in Figures 1 and 4.

[073] Figure 9B shows a variable power objective element 902 positioned between
a large numerical aperture scanned beam image source 901 and the user’s eye, here
shown in two positions 904 and 906 according to an embodiment. According to one
embodiment a manual adjustment control 908 is adjusted by the user to optimize the
image according to the user’s preference. In position 904 for example, a user may
prefer to maximize his or her field-of-view. In position 906 for example, a user may
prefer to adjust the control 908 to compress the image to fit within the reduced field-of-
view. Optionally, adjustment may be provided to vary the apparent distance of the

image to best focus the image for the user’s preference.
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[074] In an alternative embodiment, an automatic system 910 may be provided to
adjust the variable power objective element 902. In one embodiment, a detector 912
may measure a characteristic correlated to the user’s eye position. For example,
detector 912 may be a range detector that monitors the distance from the display to the
user’s face. Alternatively, the detector 912 may measure the angle subtended by the eye
or the user’s face. In 21 second alternative, an amount of light reflected from the field-of-
view may be measured. Other detector technologies may be used as known to those
skilled in the art. A microcontroller 914 receives an eye position correlation signal from
the detector 912 and enables or actuates the optical variation of the variable power
objective element 902.

[075] In another alternative embodiment, which may be used in conjunction with
or independent of the variable power objective element 902, the microcontroller 914
may control image source 901. According to one option, the microcontroller 914
enables or controls the image source 901 to display a‘n‘image when a viewer’s eye is in
position to see an image and/or enter a reduced power, non-display mode when a
viewer’s eye is not present. A delay timer may be used to keep the image source 901
enabled in the event a user looks away briefly or to allow time for a new viewer to bring
the display to his or hef eye (or bring his or her eye to the display). The logic of the
microcontroller 914 may also be predictive to enable the image source 901 and/or the
variable power objective element 902 when conditions indicate a probability that a user
will present to the system.

[076] Figure 9C shows a simple user-controlled variable power objective according
to an embodiment. First fixed-power objective lens 916 is shown positioned in front of
the image source 901. The first fixed-power objective lens 916 is held by or formed
integrally with adjustment plate 918, along with at least one second fixed-power
objective lens 920. The adjustment plate 918 is adapted to rotate around axis 922 so as
to bring second fixed-power objective lens 920 to bear on the image source 901 when a
user manually enables such a change by moving adjustment tab 924. Detents may be
formed to keep a selected objective lens (e.g., 916 or 920) in place when so desired.
The optical characteristics of the plural fixed power objective elements 916 and 920
may be selected to meet a range of operating conditions. For example, the first fixed

power objective element 916 may be adapted to maximize the display field-of-view
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when a user places his or her eye close to the system and second fixed power objective
element 920 may be adapted to compress the image so as to make substantially the
entire image visible to the user when his or her eye is farther away from the system.

[077] In still another alternative embodiment (not shown) the position of the light
source, the curved mirror, and the variable power objective element may be moved
relative to one another to provide desired sets of optical path lengths between the light
source, the curved lens, and the variable power objective optical element. Helical gears,
stepper positioners, sliding stages, piezoelectric actuators, and other mechanisms known
to one skilleci in the art may be used to provide a controlled series of positions.

[078] Figure 10 shows an embodiment directed to a see-through scanned beam
display 188. The display 188 differs from the previously described displays by having a
partially transparent mirror 190 extending in a plane at an angle in front of the eye 115
of the viewer. The mirror 190 is located and oriented to reflect light emitted from the
array 150 upwardly toward the curved mirror 108. The mirror 190 is formed from a
partially transparent material so that the viewer is able to see therethrough. The curved
mirror 108 is located and oriented relative to the mirror 190 so that light emitted from
the array 150 and reflected from the mirror 190 is directed back onto the curved mirror
108. The curved mirror 108 collimates the light received by the mirror 190. The
collimated beam is reflected back towards the mirror 190, and subsequently reflected
onto the pupil 112 of the viewer’s eye 115 where it is focused by the lens 114 onto the
viewer’s retina 116. \

[079] In operation, the curved mirror 108 scans only in the vertical axis to sweep
the collimated beam vertically across the viewer’s pupil 112. The collimated beam may
be scanned across the viewer’s pupil 112 in the vertical z-axis direction by tilting, i.e.,
rotating the curved mirror 108 about the x-axis, as shown in Figure 10, moving the
curved mirror 108 generally in the y-axis direction without rotating the curved mirror
108, or combinations thereof to alter the location on the mirror 190 that the collimated
beam is reflected from. In an alternative embodiment, the collimated beam may be
swept vertically across the viewer’s pupil 112 by maintaining the curved mirror 108
substantially stationary, while the array 150 is moved vertically in the z-axis direction.
Simultaneously with production of the image, the real world may be viewed by the

viewer looking out through the mirror 190 to form an image on the viewer’s retina 116
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to the scene beyond. Thus, the display 188 is well-suited to producing an augmented
reality experience to the user.

[080] The display 188 is shown with optional filtering plates 192, 194, and 196 to
eliminate unwanted image degradation. Filter plates 192 and 194 are polarizers and
filter plate 196 is a quarter-wave plate. The filter plate 192 polarizes light entering from
the viewing aperture in front of the viewer’s eye 115. The filter plate 194 polarizes light
entering from the partially transparent mirror 190. The filter plate 196 rotates the
polarized light entering through the filter plates 192 and 194 by 45 degrees on its first
pass. After the light is reflected off curved mirror 108, the filter plates 196 rotates the
axis of polarization another 45 degrees such that it is then rotated 90 degrees from the
incoming light. The rotated polarized light is then attenuated by the filter plates 194 and
192 to substantially eliminate unwanted interference with the image and the real world
as viewed by the viewer. ‘

[081] The embodiment of Figure 10, including the filtering functions of the filter
plates 192, 194, and 196, may be varied to suit the particular application. For example,
according to one embodiment the positions of partially transparent mirror 190 and the
filter plate 194 are reversed. This may reduce aberrations caused by the conical and
swept beams reflecting off multiple surfaces.

[082] Figures‘ 11 and 12 show an embodiment for packaging the display 188 of
Figure 10. A housing 198 is attached to a scanning mirror assembly 204 that carries the
curved mirror 108. The housing 198 further holds the partially transparent mirror 190
and the filters 192, 194, and 196. As best shown in Figure 12, the housing 198 receives
the filter plate 196 and connects to the scanning mirror assembly 204 that carries the
curved mirror 108. The housing 198 further receives the emitter plate 200 within the
interior of the housing 198 and is configured to connect to the filter plate 192. The
housing 198 also receives the filter plate 194 and connects to the partially transparent
mirror 190.

[083] In the displays shown in Figures 4 through 12 which employ the array 150 of
light emitters 162, the array 150 is fully populated with the light emitters 162 so that the
light reflected from the mirror 108 only needs to be scanned in the vertical axis (i.e., the
z-axis direction). However, the array 150 may be sparsely populated with light emitters

162 so that there is not a one-to-one correspondence of the number of the light emitters
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162 of the array 150 and the number of pixels of a horizontal pixel line to be generated
on the viewer’s retina 116. For example, the regions of the array 150 between adjacent
light emitters 162 may be occupied by electrical contacts or other structures required for
the operation of the light emitters 162. Thus, for manufacturing or other design
constraints it may not be desirable to use a fully populated array 150 having the required
density so that there is a one-to-one correspondence between the number of light
emitters 162 of the array 150 and the number of pixels of a horizontal pixel line to be
generated on the viewer’s retina 116. If a sparse array 150 is employed, each light
emitter 162 may correspond to a pixel zone that includes more than one pixel. Thus, a
single light emitter 150 may be used to generate more than one pixel on the viewer’s
retina.

[084] In operation, each of the light emitters 162 of the array 150 emits light

| substantially simultaneously or sequentially to generate a pixel in their respective pixel
zones. Then, at least one of the array 150, the curved mirror 108, or, if applicable, the
lens 186 is moved horizontally in the x-axis direction so that each respective light
emitter 162 emits light to generate another pixel in their respective pixel zone, while the
others are maintained stationary. In alternative embodiments, the curved mirror 108 is
tilted about the z-axis, while the array 150 and, if applicable, the lens 186 are
maintained stationary. If a lens 186 is present, as in the embodiment of Figure 9A, the
curved mirror 108 and the array 150 may be maintained stationary, while the lens 186 is
tilted about the z-axis. After horizontally scanning the viewer’s retina by any of the -
aforementioned horizontally scanning techniques, additional pixels are generated on the
viewer’s retina 116 by vertical scanning using any of the aforementioned techniques for
effecting vertical scanning. In an alternative embodiment, the vertical scanning may be
performed first, followed by horizontal scanning.

[085] Figure 13 shows a scanned beam display 206 according to an embodiment
which eliminates or reduces the required horizontal scanning if the light emitter array
150 is sparsely populated. The display 206 is structurally very similar to the display
148, 182 of Figures 4 and 8. Therefore, in the interest of brevity, components in both
displays 148, 182, 206 that are identical to each other have been provided with the same
reference numerals, and an explanation of their structure and function will not be

repeated unless the components function differently in the three displays 148, 182, 206.
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Instead of having only one array 150 of light emitters 162, the display 206 includes
three arrays 150a-150c that may be used to “interpolate” between the adjacent pixels
produced by each individual array, thus increasing the proportion of illuminators to
column. This may reduce or eliminate the need for scanning in the horizontal axis.
Using more than one array 150 may also be used to augment the vertical field-of-view
provided by the curved scanner, thus reducing its vertical scan angle for a given vertical
field-of-view. Using more than one array 150 may be used to produce a larger field-of-
view than a single array, thus enabling a more immersive environment for the viewer.
Furthermore, the additional arrays 150 may be used as “hot-swappable” spares in case a
corresponding emitter in another array fails. Such swapping may be performed as a
whole or individual emitters may be substituted as required. Swapping as a whole
generally has an advantage in making it easier to maintain a desired level of pixel
registration. The additional arrays 150 may alternatively be used to increase the
brightness of the display.

[086] Figures 14 and 15 show a scanned beam display 280 according to an
embodiment which is in the form of a see-through display physically mounted in a pair
of eyeglasses 284. The eyeglasses 284 include a frame having a pair of generally oval
lens holders 290 each containing a respective lens 292. The lens holders 290 are
connected to each other through a bridge 294. An earbow 296 is attached to an outer
portion of each of the lens holders 290, and they extend away from the respective lenses
292. The lenses 292 may be corrective lenses (correcting nearsightedness or
farsightedness), sunglass lenses, polarizing lenses or some other type of presently
known or hereafter developed lens.

[087] The scanned beam display 280 includes a curved mirror 209 (e.g. a spherical
mirror) positioned behind each of the lenses 292. The curved mirrors 209 are secured in
position by respective mirror supports 207 that project outwardly from the bridge 294.
The curved mirrors 209 are preferably small enough and close enough to the eyes of the
viewer that they do not obscure the view through the lenses 292. Also, the curved
mirror 209 may be semi-transparent to further reduce the possibility of obscuring the
view of a distant object through the lenses 292 since the curved mirror 209 does not
obscure the view of the object. In some embodiments, the curved mirror 209 may be a

birefringent curved mirror, and the light from the light emitters in the arrays 220 may be
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cross-polarized to the curved mirror 209. The polarity of the curved mirror 209 may be
aligned so that the light is polarized to be parallel to the filter 226. Alternatively, the
curved mirror 209 may be designed so that it reflects light in narrow bands
corresponding to the wavelengths of light from the light emitters in the arrays 220.

[088] The display 280 also includes an actuator 210, which may be a rotary
electromagnetic actuator, attached to the bridge 294. An elongated light support rod 216
extends from each end of the actuator 210, and the rods 216 support respective linear
arrays 220 of light emitters at their ends. As best seen in Figure 20, the arrays 220 are
curved to match the curvature of the curved mirrors 209. The actuator 210 may
selectively move the arrays 220 vertically, horizontally, or both through the support rods
216. The actuator 210 and light support rods 216 may be configured so that the distance
between the curved mirror 200 and the array 220 remains constant as the array 220 is
moved up and down. The support rods 216 may carry conductors (not shown) to couple
signals to the light emitters in the arrays 220. An optical filter 226 that performs the
same function as the optical filter 156 in the display 148 of Figure 4 is also mounted in
each of the lens holders 290. In an alternative embodiment, the light emitters may be
mounted proximal to the actuator and their emitted light transmitted to the emission face
using light pipes.

[089] The scanned beam display 280 operates in the same manner as described
above for the display 148, 182. However, since objects may be viewed through the
lenses 292 and filters 226, the display 280 functions as a see-through display in which
an image created by the display 280 is sup?rimposed on whatever is viewed through the
lenses 292. In an alternative embodiment, the curved mirrors 200 are coupled to the
actuator 210 through the supports 207, and the arrays 220 are fixed and supported by the
support rods 216. The curved mirrors 200 may be moved vertically, horizontally, or
both to effect scanning of light onto the viewer’s retina as performed in any of the
aforementioned embodiments.

[090] Figures 16 and 17 show a see-through display 208 according to an
embodiment. The display 208 is again integrated into eyeglasses 210 again having a
frame 212 including a pair of generally oval lens holders 214 each containing a
respective lens 215 and connected to each other through a bridge 218. A respective

earbow 220 is again attached to an outer portion of each of the lens holders 214. The
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display 208 differs from the display 280 of Figures 19 and 20 by including a scanning
mechanism 224 in each of the earbows 220 rather than in the bridge as in the
embodiment of Figures 19 and 20. As best shown in Figure 17, the scanning
mechanism 224 includes a pivotally mounted electromagnetic actuator 230 that rotates a
support bar 232. The support bar 232 has a generally L-shaped configuration with an
optional counter weight 236 attached to one of its ends and a linear array 240 of light
emitters 242 or light emission locations attached to its other end. The support bar 232
may be formed from a light weight magnesium alloy. The optional counter weight 236
may reduce vibrations and may house proximally mounted light sources. Vibrations
may be further reduced by scanning the left eye and the right eye about 180 degrees out
of phase. Thus, the scanning mechanism 224 enables scanning light emitted from the
linear array 240 in the vertical z-axis direction by pivotably moving the linear array 840
generally in the vertical z-axis direction.

[091] The array 240 is positioned to illuminate a curved mirror 250 that may be

' formed by coating the lenses 215 with a reflective coating 258. The reflective coating
258 may, for example, be a narrow-band reflective coating that reflects only light within
a range of wavelengths of the light emitted by the light emitters 242 in the array 240.
An optical filter 260 is positioned as shown and works like the filter 156 of Figure 4 to
attenuate extraneous light from the face or eye of the viewer that is reflected from the
curved mirror 250.

[092] Figure 18 shows a scanned beam display 600 in the form a head set
according to an embodimeént. The display 600 functions similarly to the display 182 of
Figure 8 by maintaining a large curved mirror 610 stationary and moving a light emitter
array (not shown) enclosed in a housing 608 to scan the collimated light from the curved
mirror 610 onto the viewer’s retina. The display 600 includes a support structure 602
suitably configured to fit around the top portion of a viewer’s head 604. The display
600 further includes a display support 606 that extends from the support structure 602
along the side of the viewer’s head 604. The display support 606 includes the housing
608 projecting laterally in front of the viewer’s eye. The display support 606 and the
housing 608 also includes provision for housing a scanning mechanism that functions
like the scanning mechanism 224 of Figure 17. Thus, the display support 606 and the

housing 608 house a scanning mechanism that is configured to move a light emitter
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array (not shown) which is positioned in front of the viewer’s eye vertically within the
housing 608. The display 600 further includes a mirror support 614 that has the curved
mirror 610 attached thereto. The mirror support 614 positions the curved mirror 610 in
front of the housing 608 and the viewer’s eye so that light emitted from the light emitter
array (not shown) is received by the curved mirror 610 and reflects the received light as
a collimated beam. If the curved mirror 610 is partially transparent, the display 600 is
configured as a see-through display. The display 600 offers a less bulky and less
expensive alternative to the eyeglass mounted displays 280, 208 of Figures 14 and 16.

[093] Figures 19 and 20 shows a scanned beam display 700 that is attached to a
cellular phone 702 according to an embodiment. The display 700 functions similarly to
any of the aforementioned displays which use a stationary mirror and a moving light
source. The cellular phone may be any type of conventional cellular phone. The phone
702 shown in Figures 19 and 20 is a flip phone having a conventional phone dispiay
(i.e., for displaying the phone number called, addresses, etc) hingedly attached to flip
open and closed. However, other types of cell phones may be used. The phone 702
includes the display 700 integrated into the base of the‘phone 702. The display 700
includes a curved mirror 706 and a light emitter array 704 that is configured to move in
a direction 705. The scanned image generated by the display 700 is viewed by a viewer
through a viewing aperture 704. The curved mirror 706 is attached to the base of the
phone 700 through a pair of arms 710 that are configured to be extended from a housing
712, as shown in Figure 19, and retracted within the housing 712 of the phone 702, as
shown in Figure 20. The arms 710 of the display 700 may be manually extended to
move the curved mirror 706 away from the base of the phone 702 or an actuator may be
employed to extend the arms 710 to move the curved miﬁor 706 away from the base of
the phone 702.

[094] Figure 21 shows a scanned beam display 270 according to an embodiment.
The display 270 has many of the same components that are included in the display 182
of Figure 8. Therefore, in the interest of brevity, the components of the two displays
182, 270 that correspond to each other have been provided with the same reference
numerals, and an explanation of their structure and operation will not be repeated. The
scanned beam display 270 differs from the display 182 of Figure 8 in three respects.

First, instead of the curved mirror 108 being stationary, the curved mirror 108 is
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mounted in an actuating mechanism that is configured to rotate the curved mirror 108
about two orthogonal axes, such as the horizontal x-axis and vertical z-axis. The
actuating mechanism may also be configured to move the curved mirror 108
horizontally in the x-axis direction, vertically in the z-axis direction, or both. Second,
the display 270 includes a sensor 298 that tracks the movement of the viewer’s eye 115.
Finally, the display 270 includes a control system 272, which may be microprocessor
based. The control system 272 controls the positions of the curved mirror 108 to keep
the exit pupil of the display directed so as to stay visible to the viewer. Additionally or
alternatively, the control system may control the position of the array 150 and/or the
scanning of the light emitters 162 in the arfay 150 to control the placement of the image
presented by the display 270 to the viewer’s eye 115. For example, the image may be
panned or controlled to remain stationary or display context-sensitive information as the
viewer looks in different directions to view objects through the lenses 215.

[095] Figure 22 shows a control system 300 that may be used to electrically and
physically scan the array 150 according to an embodiment. The control system 300
includes a signal processor 304 that receives a video signal Vpy corresponding to an

 image. The signal processor 304 extracts digital data representing lines of the image.
For example, where the video signal Vyy is an analog signal, a conventional analog-to-
digital converter may provide the digital data. Where the video 'signal Vi comprises
digital data, the digital information may be extracted directly. The digital image data
generated by the signal processor 304 is segmented into groups of data, where each
group contains data represénting a single line of the image. Each group of data
corresponding to a line is stored in a line buffer 306.

[096] The signal processor 304 also extracts horizontal and vertical
synchronization ~signals HSYNC, VSYNC, respectively. The horizontal
synchronization signal HSYNC is generated after each line of the image, and it is used
to increment a line counter 308, which generates a corresponding line address. Thus,
the line address from the counter 308 identifies the line of image data stored in the
buffer 306. After each horizontal synchronization signal HYSNC, a line of image data
is retrieved from the line buffer 306 and provided to a digital-to-analog (D/A) converter
310. (The line buffer 306 operates in synchronism with a clock signal, which has been
omitted from Figure 22 in the interest of clarity). The D/A converter 310 converts the
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digital data to an analog signal that is amplified at an amplifier 314 and applied to the
input of a multiplexer (“MUX") 320. The multiplexer 320 is controlled by a digital
control value from a recirculating pixel counter 324. The multiplexer 320 couples the
output of the amplifier 314 to one of the outputs as determined by the control value.
Each output of the multiplexer 320 is coupled to a respective light emitter 162;,
162,...162y in the array 150. The pixel counter 324 is incremented by the output of a
phase-lock loop (“PLL”) 330.

[097] The phase lock loop 330 includes a phase detector 334 that compares the
phase of the HSYNC signal to the phase of a feedback signal Vg. The phase detector
outputs an error signal Vg having a magnitude corresponding to the difference between
the phase of the feedback signal Vr and the phase of the HSYNC signal. This error
signal Vg is amplified and low-pass filtered by a loop filter 338 to generate a control
signal V¢ that is used to control the frequency of the signal generated by a voltage
controlled oscillator (“VCO”) 340. The feedback signal Vr is generated by coupling the
output of the VCO 340 through a frequency divider 344. The frequency divider 344
divides the frequency of the signal from the output of the VCO 340 by “N”, where N is
the number of light emitters 162 in the array. Therefore, the VCO 340 outputs N pulses
for each HSYNC pulse. Each of the N pulses increments the pixel counter 324 so that
the output of the amplifier 314 is sequentiaﬂy coupled to each of the light emitters 162,
162,...162y in the array 150 after each HSYNC pulse.

[098] The line counter 308 generates a digital value corresponding to the line of
analog signals currently being applied to the multiplexer 320. This digital value is
applied to an actuator 350, which vertically moves the array 150 to a position
corresponding to the value of the digital signal from the line counter 308. The line
counter 308 is reset by the vertical synchronization (“VSYNC”) pulse, which occurs at
the start of each image frame.

[099] Figure 23 shows an embodiment of a scanning curved mirror assembly 405
that may be used in many of the aforementioned display embodiments that use a moving
mirror. The scanning curved mirror assembly 405 includes a plastic plate 402 having a
curved reflective surface 403. In some embodiments, the curved reflective surface 403
may be spherical. A support frame 404 having stiffening ribs 414 supports the plastic

plate 402 and helps to maintain its shape, especially under dynamic loading arising from



WO 2005/114631 PCT/US2005/012768
28

scanning accelerations. The support frame 404 may be affixed to the plastic plate 402
by insert molding, gluing, mechanical fastening, sonic welding, or another suitable
technique. Springs 406a and 406b are attached to the support frame 404 and pivotably
attached to a housing (not shown). In one embodiment, the plastic plate 402 may be
molded to form the curved reflective surface 403 while being supported by the support
frame 404. In this embodiment, the lower surface of the plastic plate 402 will be
bonded to the support frame 404 due to the temperature and pressure experienced by the
plastic plate 402 and the support frame 404 during the molding process. By forming the
plastic plate 402 from a low density optical-grade plastic, the inertial loads of the system
may be kept desirably low during scanning accelerations while still providing the
required optical properties to reflect light. The light weight support frame 404 provides
support for the plastic plate 402 so that the plastic plate 402/support frame 404 exhibits
a sufficient amount of stiffness to tolerate scanning accelerations, while not undesirably
increasing the moment of inertia of the system. In one embodiment, the support frame
404 is formed from cast light weight magnesium alloy to provide the structural support
for the plastié plate 402 without undesirably increasing the mass of the system.

[0100] The scanning mirror assembly 405 is supported by the springs 406a and 406
which are pivotably attached to a housing (not shown) or other suitable mounting
structure so that the scanning mirror assembly 405 may rotate about an axis 410, an axis
412, or both. By matching the mass distribution of the rotating assembly and the spring
constant of the springs 406a and 406b,vone or more resonant frequencies are selected as
is known to the art.

[0101] In some embodiments, the rotation of the scanning mirror assembly 405 may
be effected by using permanent drive magnets 408a and 408b affixed to the support
frame 404. In response to a magnetic field, the scanning mirror assembly 405 rotates
about at least one the axes 410 and 412. In one embodiment, the drive magnets 408a
and 408b are affixed to the underneath of the support frame 404, however, other
configurations may be used for the spacing of the magnets as will be shown in Figure
24.  For example, according to one embodiment, magnets are placed under each corner
of the support frame 404. The drive magnets 408a and 408b, and others not shown are
aligned with substantially parallel vertical fields.
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[0102] Figure 24 shows an alternative embodiment of a scanned beam display 800
that utilizes a scanning curved mirror assembly 805 similar to the scanning mirror
assembly 405. Therefore, in the interest of brevity, components in both scanning mirror
assemblies 405, 805 that are identical to each other have been provided with the same
reference numerals, and an explanation of their structure and function will not be
repeated unless the components function differently in the two scanning mirror
assemblies 405, 805. In the scanning mirror assembly 805, the permanent drive
magnets 408a-408d are affixed to the support frame 404 laterally adjacent the corners
thereof instead of underneath the support frame 404. The scanned beam display 800
includes a housing 802 that houses the scanning mirror assembly 805 and associated
components. The scanned beam display 800 includes four vertical electromagnets 806a-
806d corresponding to each of the drive magnets 408a-408d. Permanent magnets 810a-
810d are disposed between corresponding drive magnets 408a-408d and electromagnets
806a-806d. The four electromagnets 806a-806d are positioned between a light emitter
array 804 and the curved reflective surface 403 to provide an appropriate standoff
between the array 804 and the curved reflective surface 403.

[0103] In operation, the four electromagnets 806a-806d generate corresponding
magnetic fields to selectively rotate the scanning mirror assembly 805 about the axis
410 and 412. Rotation about the axis 410 may be effected by generating a vertical
magnetic field from the electromagnets 806a and 806¢ aligned with the vertical
magnetic ﬁeld of corresponding drive magnets 408a and 408c to provide an attractive
force therebetween. Rotation about the axis 410 in the other direction may be effected
by generating a vertical magnetic field from the electromagnets 806b and 806d aligned
with the vertical magnetic field of corresponding drive magnets 408b and 408d to
provide an attractive force therebetween. Similarly, rotation in one direction about the
axis 412 may be effected by generating a vertical magnetic field from the
clectromagnets 806a and 806b aligned with the vertical magnetic field of corresponding
drive magnets 408a and 408b to provide an attractive force therebetween. Rotation
about the axis 412 in the other direction may be effected by generating a vertical
magnetic field from the electromagnets 806c and 806d aligned with the vertical
magnetic field of corresponding drive magnets 408c and 408d to provide an attractive
force therebetween. The permanent magnets 810a-810d disposed between the drive
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magnets 408a-408d and the electromagnets 806a-806d are oriented so that the poles of
the permanent magnets 810a-810d operate to bias the drive magnets 408a-408d away
from the electromagnets 806a-806d upon removal of the vertical magnetic field
generated by respective electromagnets 806a-806d. Thus, the permanent magnets 810a-
810d help prevent the electromagnets 806a-806d from binding with a corresponding
drive magnet 408a-408d as may occur in absence of the permanent magnets 810a-810d.

[0104] The display 800 further includes a filter 814 positioned between the array
804 and the electromagnets 806a-806d which functions the same as the filter 156 of
Figure 4. The scanning of light emitted from the array 804 is performed in the same
manner as any of the aforementioned scanned beam displays that employ a stationary
array of light emitters and a moving mirror. The scanned light is viewed through a
viewing aperture 816. Furthermore, although the scanning mirror assemblies 405 and
805 have been described as using a magnetic actuation mechanism, piezoelectric or
electrostatic actuation mechanisms may alternatively be used.

[0105] Figure 25 is a schematic showing an embodiment of a method for fabricating
a scanning curved mirror assembly 500 suitable for use in many of the displays of the
aforementioned embodiments that use a moving mirror. The scanning curved mirror
assembly 500 may be fabricated using two wafers, a first wafer (e.g., a silicon wafer)
formed to have a suitable geometry for a bi-axial scan frame and another from an
optical-grade plastic wafer. The plastic wafers are molded to form a plurality of plastic
mirrors 504, and are then bonded to respective interconnected scan frames 502 with an
adhesive 506 using a bonding technique such as,an epoxy screen printing process. For
example, the epoxy may be screened onto selective locations of the scanner frame 502
and each of the plurality of the plastic mirrors 504 placed on the locations with epoxy to
bond the scan frame 502 to a respective plastic mirror 504. The spacing of the plastic
mirrors 504 within tﬂeir scan frame 502 matches the pitch of the scan frame 502. Once
bonded together, the plastic mirrors 504 and the scan frames 502 are diced into
individual assemblies, as shown in Figure 26.

[0106] The plastic mirror 504 has a curved surface with adequate optical finish and
may also help in achieving the Theta-D (maximum scan angle multiplied by mirror
diameter) requirements. It should be noted that the flatness considerations may be

considered for the portion of the mirror which is projecting the portion of the beam



WO 2005/114631 PCT/US2005/012768
31

actually entering the pupil. Achieving the required flatness across any one 2 mm
diameter within the surface of the mirror may be easier than achieving that flatness
across the entire mirror at any one time. The surface curvature over larger distances is
made consistent enough to avoid distortion of pixel positions relative to one another.
Optical grade plastic is typically much lower density than silicon (creating lower inertial
loads) and may be molded with tapered thicknesses to be optimized for structural
integrity. Silicon processes are much more limiting and often do not result in optimal
structural cross-sections. A third point to note is that a spherical structure is typically
more sound than a flat structure. These factors contribute to two dimensional scanners
with very high Theta-D’s.

[0107] Figure 27 shows a block diagram of a system 2702, such as a camera, that
uses a scamled beam display 2704 to provide images to the eye of a viewer 115
according to an embodiment. An optional digital image capture subsystem 2706 is
controlled by a microcontroller 2708 to continuously or selectively capture still or video
images according to user control received via user interface 2710. According to the
wishes of the user, images or video may be stored in local storage 2712 and/or
alternatively may be sent to an external system through input/output interface 2714.
The system 2702 may be controlled to display a live image that is received by the image
capture system 2706 or alternatively may be controlled to display stored images or video
retrieved from the storage 2712. |

[0108] Figure 28 shows a block diagram of a media viewing system 2802 that uses a
scanned beam display 2704 to provide images to the eye of a viewer 115 according to an
embodiment. The media viewing system 2802 receives images from media delivery
infrastructure 2804, which may for example include video or still image delivery
services over the Internet, a cellular telephone network, a satellite system, terrestrial
broadcast or cable television, a plug-in card, a CD or DVD, or other media sources
known to the art. In the example of Figure 28, an access point 2806 provides a signal
via wireless interface 2808 to an input/output of the media viewer 2802 via a wireless
interface 2810 interfaced to the remainder of the media viewer 2802 via communication
interface 2714. As used herein, the term communication interface may be used to
collectively refer to the \;vireless interface 2810 (e.g., an antenna as shown) and the radio

and/or other interface to which it is connected. Media may be delivered across the
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communication interface in real time for viewing on the display 2704, or may
alternatively be buffered by the microcontroller 2708 in local storage 2712. User
controls comprising a user interface 2710 may be used to control the receipt and
viewing of media. The media viewing system 2802 may for example be configured as a
pocket media viewer, a cellular telephone, a portable Internet access device, or other
wired or wireless device.

[0109] Although the embodiments have been described as using a curved mirror,
according to an alternative embodiment, a diffractive optical element may be substituted
for the curved mirror described herein. It will be understood that, as modifications to
the mirror shape such as adaptation to a Fresnel type mirror remain within the scope, so
too does the adaptation to a diffractive element of arbitrary shape. In the interest of
brevity and clarity, the term “curved mirror” will be understood to include such
alternative mirror types.

[0110] Although the invention has been described with reference to the disclosed
embodiments, persons skilled in the art will recognize that changes may be made in
form and detail without departing from the spirit and scope of the invention. For
example, although scanning of the various embodiments have been described with
reference to “vertical” and “horizontal” directions, it will be understood that scanning
along other orthogonal and non-orthogonal axes may be used instead. Furthermore,
although the scanned beam displays have been described for use as retinal scanners, the
scanned beam displays may also be used to form images on other types of image
surfaces such as a display screen or another type of image surface. Such modifications
are well within the skill of those ordinarily skilled in the art. Accordingly, the invention

is not limited except as by the appended claims.
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CLAIMS

We claim:

1. A scanned light display system, comprising:

a light source operable to emit diverging light;

a curved mirror positioned to receive at least a portion of the light and
configured to substantially collimate the received light; and

an actuator coupled to at least one of the light source and the curved
mirror, the actuator being operable to move the light source and the curved mirror
relative to each other in order to scan the substantially collimated light to form an

image.

2. The scanned light display system of claim 1 wherein a general
direction of the light emitted from the light source is not aligned with a principal

axis of the curved mirror.

3. The scanned light display system of claim 1 wherein the light

source is positioned in front of the curved mirror.

4. The scanned-light display system of claim 1 wherein the
actuator is operable to move the light source and the curved mirror relative to each
other in order to scan the substantially collimated light in one dimension to form the

image.

5. The scanned light display system of claim 1 wherein the
actuator is operable to move the light source and the curved mirror relative to each
other in order to scan the substantially collimated light in two dimensions to form

the image.

6. The scanned light display system of claim 1 wherein the

actuator is operable to rotate the curved mirror about at least one axis.
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7. The scanned light display system of claim 1 wherein the
actuator is operable to move at least one of the light source and the curved mirror in

at least one of a horizontal direction and a vertical direction.

8. The scanned light display system of claim 1 wherein the light
source comprises at least one array of light emitters positioned in front of the curved

mirror,vthe at least one array having a longitudinal axis extending in a first direction.

9. The scanned light display system of claim 8 wherein the at
least one array is stationary and wherein the actuator is operable to rotate the curved

mirror about an axis that is substantially parallel to the first direction.

10.  The scanned light display system of claim 8 wherein the at
least one array is stationary and wherein the actuator is operable to move the curved

mirror in a direction that is substantially perpendicular to the first direction.

/ 11.  The scanned light display system of claim 8 wherein the
curved mirror is stationary and wherein the actuator is operable to move the at least

one array in a direction that is substantially perpendicular to the first direction.

12.  The scanned light display system of claim 8 wherein the
curved mirror is stationary and wherein the actuator is operable to move the at least

one array in a direction that is substantjally parallel to the first direction.

13.  The scanned light display system of claim 8 wherein the at
least one array is stationary and wherein the actuator is operable to move the curved

mirror in a direction that is substantially parallel to the first direction.

14.  The scanned light display system of claim 8 wherein the at
least one array is stationary and wherein the actuator is operable to rotate the curved

mirror about an axis substantially perpendicular to the first direction.
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15.  The scanned light display system of claim 11 wherein the
actuator is operable to move the at least one array of light emitters in a manner that °
maintains the distance between the light emitters and the curved mirror substantially

constant as the actuator moves the light emitters.

| 16.  The scanned light display system of claim 12 wherein the
actuator is operable to move the at least one array of light emitters in a manner that
maintains the distance between the light emitters and the curved mirror substantially

constant as the actuator moves the light emitters.

17.  The scanned light display system of claim 8, further
comprising a control system coupled to the light emitters and the actuator, the
control system being operable to couple signals to the light emitters in the at least
one array to sequentially scan in the first direction and to couple a signal to the
actuator to move the at least one array of light emitters and the curved mirror

relative to each other.

18."  The scanned light display system of claim 17‘ wherein the
control system is operable to couple signals to the light emitters to sequentially
actuate each of the light emitters at each position of the at least one array of light
emitters when the at least one array of light emitters is moved in a second direction

that is substantially perpendicular to the first direction.

19. The scanned light display system of claim 8, further
comprising a control system coupled to the light emitters and the actuator, the
control system being operable to couple signals to the light emitters in the at least
one array to substantially simultaneously emit light from each of the light emitters
and to couple a signal to the actuator to move the at least one array of light emitters

and the curved mirror relative to each other.
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20.  The scanned light display system of claim 8 wherein the
curved mirror and the at least one array of light emitters are positioned in front of an
eye of a viewer, and wherein the system further comprises:

a sensor operable to sense the position of the viewer’s eye; and

an image modifying system coupled to a control system, the image
modifying system causing the control system to alter the scanning of the light
emitters and the position of the at least one array of light emitters so that the position
of an image displayed by the scanned light display system can be viewed as the

position of the viewer’s eye changes.

21.  The scanned light display system of claim 8 wherein the
curved mirror and the at least one array of light emitters are positioned in front of an
eye of a viewer, and wherein the system further comprises:
| a sensor operable to sense the position of the viewer’s eye; and

a mirror actuator coupled to the sensor, the mirror actuator operable

- to alter the position of the curved mirror so that the exit 'pupil of an image displayed
by the scanned light display system can be viewed as the position of the viewer’s

eye changes.

22.  The scanned light display system of claim 8 wherein the at
least one array of light emitters extends in the first direction with a curvature that

corresponds to the curvature of the curved mirror in the first direction.

23.  The scanned light display system of claim 22 wherein the
curved mirror has a focal surface, and wherein the at least one array of light emitters

- are positioned substantially at the focal surface.

24.  The scanned light display system of claim 23 wherein the

curved mirror is a spherical mirror and the focal surface is a focal sphere.
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25.  The scanned light display system of claim 1 wherein the light
source comprises a plurality of light emitters, the number of the light emitters being

less than the number of pixels of a pixel line of the image.

26.  The scanned light display system of claim 8 wherein the
curved mirror and the at least one array of light emitters are positioned in front of an
eye of a viewer, and wherein the scanned light display system further comprises an
optical filter positioned between the at least one array of light emitters and the eye of .
the viewer, the optical filter being operative to substantially attenuate extraneous

light reflected from the curved mirror toward the eye of the viewer.

27.  The scanned light display system of claim 1 wherein the

curved mirror comprises a stationary curved mirror.

28.  The scanned light display system of claim 1 wherein the

curved mirror comprises a mirror that is at least partially transparent.

29.  The scanned light display system of claim 1 wherein the light
source includes an array of light sources and wherein the curved mirror comprises a
narrow-band mirror that preferentially reflects light within a range of at least one
wavelength of the light emitted by the light sources in the array.

30.  The scanned light display system of claim 1 wherein the

curved mirror comprises a spherical mirror.

31.  The scanned light display system of claim 1 wherein the

curved mirror comprises a Fresnel mirror.

'

32.  The scanned light display system of claim 1 wherein the

curved mirror comprises a diffractive mirror.

33.  The scanned light display system of claim 8 wherein the light

emitters comprise:
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a plurality of light sources; and
a plurality of light pipes each extending from a respective one of the

light sources to a respective location in the at least one array.

34.  The scanned light display system of claim 8 wherein the at
least one array of light emitters comprises a substantially linear array of light

emitters.

35.  The scanned light display system of claim 1 wherein the
curved mirror and the light emitters are positioned in front of an eye of the viewer at

a distance closer than a viewer’s eye is able to focus.

36.  The scanned light display system of claim 1, further
comprising a partially transparent mirror located and oriented to redirect light

emitted from the light source upwardly to the curved mirror.

37. The scanned light display system of claim 1, further
comprising a mirror located and positioned to receive light emitted from the light
source and redirect the light to the curved mirror.

38.  The scanned light display system of claim 37 wherein the
optical path of the light is folded.

39. The scanned light display system of claim 1, further
comprising a reflective surface positioned to receive scanned light from the curved

mirror and redirect the scanned light through a viewing aperture.

40.  The scanned light display system of claim 39 wherein the
curved mirror is located at a first focal point of an ellipse and a pupil of a viewer’s
eye can be positioned at a second focal point of the ellipse to receive scanned light

from the reflective surface.
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41.  The scanned light display system of claim 1 wherein the
actuator comprises a magnetic actuator, the magnetic actuator including a plurality
of electromagnets and wherein the curved mirror is coupled to a plurality of
permanent magnets, each of the permanent magnets associated with a corresponding
one of the plurality of electromagnets, the curved mirror operable to rotéte about at
least one axis in response to magnetic fields generated by the plurality of

electromagnets.

42.  The scanned light display system of claim 41, further
comprising a bias magnet disposed between each of the electromagnets and a
corresponding one of the permanent magnets, poles of the bias magnet oriented

opposite poles of the corresponding permanent magnet.

43, A scanned light display system, comprising:

a light source operable to emit light;

a curved mirror positioned to receive at least a portion of the light;

an optical element positioned in front of the curved mirror to receive
light reflected from the curved mirror, the optical element configured to
substantially collimate the received light; and

an actuator coupled to at least one of the curved mirror, the optical
element, and the light source, the actuator being operalsle to move at least one of the
curved mirror, the optical element, and the light source in order to scan the

substantially collimated light to form an image.

44,  The scanned light display system of claim 43 wherein the
light source is positioned between the curved mirror and a focal surface of the

curved mirror.

45.  The scanned light display system of claim 43 wherein the
actuator is operable to move at least one of the curved mirror, the optical element,
and the light source in order to scan the substantially collimated light in one

dimension to form the image.
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46.  The scanned light display system of claim 43 wherein the
actuator is operable to move at least one of the curved mirror, the optical element,
and the light source in order to scan the substantially collimated light in two

dimensions to form the image.

47.  The scanned light display system of claim 43 wherein the
actuator is operable to rotate at least one of the curved mirror and the optical element

about at least one axis.

48.  The scanned light display system of claim 43 wherein the
actuator is operable to move at least one of the curved mirror, the optical element,

and light source in at least one of a horizontal direction and a vertical direction.

49.  The scanned light display system of claim 43 wherein the
light source comprises at least one array of light emitters positioned in front of the
curved mirror, the at least one array having a longitudinal axis extending in a first

direction.

50.  The scanned light display system of claim 49 wherein the at
least one array and the optical element are stationary and wherein the actuator is
operable to rotate the curved mirror about an axis that is substantially parallel to the

first direction.

51.  The scanned light display system of claim 49 wherein the at
least one array and the optical element are stationary and wherein the actuator is
operable to move the curved mirror in a direction that is substantially perpendicular

to the first direction.

52.  The scanned light display system of claim 49 wherein the

curved mirror and the optical element are stationary and wherein the actuator is
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operable to move the at least one array in a direction that is substantially

perpendicular to the first direction.

53.  The scanned light display system of claim 49 wherein the
curved mirror and the optical element are stationary and wherein the actuator is
operable to move the at least one array in a direction that is substantially parallel to

the first direction.

54.  The scanned light display system of claim 49 wherein the at
least one array and the optical element are stationary and wherein the actuator is
operable to move the curved mirror in a direction that is substantially parallel to the

first direction.

55.  The scanned light display system of claim 49 wherein the at
least one array and the optical element are stationary and wherein the actuator is
operable to rotate the curved mirror about an axis substantially perpendicular to the '

first direction.

56.  The scanned light display system of claim 52 wherein the
actuator moves the at least one array of light emitters in a manner that maintains the
distance between the light emitters and the curved mirror substantially constant as

the actuator moves the light emitters.

57.  The scanned light display system of claim 53 wherein the
actuator moves the at least one array of light emitters in a manner that maintains the
distance between the light emitters and the curved mirror substantially constant as

the actuator moves the light emitters.

58.  The scanned light display system of claim 49 wherein the at
least one array and the curved mirror are stationary and wherein the actuator is
operable to move the optical element in a direction that is substantially

perpendicular to the first direction.
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59.  The scanned light display system of claim 49 wherein the at
least one array and the curved mirror are stationary and wherein the actuator is
operable to rotate the optical element about an axis that is substantially parallel to

the first direction.

60.  The scanned light display system of claim 49 wherein the at
least one array and the curved mirror are stationary and wherein the actuator is
operable to move the optical element in a direction that is substantially parallel to

the first direction.

61.  The scanned light display system of claim 49 wherein the at
least one array and the curved mirror are stationary and wherein the actuator is
operable to rotate the optical element about an axis that is substantially

perpendicular to the first direction.

62.  The scénned light display system of claim 49, further
comprising a control system coupled to the light emitters and the actuator, the
control system being operable to couple signals to the light emitters in the at least
one array to sequentially scan in the first direction and to couple a signal to the
actuator to move at least one of the curved mirror, the optical element, and the light

source.

63.  The scanned light display system of claim 62 wherein the
control system is operable to couple signals to the light emitters to sequentially
actuate each of the light emitters at each position of the at least one array of light
emitters when the at least one array of light emitters is moved in a second direction

that is substantially perpendicular to the first direction.

64. The scanned light display system of claim 49, further
comprising a control system coupled to the light emitters and the actuator, the

control system being operable to couple signals to the light emitters in the at least
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one array to substantially simultaneously emit light from each of the light emitters
and to couple a signal to the actuator to move at least one of the curved mirror, the

optical element, and the light source.

65.  The scanned light display system of claim 49 wherein the
curved mirror and the at least one array of light emitters are positioned in front of an
eyeofa viewer, and wherein the system further comprises:

a sensor operable to sense the position of the viewer’s eye; and

an image modifying system coupled to a control system, the image
modifying system causing the control system to alter the scanning of the light
emitters and the position of the at least one array of light emitters so that the position
of an image displayed by the scanned light display system can be viewed as the

position of the viewer’s eye changes.

66.  The scanned light display system of claim 49 wherein the
curved mirror and the at least one array of light emitters are positioned in front of an
eye of a viewer, and wherein the system further comprises:

a sensor operable to sense the position of the viewer’s eye; and

a mirror actuator coupled to the sensor, the mirror actuator operable
to alter the position of the curved mirror so that the exit pupil of an image displayed
by the scaﬁned light display system can be viewed as the position of the viewer’s

eye changes.

67.  The scanned light display system of claim 49 wherein the at
least one array of light emitters extends in the first direction with a curvature that

corresponds to the curvature of the curved mirror in the first direction.

68.  The scanned light display system of claim 67 wherein the
curved mirror has a focal surface, and wherein the at least one array of light emitters

are positioned substantially at the focal surface.
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69.  The scanned light display system of claim 68 wherein the

curved mirror is a spherical mirror and the focal surface is a focal sphere.

70.  The scanned light display system of claim 43 wherein the
curved mirror, the light source, and the optical element are positioned in front of an
eye of a viewer, and wherein the scanned light display system further comprises an
optical filter positioned between the light source and the eye of the viewer, the
optical filter being operative to substantially attenuate extraneous light reflected

from the curved mirror toward the eye of the viewer.

71.  The scanned light display system of claim 43 wherein the

curved mirror comprises a stationary curved mirror.

72.  The scanned light display system of claim 43 wherein the

curved mirror comprises a mirror that is at least partially transparent.

73.  The scanned light display system of claim 43 wherein the
curved mirror comprises a narrow-band mirror that preferentially reflects light
within a range of wavelengths of the light emitted by the light emitters in the at least

one array.

74.  The scanned light display system of claim 43 wherein the

.curved mirror comprises a spherical mitror.

75.  The scanned light display system of claim 43 wherein the

curved mirror comprises a Fresnel mirror.

76.  The scanned light display system of claim 43 wherein the

curved mirror comprises a diffractive mirror.

77.  The scanned light display system of claim 49 wherein the

light emitters comprise:
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a plurality of light sources; and
a plurality of light pipes each extending from a respective one of the

light sources to a respective location in the at least one array.

78.  The scanned light display system of claim 49 wherein the at
least one array of light emitters comprises a substantially linear array of light

emitters.

79.  The scanned light display system of claim 43 wherein the
curved mirror and the light source are positioned in front of an eye of a viewer at a

distance closer than the viewer’s eye is able to focus.

80.  The scanned light display system of claim 43 wherein the
light source comprises a plurality of light emitters, the number of the light emitters

being less than the number of f)ixels of a pixel line of the image.

81.  The scanned light display system of claim 43 wherein the

optical element has a fixed optical power.

82.  The scanned light display system of claim 43 wherein the

optical element is operable to provide a variable optical power.

83.  The scanned light display system of claim 82 wherein the
variable optical power optical element includes a plurality of fixed optical power
optical elements, the variable power optical element being operable to position one

of the plurality of fixed optical power optical elements to act on the received light.

84.  The scanned light display system of claim 82 wherein the

optical properties of the variable optical power element are manually adjustable.
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85.  The scanned light display system of claim 82 wherein the
optical properties of the variable optical power element are selected by power

actuation.

86.  The scanned light display system of claim 82 wherein the

optical properties of the variable optical power element are automatically selected.

87.  The scanned light display system of claim 43 wherein the

optical element comprises at least one lens.

88. An eyeglass mounted scanned light display system,
comprising:

‘ an eyeglass frame having a pair of lens mounting frames, a bridge
coupling inner edges of respective lens mounting frames to each other, and a
respective earbow coupled to an outer edge of each of the lens mounting frames and
extending rearwardly from the outer edges of the respective lens mounting frames;

a light source operable to emit light;

a curved mirror positioned to receive at least a portion of the light and
configured to substantially collimate the received light, the curved mirror being
coupled to the eyeglass frame and in visuél alignment with at least one of the lens
mounting frames; |

an actuator coupled to the eyeglass frame and at least one of the light
source and the curved mirror, the actuator being operable to move the light source
and the curved mirror relative to each other in order to scan the substantially
collimated light onto a retina of a viewer’s eye to form an image; and

| a control system coupled to the light source and the actuator, the
control system being operable to couple a signal to the actuator to move the light
source and the curved mirror relative to each other.

89.  The scanned light display system of claim 88 wherein the

actuator is connected to the bridge of the eyeglass frame.
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90.  The scanned light display system of claim 88 wherein the
curved mirror is coupled to a mirror support, the mirror support being connected to

the bridge of the eyeglass frame.

91.  The scanned light display system of claim 88 wherein the

actuator is mounted in at least one of the earbows of the eyeglass frame.

92.  The scanned light display system of claim 88 wherein the
actuator is coupled to the light source by an elongated light source support that
extends from the actuator in opposite directions, and wherein the scanned light
display system further comprises a counter-weight mounted on the light source
support at a position that is opposite a position of the light source support to which

the light source is c‘oupled.

93.  The scanned light display system of claim 88 wherein the
light source is carried by an elongated light source support that is connected to at

least one of the earbows of the eyeglass frame.

94.  The scanned light display system of claim 88 wherein the lens
mounting frames define respective lens mounting planes, and wherein the curved
mirror and the light source are positioned to the rear of the lens mounting plane of

the lens mounting frame in which the curved mirror is in visual alignment.

95.  The scanned light display system of claim 88 wherein the
light source comprises at least one array of light emitters having a longitudinal axis,
and wherein the control system is operable to couple signals to the light emitters to
sequentially actuate each of the light emitters at each position of the at least one
array of light emitters when the at least one array of light emitters is moved in a

second direction that is substantially perpendicular to the first direction.

96.  The scanned light display system of claim 88 wherein the

light source comprises at least one array of light emitters having a longitudinal axis,
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and wherein the control system is operable to couple signals to the light emitters to

substantially simultaneously emit light from each of the light emitters.

97.  The scanned light display system of claim 88 wherein the
light source comprises at least one array of light emitters having a longitudinal axis,
and wherein the system further comprises:

a sensor mounted on the eyeglass frame, the sensor being operable to
sense the position of the eye of the viewer wearing the eyeglass frame; and

an image modifying system coupled to the control system, the image
modifying system causing the control system to alter the scanning of the light
emitters in the first direction and the position of the at least one array of light
emitters in a second direction that is substantially perpendicular to the first direction
so that the position of an image displayed by the scanned light display system can be

viewed as the position of the viewer’s eye changes.

98. The scanned light display system of claim 88, further
comprising:

a sensor mounted on the eyeglass frame, the sensor being operable to
sense the position of the eye of the viewer wearing the eyeglass frame; and

a mirror actuator coupled to the sensor, the mirror actuator operable
to alter the positioﬁ of the curved mirror so that the position of an image displayed
by the scanned light display system can be viewed as the position of the viewer’s

eye changes.

99.  The scanned light display system of claim 88 wherein the
light source comprises at least one array of light emitters having a longitudinal axis,
the at least one array of light emitters being positioned substantially in visual
alignment with the curved mirror, the at least one array of light emitters extends in
the first direction with a curvature that corresponds to the curvature of the curved

mirror in the first direction.
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100. The scanned light display system of claim 88 wherein the
actuator is operable to move the light source and the curved mirror relative to each
other in order to scan the substantially collimated light in one dimension to form the

image.

101. The scanned light display system of claim 88 wherein the
actuator is operable to move the light source and the curved mirror relative to each
other in order to scan the substantially collimated light in two dimensions to form

the image.

102. The scanned light display system of claim 88 wherein the

light source comprises at least one array of light emitters having a longitudinal axis.

103. The scanned light display system of claim 102 wherein the at
least one array 1is istationary and wherein the actuator is operable to rotate the curved

mirror about an axis that is substantially parallel to the first direction.

104. The scanned light display system of claim 102 wherein the at
least one array is stationary and wherein the actuator is operable to move the curved

mirror in a direction that is substantially perpendicular to the first direction.

105. The scanned light display system of claim 102 wherein the
curved mirror is stationary and wherein the actuator is operable to move the at least

one array in a direction that is substantially perpendicular to the first direction.

106. The scanned light display system of claim 102 wherein the
curved mirror is stationary and wherein the actuator is operable to move the at least

one array in a direction that is substantially parallel to the first direction.

107. The scanned light display system of claim 102 wherein the at
least one array is stationary and wherein the actuator is operable to move the curved

mirror in a direction that is substantially parallel to the first direction.
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108. The scanned light display system of claim 102 wherein the at
least one array is stationary and wherein the actuator is operable to rotate the curved

mirror about an axis substantially perpendicular to the first direction.

109. The scanned light display system of claim 105 wherein the
actuator moves the at least one array of light emitters in a manner that maintains the
distance between the light emitters and the curved mirror substantially constant as

the actuator moves the light emitters.

110. The scanned light display system of claim 106 wherein the
actuator moves the at least one array of light emitters in a manner that maintains the
distance between the light emitters and the curved mirror substantially constant as
the actuator moves the light emitters.

111. The scanned light display system of claim 88 wherein the
curved mirror has a focal sphere, and wherein the light source is positioned

substantially at the focal sphere.

112. The scanned light display system of claim 88, further
comprising a light filter positioned behind the light source, the filter being operative

to substantially attenuate light reflected rearwardly from the curved mirror.

113. The scanned light display system of claim 88 wherein the

curved mirror comprises a stationary curved mirror.

114. The scanned light display system of claim 88 wherein the
curved mirror comprises a curved mirror that is at least partially transparent so that a
background scene can be viewed through the curved mirror and the lens mounting

frame with which the curved mirror is in visual alignment.
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115. The scanned light display system of claim 88 wherein the
curved mirror comprises a narrow-band mirror that preferentially reflects light

within a range of wavelengths of the light emitted by the light source.

116. The scanned light display system of claim 88 wherein the

curved mirror comprises a spherical mirror.

117. The scanned light display system of claim 88 wherein the

curved mirror comprises a Fresnel mirror.

118. The scanned light display system of claim 88 wherein the

curved mirror comprises a diffractive mirror.

I119. The scanned light display system of claim 102 wherein the at
least one array of light emitters comprises a substantially linear array of light

emitters.

120. The scanned light display system of claim 88 wherein the
light source comprises a plurality of light emitters, the number of the light emitters

being less than the number of pixels of a pixel line of the image.

121. A method of forming an image by scanning light onto a retina
of a viewer’s eye, the method comprising:

emitting light from a light source;

reflecting the light from a curved reflecting surface;

substantially collimating the reflected light; and

scanning the substantially collimated light onto the retina of the

viewer’s eye to form the image.

122. The method of claim 121, further comprising:

sensing the position of the viewer’s eye; and
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altering the intensity of the light and the positions from which the
light are generated so that the position of the image can be viewed as the position of

the viewer’s eye changes.

123. The method of claim 121, further comprising:
sensing the position of the viewer’s eye; and
altering the position of the curved reflecting surface so that the

position of the image can be viewed as the position of the viewer’s eye changes.

124. The method of claim 121, further comprising substantially
attenuating extraneous light reflected from the curved reflecting surface toward the
eye of the viewer.

125. The fnethod of claim 121 wherein the light source comprises a

~ plurality of light emitters and wherein the plurality of light emitters defines a curve

which corresponds to a curvature of the curved reflecting surface.

126. The method of claim 121 wherein the act of reflecting the
light from a curved réﬂecting surface comprises reflecting the light from a spherical

reflecting surface.

127. The method of claim 121 wherein the curved reflecting

surface comprises a substantially stationary reflecting surface.

128. The method of claim 121 wherein the curved reflecting
surface has a focal surface, and wherein the light is emitted from a position that is

substantially on the focal surface.

129. The method of claim 121 wherein the curved reflective
surface comprises a narrow-band reflective surface that preferentially reflects light

within a range of wavelengths of the light emitted from the light source.
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130. The method of claim 121 wherein the curved reflecting

surface comprises a spherical reflecting surface.

131. The method of claim 121 wherein the curved reflecting

surface comprises a Fresnel reflecting surface.

132. The method of claim 121 wherein the curved reflecting

surface comprises a diffractive reflecting surface.

133. The method of claim 121 wherein the act of scanning the
substantially collimated light onto the retina of the viewer’s eye to form the image

comprises scanning the substantially collimated light in one dimension.

134. The method of claim 121 wherein the act of scanning the
substantially collimated light onto the retina of the viewer’s eye to form the image

comprises scanning the substantially collimated light in two dimensions.

135. The method of claim 121 wherein the act of scanning the
substantially collimated light onto the retina of the viewer’s eye to form the image
comprises moving the light source and the curved reflecting surface relative to each

other.

136. The method of claim 121 wherein the act of emitting light
from 2 light source comprises emitting light from a plurality of locations generally
extending in a first direction and wherein the act of scanning the substantially
collimated light onto the retina of the viewer’s eye to form the image comprises
rotating the curved reflecting surface about an axis that is substantially parallel to the

first direction.

137. The method of claim 121 wherein the act of emitting light
from a light source comprises emitting light from a plurality of locations generally

extending in a first direction and wherein the act of scanning the substantially
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collimated light onto the retina of the viewer’s eye to form the image comprises
moving the curved reflecting surface in a direction that is substantially perpendicular

to the first direction.

138. The method of claim 121 wherein the act of emitting light
from a light source comprises emitting light from a plurality of locations generally
extending in a first direction and wherein the act of scanning the substantially
collimated light onto the retina of the viewer’s eye to form the image comprises
moving the light source in a direction that is substantially perpendicular to the first

direction.

139. The method of claim 121 wherein the act of emitting light
from a light source comprises emitting light from a plurality of locations generally
extending in a first direction and wherein the act of scanning the substantially
collimated light onto the retina of the viewer’s ‘eye to form the image comprises
moving the curved reflecting surface in a direction that is substantially parallel to the

first direction.

140. The method of claim 121 wherein the act of emitting light
from a light source comprises emitting light from a plurality of locations generally
extending in a first direction and wherein the act of scanning the substantially
collimated light onto the retina of the viewer’s eye to form the image COMprises
moving the light source in a direction that is substantially parallel to the first

direction.

141. The method of claim 121, further comprising reflecting the

light emitted from the light source to the curved reflecting surface.

142. The method of claim 141 wherein the act of reflecting the
light emitted from the light source to the curved reflecting surface comprises
reflecting the light emitted from the light source from a partially transparent

reflecting surface.
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143. The method of claim 121 wherein the act of scanning the
substantially collimated light onto the retina of the viewer’s eye to form the image
comprises reflecting the substantially collimated light onto the retina of the viewer’s
eye.

144. The method of claim 121 wherein the act of substantially
collimating the reflected light comprises passing the reflected light through a lens.

145. The method of claim 121 wherein the act of substantially

collimating the reflected light occurs upon reflection’ from the curved reflecting

surface.
146. A method of forming a curved mirror structure, comprising:
providing a plurality of interconnected scan frames;
bonding a curved mirror to at least some of the scan frames; and
singulating the scan frames having the curved mirrors bonded thereto.
147. The method of claim 146 wherein the scan frames comprises
silicon.

148. The method of claim 146 wherein the curved mirror

comprises a plastic mirror.

149. The method of claim 146 wherein the act of bonding a curved
mirror to at least some of the scan frames comprises selectively applying adhesive to

the plurality of interconnected scan frames.

150. The method of claim 149 wherein the act of selectively
applying adhesive to the plurality of interconnected scan frames comprises screening

epoxy onto the plurality of interconnected scan frames.



WO 2005/114631 PCT/US2005/012768

100
102
Z
X
114 1é
Fig. 1
120
115
102
116
A
Y 130--"
X

Fig. 2

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/012768

WO 2005/114631

116
158 160 // 48
115
108 !
\ 162 :
1
|
L
iy
i
A A}
|
i o4
150 ; 112
! 116
£ 152 | 114

X?L‘. Y 755j F]g 4

SUBSTITUTE SHEET (RULE 26)



WO 2005/114631 PCT/US2005/012768

3/14
//754
112 115
114
116
170
Fig. §
\\\
T
180 L~ Il
\\
150 \/73 176

Fie. 6

SUBSTITUTE SHEET (RULE 26)



WO 2005/114631 PCT/US2005/012768

4/14

114
112 116

Fig. 8

SUBSTITUTE SHEET (RULE 26)



WO 2005/114631 PCT/US2005/012768

5/14
184
e

Egm 186 [ ,~156 115

108 159
(/
152

‘i 112 116
Z 150" i
=
X Fig. 94

100,120, efe.

901

SUBSTITUTE SHEET (RULE 26)



WO 2005/114631 PCT/US2005/012768

6/14

115

192

116

112

1921

SUBSTITUTE SHEET (RULE 26)



WO 2005/114631 PCT/US2005/012768

| < 150 e

\|

190

200

115

116
108

SUBSTITUTE SHEET (RULE 26)



WO 2005/114631 PCT/US2005/012768

8/14

296

292

SUBSTITUTE SHEET (RULE 26)



WO 2005/114631 PCT/US2005/012768

Fig. 17

SUBSTITUTE SHEET (RULE 26)



WO 2005/114631 PCT/US2005/012768

Fig. 20

SUBSTITUTE SHEET (RULE 26)



WO 2005/114631 PCT/US2005/012768

14
1/ 270

298 115
7501-3/

-
//
D

—d

J 154
150 112

116
Z 12 /[ 114
’5 L4
Y
156

X
Fig. 21
300
320\ 162,
306 310 314
DATA UNE | -
1 aurrer [ /A AP
SIGNAL L e
PROCESSOR e [ 4 [ = e
y | LOOP R
M, FILTER V¢ | COUNTER
304 344 | \\324
+N i
LINE N
- ol ACTUATOR\
vie b s 350
Fig. 22

SUBSTITUTE SHEET (RULE 26)



WO 2005/114631 PCT/US2005/012768

12/14

403

405\ 412/\>\

4/0—>/

4060 408a

Fig. 23

)
' | _8o6b

L—1—408b

- A — 4060

410
806a

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/012768

WO 2005/114631

NSOSINOSNSOs
A -\t N )

O

Y

\
\

MERTNRRN TN
NN AR

77

N
N
\

I > —

\
N
N

/I/

N

VAR N

N

ISV

A

i * 7] /4

LE2LE

Lty

P —T L

L2

504~

/

502

Ve
Lz

502/ >

Ve

/

502

o

502

504

500

Fig. 26

SUBSTITUTE SHEET (RULE 26)




WO 2005/114631 PCT/US2005/012768

14/14

2702~
70
710 <2708
USER
MC
JF 2706
115 o
%{ DISPLAY [—AAA- CAPTURE
_/
2704 /0 STORAGE

27/4/ 27/2/

ACCESS 806
/ POINT 280
2804 /\A 2810
2808 ~—

2714 2708
- - 2802

/0 MC /

115
%{ DISPLAY

_/
2704 USER STORAGE
g0 a2

SUBSTITUTE SHEET (RULE 26)



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

