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DISPLAY ILLUMINATION SYSTEM

BACKGROUND OF THE INVENTION
[0001] 1. Field of the Invention

[0002] The invention generally relates to compact elec-
tronic display systems. More specifically, the invention
relates to illumination systems for use with compact elec-
tronic display systems.

[0003] 2. Description of Related Art

[0004] A continuing objective in the field of electronics is
the miniaturization of electronic devices. Most electronic
devices include some form of display system which provides
information to the user. As electronic devices are miniatur-
ized, display systems are needed which can be incorporated
into increasingly smaller devices. It is thus important that the
space required to house these display systems be reduced. In
one regard, it is desirable that the thickness of the display
system be reduced, the thickness of the display referring to
the dimension of the display system which is perpendicular
to the plane of the image formed by the display.

[0005] In general, the image provided by an electronic
display may be either a real image or a virtual image. One
approach to reducing the size of a display system is through
the formation of a virtual image instead of a real image. A
variety of virtual image displays have been described includ-
ing those described in U.S. Pat. Nos. 5,644,323; 5,625,372,
5,684,497, 5,771,124; 5,838,498; 5,870,068; 5,892,624;
5,905,478, each of which are incorporated herein by refer-
ence.

[0006] A real image refers to an image which is observed
directly by the unaided human eye. A real image exists at a
given location when a real image can be observed by the
unaided eye if a viewing surface is positioned at the location.
A photograph is an example of a real image. Examples of
electronic displays which provide real images include liquid
crystal displays, CRT monitors, and projection screens.
Compact electronic devices because of their small size have
a limited surface area on which to provide a real image.
Since the amount of detail that the human eye can resolve
per unit area is limited, devices which provide a real image
are only able to provide a limited amount of legible infor-
mation per display screen.

[0007] By contrast to real image displays, virtual image
displays provide a virtual image, i.e., an image which, if a
viewing surface were positioned at the location of the virtual
image, no image would be observed by the eye. By defini-
tion, a virtual image can exist at a location where no display
surface exists. An example of a virtual image is the image of
fine print viewed through a magnifying glass.

[0008] In the case of a virtual display, the image is first
formed by an imaging component referred to as the source
object. As with real image displays, the source object may be
a CRT or a liquid crystal display, but it is usually miniatur-
ized to reduce the overall size of the display system.
Magnifying optics are then utilized to form the virtual image
that is actually seen by the viewer. Source objects may
actually generate the light that is viewed as in the case of a
CRT or luminescent device. Such a display is said to be an
emissive display. Alternatively, the display may be non-
emissive such as a liquid crystal display which requires
illumination from an external source of light.

[0009] Virtual image displays provide an image which
appears to be larger than the source object. As a result, the
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size of the virtual image, as perceived by the user, is limited
by the magnification of the display system as opposed to the
size of the electronic display. This enables virtual image
displays to provide the user with a greater amount of legible
information per display screen than real image displays in
the same space. It also enables a virtual image display to be
designed which provides the same amount of information
per screen as real image displays in a smaller space.

[0010] An important aspect of the functioning of a virtual
image display is the ease of viewing the virtual image. In this
regard, it is important for the display to provide a wide
apparent angular width of the virtual image, commonly
referred to as the field of view of the virtual image. The full
field of view is defined as the ratio of the largest apparent
dimension of the virtual image to the apparent distance to the
virtual image. It is generally equivalent to the field of view
for a real image display surface. A need exists for a virtual
image display system which provides a wide field of view.

[0011] A wide field of view requires a large aperture
through which the image is viewed in order to have a
comfortable distance between the display and the eye, which
is referred to as the eye relief of the display. Another
important property of a virtual display is a large amount of
space within which the eye can move and still see the image.
This space is referred to as the eye-box.

[0012] If the source object of the display is non-emissive,
the display must be illuminated by a source of light such as
a lamp or LED. When the microdisplay is a non-emissive,
reflective display, the illumination must be provided from
the front side of the display, which is made more difficult by
the need to view the image created on the front side of the
display. It is important that this illumination provide ample
light such that the resulting image is bright and that the
image has sufficient contrast between bright and dark por-
tions of the image. In the case of a transmissive liquid crystal
display, the illumination is provided from the rear side of the
display and is referred to as backlighting.

[0013] Since virtual image displays are frequently used in
portable devices, it is important for the displays to be energy
efficient. Hence, it is desirable for the displays to use a low
amount of energy for illumination. A need therefore exists
for a display system which provides a bright virtual image.
A further difficulty associated with virtual image displays is
irregularities in the illumination of the source object. A need
therefore also exists for a display system which provides a
virtual image having substantially uniform illumination
across the image.

SUMMARY OF THE INVENTION

[0014] The present invention relates to illumination sys-
tems for use in virtual image display systems. In general, the
virtual image display systems of the present invention
include a non-emissive, reflective microdisplay which forms
a source object; an optical system which forms a magnified,
virtual image of the source object from light reflected off the
microdisplay; a light source system which produces light to
illuminate the microdisplay; and illumination system
according to the present invention.

[0015] Inone embodiment, the illumination system forms
at least two virtual light sources to illuminate the microdis-
play. In one variation, the at least two virtual light sources
include a first virtual light source positioned approximately
in front of and directly over the microdisplay and second
virtual light source positioned over and to one side of the
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microdisplay. The illumination system may also form three
or more virtual light sources to illuminate the display
system. In one variation, the at least three virtual light
sources include a first virtual light source positioned
approximately in front of and directly over the microdisplay,
a second virtual light source positioned over and to a first
side of the microdisplay, and a third virtual light source
positioned over and to a second side of the microdisplay.

[0016] In another embodiment, the illumination system
directs light from the light source system through the
illumination system to the microdisplay such that the angles
of incidence of light which illuminates the microdisplay
varies across the microdisplay over an angular range that is
greater than would be provided by the light source system if
the light source system were to directly illuminate the
microdisplay.

[0017] In another embodiment, the illumination system
directs light from the light source system through the
illumination system to the microdisplay such that the angles
of incidence of light which illuminates the microdisplay
varies across the microdisplay over an angular range of at
least 40 degrees. In one variation, the angles of incidence of
light which illuminates the microdisplay vary over an angu-
lar range of at least 60 degrees. In another variation, the
angles of incidence of light which illuminates the microdis-
play vary over an angular range of between about 40 degrees
and 120 degrees, more preferably between about 60 degrees
and 100 degrees.

[0018] In another embodiment, the illumination system
directs light from the light source system through the
illumination system to the microdisplay such that a first
portion of the light incident on the microdisplay is approxi-
mately perpendicular to the microdisplay, a second portion
of the light incident on the microdisplay is positively angu-
larly displaced relative to the perpendicular to the micro-
display, and a third portion of the light incident on the
microdisplay is negatively angularly displaced relative to the
perpendicular to the microdisplay.

[0019] In another embodiment, the illumination system
includes an illumination body which transmits light from the
light source system to the microdisplay to illuminate the
microdisplay where a first potion of the light is internally
reflected off one surface of the illumination body prior to
illuminating the display system and a second portion of the
light is internally reflected off two surfaces of the illumina-
tion body prior to illuminating the display system. Accord-
ing to this embodiment, at least one of the internal reflec-
tions may be a total internal reflection. According to this
embodiment, multiple and optionally all of the internal
reflections may be total internal reflections. Also according
to this embodiment, the first portion of light from the light
source may traverse the illumination body by being inter-
nally reflected off of a surface of the illumination body
adjacent the optical system prior to reaching the microdis-
play. Also according to this embodiment, the second portion
of light from the light source may traverse the illumination
body by being internally reflected off of a surface of the
illumination body adjacent the microdisplay, then internally
reflected off of a surface of the illumination body adjacent
the optical system prior to reaching the microdisplay. Also
according to this embodiment, a third portion of the light
may be internally reflected off the surfaces of the illumina-
tion body three times prior to illuminating the display
system.

[0020] In another embodiment, the illumination system
includes an illumination body which transmits light from the
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light source system to the microdisplay to illuminate the
microdisplay, the light source system being positioned adja-
cent a first surface of the illumination body, the microdisplay
being positioned adjacent a second surface of the illumina-
tion body, and the optical system being positioned adjacent
a third surface of the illumination body, where a portion of
the light from the light source traverses the illumination
body by being internally reflected off the third surface of the
illumination body. According to this embodiment, at least
one of the internal reflections may be a total internal
reflection. Optionally all of the internal reflections may be
total internal reflections.

[0021] Also according to this embodiment, a portion of the
light from the light source may traverses the illumination
body by being internally reflected off the second surface of
the illumination body and then internally reflected off the
third surface of the illumination body. Also according to this
embodiment, a first portion of the light from the light source
traverses the illumination body by being internally reflected
off the third surface of the illumination body, and a second
portion of the light from the light source traverses the
illumination body by being internally reflected off the sec-
ond surface of the illumination body and then internally
reflected off the third surface of the illumination body. Also
according to this embodiment, a first portion of the light
from the light source traverses the illumination body by
being internally reflected off the third surface of the illumi-
nation body, a second portion of the light from the light
source traverses the illumination body by being internally
reflected off the second surface of the illumination body and
then internally reflected off the third surface of the illumi-
nation body, and a third portion of the light from the light
source traverses the illumination body by being internally
reflected off the third surface of the illumination body, then
internally reflected off the second surface of the illumination
body, and then internally reflected off the third surface of the
illumination body.

[0022] In regard to any of the above embodiments, the
illumination system may comprise an illumination body
which forms the at least two virtual light sources. The
illumination body may include a prism which functions to
form the at least two virtual light sources. The light source
system may be positioned adjacent a first surface of the
prism, the microdisplay being positioned adjacent a second
surface of the prism, and the optical system being positioned
adjacent a third surface of the prism. The light source system
produces polarized light and the third prism surface is
attached to a reflective polarizer. In one variation, the angle
between the third prism surface and the second prism
surface is less than 45 degrees, more preferably between 20
and 35 degrees. In a further variation, the angle between the
first prism surface and the second prism surface is between
about 1.7 and 2.3 times the size of the angle between the
third prism surface and the second prism surface.

[0023] The present invention also relates to light source
systems for use in virtual image display systems. In general,
the virtual image display systems include a non-emissive,
reflective microdisplay which forms a source object; an
optical system which forms a magnified, virtual image of the
source object from light reflected off the microdisplay; a
light source system according to the present invention which
produces light to illuminate the display system; and an
illumination system which directs light from the light source
system to the microdisplay. It is noted that the illumination
system may be an illumination system as taught herein or
may be a different illumination system.
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[0024] An embodiment of a light source system according
to the present invention comprises a light source body which
includes a light entry surface across which light from a light
source element enters the light source system, a light exit
surface across which light is transmitted from the light
source system to the illumination system, and a first diffus-
ing/reflective region positioned opposite the light exit sur-
face which includes an internally reflective surface and a
diffusing region internal to the internally reflective surface,
the diffusing region diff-using light which traverses the
diffusing region.

[0025] According to this embodiment, all of the surfaces
of the light source body other than the light entry surface and
the light exit surface are preferably internally reflective and
more preferably highly diffusely reflective.

[0026] In one variation, the light entry surface is orthogo-
nal to the light exit surface. In this regard, light which enters
through the light entry surface is first internally reflected
before reaching and exiting the light exit surface. In this
regard, the internally reflective surface of the first diffusing/
reflective region and the light exit surface are preferably
angled relative to each other so as to direct light to the light
exit surface. The angle between the internally reflective
surface of the first diffusing/reflective region and the light
exit surface is preferably between about 10 degrees and 45
degrees, more preferably between about 10 degrees and 25
degrees, most preferably between about 11 degrees and 13
degrees. The internally reflective surface of the first diffus-
ing/reflective region preferably has a length of at least
10-mm, more preferably between 10-14-mm. The light exit
surface preferably has a length of at least 10-mm, more
preferably between 10-12-mm.

[0027] According to any of the above variations the light
source system may further include one or more optical
layers positioned between external to the light exit surface,
the one or more optical layers performing one or more
functions selected from the group consisting of columniation
and polarization. In one variation, the one or more optical
layers includes a plurality of optical layers where an air gap
is positioned between adjacent optical layers.

[0028] The optical layers may include a first and a second
collimators positioned external to the light exit surface. An
air gap is preferably positioned between the first and second
collimators. The first and second collimators are preferably
at right angles relative to each other. A polarizer may also be
positioned external to the light exit surface adjacent the
collimators.

BRIEF DESCRIPTION OF THE FIGURES

[0029] FIG. 1 illustrates a side view of a display according
to the present invention.

[0030] FIGS. 2A-2B illustrate an illumination system
according to the present invention.

[0031]
system.

[0032] FIG. 2B illustrates paths of light rays traveling
within the illumination system.

[0033] FIG. 2C illustrates virtual light sources formed by
the illumination system illustrated in FIGS. 2A and 2B.

[0034] FIG. 2D illustrates cones of light from the virtual
light sources contacting the microdisplay.

FIG. 2A provides a sideview of an illumination
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[0035] FIGS. 3A-3B illustrate an embodiment of a light
source system according to the present invention.

[0036] FIG. 3A provides a perspective view of a light
source system.

[0037] FIG. 3B provides a side view of the light source
system illustrated in FIG. 3A.

[0038] FIGS. 4A-4C illustrate an embodiment of an opti-
cal system employing an immersed beam splitting element.

[0039] FIG. 4A illustrates an optical system employing an
immersed beam splitting element.

[0040] FIG. 4B illustrates an alternative embodiment of
an optical system employing an immersed beam splitting
element where total internal reflection off of a rear surface
of the immersed beam splitting element is employed.

[0041] FIG. 4C illustrates an alternate embodiment where
a polarization modifier is positioned between the beam
splitter and the reflective first optical element.

[0042] FIG. 5 illustrates an embodiment of an optical
system employing a beamsplitting magnification optic.

[0043] FIG. 6 illustrates an embodiment of an optical
system employing a first magnification optic and a second
magnification optic.

[0044] FIGS. 7A-7B illustrate an embodiment of an opti-
cal system employing a first magnification optic, a second
magnification optic and an image synthesizing optic.

[0045] FIG. 7A illustrates an optical system having a first
magnification optic, a second magnification optic and an
image synthesizing optic where the first and second mag-
nification optics are aligned with each other.

[0046] FIG. 7B illustrates the optical system having a first
magnification optic, a second magnification optic and an
image synthesizing optic where the first and second mag-
nification optics are not aligned with each other.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0047] TIllumination systems are provided which may be
used in various compact virtual image display systems. The
illumination systems of the present invention provide
enhanced illumination which, in turn, enable the display
systems to provide a virtual image with a large eye-box, a
large field of view, and a very compact overall display
system design.

[0048] A feature of the present invention is the ability of
the illumination systems to direct light from a light source
system used in the display system to the microdisplay such
that the angles of incidence of light which illuminates the
microdisplay varies across the microdisplay over an angular
range that is greater than would be provided by the light
source system if the light source system were to directly
illuminate the microdisplay. This serves to enlarge the
effective size of the light source while maintaining the
compact size of the overall display.

[0049] The illumination systems of the present invention
are designed to be used in compact display systems where it
is desirable to minimize the size of the display system. As a
result, the size of the light source that may be used is limited.
By enlarging the effective size of the light source without
having to enlarge the light source itself, a compact size for
the display system is achieved.
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[0050] The illumination systems’ ability to direct light
from a light source system to the microdisplay such that light
is incident on the microdisplay over a range of angles of
incidence is accomplished by the illumination systems effec-
tively creating multiple virtual light sources where one
virtual light source is positioned approximately in front of
and directly over the microdisplay, one is positioned over
and to one side of the microdisplay, and another is posi-
tioned over and to another side of the microdisplay. As a
result, light is caused to be directed onto the microdisplay
where light rays incident on the microdisplay are (a)
approximately perpendicular to the microdisplay (b) posi-
tively angularly displaced relative to the perpendicular to the
microdisplay, and (c) negatively angularly displaced relative
to the perpendicular to the microdisplay.

[0051] Light source systems are also provided which may
be used in various compact virtual image display systems.
The light source systems of the present invention are com-
pact in size and hence well suited for use with compact
display systems employing microdisplays. The light source
systems also provide a high level of light efficiency, thus
providing better illumination for the display system. The
light source systems also provide better uniformity of illu-
mination across the virtual image provided by the display
system. The light source systems are readily adapted for use
with monochromatic, polychromatic or white light illumi-
nation.

[0052] The illumination systems and light source systems
of the present invention may be used in a wide variety of the
display systems. These display systems may be employed as
an inexpensive component which may be incorporated into
any electronic device in which a display is used. In one
embodiment, the display system is designed for use in
pocket-sized electronic devices. Examples of such devices
include, but are not limited to, portable computers personal
communicators, personal digital assistants, modems, pagers,
video and camera viewfinders, portable GPS systems,
mobile phones, television monitors and other hand held
devices.

[0053] FIG. 1 illustrates an embodiment of a display
system 10 in which an illumination system and light source
system according to the present invention may be employed.
The display system 10 includes an optical system 12, a
microdisplay 14, a light source system 16, and an illumina-
tion system 17. The microdisplay 14 includes an imaging
surface 18 where a source object is formed. As indicated by
the arrow labeled A, light from the light source system 16 is
directed through the illumination system 17 such that the
light is incident on the imaging surface 18. Light from the
light source system 16 passing to the imaging surface 18 can
experience one or more reflections off the surfaces of the
illumination system 17. Light incident on the imaging sur-
face 18 is reflected and passes through the illumination
system 17 to the optical system 12 where the source object
is magnified and viewed by a user as a virtual image.

[0054] As illustrated in FIGS. 1 and 4A-7B, the optical
system 12, the microdisplay 14, the light source system 16
and illumination system 17 can be arranged in a variety of
different configurations relative to each other. It is noted that
all potential configurations of these components are intended
to be encompassed within the scope of the present invention.
Further, it is noted that numerous different types of optical
systems 12 and microdisplays 14 can be used in the present
invention, some embodiments of which are disclosed herein.
It is noted that all embodiments of optical systems and
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microdisplays, including those not disclosed herein, which
may be adapted to be used with the illumination systems
and/or the light source systems of the present invention are
intended to be encompassed within the scope of the present
invention.

[0055] A. ILLUMINATION SYSTEM

[0056] FIG. 2A illustrates an illumination system 17
according to the present invention. The illumination system
17 includes an illumination body 20. The illumination body
20 has a light-entry surface 22 across which illumination
from a light source system 16 enters the illumination body
20. The illumination body 20 also has a display-facing
surface 24, which can either internally reflect the illumina-
tion back into the illumination body 20 or transmit the
illumination light to the microdisplay 14 positioned adjacent
the display-facing surface 24. Illumination light is reflected
off the microdisplay 14 and reenters the illumination body
20 through the display-facing surface 24. The illumination
body 20 also has a magnifier-facing surface 26 which can
either internally reflect illumination light back into the
illumination body 20 or transmit light which has been
reflected off the microdisplay 14, thereby exiting the illu-
mination system 17 and entering the optical system 12.

[0057] As will be described herein, different portions of
illumination from the light source system reach the micro-
display 14 after traversing different paths through the illu-
mination body 20. One portion reaches the microdisplay 14
after being reflected off of only the magnifier-facing surface
26 of the illumination body 20. Other portions of the
illumination light reach the microdisplay 14 after being
reflected off of multiple surfaces of the illumination body 20
(including both the magnifier-facing surface 26 and then the
display-facing surface 24). These different portions of the
illumination from the light source system form different
virtual light sources which combine to provide the display
with a larger eye-box than would otherwise be provided by
a single light source transmitting light directly to the micro-
display. It is noted that additional portions of illumination
from the light source system may reach the microdisplay 14
involving three or more internal reflections, these portions
forming additional virtual light sources.

[0058] FIG. 2B illustrates several potential paths for light
traveling through the illumination body 20 from the light
source system 16 to the microdisplay 14. As illustrated, a
first path for the light (Path A) reaches the imaging surface
18 of the microdisplay 14 after being internally reflected off
of the magnifier-facing 26 surface of the illumination body
20. As will be described herein, the portion of light follow-
ing this first once-reflected path corresponds to a first virtual
light source (illustrated in FIG. 2C as element 40). A second
path for the light (Path B) is internally reflected first off the
display-facing surface 24 and then internally reflected off the
magnifier-facing surface 26 prior to reaching the microdis-
play 14. As will be described herein, the portion of light
which follows this second, two-reflection path corresponds
to a second virtual light source (illustrated in FIG. 2C as
element 36). A third path for the light (Path C) involves the
light being internally reflected off magnifier-facing surface
26 and then internally reflected off the display-facing surface
24 and then internally reflected again from the magnifier
facing surface 26 prior to reaching the microdisplay 14. As
will be described herein, the portion of light which follows
this third, three-reflection path corresponds to a third virtual
light source (illustrated in FIG. 2C as element 38).

[0059] As illustrated in FIG. 2B, the illumination system
is designed such that a first portion of the light (Path A) is
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internally reflected off one surface of the illumination body
prior to illuminating the display system and a second portion
of the light (Path B) is internally reflected off two surfaces
of the illumination body prior to illuminating the display
system. Yet a third portion of the light (Path C) is internally
reflected off three surfaces of the illumination body prior to
illuminating the display system. One or more of the internal
reflections may be a total internal reflection. Alternatively,
coatings may be used to cause the internal reflections.

[0060] As noted in regard to FIG. 2B, light may reach the
microdisplay 14 from the light source system 16 after one,
two, three, or more reflections within the illumination sys-
tem. As a result of different portions of the light reaching the
microdisplay after different numbers of reflections, the
angles of incidence of light which reaches the microdisplay
varies over an angular range that is greater than would be
provided by the light source system if the light source
system were to directly illuminate the microdisplay. This
serves to increase the size of the eye-box that is produced.
For example, if the light source system were to directly
illuminate the microdisplay, all of the light would be inci-
dent at approximately the same angle. By contrast, by
creating the multiple virtual light sources, the angular range
of the angles of incidence for light from the different paths
reaching the microdisplay is significantly increased.

[0061] In one embodiment, the illumination system is
designed to direct light from the light source system through
the illumination system to the microdisplay such that the
angles of incidence of light which illuminate the microdis-
play varies across the microdisplay over an angular range of
at least 40 degrees. The angular range may optionally be at
least 60 degrees. Optionally, the angular range may be
between about 40 degrees and 120 degrees more preferably
between about 60 degrees and 100 degrees.

[0062] FIG. 2C illustrates the virtual light sources pro-
vided by the combination of light source system 16 and the
illumination system 17 shown in FIGS. 2A and 2B. FIG.
2D illustrates cones of light 36', 38' and 40' from the virtual
light sources 36. 38 and 40 respectively contacting the
microdisplay.

[0063] Applicants refer to 36, 38 and 40 of FIG. 2C as
“virtual light sources” because they correspond to locations
where a real light source would need to be positioned in
order to accomplish the same result as illumination system
17 but without any reflections.

[0064] Virtual light source 36 corresponds to light which
reaches the microdisplay 14 after two reflections (e.g., Path
B). The virtual light source corresponding to this portion of
the illumination is positioned in front of and approximately
over the microdisplay. Light rays that would be incident on
the microdisplay 14 would be approximately perpendicular
to the microdisplay 14. As illustrated in FIG. 2D, cone of
light 36' is approximately centered around a perpendicular to
the microdisplay 14.

[0065] Virtual light source 40 corresponds to light which
reaches the microdisplay 14 with a single reflection off
magnifier-facing surface 26 (e.g., Path A). The virtual light
source corresponding to this portion of the illumination is
positioned over and to one side (right) of the microdisplay
14. Light rays that would be incident on the microdisplay
from this virtual light source would positively angularly
displaced (positive angles being to the right of perpendicu-
lar) relative to the perpendicular to the microdisplay. As
illustrated in FIG. 2D, cone of light 40' is approximately
centered right of the perpendicular to the microdisplay 14.
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[0066] Virtual light source 38 corresponds to light which
reaches the microdisplay 14 with a reflection off display-
facing surface 24 and two reflections off magnifier-facing
surface 26 (e.g., Path C). The virtual light source corre-
sponding to this portion of the illumination is positioned
over and to one side (left) of the microdisplay 14. Light rays
that would be incident on the microdisplay from this virtual
light source would negatively angularly displaced (negative
angles being to the left of perpendicular) relative to the
perpendicular to the microdisplay. As illustrated in FIG. 2D,
cone of light 38' is approximately centered left to the
perpendicular to the microdisplay 14.

[0067] Additional virtual light sources beyond 36, 38 and
40 may also be created but the illumination system but are
not illustrated for purposes of clarity. Illumination systems
which produce these additional virtual light sources are
nonetheless intended to be within the scope of the present
invention.

[0068] An important feature of the present invention is
that the illumination system 17 creates these multiple virtual
light sources from single light source system 16. As can be
seen from FIGS. 1, and 4A-7B, there is no room in the
display systems to position light sources where the virtual
light sources 36, 38 and 40 are positioned. Rather, the virtual
light sources are positioned where the optical systems are in
these display systems (or at least where light from the light
sources would have to traverse the optical systems). One
therefore would need to significantly increase the size of the
display systems to accommodate the addition of these mul-
tiple light sources. One would also have to design the
display systems such that illumination can be transmitted
through the optical system to the microdisplay 14. Instead,
by using the illumination system of the present invention,
Applicants avoid these problems and meanwhile provide
enhanced illumination.

[0069] A further important feature of the present invention
is that the illumination system 17 creates multiple virtual
light sources as opposed to a single light source. Virtual light
source 36 primarily provides illumination to an optical view
which is perpendicular to the microdisplay. Meanwhile,
virtual light source 38 provides illumination to an optical
view which is right of the perpendicular to the microdisplay
and virtual light source 40 provides illumination to an
optical view which is left of the perpendicular to the
microdisplay. Since illumination is provided to a field of
view both left and right of the perpendicular to the micro-
display, a larger eye-box is provided to the user. This
enhances the ergonomics of the display system and creates
a much larger eye-box for the viewer’s ease of use.

[0070] Ttis noted that the optical system may have a folded
optical path, such as the path illustrated in FIG. 1. In such
instances, it is preferred that the illumination system be
designed such that the multiple virtual light sources are
aligned with the optical plane. The eye-box produced by the
optical system is constrained in the plane of the folded
optical path. By aligning the multiple virtual light sources in
the optical plane of the folded optical path, the size of the
eye-box along that dimension is increased.

[0071] The illumination body 20 may be made of a variety
of different materials. Examples of suitable materials
include, but are not limited to, glass, acrylic plastic, and
polycarbonate.

[0072] The illumination body 20 used in the illumination
system can have a variety of shapes in order to create the
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above described virtual light sources. In one embodiment,
the illumination body 20 is a triangle shaped block. When
the illumination body 20 is a triangular in shape, the
illumination entry surface 22 is preferably at least 4 mm in
length and preferably between about 4-10 mm in length. The
display-facing surface 24 is preferably at least 6 mm in
length and preferably between about 6-18 mm in length. The
magnifier-facing surface 26 is preferably at least 6 mm in
length and preferably between about 6-18 mm in length.

[0073] As illustrated in FIG. 2A, the illumination entry
surface 22 is positioned at an angle o relative to the
display-facing surface 24 and at an angle [ relative to the
magnifier-facing surface 26. Meanwhile, the display surface
24 is positioned at an angle y relative to the magnifier-facing
surface 26. The angle between the magnifier-facing surface
26 and the display-facing surface 24 is preferably less than
45 degrees, more preferably between about 20 and 35
degrees. The angle between the entry surface 22 and the
display-facing surface 24 is preferably between about 1.7
and 2.3 times the size of the angle between the display
surface 24 and the magnifier-facing surface 26.

[0074] Referring to FIG. 2A, a polarizing beam splitter 30
may optionally be positioned adjacent to the magnifier-
facing surface 26, more preferably between the magnifier-
facing surface 26 and the optical system 12. The polarizing
beam splitter 30 may be incorporated into the illumination
body 20, for example, as a coating on the magnifier-facing
surface 26. Alternatively, an independent optical element
comprising the polarizing beam splitter 30 may be posi-
tioned between the magnifier-facing surface 26 and the
optical system 12. The polarizing beam splitter 30 preferably
has a large acceptance angle, preferably 20°-70°, more
preferably 10°-80° and most preferably 0°- 90°. Examples of
materials which may be used to form the polarizing beam
splitter 30 include, but are not limited to, DBEF produced by
3M Corporation of St. Paul, Minn.

[0075] The illumination entry surface 22 may optionally
include an anti-reflective coating 32. Specifically, the illu-
mination entry surface 22 may include an anti-reflective
coating 32 between the illumination entry surface 22 and the
light source system 16. The anti-reflective coating 32 serves
to reduce the amount of light from the light source system
16 which is reflected off the illumination entry surface 22 at
the illumination body 20- light source system 16 interface.
By using an anti-reflective coating, more light enters the
illumination system, which in turn, increases the resulting
brightness of the display system.

[0076] The display surface 24 may optionally include an
anti-reflective coating 33. Specifically, the display-facing
surface 24 may include an anti-reflective coating 33 between
the display-facing surface 24 and the microdisplay 14. The
anti-reflective coating 33 serves to reduce the amount of
light reflected at the microdisplay 14-illumination body 20
interface. As a result, more light enters the illumination
system from the microdisplay, which in turn, increases the
resulting brightness of the display system. It is noted that the
imaging surface 18 of the microdisplay 14 may also option-
ally include an anti-reflective surface 35.

[0077] The portion of the display-facing surface 24 which
is not opposite the microdisplay 14, and the portion of the
magnifier-facing surface 26 through which light is not
transmitted into the field of view may each optionally be
coated to cause light to be internally reflected even at angles
less than the critical angle. By preventing such light from
exiting the illumination body 20 that is intended to be
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directed to the microdisplay by one or more internal reflec-
tions, the amount of light ultimately delivered into the field
of view is increased, thereby increasing the overall bright-
ness of the image that is provided to the viewer.

[0078] An air gap 34 is formed at the microdisplay 14 -
illumination body 20 interface. The air gap 34 allows light
at angles greater than the critical angle to be totally inter-
nally reflected as is required for portions of the illumination
typical of portions of Paths B and C, which internally reflect
from the display-facing surface 26.

[0079] B. LIGHT SOURCE SYSTEM

[0080] The present invention also relates to light source
systems which may be used in display systems employing a
microdisplay such as the ones described herein. The light
source systems of the present invention are compact in size
and hence well suited for use with compact display systems
employing microdisplays. The light source systems also
provide a high level of light efficiency, thus providing better
illumination for the display system. The light source systems
also provide better uniformity of illumination across the
virtual image provided by the display system. The light
source systems are readily adapted for use with monochro-
matic, polychromatic or white light illumination.

[0081] FIGS. 3A and 3B illustrate an embodiment of a
light source system 16 according to the present invention. As
illustrated in FIG. 3A, the light source system 16 is coupled
to and optionally includes a light source element 42 which
generates the light provided by the illumination system.
Light is delivered from the light source element 42 into the
light source system 16 and then from the light source system
16 into the illumination system 17.

[0082] In general, the light source element 42 may be any
element which produces illumination. The illumination pro-
duced by the light source element 42 may be monochro-
matic, polychromatic or white light. Examples of light
source elements include, but are not limited to, incandescent
lamps, lasers, and LEDs. When color images are desired, the
light source element 42 preferably can produce red, green
and blue light. For example, the light source element 42 can
include a red LED, a green LED and a blue LED.

[0083] The light source system 16 includes a light entry
surface 44 across which light from the light source element
42 enters the light source system 16. Light source element
42 is preferably cemented to light entry surface 44 serving
to allow as much light as possible to enter the light source
system.

[0084] The light source system 16 includes side surfaces
47, 47" and an end surface 49 which are designed to prevent
light from exiting the light source system 16. This may be
accomplished by rendering the side surfaces 47, 47' and end
surface 49 internally reflective and preferably highly dif-
fusely reflective.

[0085] The light source system 16 further includes a
diffusing/reflective region 51 which is internally reflective
and diffusive.

[0086] The internally reflective surfaces 51 and 47 are
designed to prevent light from exiting the light source
system 16 and is preferably highly diffusely reflective. The
reflective surface preferably has a length of at least 10-mm,
more preferably between 10-14-mm. Various coatings are
known in the art for rendering these surfaces internally
reflective including diffusive reflective paint, or reflective
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films such as Optilux manufactured by 3M Corp. and DRP
Backlight manufactured by W. L. Gore and Assoc.

[0087] Diffusely reflecting surfaces 47, 47', 49, and 51
serve to spread light which reach these surfaces over many
different angles. As a result, the diffusely reflecting surfaces
serve to diffuse light from the light source element 42 so that
light which is delivered from the light source system 16 into
the illumination system 17 is more evenly distributed. As a
result, the virtual image that is produced by the overall
display system has better illumination brightness uniformity.
Also, multiple light source elements 42 are employed to
form a polychromatic image. Since the multiple light source
elements 42 cannot all be positioned in the same location,
the diffusing surfaces serve to improve illumination unifor-
mity for each color. As a result, the various colors formed
using a combination of different light source elements 42 are
uniform across the image.

[0088] The light source system 16 further includes a light
exit surface 55 across which light from the light source
system 16 travels to the illumination system 17. Light exit
surface 55 preferably has a length of at least 10-mm, more
preferably between 10-12-mm.

[0089] As illustrated, reflecting surface 51 is positioned at
an angle relative to light exit surface 55, giving the light
system an overall wedge shape. The angle & between reflect-
ing surface 51 and the light exit surface 55 is preferably at
least 10 degrees and more preferably between 11 to 13
degrees.

[0090] FIG. 3B illustrates an embodiment of a light
source system 16 in greater detail. As illustrated, the light
source system 16 is coupled to light source element 42
which generates the illumination provided by the illumina-
tion system. Light is delivered from the light source element
42 into the light source system 16 across light entry surface
44.

[0091] The light source system 16 includes side surfaces
47, 47' and end surface 49 which are designed to prevent
light from exiting the light source system 16.

[0092] The light source system 16 further includes a
reflective surface 51 which is designed to prevent light from
exiting the light source system 16.

[0093] As illustrated, a diffusion region 53 may optionally
only extend across a portion of the side of the light source
system 16 where the reflective surface 51 is positioned. A
reflective surface 59 may be employed adjacent the light
elements 42 on side of light source system 16 where the
reflective surface 51 is positioned.

[0094] The light source system 16 further includes a light
exit surface 55 across which light from the light source
system 16 travels to the illumination system 17. As illus-
trated, a portion of the side of the light source system 16
which includes the light exit surface 55 may be rendered
internally reflective. For example, as illustrated, the side of
the light source system 16 which includes the light exit
surface 55 includes internally reflective surface 61 adjacent
light element 42 and reflective surface 63 adjacent end
surface 49.

[0095] Several optical layers may optionally be positioned
between the light exit surface 55 and the illumination system
17. These optical layers may perform a variety of different
functions including columniation and polarization.

[0096] FIG. 3B illustrates one embodiment where a first
collimator 68, a second collimator 70 and a polarizer 72 are
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positioned between the light exit surface 55 of the light
source system 16 and the illumination system 17.

[0097] Optionally, the second collimator 70 can be posi-
tioned at an angle relative to the first collimator 68. In a
preferred embodiment, the second collimator 70 is at a right
angle to first collimator 68 to provide substantially cone
shaped beams exiting the second collimator 70. An example
of a collimator that can be used is BEF which is produced
by 3M Corporation of St. Paul, Minn. BEF films also recycle
light which is incident at large angles.

[0098] As illustrated, air gaps 71 are preferably positioned
between each of the optical layers and between the light exit
surface 55 and the nearest optical layer. The air gaps help to
reduce light losses due to reflection. The air gaps 71 can be
formed by spacers positioned between the various compo-
nents. Suitable materials for the spacers include, but are not
limited to, double sided, pressure sensitive adhesive films.

[0099] 1t is noted that the selection of the optical layers is
dependent upon the display system in which the light source
system 16 is employed. For instance, when an LCD micro-
display is employed, a polarizer is desirable. When the
microdisplay employs mirror light valves, collimators are
not needed. It is also noted that a two dimensional collimator
may be employed when a narrower light source system is
desired.

[0100] During operation of the light source system 16,
light from the light source element 42 passes into the light
source system 16. Light which reaches reflective surfaces
59, 61 and 63 are internally reflected. Light which traverses
diffusing regions 53 and 57 are diffused and then reflected by
reflective surface 51 and end surface 49 When light reaches
the light exit surface 55, the light exits the light source
system 16. With the assistance of diffusing layers 53 and 57,
the intensity of light traversing the light exit surface 55 is
uniform across the light exit surface 55. A series of optical
layers (e.g., layers 68, 70 and 72) may be used to perform
functions on light traversing the light exit surface 55. For
example, these layers may perform polarization and colum-
niation functions.

[0101] C. MICRODISPLAY

[0102] The microdisplay 14 may be any device which
includes an imaging surface 18 on which a source object can
be formed. Examples of microdisplays include, but are not
limited to liquid crystal displays, spatial light modulators,
gratings, mirror light valves and LED and FED arrays. More
specific examples of microdisplays include, but are not
limited to, light reflective liquid crystal displays, cholesteric
liquid displays, PSC liquid crystal displays and spatial light
modulators.

[0103] A preferred microdisplay is a light reflective liquid
crystal on silicon display. An example of a light reflective
liquid crystal on silicon display is described in Application
Ser. No.09/311,805, filed May 13, 1999, which is incorpo-
rated herein by reference.

[0104] Another preferred microdisplay is a spatial light
modulator. Spatial light modulators, also known as light
valves, are well known in the art for use in electronic
displays. Examples of spatial light modulators that may be
used in the display system of the present invention and their
principle of operation are described in U.S. Pat. Nos. 4,638,
309, 4,680,579 issued to Ott, U.S. Pat. No. 5,287,215 issued
to Warde, U.S. Pat. Nos. 4,441,791, 4,710,732, 4,596,992,
4,615,595, 4,662,746 and 5,061,049, 5,280,277 issued to
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Hornbeck, U.S. Pat. Nos. 5,287,096 and U.S. Pat. No.
5,170,283 issued to O’Brien, all of which are incorporated
herein by reference.

[0105] According to one embodiment of the invention, the
microdisplay 14 has an imaging surface 18 with an area
equal to or less than about 400 mm?, preferably between
about 20 mm? and 400 mm?* and more preferably between
about 20 mm® and 100 mm?>. The pixels of the display matrix
preferably have an area less than about 0.01 mm?® and more
preferably between 50 um? and 500 um?. At these pixel and
imaging surface 18 size ranges, the imaging surface 18 has
a comparable number of pixels to that of a high resolution
computer monitor.

[0106] D. EMBODIMENTS OF DISPLAY SYSTEM
EMPLOYING DIFFERENT OPTICAL SYSTEMS

[0107] FIG. 4A illustrates an embodiment of an optical
system 12 which may be used with an illumination system
and/or a light source system according to the present inven-
tion. As illustrated in FIG. 4A, the optical system 12 is
positioned adjacent to a light source system 16 and an
microdisplay 14. Light is reflected off the microdisplay 14
into the optical system 12. The optical system 12 includes an
immersed beam splitting element 82 having a beam splitter
84 immersed in an optically transparent material 86. A
portion of the light which reaches the beam splitter 84 is
reflected by the beam splitter 84 and directed to a first optical
element 88.

[0108] The first optical element 88 has a reflective func-
tion and a magnification function. The image formed by the
light projected onto the first optical element 88 is magnified
by the magnification function of the element to form a
magnified virtual image 90. The light from the magnified
virtual image 90 is reflected by the reflective function of the
first optical element 88. At least a portion of the light
forming the magnified virtual image 90 passes through the
beam splitting element 82 to a second optical element 92.
The magnified virtual image 90 projected onto the second
optical element 92 is magnified by the second optical
element 92 as the light traverses the second optical element
92 to form a compound magnified virtual image 94 which is
seen by the user. The apparent position of the magnified
virtual image 90 relative to the second optical element 92 is
approximately equal to or less than the focal length of the
second optical element 92. The compound magnified virtual
image 94 appears to be positioned further away than the
magnified virtual image 90, preferably at least 10 inches
away. In one embodiment the compound magnified virtual
image 94 is at least about 6 feet away to provide for
comfortable viewing.

[0109] In order to prevent stray light from interfering with
the user’s ability to see the compound magnified virtual
image 94 an anti-reflective coating can optionally be placed
on the outside surface of the second optical element 92.

[0110] FIG. 4B illustrates an alternate embodiment of the
optics system in which total internal reflection off a back
surface 96 of the beam splitting element 82 is used to reduce
the thickness of the optical system 12. Light from the image
forming assembly is projected onto the back surface 96 of
the beam splitting element 82. The image forming optics are
angled such that the light reflected from the imaging surface
18 is incident the back surface 96 of the beam splitting
element 82 at an angle, €, less than the angle at which total
internal reflection occurs. As a result, the light from the
image forming assembly is reflected off the back surface 96
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of the beam splitting element 82 to the beam splitter 84. The
light is then reflected by the beam splitter 84 and directed to
the first optical element 88.

[0111] The angle € at which total internal reflection occurs
depends on the refractive index material used to form the
immersed beam splitting element 82, as well as whether a
film is placed on the back surface 96 of the beam splitting
element 82. In one embodiment, angle € is less than about
600.

[0112] As in the embodiment illustrated in FIG. 4A, first
optical element 88 has a reflective function and a magnifi-
cation function. The image formed by the light projected
onto first optical element 88 is magnified by the magnifica-
tion function of the element to form a magnified virtual
image 90. The light from the magnified virtual image 90 is
reflected by the reflective function of the element. At least a
portion of the light forming the magnified virtual image 90
passes through the beam splitting element 82 to a second
optical element 92. The magnified virtual image 90 formed
by the light projected onto the second optical element 92 is
magnified by the second optical element 92 as the light
traverses the second optical element 92 and is seen as a
compound magnified virtual image 94 by the user.

[0113] As illustrated in FIGS. 4A and 4B, the beam
splitter 84 is positioned relative to a plane 97 of the first
optical element 88 to direct light from the imaging surface
18 onto the first optical element 88. The apparent position of
the magnified virtual image 90 relative to the second optical
element 92 is approximately equal to or less than the focal
length of the second optical element 92. The compound
magnified virtual image 94 appears to be positioned further
away than the magnified virtual image 90, preferably at least
10 inches away. In one embodiment the compound magni-
fied image is at least about 6 feet away to provide for
comfortable viewing.

[0114] The angle 6 between the beam splitter 84 and the
plane 97 of the first optical element 88 limits how close the
first optical element 88 and the second optical elements 92
may be positioned relative to each other (shown in FIGS. 4A
and 4B as distance t) and hence limits the overall thickness
T of the optical system 12.

[0115] According to this embodiment, the separation that
is required between the first optical element 88 and the
second optical element 92 is reduced by using immersed
beam splitter 84, i.e., a beam splitter 84 which is contained
within one or more optically transparent materials 86 which
have a refractive index higher than air. By using an
immersed beam splitter 84, light passes between the imaging
surface 18 and the beamsplitting element 82 through a
medium having a higher refractive index than air. The higher
refractive index medium causes the source object projected
from the imaging surface 18 to be magnified in comparison
to an image of the source object which passes between the
imaging surface 18 and the beamsplitting element 82
through air. The magnification performed by the beamsplit-
ting element 82 enables a smaller beamsplitting element 82
to be used in the optical system 12, which, in turn, enables
the beamsplitting element 82 to be positioned at a tighter
angle 0. By reducing the angle 6 at which the beamsplitting
element 82 is positioned, the distance t between the first
optical element 88 and the second optical element 92 is
reduced.

[0116] In the embodiment of the optical system 12 illus-
trated in FIG. 4A, the angle 6 between the beam splitter 84
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and the plane 97 of the first optical element 88 is preferably
about 30-45°and more preferably about 37°. In the embodi-
ment of the optical system 12 illustrated in FIG. 4B, the
angle 0 between the beam splitter 84 and the plane 97 of the
first optical element 88 is preferably about 10-30° and more
preferably about 25°. Thus, total internal reflection can
reduce the angle 6 between the beam splitter 84 and the
plane 97 of the first optical element 88 and accordingly the
reduce the separation between the first optical element 88
and the second optical element 92.

[0117] The use of an immersed beam splitter 84 also
enables a smaller imaging surface 18 to be used and/or for
the imaging surface 18 to be positioned further away from
the beam splitter 84 than if the source object were projected
from the imaging surface 18 to the beam splitter 84 through
air. This is important to the compact design of a display
system 10 according to the present invention since it enables
the imaging surface 18 to be positioned out from between
optical elements and thus out of the field of view provided
by the optical system.

[0118] As illustrated in FIG. 4C, a polarization modifier
98, such as a quarter waveplate, can be positioned between
the beam splitter 84 and the reflective first optical element 88
in this embodiment. The polarization modifier 98 serves to
alter the polarization of the light which traverses the polar-
ization modifier 98 before and after being reflected off the
first optical element 88. By using the polarization modifier
98, polarized light from the imaging surface 18 is reflected
by the beam splitter 84, altered as it traverses the polariza-
tion modifier 98, reflected by the first optical element 88 and
altered again by the polarization modifier 98 so that the light
traverses the beam splitter 84 after being reflected off the
first optical element 88.

[0119] Tt is noted that the optical system illustrated in
regard to FIGS. 4A-4C are described in greater detail in U.S.
Pat. No. 5,771,124 which is incorporated herein by refer-
ence.

[0120] FIG. 5 illustrates an alternate embodiment of an
optical system 12 which may be used with an illumination
system and/or a light source system according to the present
invention. In this optical system, a beamsplitting magnifi-
cation optic 100 remote from the imaging surface 18 and a
reflective element 102 in proximity to the imaging surface
18 are employed. The beamsplitting magnification optic 100
is preferably positioned about 3-15 mm from the imaging
surface 18 and more preferably about 5-10 mm from the
imaging surface 18. Because the reflective element 102
provides a convenient support structure on which to mount
the imaging surface 18, it is preferred that the imaging
surface 18 be positioned adjacent to a reflective surface 104
of the reflective element 102 which is positioned opposite
the beamsplitting magnification optic 100.

[0121] The centerpoint of imaging surface 18 and the
centerpoint of the beamsplitting magnification optic 100
define a first optical axis 106 along which the source object
is projected toward the beamsplitting magnification optic
100.

[0122] Incorporated into the beamsplitting magnification
optic 100 is a magnification function and a reflection func-
tion such that the beamsplitting magnification optic 100
images the source object and reflects a magnified virtual
image 90 of the source object toward the reflective element
102. The center of the imaging rays forming the reflected
magnified virtual image 90 define a second optical axis 107
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that is at an angle, K, relative to the first optical axis 106. The
angle between the first and second optical axes, Kk, is
preferably at most about 40°. more preferably at most about
100 and most preferably at most about 5°.

[0123] The beamsplitting magnification optic 100 also
serves as a second magnification optic. More specifically,
the light rays forming the magnified virtual image 90 are
reflected off the reflective element 102 back toward the
beamsplitting magnification optic 100 which then magnifies
the magnified virtual image 90 to produce a compound
magnified virtual image 94 of the source object to the user.

[0124] Displays having an optical system 12 similar to the
optical system 12 of FIG. 5 have previously been described
in greater detail in U.S. Pat. No.5,625,372 which is incor-
porated herein by reference.

[0125] FIG. 6 illustrates an embodiment of an optical
system 12 which employs a first magnification optic 108 and
a second magnification optic 110. The first magnification
optic 108 is positioned along a first optical axis 112 defined
by the centerpoint of the imaging surface 18 and the cen-
terpoint of the first magnification optic 108. A source object
formed on the imaging surface 18 is projected toward the
first magnification optic 108 and is centered upon the first
optical axis 112.

[0126] Incorporated into the first magnification optic 108
is a magnification function and a reflection function such
that the first magnification optic 108 images the source
object and provides a magnified virtual image 90 of the
source object in the direction of the user. The center of the
imaging rays forming the magnified virtual image 90 define
a second optical axis 116 that is at an angle, A, relative to the
first optical axis 112. The angle A of the second optical axis
116 relative to the first optical axis 112 is equal to twice the
tilt angle of the normal to the center of curvature of the first
magnification optic 108 if the optic is tilted. This displace-
ment angle, X, is also equal to twice the distance of the
normal to the center of curvature of the first magnification
optic 108 divided by the radius of curvature of the first
magnification optic 108 if the first magnification optic 108
is off center.

[0127] The second magnification optic 110 receives the
magnified virtual image 90 and provides a compound mag-
nified virtual image 94 of the source object to the user within
the full field of view. The source object produced by the
imaging surface 18 is within the full field of view of this
second magnification optic 110. This generally requires that
). be at most about 40°, preferably at most about 10° and
most preferably at most about 5°. These smaller angles can
reduce the amount of aberrations in the compound magnified
virtual image 94.

[0128] In the embodiment of FIG. 6, the imaging surface
18 is positioned adjacent to a distal refractive surface 120 of
the second magnification optic 110. According to this
embodiment, the source object produced by the imaging
surface 18 is imaged by the first magnification optic 108
such that the first magnification optic 108 provides a mag-
nified virtual image 90 of the source object where the
imaging rays forming the magnified virtual image 90 have a
center which defines the second optical axis 116. The second
magnification optic 110 then reimages the magnified virtual
image 90 and provides a compound magnified virtual image
94 of the source object to the observer.

[0129] When the imaging surface 18 is positioned near or
adjacent to the distal refractive surface 120 of the second



US 2001/0001584 Al

magnification optic 110, the first magnification optic 108
preferably has a magnification of about 3-10 and a focal
length of about 7.5 and 30 mm and the second magnification
optic 110 preferably has a magnification of about 3-10 and
a focal length of about 25-83 mm. It is also preferred that the
eye relief provided by the second magnification optic 110 be
about 25 mm, most preferably equal to or greater than about
35 mm.

[0130] Displays having an optical system 12 similar to the
optical system 12 of FIG. 6 have previously been described
in greater detail in U.S. Pat. No. 5,625,372 which is incor-
porated herein by reference.

[0131] FIG. 7A illustrates another embodiment of an
optical system 12 employing a first magnification optic 122,
a second magnification optic 124 and an image synthesizing
optic 126. A source object formed on the imaging surface 18
is magnified by the first magnification optic 122 to produce
a magnified virtual image 128. The first magnification optic
122 preferably provides a magnification of at least about 3
and more preferably about 3-10. The first magnification
optic 122 also preferably has an effective focal length of
about 3.5-37.5 mm.

[0132] The magnified virtual image produced by the first
magnification optic 122 is projected onto the image synthe-
sizing optic 126 to produce a magnified real image 130. The
distance between the first magnification optic 122 and the
image synthesizing optic 126 is referred to as the first
distance 132. The first distance is preferably about 35-150
mm. In general the distance between a magnification optic
and the point at which the image is projected equals the focal
length (f) of the optic multiplied by the magnification (m)
plus 1, ie., d=f* (m+1). The upper limit of 150 mm
corresponds to twice the preferred length of the container
containing the optical system 12. It should be noted, how-
ever, that larger containers may be employed and thus larger
first distances may be used.

[0133] The magnified real image 130 on the image syn-
thesizing optic 126 is conveyed along a second distance 134
to the second magnification optic 124 which magnifies the
magnified real image 130 to produce a magnified virtual
image 136 which is seen by the user. The second distance is
approximately equal to the focal length of the second
magnification optic 124.

[0134] The second magnification optic 124 is used to
provide the user with a magnified virtual image. It is
preferred that the eye relief provided by the second magni-
fication optic 124 be at least about 15 mm, more preferably
at least about 35 mm and most preferably at least about 50
mm. The second magnification optic 124 preferably pro-
vides magnification by a factor of at least about 4, more
preferably by a factor of about 4-7.

[0135] The first magnification optic 122 and the second
magnification optic 124 combine to magnify the source
object formed by the microdisplay by a factor of at least
about 20 and more preferably at least about 40. The two
magnification stages allows the optical system 12 of the
present invention to employ smaller components and a more
compact layout than is possible using the single magnifica-
tion stage employed by projection systems.

[0136] A suitable image synthesizing optic 126 for the
optical system 12 of FIG. 7A may be any device which
produces a directly viewable image when placed in the real
image plane of a magnification optic. As illustrated in FIG.
7A, the image synthesizing optic 126 may be a light trans-
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missive image synthesizing optic 126 where the source
object is imaged onto the rear surface of the image synthe-
sizing optic 126 to produce a magnified real image 130.
Alternatively, the magnified real image 130 may be pro-
jected onto a reflective image synthesizing optic 126 as
illustrated in FIG. 7B.

[0137] The image synthesizing optic 126 is preferably
designed such that a large fraction of the light is redirected
so that the entirety of the image remains visible as the eye
is moved laterally relative to the second magnification optic
124. In order to achieve the desired amount of light redi-
rection, the numerical aperture of the directed light is
preferably on the order of the (radius of the second magni-
fication optic 124)/(focal length of the second magnification
optic 124). In addition, the image synthesizing optic 126
should redirect the central ray of the cone of light from each
point on the image synthesizing optic 126 to the center of the
second magnification optic.

[0138] Displays having an optical system 12 similar to the
optical system 12 of FIGS. 7A-7B have previously been
described in greater detail in U.S. Pat. No. 5,644,323 which
is incorporated herein by reference.

[0139] The various display systems of the present inven-
tion operate by delivering data to a processor which in turn
controls the operation of microdisplay. In certain instances,
for example when multiple color images are to be provided
by the display system, operation of the light source system
is also controlled. A wide variety of methods and systems are
known in the art for operating a display system according to
the present invention. U.S. application Ser. No. 09/311,805,
filed May 13, 1999 provides one example of a system for
operating a display system and is incorporated herein by
reference. It should be understood, however, that a wide
variety of other systems and methods for operating a display
system are known, may be readily adapted for use with the
present invention, and are intended to be encompassed by
the present invention.

[0140] The foregoing description of preferred embodi-
ments of the present invention has been provided for the
purposes of illustration and description. It is not intended to
be exhaustive or to limit the invention to the precise forms
disclosed. Obviously, many modifications and variations
will be apparent to practitioners skilled in this art. The
embodiments were chosen and described in order to best
explain the principles of the invention and its practical
application, thereby enabling others skilled in the art to
understand the invention for various embodiments and with
various modifications as are suited to the particular use
contemplated. It is intended that the scope of the invention
be defined by the following claims and their equivalents.

What is claimed is:
1. A virtual image display system comprising:
a non-emissive, reflective microdisplay which forms a

source object;

an optical system which forms a magnified, virtual image
of the source object from light reflected off the micro-
display;

a light source system which produces light to illuminate
the microdisplay; and

an illumination system which forms at least two virtual
light sources to illuminate the microdisplay.
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2. A virtual image display system according to claim 1
wherein the at least two virtual light sources include a first
virtual light source positioned approximately in front of and
directly over the microdisplay and second virtual light
source positioned over and to one side of the microdisplay.

3. A virtual image display system according to claim 2
wherein the optical system has a folded optical path which
is aligned within an optical plane, the first and second virtual
light sources being aligned with the optical plane.

4. A virtual image display system according to claim 1
wherein the illumination system forms at least three virtual
light sources to illuminate the display system.

5. A virtual image display system according to claim 4
wherein the at least three virtual light sources include a first
virtual light source positioned approximately in front of and
directly over the microdisplay, a second virtual light source
positioned over and to a first side of the microdisplay, and
a third virtual light source positioned over and to second side
of the microdisplay.

6. A virtual image display system according to claim 4
wherein the optical system has a folded optical path which
is aligned within an optical plane, the first, second and third
virtual light sources being aligned with the optical plane.

7. A virtual image display system according to claim 1
wherein the illumination system comprises an illumination
body which forms the at least two virtual light sources.

8. A virtual image display system according to claim 7
wherein the illumination body comprises a prism which
forms the at least two virtual light sources.

9. A virtual image display system according to claim 8
wherein the light source system is positioned adjacent a first
surface of the prism, the microdisplay is positioned adjacent
a second surface of the prism, and the optical system is
positioned adjacent a third surface of the prism.

10. A virtual image display system according to claim 9
wherein the light source system produces polarized light and
the third prism surface is attached to a reflective polarizer.

11. A virtual image display system according to claim 9
wherein the angle between the third prism surface and the
second prism surface is less than 45 degrees.

12. A virtual image display system according to claim 9
wherein the angle between the third prism surface and the
second prism surface is between 20 and 35 degrees.

13. A virtual image display system according to claim 9
wherein the angle between the first prism surface and the
second prism surface is between about 1.7 and 2.3 times the
size of the angle between the third prism surface and the
second prism surface.

14. A virtual image display system comprising:

a non-emissive, reflective microdisplay which forms a
source object;

an optical system which forms a magnified, virtual image
of the source object from light reflected off the micro-
display;

a light source system which produces light to illuminate
the display system; and

an illumination system which directs light from the light
source system through the illumination system to the
microdisplay such that the angles of incidence of light
which illuminates the microdisplay varies across the
microdisplay over an angular range that is greater than
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would be provided by the light source system if the
light source system were to directly illuminate the
microdisplay.

15. A virtual image display system comprising:

a non-emissive, reflective microdisplay which forms a
source object;

an optical system which forms a magnified, virtual image
of the source object from light reflected off the micro-
display;

a light source system which produces light to illuminate
the microdisplay; and

an illumination system which directs light from the light
source system through the illumination system to the
microdisplay such that the angles of incidence of light
which illuminates the microdisplay varies across the
microdisplay over an angular range of at least 40
degrees.

16. A virtual image display system according to claim 15
wherein the angles of incidence of light which illuminates
the display system vary over an angular range of at least 60
degrees.

17. A virtual image display system according to claim 15
wherein the angles of incidence of light which illuminates
the display system vary over an angular range of between
about 40 degrees and 120 degrees.

18. A virtual image display system according to claim 15
wherein the angles of incidence of light which illuminates
the display system vary over an angular range of between
about 60 degrees and 100 degrees.

19. A virtual image display system comprising:

a non-emissive, reflective microdisplay which forms a
source object;

an optical system which forms a magnified, virtual image
of the source object from light reflected off the micro-
display;

a light source system which produces light to illuminate
the microdisplay; and

an illumination system which directs light from the light
source system through the illumination system to the
microdisplay such that a first portion of the light
incident on the microdisplay is approximately perpen-
dicular to the microdisplay, a second portion of the light
incident on the microdisplay is positively angularly
displaced relative to the perpendicular to the microdis-
play, and a third portion of the light incident on the
microdisplay is negatively angularly displaced relative
to the perpendicular to the microdisplay.

20. A virtual image display system comprising:

a non-emissive, reflective microdisplay which forms a
source object;

an optical system which forms a magnified, virtual image
of the source object from light reflected off the micro-
display;

a light source system which generates light to illuminate
the microdisplay; and

an illumination system which includes an illumination
body which transmits light from the light source system
to the display system to illuminate the display system
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where a first portion of the light is internally reflected
off one surface of the illumination body prior to illu-
minating the display system and a second portion of the
light is internally reflected off two surfaces of the
illumination body prior to illuminating the display
system.

21. A virtual image display system according to claim 20
wherein at least one of the internal reflections is a totally
internal reflection.

22. A virtual image display system according to claim 20
wherein the first portion of light from the light source
traverses the illumination body by being internally reflected
off of a surface of the illumination body adjacent the optical
system prior to reaching the microdisplay.

23. A virtual image display system according to claim 20
wherein the second portion of light from the light source
traverses the illumination body by being internally reflected
off of a surface of the illumination body adjacent the
microdisplay, then internally reflected off of a surface of the
illumination body adjacent the optical system prior to reach-
ing the microdisplay.

24. A virtual image display system according to claim 20
where a third portion of the light is internally reflected off
three surfaces of the illumination body prior to illuminating
the display system.

25. A virtual image display system comprising:

a non-emissive, reflective microdisplay which forms a
source object;

an optical system which forms a magnified, virtual image
of the source object from light reflected off the micro-
display;

a light source system which generates light to illuminate
the microdisplay; and

an illumination system which includes an illumination
body which transmits light from the light source system
to the microdisplay to illuminate the microdisplay, the
light source system being positioned adjacent a first

12
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surface of the illumination body, the microdisplay
being positioned adjacent a second surface of the
illumination body, and the optical system being posi-
tioned adjacent a third surface of the illumination body,
where a portion of the light from the light source
traverses the illumination body by being internally
reflected off the third surface of the illumination body.

26. A virtual image display system according to claim 25
wherein at least one of the internal reflections is a totally
internal reflection.

27. A virtual image display system according to claim 25
wherein a portion of the light from the light source traverses
the illumination body by being internally reflected off the
second surface of the illumination body and then internally
reflected off the third surface of the illumination body.

28. A virtual image display system according to claim 25
wherein a first portion of the light from the light source
traverses the illumination body by being internally reflected
off the third surface of the illumination body, and a second
portion of the light from the light source traverses the
illumination body by being internally reflected off the sec-
ond surface of the illumination body and then internally
reflected off the third surface of the illumination body.

29. A virtual image display system according to claim 25
wherein a first portion of the light from the light source
traverses the illumination body by being internally reflected
off the third surface of the illumination body, a second
portion of the light from the light source traverses the
illumination body by being internally reflected off the sec-
ond surface of the illumination body and then internally
reflected off the third surface of the illumination body, and
a third portion of the light from the light source traverses the
illumination body by being internally reflected off the third
surface of the illumination body, then internally reflected off
the second surface of the illumination body, and then inter-
nally reflected off the third surface of the illumination body.



