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Description

Field of the Invention

[0001] The present invention relates to substrate-guided optical devices, and particularly to devices which include a
plurality of reflecting surfaces carried by a common light-transmissive substrate, also referred to as a light-guide element.
[0002] The invention can be implemented to advantage in a large number of imaging applications, such as head-
mounted and head-up displays, cellular phones, compact displays, 3-D displays, compact beam expanders, as well as
non-imaging applications like flat-panel indicators, compact illuminators and scanners.

Background of the Invention

[0003] One of the important applications for compact optical elements is in head-mounted displays where an optical
module serves both as an imaging lens and a combiner, in which a two-dimensional display is imaged to infinity and
reflected into the eye of an observer. The display can be obtained directly from either a spatial light modulator (SLM)
such as a cathode ray tube (CRT), a liquid crystal display (LCD), an organic light emitting diode (OLED) array, or a
scanning source and similar devices, or indirectly, by means of a relay lens or an optical fiber bundle. The display
comprises an array of elements (pixels) imaged to infinity by a collimating lens and transmitted into the eye of the viewer
by means of a reflecting, or partially reflecting surface acting as a combiner for non-see-through and see-through appli-
cations, respectively. Typically, a conventional, free-space optical module is used for these purposes. As the desired
field-of-view (FOV) of the system increases, however, such a conventional optical module becomes larger, heavier and
bulkier, and therefore, even for a moderate performance device, is impractical. This is a major drawback for all kinds of
displays, but especially in head-mounted applications, where the system must, of necessity, be as light and as compact
as possible.
[0004] The strive for compactness has led to several different complex optical solutions, all of which, on the one hand,
are still not sufficiently compact for most practical applications, and, on the other hand, suffer major drawbacks in terms
of manufacturability. Furthermore, the eye-motion-box (EMB) of the optical viewing angles resulting from these designs
is usually very small, typically less than 8 mm. Hence, the performance of the optical system is very sensitive, even to
small movements of the optical system relative to the eye of the viewer, and does not allow sufficient pupil motion for
convenient reading of text from such displays.
[0005] For a more detailed background of the present: invention, it is referred to WO 01/95027, WO 03/081320, WO
2005/024969, WO 2006/085309, WO 2006/085310, WO 2007/054928 and PCT/IL2007/000172, all in the name of
Applicant.
[0006] WO 03/058320 A1 (Essilor International; The Microoptical Corporation) relates to an ophthalmic lens comprising
inserts projecting an image towards the user’s eye. At least one surface of the lens is treated so as to dim the light
reflecting from the inside of the lens on the treated surface, such that parasitic images are dimmed.
[0007] WO 98/15868 A1 (The Microoptical Corporation) discloses an optical system combining a first image formed
by a main lens with a second image provided by an electronic display, slide, or other image source. The image combining
system includes one or more insert such as a set of reflecting image combiners to redirect light on an optical pathway
within the main lens to the user’s eye.
[0008] US 2003/0090439 A1 (Spitzer et al.) shows an electronic imaging system that is mountable on a user’s head.
The system provides a computer monitor image or other electronic displays. The image is transmitted to the eyepiece
by means of a largely transparent optical relay lens.
[0009] EP 1 385 023 A1 (C.R.F.) relates to a light guide for head-up-displays. It comprises a body that is at least in
part transparent to visible light, a coupling device coupling the body to an optical system for generating an image, whereas
the light beams coming from the optical system enter the body of the light guide and propagate within the body by total
internal reflection. Furthermore, the light guide comprises an image-extraction grating.
[0010] WO 2006/013565 A1 (Lumus Ltd.) discloses an optical device including a light-transmitting substrate having
two major surfaces parallel to each other and two edges, as well as optics for coupling light into the substrate by internal
reflection. One of the edges is slanted with respect to the major surfaces and a portion of the optics for coupling light
into the substrate is in contact with, or located adjacent to the slanted edge.

Disclosure of the Invention

[0011] The present invention facilitates the design and fabrication of very compact light-guide optical elements (LOE)
for, amongst other applications, head-mounted displays. The invention allows relatively wide FOVs together with relatively
large EMB values. The resulting optical system offers a large, high-quality image, which also accommodates large
movements of the eye. The optical system offered by the present invention is particularly advantageous because it is
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substantially more compact than state-of-the-art implementations, and yet it can be readily incorporated even into optical
systems having specialized configurations.
[0012] The invention also enables the construction of improved head-up displays (HUDs). Since the inception of such
displays more than three decades ago, there has been significant progress in the field, Indeed, HUDs have become
popular and they play an important role, not only in most modern combat aircraft, but also in civilian aircraft, in which
HUD systems have become a key component for low-visibility landing operation. Furthermore, there have recently been
numerous proposals and designs for HUDs in automotive applications where they can potentially assist the driver in
driving and navigation tasks. Nevertheless, state-of-the-art HUDs suffer several significant drawbacks. All HUDs of the
current designs require a display source that must be offset a significant distance from the combiner to ensure that the
source illuminates the entire combiner surface. As a result, the combiner-projector HUD system is necessarily bulky and
large, and requires a considerable installation space, which makes it inconvenient for installation and at times even
unsafe to use. The large optical aperture of conventional HUDs also poses a significant optical design challenge, rendering
the HUDs with either compromised performance, or leading to high cost wherever high-performance is required. The
chromatic dispersion of high-quality holographic HUDs is of particular concern.
[0013] An important application of the present invention relates to its implementation in a compact HUD, which alleviates
the aforementioned drawbacks. In the HUD design of the current invention, the combiner is illuminated with a compact
display source that can be attached to the substrate. Hence, the overall system is very compact and can be readily
installed in a variety of configurations for a wide range of applications. In addition, the chromatic dispersion of the display
is negligible and, as such, can operate with wide spectral sources, including a conventional white-light source. In addition,
the present invention expands the image so that the active area of the combiner can be much larger than the area that
is actually illuminated by the light source.
[0014] A further application of the present invention is to provide a compact display with a wide FOV for mobile, hand-
held application such as cellular phones. In today’s wireless internet-access market, sufficient bandwidth is available
for full video transmission. The limiting factor remains the quality of the display within the device of the end-user. The
mobility requirement restricts the physical size of the displays, and the result is a direct-display with a poor image viewing
quality. The present invention enables a physically compact display with a large virtual image. This is a key feature in
mobile communications, and especially for mobile internet access, solving one of the main limitations for its practical
implementation. Thereby the present invention enables the viewing of the digital content of a full format internet page
within a small, hand-held device, such as a cellular phone.
[0015] A broad object of the present invention is therefore is to alleviate the drawbacks of state-of-the-art compact
optical display devices and to provide other optical components and systems having improved performance, according
to specific requirements.
[0016] The invention therefore provides an optical device as defined by claim 1, comprising a light-transmitting substrate
having an input aperture and at least first and second major surfaces parallel to each other and edges, a display source
producing image light waves, at least one partially reflecting surface located in said substrate which is non-parallel to
the major surfaces of said substrate, optical means having an output aperture for coupling the image light waves from
the display source into said substrate, such that the image light waves from the display source (38) are trapped inside
the substrate by total internal reflection, wherein said optical means for coupling light is located outside of said substrate,
wherein the output aperture is optically attached to the input aperture of said substrate and the part of the substrate
which is located next to the substrate input aperture is substantially transparent, wherein the input aperture of said
substrate is located at one of its two major surfaces and wherein the part of the substrate which is located next to the
substrate input aperture does not contain any reflecting surface and/or it does not contain any optical element and
wherein the image light waves are coupled by the partially reflecting surface out of said substrate, wherein the optical
means comprises a coupling-in prism, a lower surface of the coupling-in prism being cemented to the light-transmitting
substrate, wherein the image light waves from the display source pass through the light-transmitting substrate and the
coupling-in prism and are then reflected from a coupling-in reflecting surface of the coupling-in prism and after again
passing through the coupling-in prism are coupled into the light-transmitting substrate by total internal reflection, wherein
an off-axis angle (αin) of the image light waves coupled inside the light-transmitting substrate is larger than an off-axis
angle of the coupling-in reflecting surface as well as the off-axis angle of the partially reflecting surface.

Brief Description of the Drawings

[0017] The invention is described in connection with certain preferred embodiments with reference to the following
illustrative figures, so that it may be more fully understood.
[0018] With specific reference to the figures in detail, it is stressed that the particulars shown are by way of example
and for purposes of illustrative discussion of the preferred embodiments of the present invention only, and are presented
in the cause of providing what is believed to be the most useful and readily understood description of the principles and
conceptual aspects of the invention. In this regard, no attempt is made to show structural details of the invention in more
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detail than is necessary for a fundamental understanding of the invention. The description taken with the drawings are
to serve as direction to those skilled in the art as to how the several forms of the invention may be embodied in practice.
[0019] In the drawings:

Fig. 1 illustrates a span of optical rays which are coupled into a light-guide optical
element;

Fig. 2 is a diagram illustrating an embodiment for coupling light into a light-guide
optical element;

Fig. 3 is a diagram illustrating an embodiment for coupling light into a light-guide optical element utilizing a coupling
prism;

Fig. 4 is a diagram illustrating an embodiment for coupling light into a light-guide optical element utilizing two coupling
prisms, according;

Fig. 5 is a diagram illustrating another embodiment for coupling light into a light-guide optical element utilizing two
coupling prisms;

Fig. 6 is a diagram illustrating a yet another embodiment for coupling light into a light-guide optical element utilizing
two coupling prisms;

Fig. 7 is a diagram illustrating a yet another embodiment for coupling light into a light-guide optical element utilizing
two coupling prisms;

Fig. 8 is a diagram illustrating a further embodiment for coupling light from an OLED into a light-guide optical element
utilizing two coupling prisms;

Fig. 9 is a diagram illustrating a method for coupling light from an LCOS into a light-guide optical element utilizing
three coupling prisms;

Fig. 10 is a diagram illustrating an embodiment for coupling light from an LCD into a light-guide optical element
utilizing three coupling prisms and three lenses;

Fig. 11 is a diagram illustrating an embodiment for coupling light from an LCOS into a light-guide optical element
utilizing three coupling prisms and three lenses;

Figs. 12a is a diagram illustrating other embodiments for coupling light into a light-guide optical element utilizing a
single coupling prism, according to the present invention;

Figs. 12b is a diagram illustrating other embodiments for coupling light into a light-guide optical element utilizing a
single coupling prism;

Fig. 13 is a diagram illustrating a view of a device for coupling light into a light-guide optical element utilizing a single
coupling prism, according to the present invention;

Fig. 14 is a diagram illustrating an embodiment for coupling light out of a light-guide optical element utilizing air
gaps, according to the present invention;

Fig. 15 is a diagram illustrating another view of a device for coupling light out of a light-guide optical element utilizing
air gaps, according to the preserit invention;

Fig. 16 is a diagram illustrating coupling light from an LCD into a light-guide optical element, utilizing a reflecting
surface which is located next to one of the major surfaces of the light-guide optical element, and

Fig. 17 is a diagram illustrating coupling light from an LCOS into a light-guide optical element, utilizing a reflecting
surface which is located next to one of the major surfaces of the light-guide optical element.
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Detailed Description of Preferred Embodiments

[0020] The present invention relates to substrate-guided optical devices and particularly to devices which include a
plurality of reflecting surfaces carried by a common light-transmissive substrate or to a LOE. According to the object of
the present invention to find a coupling-in mechanism different to the coupling-in mechanism of the prior art, replacing
the typically used input mirror there is illustrated in Fig. 1 a span of rays that have to be coupled into a LOE, e.g., a
substrate 20, with a minimal required input aperture 21. In order to avoid an image with gaps or stripes, the points on
the boundary line 24, between the edge of input aperture 21 and the lower surface 26 of the substrate 20, should be
illuminated for each one of the input light waves by two different rays that enter the substrate from two different locations:
one ray 30 that illuminates the boundary line 24 directly, and another ray 31, which is first reflected by the upper surface
32 before illuminating the boundary line 24. The size of the input aperture 21 is usually determined by two marginal rays:
the rightmost ray 34 of the highest angle of the FOV, and the leftmost ray 36 of the lowest angle of the FOV.
[0021] The simplest possibility to couple these rays into the substrate 20 is illustrated in Fig. 2. Here, the input light
waves source 38, as well as the collimating lens 40, are oriented at the required off-axis angle compared to the major
plane of the substrate 20. A relay prism 44 is located between the collimating lens 40 and the
[0022] substrate 20 and is optically cemented to the lower surface 26, such that the light from the display source is
trapped inside the substrate by total internal reflection. The optical system illustrated here is simple and allows for
coupling in the rays shown in Fig. 1. However, the overall optical system is still comparatively large and cumbersome,
and does not conform to the external shape of an eyeglasses display, as well as to a hand-held display.
[0023] Therefore, a further challenge is to find a method to fabricate a compact collimating module which can couple
light into art LOE. having a simple configuration, wherein the overall shape and size of this module conforms to most of
the relevant applications. A preferred method which achieves these two seemingly contradictory requirements and which
exploits the fact that in most microdisplay sources, such as LCD or LCOS, light is linearly polarized, is illustrated in Fig.
3, The main difference between this embodiment and that of Fig. 2 is that the optical collimating module is folded, and
hence, its volume and weight are significantly reduced. Moreover, its mechanical elements can be easily attached to
almost any relevant optical system. As illustrated, the p-polarized input light waves from the input light waves source 38
pass through a first relay prism 46, a polarizing beamsplitter 48 and a second relay prism 50. The light waves then pass
through the quarter-wavelength retardation plate 52, are collimated by a lens 54, e.g., a plano-convex lens, at its reflecting
surface 56, which from there are returned again to pass through the retardation plate 52 and re-enter the second relay
prism 50, The now s-polarized light waves are reflected from the polarizing beamsplitter 48 and enter the substrate 20
through the lower surface 26. The optical module which is illustrated in Fig, 3 is much more compact than that of Fig. 2.
For most applications, however, this module is still not compact enough. For example, assume a display source having
a lateral extent of 9 mm, a horizontal FOV of 22" and prisms having a refractive index off ∼ 1.51 yields a distance of ∼35
mm ’between the input light waves source 38 and the collimating lens 54. Moreover, for many applications a single
reflecting collimating surface might not be sufficient to achieve the required optical performance of low aberrations and
distortion. Therefore, an even more compact version having two reflecting collimating surfaces is presented, as illustrated
in Fig. 4. The s-polarized input light waves from the input light waves source 38 pass through a first relay prism 58, a
first polarizing beamsplitter 60 and a second relay prism 62. The waves then pass through the quarter-wavelength
retardation plate 64, are partially collimated by the first lens 66 at its reflecting surface 68, returned again to pass through
the retardation plate 64, and re-enter the second relay prism 62. The now p-polarized light waves are reflected from the
first polarizing beamsplitter 60 and following total internal reflection off the upper surface 70 pass through a second
polarizing beamsplitter 72 and a third relay prism 74. The waves then pass through the quarter-wavelength retardation
plate 76, are collimated by the second lens 78 at its reflecting surface 80, returned again to pass through the retardation
plate 76, and re-enter the third relay prism 74. The now s-polarized light waves are reflected from the second polarizing
beamsplitter 72 and enter the substrate 20 through the lower surface 26. Since the optical way between the input light
waves source 38 and the last collimating surface 80 is now thrice folded, the optical module can be much more compact
than that of Fig. 3. Moreover, better optical performance can be achieved by utilizing the two collimating elements 68
and 80.
[0024] Two different polarizing beamsplitters are utilized in the module illustrated above. While the first one 60 transmits
an s-polarized light and reflects a p-polarized light, the second one 70 has the opposite function, that is, it transmits a
p-polarized light and reflects an s-polarized light. These two different beamsplitters may be materialized utilizing the
wire-grid technology which is described in one of Applicant’s previous patent Applications. In the present case, the wires
of the beamsplitters 60 and 70 are oriented parallel and normal to the figure plane, respectively.
[0025] The second relay prism 62 is optically cemented to the left edge of the substrate 20, as illustrated in Fig. 4.
The reason for doing so is that the leftmost rays of the optical waves (such as ray 34) pass from the prism 62 through
the surface 26 into the third prism 74. There are cases, however, where it is required to separate between the edge of
the substrate 20 and the edge of the collimating module, for example, in eyeglasses display applications, wherein the
substrate should be assembled inside the eyeglasses frame.
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[0026] Fig. 5 illustrates a modified version where the upper surface 70 of the prism 62 is aligned with the lower surface
26 of the substrate, rather then with the upper surface 28 as illustrated in Fig. 4. In this case, not only the external shape
of the module should be modified, but the optical design of the collimating lenses should be modified as well, in order
to adjust the new optical module to the required focal length along with the desired performances.
[0027] The collimating optical modules illustrated in Figs. 4 and 5 are only examples of different embodiments to
reduce the volume of the required module. Even more compact modules, where a larger number of folding surfaces are
utilized, are illustrated in Figs. 6 and 7. As shown, the s-polarized input light waves from the input light waves source
38 pass through a first relay prism 82, a first polarizing beamsplitter 84 and a second relay prism 86. The waves then
pass through the quarter-wavelength retardation plate 88, are partially collimated by the first lens 90 at its reflecting
surface 92, returned again to pass through the retardation plate 88, and re-enter the second relay prism 86. The now
p-polarized light waves are reflected from the first polarizing beamsplitter 84 and following reflection off the reflecting
surface 94 and total internal reflection off the upper surface 96 pass through a second polarizing beamsplitter 98 and a
third relay prism 100. The waves then pass through the quarter-wavelength retardation plate 102, are collimated by the
second lens 104 at its reflecting surface 106, returned again to pass through the retardation plate 102, and re-enter the
third relay prism 100. The now s-polarized light waves are reflected from the second polarizing beamsplitter 98 and enter
the substrate 20 through the lower surface 26. Since the optical path between the input light waves source 38 and the
last collimating surface 106 is now folded four times, the optical module can be much more compact then that of Figs.4
and 5. As before, the difference between the modules illustrated in Figs. 6 and 7 is that the upper surface 96 of the
collimated module in Fig. 6 is aligned with the upper surface 28 of the substrate 20 and the right edge of the substrate
is optically cemented to the left edge of the second prism 86, while the upper surface 96 in Fig. 7 is aligned with the
lower surface 26 of the substrate 20.
[0028] In all the modules illustrated in Figs. 4 to 7, the input light waves source 38 is assembled at the rear part of the
optical module. This arrangement is especially advantageous for systems wherein the display source is an LCD and a
backlight module should be added to the back side of the display, however, there are systems wherein the display source
is an OLED, which does not require a backlight module, and usually has a very flat shape. In this case, it is possible to
place the display source at the front part of the optical module, that is, at the same level as the LOE, and an even more
compact module might be produced.
[0029] In Fig. 8, the s-polarized input light waves from the display source 108 pass through a first relay prism 110, a
first polarizing beamsplitter 112 and a second relay prism 114. The waves then pass through the quarter-wavelength
retardation plate 116, are partially collimated by the first lens 118 at its reflecting surface 120, returned again to pass
through the retardation plate 116, and re-enter the second relay prism 124. The now p-polarized light waves are reflected
from the first polarizing beamsplitter 112 and pass through a second polarizing beamsplitter 122 and a third relay prism
124. The waves then pass through the quarter-wavelength retardation plate 126, are collimated by the second lens 128
at its reflecting surface 130, returned again to pass through the retardation plate 126, and re-enter the third relay prism
124. The now s-polarized light waves are reflected from the second polarizing beamsplitter 122 and enter the substrate
20 through the lower surface 26. Usually the light from an OLED is unpolarized, in which case, in order to avoid scattering
from the undesired p-polarized light from the OLED, an s-polarizer 132 must be inserted between the display source
108 and the first relay prism 110.
[0030] Another advantage of the proposed imaging method illustrated here manifests itself when utilizing an LCOS
device as the display source. Like LCD panels, LCOS panels contain two-dimensional array of cells filled with liquid
crystals that twist and align in response to different voltages. With LCOS, the liquid crystal elements are grafted directly
onto a reflective silicon chip. According to the liquid crystals twist following reflection of the mirrored surface below, the
polarization of the light is either changed or unchanged, respectively. This, along with a polarizing beamsplitter, modulates
the light and creates the image. In addition, the reflective technology means the illumination and imaging light beams
share the same space. Both of these factors necessitate the addition of a special beam-splitting element to the optical
module in order to enable the simultaneous operations of the illuminating, as well as the imaging functions. The addition
of such an element would normally complicate the optical module and when using an LCOS as the display source, the
arrangements illustrated in Fig. 2 would become even larger. For the imaging method illustrated in Fig. 8, however, it is
readily possible to add the illuminating unit to the optical module without significantly increasing the volume of the system.
[0031] Referring to Fig. 9, the illuminating light waves 134 from the light source 136 pass through an s-polarizer 138
and are coupled into the substrate 140 by the first reflecting surface 142. Following total internal reflection off the upper
surface 144 of the substrate, the waves are reflected and coupled-out off a polarizing beam-splitter 112 to illuminate the
LCOS display source 146. Naturally, the number of elements that could be utilized in the collimating module is not limited
to two.
[0032] Figs. 10 and 11 illustrate a collimating lens, having an LCD and an LCOS as the display sources respectively,
wherein a third lens 148 is added to the optical train. In Fig. 11 another relay prism 150 is added in order to enable the
waves from the light source 136 to illuminate the LCOS 146. In general, for each specific system, the number and types
of lenses in the optical collilnating module will be set according to the required optical parameters, desired performance
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and the volume allowed.
[0033] In all the optical collimating modules illustrated in Figs. 2 to 11, the off-axis angles of the span of the rays that
have to be coupled into the substrate, are set by the collilnating module. There are cases, however where it is required
to utilize a collimated light waves that impinges the substrate, normal to the substrate plane. In these cases, an alternative
coupling-in mechanism should replace the input mirror or the prior art.
[0034] Referring to Fig. 7 of Publication WO 2005/024969, another problem relating to the input mirror 16 of the
Publication, which is embedded inside the substrate 20, is associated with the angular range of the optical waves which
can be coupled inside the LOE by total internal reflection. Similarly to that illustrated in Fig. 1, in order to avoid an image
with gaps or stripes, the points on the boundary line between the edge of the input mirror 16 and the upper surface of
the substrate 20 should be illuminated for each one of the input waves by two different rays that enter the substrate from
two different locations. To enable this requirement, it is necessary to fulfill the following condition: 

wherein:

 is the maximal off-axis angle of the coupled waves inside the substrate 20, and

αsur is the off-axis angle of the input mirror.

[0035] Assuming that the central wave of the source is coupled out of the substrate 20 in a direction normal to the
substrate surface 26, that the off-axis angle of the central coupled wave inside the substrate 20 is αin and that the FOV
inside that substrate is αF, yields: 

[0036] The angle α’sur between the input mirror and the substrate plane is: 

wherein: 

[0037] Combining Eqs. (2)-(4) yields: 

[0038] Inserting Eqs. (3)-(4) into Eq. (5) yields: 

[0039] For most applications, αF>12°, and therefore, αin<56°. For many applications, it is preferred that the off-axis
angle of the coupled waves inside the LOE will be higher, e.g., between 60°-75°, or even higher. Another related problem
is associated with the maximal possible FOV. Assuming that the refractive index of the substrate its ∼ 1.51, the minimal
off-axis angle inside the substrate is 42°.
[0040] Combining Eqs. (9)-(13) yields: 
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[0041] As a result, the maximal FOV in the air that can be coupled inside the LOE is lower than ∼ 33°. Hence, utilizing
the input mirror of the prior art, which is embedded inside the LOE for coupling-in the incoming waves, imposes limitations
on the FOV of the image, as well as the angular range of the coupled waves inside the LOE.
[0042] As illustrated in Fig. 12a, the lower surface 152 of a coupling-in prism 154 is optically cemented to the substrate
20 at the upper surface 28 of the substrate. The collimated light waves from the display source (not shown) pass through
the substrate 20 and the prism 154 and are then reflected from the reflecting surface 156. After again passing through
the prism 154, the light waves are coupled into the substrate by total internal reflection. Similarly to that illustrated above
in Fig. 1, in order to avoid an image with gaps or stripes, the points on the boundary line 24 between the lower surface
152 of the prism 154 and the upper surface 28 of the substrate 20 should be illuminated for each one of the input waves
by two different rays that enter the substrate from two different locations: one ray 30 first passes through prism 154, is
reflected by the reflecting surface 156, and from there, illuminates the boundary line 24. Another ray 31, is first reflected
by the reflecting surface 156 and then by the lower surface 26 of the substrate 20, before illuminating the boundary line.
The size of the input aperture is usually determined by two marginal rays: the rightmost ray 34 of the highest angle of
the FOV and the leftmost ray 36 of the lowest angle of the FOV. To avoid undesired reflections from the left surface 158,
it can be coated by an opaque obstructive layer. Since the height H of the prism 154 could be larger than the thickness
T of the substrate 20, the off-axis angles of the coupled waves inside the substrate 20 can be larger then the off-axis
angle of the reflecting surface 156. As a result, the images have a much wider FOV with no limitation on the maximal
off-axis angles, and therefore, may be coupled into the substrate.
[0043] Figure 12b illustrates a modified version of the coupling-in prism 154 wherein the lower surface 152 of the prism
is oriented co-linear to the lower surface 26 of the substrate 20. Although the fabrication process of the combined prism-
substrate element is more complicated its advantage is that the volume of the entire optical system is much smaller.
[0044] As illustrated in Fig. 13, the off-axis angle of the coupled waves 30, 31 inside the substrate 20 is larger than
the off-axis angle of the coupling-in reflecting surface 156, as well as that of the coupling-out partially reflecting surface
22. In the Publication WO 01/95027, there is described a system having off-axis angles of the coupled waves which are
larger than the off-axis angles of the coupling-out partially reflecting surfaces. The off-axis angle, however, of the coupling-
out partially reflecting surfaces in that case is fairly small, e.g., approximately 30°, which yields a system having a large
number of partially reflecting surfaces and hence, an optical element which is complicated to fabricate. On the other
hand, utilizing the coupling-in mechanism of the present invention, an optical system having an off-axis angle of the
coupling-in reflecting source 156, as well as that of the coupling-out partially reflecting surfaces 22, of between 50° to
60° can easily be fabricated. In this case, the off-axis angle of the central coupled wave 30 inside the substrate 20, will
be between 62° to 80°.
[0045] So far, it was assumed that the partially reflecting surfaces 22 are either coated with angular-sensitive coatings
or have polarization-sensitivity characteristics. For images with a relatively narrow FOV however, it is also possible to
utilize a much simpler solution wherein the desired reflections can be achieved with the Fresnel reflections from the
surfaces. That is, instead of coating the surfaces, a thin air gap can be inserted between the uncoated surfaces.
[0046] Fig. 14 illustrates a substrate, wherein air gaps 160 are inserted between the coupling-out surfaces 22. The
main drawback of this configuration is the undesired reflectance of the rays having an internal angle of αin. Apparently,
the point in the display source, is reflected into the directions αsur-ε and 180-αsur+ε inside the substrate. While the ray
162 with the off-axis direction 180-αsur+ε is reflected by the partially reflecting surfaces 22 into the required output
direction, the ray 164 with the direction αsur-ε is reflected by the partially reflecting surfaces 22 into the undesired output
direction αsur+ε. The reflected ray 166 is then reflected in an undesired direction 2ε, which creates a ghost image.
Although only a small part of the beam is reflected in the undesired direction, the effect thereof becomes more significant
as the FOV is increased; it can disturb the viewer, especially at the extreme of the FOV.
[0047] Despite the fact that the undesired reflections described above cannot be avoided, the problem of ghost images
can be solved by changing the angle of the first reflective surface 22. For instance, if this angle is changed to αsur = 63°,
the other parameters of the system become: 

[0048] Hence, if the FOV of the system is 16° and the refractive index of the substrate is 1.51, the maximal off-axis
angle of the image inside the substrate is 60°, the direction of the undesired reflection is 66°, and the output angle will
be 18°, which is outside the FOV and, with proper design, will not illuminate the exit pupil. In addition to the ghost image
phenomena, there is another problem; dark stripes are produced by the undesired reflections of the rays having the
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direction αsur-ε by the partially reflecting surfaces 22 into the undesired output direction αsur+ε. The dark stripes problem
becomes more severe as ε becomes larger. In addition, since the stripes appear mainly at the left part of the couple-
out aperture of the substrate, the problem is more severe for the lower angles in the FOV. As a result, for systems having
a central input angle αin which is smaller then the surface’s off axis angle αsur ε larger for the lower angles of the FOV,
therefore the stripes problem is intensified in this region. With the optical design presented here, it is possible to fabricate
an LOE having a central input angle αin, which is larger than the surface off axis angle αsur. In that case ε becomes
smaller for the lower angles of the FOV and the stripes problem is significantly decreased.
[0049] As illustrated in Fig. 15, the off axis angle αin of the coupled waves 303 inside the substrate 20 is larger than
the off axis angle αsur of the coupling-out partially reflecting surfaces 22 and the stripes problem is indeed reduced.
[0050] In all the optical collimating modules illustrated in Figs. 2 to 11, the off-axis angles of the span of the rays that
have to be coupled into the substrate are set by the collimating module, wherein in the modules illustrated in Figs. 12
to 15, the collimated light waves impinge the substrate normal to the substrate plane. In the later cases, reflecting
elements which are attached to the upper surface of the substrate, produce the coupling-in mechanism which replace
the input mirror of the prior art. Fig. 16 and 17 illustrate an intermixed variant wherein a collimating module and a reflecting
element which are attached to the lower and the upper surfaces of the substrate respectively, are combined to form a
compact coupling-in mechanism. As illustrated in Fig. 16, the s-polarized light waves 170 from the light source 172 are
coupled into the substrate 174 by the reflecting surface 176. Following total internal reflection off the lower surface 178
of the substrate, the waves are reflected and coupled-out off a polarizing beam-splitter 180. The waves then pass through
the quarter-wavelength retardation plate 182, are collimated by the lens 184 at its reflecting surface 186, returned again
to pass through the retardation plate 182, and re-enter substrate 174. The now p-polarized light waves pass through
the polarizing beamsplitter 180 and a relay prism 188. The waves then pass through the LOE 20 and a second quarter-
wavelength retardation plate 190, are reflected by the reflecting surface 192, returned again to pass through the retardation
plate 190 and the LOE 20, and enter the relay prism 188. The now s-polarized light waves are reflected from the polarizing
beamsplitter 180 and enter the LOE 20 through the lower surface 26. In Fig. 17 another relay prism 194 is added in
order to enable the waves from the light source 196 to illuminate the LCOS 198. The flat reflecting surface 192 in Figs.
16 and 17 can be replaced by a reflecting lens. In that case the collimating of the light waves is performed by the combined
optical power of the reflecting surfaces 186 and 192.
[0051] In all the optical modules illustrated in Figs. 1 to 17, the input aperture of the LOE, namely, substrate 20, is
located adjacent to one of its two major surfaces. The output aperture of the optical means for coupling light into the
substrate by total internal reflection (which is located outside of said substrate), is optically attached to the input aperture
of the LOE, wherein the optical waves are reflected by a reflecting element which is located outside of the LOB and
slanted at an angle to the major surfaces of the LOB. In addition, the part of the LOE which is located next to the LOE’s
input aperture is essentially transparent and does not contain any reflecting surfaces or any other optical elements.
Therefore, the fabrication process of such an LOE would be much simpler than those of the prior art. Moreover, during
the assembly process, it is possible to determine the exact orientation of the LOE and the exact place of the input aperture.
[0052] It will be evident to those skilled in the art that the invention is not limited to the details of the foregoing illustrated
embodiments and that the present invention may be embodied in other specific forms.

Claims

1. An optical device, comprising:

a light-transmitting substrate (20) having an input aperture and at least first and second major surfaces (26, 32)
parallel to each other and edges;
a display source (38) producing image light waves;
at least one partially reflecting surface (22) located in said substrate (20) which is non-parallel to the major
surfaces (26, 32) of said substrate (20);
optical means having an output aperture for coupling the image light waves from the display source (38) into
said substrate (20), such that the image light waves from the display source (3 8) are trapped inside the substrate
(20) by total internal reflection,
wherein said optical means for coupling light is located outside of said substrate (20), wherein the output aperture
is optically attached to the input aperture of said substrate (20), and the part of the substrate (20) which is
located next to the substrate input aperture is substantially transparent, wherein the part of the substrate (20)
which is located next to the substrate input aperture does not contain any reflecting surface, characterized in
that the input aperture of said substrate (20) is located at one of its major surfaces (26, 32) and in that the
image light waves are coupled by the partially reflecting surface (22) out of said substrate (20), wherein said
optical means comprises a coupling-in prism (154), a lower surface (152) of said coupling-in prism (154) being
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cemented to said light-transmitting substrate (20), wherein said image light waves from said display source (38)
pass through said light-transmitting substrate (20) and said coupling-in prism (154) and are then reflected from
a coupling-in reflecting surface (156) of said coupling-in prism (154) and after again passing through said
coupling-in prism (154) are coupled into said light-transmitting substrate (20) by total internal reflection, wherein
an off-axis angle (αin) of said image light waves coupled inside said light-transmitting substrate (20) is larger
than an off-axis angle of said coupling-in reflecting surface (156) as well as the off-axis angle (αsur) of said
partially reflecting surface (22).

2. The optical device according to claim 1, wherein the part of the substrate (20) which is located next to the substrate
input aperture does not contain any optical element.

Patentansprüche

1. Optische Vorrichtung, umfassend:

ein lichtdurchlässiges Substrat (20) mit einer Eingangsöffnung und mindestens ersten und zweiten Hauptflächen
(26, 32) parallel zu einander und Kanten;
eine Anzeigequelle (38), welche Bild-Lichtwellen erzeugt;
mindestens eine teilweise reflektierende Oberfläche (22), die sich im substrat (20) befindet und die nicht parallel
zu den Hauptflächen (26, 32) des Substrats (20) ist;
optische Mittel mit einer Ausgangsöffnung zum Einkoppeln der Bild-Lichtwellen von der Anzeigequelle (38) in
das Substrat (20), derart dass die Bild-Lichtwellen von der Anzeigequelle (38) innerhalb des Substrats (20)
durch interne Totalreflexion eingefangen werden,
wobei sich das optische Mittel zum Einkoppeln von Licht außerhalb des Substrats (20) befindet, wobei die
Ausgangsöffnung optisch an die Eingangsöffnung des Substrats (20) angeschlossen ist, und der Teil des Sub-
strats (20), der sich bei der Substrat-Eingangsöffnung befindet, im Wesentlichen transparent ist, wobei der Teil
des Substrats (20), der sich bei der Substrat-Eingangsöffnung befindet, keine reflektierende Oberfläche enthält,
dadurch gekennzeichnet, dass sich die Eingangsöffnung des Substrats (20) an einer seiner Hauptflächen
(26, 32) befindet, und dass die Bild-Lichtwellen durch die teilweise reflektierende Oberfläche (22) aus dem
Substrat (20) ausgekuppelt werden, wobei das optische Mittel ein Einkoppelprisma (154) umfasst, wobei eine
untere Fläche (152) des Einkoppelprismas (154) an das lichtdurchlässige Substrat (20) gekittet ist, wobei die
Bild-Lichtwellen von der Anzeigequelle (38) durch das lichtdurchlässige Substrat (20) und das Einkoppelprisma
(154) durchtreten und dann von einer reflektierenden Einkoppelfläche (156) des Einkoppelprismas (154) re-
flektiert werden und nach erneutem Durchtreten durch das Einkoppelprisma (154) durch interne Totalreflexion
in das lichtdurchlässige Substrat (20) eingekoppelt werden, wobei ein Winkel zur Achse (αin) der innerhalb des
lichtdurchlässigen Substrats (20) eingekoppelten Bild-Lichtwellen größer als ein Winkel zur Achse der reflek-
tierenden Einkoppelfläche (156) sowie der Winkel zur Achse (αsur) der teilweise reflektierenden Oberfläche (22)
ist.

2. Optische Vorrichtung nach Anspruch 1, wobei der Teil des Substrats (20), der sich bei der Substrat-Eingangsöffnung
befindet, kein optisches Element enthält.

Revendications

1. Dispositif optique comprenant :

- un substrat transmettant la lumière (20) comprenant une ouverture d’entrée et au moins des première et
seconde surfaces principales (26, 32) parallèles les unes aux autres et des bords ;
- une source d’affichage (38) produisant des ondes lumineuses d’image ;
- au moins une surface partiellement réfléchissante (22) située dans le substrat (20) qui n’est pas parallèle aux
surfaces principales (26, 32) du substrat (20) ;
- un moyen optique comprenant une ouverture de sortie afin de coupler les ondes lumineuses d’image venant
de la source d’affichage (38) dans le substrat (20) de sorte que les ondes lumineuses d’image venant de la
source d’affichage (38) soient piégées dans le substrat (20) par réflexion interne totale ;
dans lequel le moyen optique pour coupler la lumière se situe hors du substrat (20), dans lequel l’ouverture de
sortie est reliée optiquement à l’ouverture d’entrée du substrat (20), et la partie du substrat (20) qui se situe à



EP 2 057 498 B1

11

5

10

15

20

25

30

35

40

45

50

55

proximité de l’ouverture d’entrée du substrat est essentiellement transparente, et la partie du substrat (20) qui
se situe à proximité de l’ouverture d’entrée du substrat ne comprend pas de surface réfléchissante, caractérisé
en ce que l’couverture d’entrée du substrat (20) se situe au niveau d’une de ses surfaces principales (26, 32)
et en ce que les ondes lumineuses d’image sont couplées par la surface partiellement réfléchissante (22) à
l’extérieur du substrat (20), le moyen optique comprenant un prisme de couplage entrant (154), une surface
inférieure (152) du prisme de couplage entrant (154) étant collée au substrat transmettant la lumière (20) tandis
que les ondes lumineuses d’image venant de la source d’affichage (38) passent à travers le substrat transmettant
la lumière (20) et le prisme de couplage entrant (154) et sont ensuite réfléchies depuis une surface de réflexion
de couplage entrant (156) du prisme de couplage entrant (154) puis, après être repassées à travers le prisme
de couplage entrant (154), sont couplées dans le substrat transmettant la lumière (20) par réflexion interne
totale, un angle de décalage par rapport à l’axe (αin) des ondes lumineuses d’image couplées dans le substrat
transmettant la lumière (20) étant supérieur à un angle de décalage par rapport à l’axe de la surface de réflexion
de couplage entrant (156) et à l’angle de décalage par rapport à l’axe (αsur) de la surface partiellement réflé-
chissante (22) .

2. Dispositif optique selon la revendication 1, dans lequel la partie du substrat (20) qui se situe à proximité de l’ouverture
d’entrée du substrat ne contient aucun élément optique.
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