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ABSTRACT

There 1s provided an optical system, including a light-
transmitting substrate having at least two major surfaces
parallel to each other edges, and an optical device for
coupling light into the substrate by total internal reflection.
The device includes a polarization sensitive reflecting sur-

face.
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POLARIZING OPTICAL SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation of application
Ser. No. 17/506,841 filed 21 Oct. 2021 for POLARIZING

OPTICAL SYSTEM, which 1s a continuation of application
Ser. No. 16/823,454 filed Mar. 19, 2020 for POLARIZING
OPTICAL SYSTEM, which 1s a continuation of application
Ser. No. 16/013,983 filed 21 Jun. 2018 for POLARIZING
OPTICAL SYSTEM, now U.S. Pat. No. 10,598,937,
granted Mar. 24, 2020, which 1s a continuation of application
Ser. No. 15/289,774 filed Oct. 10, 2016 for POLARIZING
OPTICAL SYSTEM, now U.S. Pat. No. 10,048,499,
granted Aug. 14, 2018 m which 1s a divisional of application
Ser. No. 12/092,818 filed May 6, 2008 for POLARIZING
OPTICAL SYSTEM, now U.S. Pat. No. 9,551,880, granted
Jan. 24, 2017.

FIELD OF THE INVENTION

[0002] The present invention relates to substrate-guided
optical devices, and more particularly, to devices which
include a plurality of reflecting surfaces carried by a com-
mon light-transmissive substrate, also referred to as a light-
guide.

[0003] The invention can be implemented to advantage 1n
a large number of imaging applications, such as, for
example, head-mounted and head-up displays, cellular
phones, compact displays, 3-D displays, compact beam
expanders as well as non-imaging applications such as
flat-panel indicators, compact illuminators and scanners.

DESCRIPTION OF RELATED ART

[0004] One of the important applications for compact
optical elements 1s 1n head-mounted displays, wherein an
optical module serves both as an 1imaging lens and a com-
biner, in which a two-dimensional display 1s 1maged to
infinity and retlected 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 array
(OLED), 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 1nfinity 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 applications, respectively. Typically, a conventional,
free-space optical module 1s used for these purposes. As the
desired field-of-view (FOV) of the system increases, such a
conventional optical module becomes larger, heavier,
bulkier and therefore, even for a moderate performance
device, impractical. This 1s a major drawback for all kinds
of displays, but especially 1n head-mounted applications,
where the system must necessarily be as light and as
compact, as possible.

[0005] The strive for compactness has led to several
different complex optical solutions, all of which, on the one
hand, are still not sufliciently compact for most practical
applications, and, on the other hand, sufler major drawbacks
in terms of manufacturability. Furthermore, the eye-motion-
box (EMB) of the optical viewing angles resulting from
these designs 1s usually very small—typically less than 8

Oct. 12, 2023

mm. Hence, the performance of the optical system 1s very
sensitive, even to small movements of the optical system
relative to the eye of the viewer, and does not allow suflicient
pupil motion for convenient reading of text from such
displays.

SUMMARY OF THE INVENTION

[0006] The present invention facilitates the design and
fabrication of very compact light-guide optical elements
(LOE) for, amongst other applications, head-mounted dis-
plays. The mvention allows relatively wide POVs together
with relatively large EMB values. The resulting optical
system oflers a large, high-quality image, which also accom-
modates large movements of the eye. The optical system
oflered by the present invention 1s particularly advantageous
because 1t 1s substantially more compact than state-oi-the-art
implementations and yet i1t can be readily incorporated even
into optical systems having specialized configurations.
[0007] 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 1n the field. Indeed, HUDs have become
popular and they now play an important role, not only in
most modern combat aircraft, but also 1n civilian aircratt, 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 1n
automotive applications where they can potentially assist the
driver 1n driving and navigation tasks. Nevertheless, state-
of-the-art I-IUDs sufler several significant drawbacks. All
HUDs of the current designs require a display source that
must be oflset a significant distance from the combiner to
ensure that the source illuminates the entire combiner sur-
face. As a result, the combiner-projector HUD system 1s
necessarlly bulky and large, and requires a considerable
installation space, which makes 1t inconvenient for installa-
tion and at times even unsafe to use. The large optical
aperture of conventional I-IUDs also poses a significant
optical design challenge, rendering the HUDs with either
compromised performance, or leading to high cost wherever
high-performance 1s required. The chromatic dispersion of
high-quality holographic HUDs 1s of particular concem.
[0008] An mmportant application of the present invention
relates to 1ts implementation in a compact HUD, which
alleviates the aforementioned drawbacks. In the HUD
design of the current mnvention, the combiner 1s 1lluminated
with a compact display source that can be attached to the
substrate. Hence, the overall system 1s very compact and can
readily be installed in a variety of configurations for a wide
range of applications. In addition, the chromatic dispersion
of the display 1s 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 1s actually 1lluminated by the light source.
[0009] A further application of the present invention 1s 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, suflicient bandwidth 1s
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
s1ze of the displays, and the result 1s a direct-display with a
poor image viewing quality. The present invention enables a
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physically very compact display with a very large virtual
image. This 1s a key feature 1n mobile communications, and
especially for mobile internet access, solving one of the
main limitations for 1its practical implementation. The pres-
ent invention thereby enables the viewing of the digital
content of a full format internet page within a small,
hand-held device, such as a cellular phone.

[0010] The broad object of the present invention, there-
fore, 1s to alleviate the drawbacks of state-of-the-art compact
optical display devices and to provide other optical compo-
nents and systems having improved performance, according,
to specific requirements.

[0011] The mnvention therefore provides an optical system,
comprising a light-transmitting substrate having at least two
major surfaces parallel to each other and edges, and an
optical device for coupling light into said substrate by total
internal reflection, characterized in that said device {for
coupling light includes a polarization sensitive reflecting
surface.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Many of the attendant advantages of this invention
will be readily appreciated as the same becomes better
understood by reference to the following detailed descrip-
tion considered 1n conjunction with the accompanying draw-
ings in which like reference numeral designate like parts
throughout the figures thereof and wherein:

[0013] FIG. 1 1s a side view of a generic form of a prior
art folding optical device;

[0014] FIG. 2 15 a side view of an exemplary light-guide
optical element;

[0015] FIGS. 3A and 3B 1illustrate the desired reflectance
and transmittance characteristics of selectively retlecting
surfaces for two ranges of incident angles;

[0016] FIG. 4 1s a schematic sectional-view of a reflective
surface embedded 1nside a light-guide optical element;
[0017] FIG. § illustrates an exemplary embodiment of a
light-guide optical element embedded in a standard eye-
glasses Irame;

[0018] FIG. 6 illustrates an exemplary embodiment of a
light-guide optical element embedded in a hand carried
display system;

[0019] FIGS. 7A to 7D are diagrams illustrating a method

for fabricating an array of partially reflecting surfaces along
with a coupling-in reflecting surface;

[0020] FIG. 8 1s a side view of another exemplary light-
guide optical element;

[0021] FIG.9Ato FIGS. 9D, 10A to 10D, 11A and 11B are

diagrams 1llustrating other methods for fabricating an array
of partially reflecting surfaces along with a coupling-in
reflecting surface;

[0022] FIG. 12 1s a diagram illustrating a system {for
coupling-in polarized input waves into a light-guide optical
clement 1n accordance with the present invention;

[0023] FIG. 13 1s a side view of an exemplary light-guide
optical element 1n accordance with the present invention;

[0024] FIG. 14 illustrates two marginal rays coupled into
a light-guide optical element by a coupling-in conventional
reflecting surface;

[0025] FIG. 15 illustrates two marginal rays coupled into
a light-guide optical element by a coupling-in polarization-
sensitive retlecting surface, i accordance with the present
invention;
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[0026] FIG. 16 1s a diagram 1llustrating another embodi-
ment for coupling-in mput waves into a light-guide optical
clement, exploiting a collimating lens, in accordance with
the present invention;

[0027] FIG. 17 illustrates two marginal rays coupled into
a light-guide optical element by a coupling-in polarization-
sensitive reflecting surface utilizing a collimating lens, 1n
accordance with the present invention;

[0028] FIG. 18 1s a diagram illustrating a device for
collimating and coupling-in mput waves from a display
source 1nto a light-guide optical element, 1n accordance with
the present mnvention;

[0029] FIG. 19 1s a diagram 1llustrating another embodi-
ment for collimating and coupling-in input waves from a
display source into a light-guide optical element, 1n accor-
dance with the present invention;

[0030] FIG. 20 1s a diagram 1illustrating yet another
embodiment for collimating and coupling-in nput waves
from a display source into a light-guide optical element, 1n
accordance with the present invention; and

[0031] FIG. 21 1s a diagram illustrating still a further
embodiment for coupling-in unpolarized input waves into a
light-guide optical element, 1n accordance with the present
invention.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(Ll

[0032] FIG. 1 illustrates a conventional folding optics
arrangement, wherein the substrate 2 1s i1lluminated by a
display source 4. The display 1s collimated by a collimating
lens 6. The light from the display source 4 1s coupled nto
substrate 2 by a {first reflecting surface 8 1n such a way that
the main ray 10 1s parallel to the substrate plane. A second
reflecting surface 12 couples the light out of the substrate
and 1nto the eye of a viewer 14. Despite the compactness of
this configuration, 1t suflers significant drawbacks; 1n par-
ticular, only a very limited POV can be aflected. As shown
in FIG. 1, the maximum allowed ofl-axis angle inside the
substrate 1s:

.alpha.max=arctan (-d eye 21), (1) #AAHEQUO0001##

wherein T 1s the substrate thickness;

[0033] d.sub.eye is the desired exit-pupil diameter, and
[0034] 1 1s the distance between reflecting surfaces 8 and
12.

[0035] With angles higher than .alpha..sub.max the rays

are reflected from the substrate surface before arriving at the
reflecting surface 12. Hence, the reflecting surface 12 will be
illuminated at an undesired direction and ghost i1mages
appear.

[0036] Therefore, the maximum achievable FOV with this
configuration 1s:

FOV.sub.max.apprxeq.2.nu..alpha..sub.max, (2)

wherein v 1s the refractive index of the substrate. Typically
the refractive index values lie in the range of 1.5-1.6.
[0037] Commonly, the diameter of the eye pupil 1s 2 to 6
mm. To accommodate movement or misalignment of the
display, a larger exit-pupil diameter 1s necessary. Taking the
minimum desirable value at approximately 8 to 10 mm, the
distance between the optical axis of the eye and the side of
the head, 1, 1s, typically, between 40 and 80 mm. Conse-
quently, even for a small POV of 8.degree., the desired
substrate thickness would be of the order of 12 mm.
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[0038] Methods have been proposed to overcome the
above problem, including utilizing a magmiying telescope
inside the substrate and non-parallel coupling directions.
Even with these solutions, however, and even i only one
reflecting surface 1s considered, the system’s thickness
remains limited by a similar value. The FOV 1s limited by
the diameter of the projection of the reflective surface 12 on
the substrate plane. Mathematically, the maximum achiev-
able FOV, due to this limitation, 1s expressed as:

FOV max.apprxeq. T tan.alpha.sur-d eyve R eye,(3) ##EQUO0002##

wherein .alpha..sub.sur 1s the angle between the reflecting
surface and the normal to the substrate plane, and

[0039] R.sub.eye 1s the distance between the eye of the
viewer and the substrate (typically, about 30-40 mm).

[0040] Practically tan.alpha..sub.sur cannot be much
larger than 1; hence, for the same parameters described
above for a FOV of 8.degree., the required substrate thick-
ness here 1s 1n the order of 7 mm, which 1s an improvement
on the previous limit. Nevertheless, as the desired FOV 1s
increased, the substrate thickness increases rapidly. For
instance, for desired FOVs of 15.degree. and 30.degree. the
substrate limiting thickness 1s 18 mm or 25 mm, respec-
tively.

[0041] To alleviate the above limitations, it 1s possible to
utilize an array of at least one parallel selectively retlecting,
surface, fabricated within a LOE comprising a flat light-
transmitting substrate having at least two major surfaces and
edges. FIG. 2 1llustrates a sectional view of an LOE. The first
reflecting surface 16 1s illuminated by a collimated light
waves 18 emanating from a display source (not shown)
located behind the device. The retlecting surface 16 reflects
the incident light from the source such that the light 1s
trapped 1nside a planar substrate 20 by total internal reflec-
tion. After several reflections from the surfaces of the
substrate, the trapped waves reach an array of selectively
reflecting surfaces 22, which couple the light out of the
substrate 1nto the eye of a viewer 24. Assuming that the
central wave of the source 1s coupled out of the substrate 20
in a direction normal to the substrate surface 26 and the
ofl-axis angle of the coupled wave inside the substrate 20 1s
.alpha..sub.1in, then the angle .alpha..sub.sur2 between the

reflecting surfaces and the substrate plane 1is:

.alpha.sur 2=.alpha.in 2, (4) #H#LEQUO0003##

[0042] As can be seen 1n FIG. 2, the trapped rays arrive at
the reflecting surfaces from two distinct directions 28, 30. In
this particular embodiment, the trapped rays arrive at the
reflecting surface from one of these directions 28 after an
even number of reflections from the substrate surfaces 26,
wherein the incident angle .beta..sub.ref between the trapped
ray and the normal to the reflecting surface 1s:

.beta.ref=.alpha.in-.alpha.sur 2=.alpha.in 2, (5) ##HEQUO0004##

[0043] The trapped rays arrive at the reflecting surface
from the second direction 30 after an odd number of
reflections from the lower substrate surfaces 26, where the
ofl-axis angle 1s .alpha.'.sub.in=180.degree.-.alpha..sub.in
and the incident angle between the trapped ray and the
normal to the reflecting surface 1s:

.beta.ref’=.alpha.in'-.alpha. sur 2=180.degree.-.alpha.
in-.alpha.sur 2=180.degree.-3.alpha.in 2, (6) #H#EQUO0005##

[0044] In order to prevent undesired retlections and ghost
images, 1t 1s important that the reflectance be negligible for
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one ol these two directions. The desired discrimination
between the two incident directions can be achieved it one
angle 1s significantly smaller than the other one. It 1s possible
to design a coating with very low reflectance at high incident
angles and a high reflectance for low incident angles. This
property can be exploited to prevent undesired reflections
and ghost images by eliminating the reflectance in one of the
two directions. For example choosing .beta.'.sub.ref=25.
degree. from Equations (5) and (6) 1t can be calculated that:

beta.'.sub.ref=105.degree.;.alpha..sub.in=50.degree.;.
alpha.'.sub.in=13-0.degree.;.alpha..sub.sur2=25.
degree.. (7)

[0045] Now, if a reflecting surface i1s determined for which
beta.'.sub.ref not reflected but .beta..sub.ref 1s, the desired
condition 1s achieved. FIGS. 3A and 3B illustrate the desired
reflectance behavior of selectively reflecting surfaces. While
the ray 32 (FIG. 3A), having an off-axis angle of .beta..sub.
ref.about.25.degree., 1s partially reflected and coupled out of
the substrate 34, the ray 36 (FIG. 3B), which arrives at an
ofl-axis angle of .beta.'sub.ref.about.75.degree. to the
reflecting surface (which 1s equivalent to .beta..sub.ref.
about.105.degree.), 1s transmitted through the reflecting sur-
face 34, without any notable reflection.

[0046] Hence, as long as 1t can be ensured that .beta.'.sub.
ref, where very low reflections are desired, will have neg-
ligible reflection, similar to that at .beta.'.sub.ref.about.75.
degree., over 1ts angular spectrum, while .beta..sub.ref, will
have higher reflections, over i1ts angular spectrum, for a
given POV, the reflection of only one substrate mode into the
eye ol the viewer and a ghost-free 1mage, can be ensured.
[0047] It 1s important not only to couple the image out of
the substrate without any distortion or ghost image, but also
to couple the light properly into the substrate. FI1G. 4, which
illustrates one method for coupling-in, presents a sectional
view of the reflective surface 16, embedded inside the
substrate 20 and couples light 384, 386 from a display
source (not shown) and traps 1t inside the substrate 20 by
total internal reflection. To avoid an image with gaps or
stripes, 1t 1s essential that the trapped light will cover the
entire area ol the LOE major surfaces. To ensure this, the
points on the boundary line 41 between the edge of the
reflective surface 16 and the upper surface 40 of the sub-
strate 20, should be illuminated for a single wave by two
different rays that enter the substrate from two difierent
locations: a ray 38a that illuminates the boundary line 41
directly, and another ray 385, which 1s first reflected by the
reflecting surface 16 and then by the lower surface 42 of the
substrate, before i1lluminating the boundary line.

[0048] The embodiment described above with regard to
FIG. 4 1s an example of a method for coupling input waves
into the substrate. Input waves could, however, also be
coupled 1nto the substrate by other optical means, including
(but not limited to) folding prisms, fiber optic bundles,
diffraction gratings, and other solutions.

[0049] FIG. 5 illustrates an embodiment that utilizes the
coupling-1n device described in FIG. 4, 1n which the LOE 20
1s embedded 1n an eyeglasses frame 48. The display source
4, the collimating lens 6, and the folding lens 50 are
assembled inside the arm portions 32 of the eyeglasses
frame, next to the edge of the LOE 20. For cases where the
display source 1s an electronic element, such as a small CRT,
LCD or OLED, the driving electronics 34 for the display
source can be assembled 1nside the back portion of the arm
48. A power supply and data interface 56 can be connected
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to arm 48 by a lead 58 or other communication means,
including radio or optical transmission. Alternatively, a
battery and miniature data link electronics can be integrated
into the eyeglasses frame.

[0050] FIG. 6 illustrates another application that utilizes
the coupling-in embodiment described in FIG. 4. This
application 1s a hand-held display (HHD), which resolves
the previously opposing requirements ol achieving small
mobile devices, and the desire to view digital content on a
tull format display, by projecting high quality images
directly into the eye of the user. An optical module including
the display source 4, the folding and collimating optics 6 and
the substrate 20 i1s integrated into the body of a cellular
phone 60, where the substrate 20 replaces the existing
protective cover window of the phone. Specifically, the
volume of the support components, including source 4 and
optics 6 1s sulliciently small to fit nside the acceptable
volume for modem cellular devices. In order to view the full
screen transmitted by the device, the user positions the
window in front of his eye 24, observing the image with high
FOV, a large EMB and a comiortable eye-relief. It 1s also
possible to view the entire FOV at a larger eye-relief by
tilting the device to display different portions of the image.
Furthermore, since the optical module can operate in see-
through configuration, a dual operation of the device 1s
possible. That 1s, there 1s an option to maintain the conven-
tional cellular display 62 intact. In this manner, the standard,
low-resolution display can be viewed through the LOE 20
when the display source 4 1s shut-oil. In a second, virtual-
mode, designated for e-mail reading, internet Surﬁng, or
video operation, the conventional display 62 1s shut-off,
while the display source 6 prOJects the required wide FOV
image 1nto the eye of the viewer through the LOE 20. The
embodiment described 1n FIG. 6 1s only an example, 1llus-
trating that applications other than head-mounted displays
can be materialized. Other possible hand-carried arrange-
ments mclude palm computers, small displays embedded
into wristwatches, a pocket-carried display having the size
and weight reminiscent of a credit card, and many more.

[0051] As illustrated 1n FIGS. 5 and 6, there 1s one major
difference between the two applications. In the eyeglasses
configuration illustrated 1n FIG. 5, the mnput waves and the
image waves are located on the same side of the substrate,
while 1n the hand-held configuration illustrated 1n FIG. 6, the
input and the 1image waves are located on opposite sides of
the substrate. This difference not only aflects the shape and
s1ze of the overall opto-mechanical module, but also deter-
mines the internal structure of the LOE. As illustrated in
FIG. 2, wherein the input waves and the 1image waves are
located on the same side of the substrate, the coupling-in
clement 16 1s embedded inside the LOE 20 1n a different
orientation to that of the couple-out elements 22. As 1llus-
trated 1n FIGS. 7A to 7D, however, wherein the input and the
image waves are located on opposite sides of the substrate,
the coupling-in element 16 1s embedded inside the LOE 20
in a similar orientation to that of the couple-out elements 22.

In fact, the reflecting surface 16 1is usually parallel to the
partially reflecting surfaces 22. This difference 1s not only
cosmetic, but also can significantly influence the fabrication
procedure of the LOE.

[0052] It 1s important that the fabrication process of the
LOE will be as simple and inexpensive as possible.
Although this 1s true for all the potential applications, 1t 1s
especially critical for applications wherein the price of the
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final product must be appropriate for the consumer market.
FIGS. 7A to 7D illustrate a method of fabricating an LOE
with the internal structure 1llustrated in FIG. 8. First, as seen
in FIG. 7A, a group of parallel plates 64 and an associated
group of partially reflecting surfaces (coated onto these
plates) are manufactured, to the required dimensions. The
plates 64 can be fabricated from silicate-based materials
such as BK-7 with the conventional techniques of grinding,
and polishing, or alternatively, they can be made from
polymer or sol-gel materials using injection-molding or
casting techniques. Next, a blank plate 66, the coated plates
64, and a plate having a reflecting surface 68 are cemented
together to create a stacked form 70, as illustrated 1n FIG.
7B. A segment 72 (see FIG. 7C) 1s then sliced off the stacked
form by cutting, grinding and polishing, to create the desired
LOE 20, shown in FIG. 7D. The procedure 1illustrated in
FIGS. 7A to 7D of coating, cementing, slicing, grinding and
polishing can be totally automated to devise a straightior-
ward and inexpensive procedure, which would be appropri-
ate for mass production processes.

[0053] For LOEs having the internal structures of FIG. 2,
the fabrication procedure 1s much more complicated. FIGS.
9A to 9D illustrate a method of fabricating an LOE having
the required internal structure. The group of parallel coated
plates 64, FIG. 9A, are manufactured as before, however,
since the reflecting surface 16 (FIG. 2) 1s no longer parallel
to surfaces 22, the plate with the retlecting surface 68 cannot
be cemented to the stack 70 as beftore. Theretore, the
coupling-out portion of the LOE only can be fabricated in
the above manner, that is, only the blank plate 66 and the
coated plates 64 are cemented together to create the stacked
form 74, shown 1n FIG. 9B. A segment 76 (FI1G. 9C) 1s then
sliced off the stacked form by cutting, grinding and polish-
ing, to create the coupling-out portion 78 (FIG. 9D) of the

desired LOE 20.

[0054] FIGS. 10A to 10D illustrate how the coupling-in
portion 82 of the LOE 1s prepared separately, in the same
manner, as follows: another blank plate 79 (FIG. 10A) and

the plate 68 having the required reflecting surface are
cemented together to create a stacked form 80 (FIG. 10B).
A segment 81, shown in FIG. 10C, 1s then sliced off the
stacked form by cutting, grinding and polishing, to devise
the desired coupling-in portion 82 (FIG. 10D).

[0055] FIGS. 11A and 11B 1llustrate how the final fabri-
cation step of the LOE 1s completed. The coupling-out
portion 78 and the coupling-in portion 82 are cemented
together along the common surface 84 to create the final
LOE 20. Since, for most applications, the quality of the
optical surfaces 1s critical, the final step of polishing the
outer surfaces 26 and 27, shown advantageously to be added
to the process.

[0056] There are some disadvantages to the fabrication
process illustrated i FIGS. 9A to 9D, 10A to 10D, 11A and
11B as compared to the process illustrated 1n FIGS. 7A to
7D. Not only that the number of the fabricating steps is
increased from one to three, but most significantly, the last
step 1s particularly complicated and requires special manu-
facturing attention. The common surface 84 should be
tabricated, with high accuracy, normal to the major surfaces
26 and 27 in both portions 78 and 82. Moreover, the
cemented surface 84 might be broken during the final
egrinding and polishing step, especially for fabrication of
very thin substrates.
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[0057] Hence, an LOE having an internal structure as
illustrated 1n FIG. 8, 1s preferred over that of FIG. 2. It 1s
therefore 1mportant to find a method to fabricate an LOE
having the former configuration even for optical systems
wherein the input waves and the image waves are located on
the same side of the substrate. A method which achieves
these two seemingly contradictory requirements and which
exploits the fact that 1n most micro-display sources, such as
LCD or LCOS, the light 1s linearly polarized, as illustrated
in FIG. 12. The main difference between the embodiment
illustrated here and the embodiment 1llustrated 1n FIGS. 2
and 8 1s that instead of utilizing a uniformly reflecting mirror
16 as the coupling-in element, a polarizing beamsplitter 86
1s embedded 1nside the LOE. That 1s, surface 86 transmits
p-polarized and reflects s-polarized light. As will be
described, p-polarized and s-polarized coupled-in light
waves correspond to first and second parts (194, 195) of
coupled-in light waves. In some embodiments, p-polarized
coupled-in light waves correspond to the first part 19a of
coupled-in light waves and s-polarized coupled-in fig_’lt
waves correspond to the second part 196 of coupled-in light
waves. In other embodiments, s-polarized coupled-in light
waves correspond to the first part 194 of coupled-in light
waves and p-polarized coupled-in light waves correspond to
the second part 1956 of coupled-in light waves. As illustrated
in FIG. 12, the mnput beam 18 from the collimated display
source (not shown) 1s p-polarized, and therefore 1s transmit-
ted through surfaces 86. After exiting the LOE through the
upper surtace 27, the light beam impinges on a quarter wave
retardation member, €.g., a retardation plate 88 which con-
verts the incoming beam 1into circular polarized light. The
transmitted beam 1s then retlected back through the quarter-
wave retardation plate 88 by a flat retflecting mirror 90. The
reflected beam 92, now s-polarized, enters the LOE through
the upper surface 27 and 1s reflected by the polarizing
beamsplitter 86. The reflected rays 94 are trapped inside the
LOE by total internal reflection. Apparently, the retardation
plate 88 and the reflecting surface 90 could be cemented
together to form a single element. Alternatively, other meth-
ods could be used to combine these into a single element,
such as coating a reflecting surface on the back side of the
retardation plate 88 or laminating a quarter-wavelength film
on the front surface of the retlecting surtace 90.

[0058] FIG. 13 illustrates the entire structure of the LOE
with the coupling-in mechanism described mn FIG. 2. This
LOE fulfils the two seemingly contradicting requirements:
The mput waves and the image waves are located on the
same side of the substrate and the coupling-in reflecting
surface 1s oriented parallel to the partially reflecting cou-
pling-out elements 22. Hence, this structure could be imple-
mented 1n eyeglasses configurations and still be fabricated
using the comparatively simple procedure 1illustrated above

with reference to FIGS. 7A to 7D.

[0059] There are some 1ssues that must be considered
when using the coupling-in method described herein. One
issue 1s the actual realization of the required polarizer
beamsplitter 86. One method to realize this 1s by exploiting
polarization sensitivity of thin film coatings. The main
drawback of this method 1s that, as explained above 1n
retference to FIG. 3, the angle .alpha..sub.sur2 between the
reflecting surfaces and the incoming waves 18 1s in the order
of 25.degree.. For these angles, the discrimination between
the S- and the P-polarizations cannot be prominent enough
and suitable separation of the two polarizations i1s not
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possible. An alternative solution 1s presently described,
exploiting anisotropic retlecting surfaces, that 1s, optical
surfaces having a major axis parallel to the surface plane
wherein the reflection and transmission properties of the
surface depend strongly in the orientation of the polarization
of the incident light in relation to the major axis of the
surface.

[0060] A possible candidate for the required anisotropic
partially reflecting element can be a wire grid polarizer,
generally in the form of an array of thin parallel conductors
supported by a transparent substrate. The key factor that
determines the performance of a wire grid polarizer i1s the
relationship between the center-to-center spacing or period
of the parallel grid elements, and the wavelength of the
incident radiation. When the grid spacing or period 1s much
shorter than the wavelength, the grid functions as a polarizer
that retlects electromagnetic radiation polarized parallel to
the grid elements, and transmits radiation of the orthogonal
polarization. In this case, the major axis of a wire gnd
polarizer 1s defined as parallel to the array of conductors.
Usually, 1n order to obtain the best transmission and contrast,
the wire grid polarizer beamsplitter should be used to
transmit the p-polarization and reflect the s-polarization, as
illustrated 1n FIG. 12. It 1s possible, however, to use the
beamsplitter 86 also 1n the orthogonal onentation, e.g., the
major axis of the polarizer 1s oriented parallel to the propa-
gation direction of the incident beam. Since the major axis
of the polarizer 1s now parallel to the electric field of the
p-polarized light, the polarizer reflects the component of the
p-polarized light with 1ts electrical field vector parallel to the
major axis and transmits the component of the s-polarized
hght with its electrical field vector perpendicular to the
major axis. Usually, the later geometry has reduced efli-
ciency and contrast compared to the one described 1n FIG.
1, however, for some applications, this geometry can also be

usetul.

[0061] Another 1ssue that should be considered 1s the
required entrance aperture of the LOE. FIG. 14 illustrates
the aperture of a conventional LOE wherein the coupling-in
clement 1s a simple reflecting mirror 16 as described above
with reference to FIG. 2. As 1llustrated, the input aperture 1s
determined by the marginal rays of the two extreme angles
of the system’s FOV. The rays 96 and 98 are the left and the
right marginal rays of the left and the right angles of the
FOV respectively. Their intersections with the lower surface
26 of the LOE 20 determine the mput aperture S.sub.inl of
the LOE.

[0062] FIG. 15 illustrates the required mput aperture for
an LOE wherein the coupling-in element 1s a polarizing
beamsplitter 86 as described above 1n reference to FIG. 12.
Since the two marginal rays 96 and 98 have to cross an
additional thickness T of the LOE belore reflecting back by
the surtace 90 (FIG. 15), the optical path required before
impinging on the coupling-in element 1s longer than belore.
Hence, the required mput aperture S.sub.in2 1s larger than
the aperture S.sub.inl of FIG. 14. The difference between
S.sub.inl and S.sub.1in2 depends on the various parameters
of the optical system. For example, in a system having a
horizontal FOV of 24 degrees, plate thickness of 2.5 mm and
refractive index of 1.51, the difterence between SS.sub.inl
and SS.sub.in2 1s 1 mm.

[0063] FIG. 16 illustrates a method for significantly
decreasing the required input aperture. Instead of utilizing a
flat retlecting surface a plano-convex lens 100 placed fol-
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lowing the retardation plate 88 can be used. In order to
couple collimated waves into the LOE, the waves 18 that
enter the LOE through the lower surface 26 should be
divergent. These divergent waves are collimated by lens 100
and by the reflection back of the wave from the reflective
surface 102 of the lens 100. The waves are then trapped
inside the LOE 20 1in a similar manner to the method
described above with reference to FIG. 12. The retardation
plate 88 could be cemented to, or laminated on, the front flat
surface 104 of the lens 100. As illustrated in FIG. 17, the
iput aperture S.sub.in3 determined by the two marginal

rays 96 and 98 is smaller than SS.sub.nl (FIG. 14). The

extent to which this aperture 1s smaller than SS.sub.inl
depends upon the optical power of the collimating lens 100.
By utilizing a collimating lens instead of a flat reflecting
surface, not only 1s a much smaller input aperture achieved,
but the entire optical module can be much more compact
than before as well.

[0064] FIG. 18 illustrates the entire optical layout of an
exemplary system utilizing the method described above. A
folding prism 108 1s exploited to couple the light from a
display source 106 into the LOE 20. The mput waves 18
from the display source 106 are coupled 1nto the prism 108
by the first reflecting surface 110 and then coupled out by the
second reflecting surface 112, into the LOE 20 where they
are collimated and trapped.into the LOE 1n the same manner
described above with reference to FIG. 16. The optical
system 1llustrated in FIG. 18 could be much more compact
than other conventional collimating modules. A possible
drawback of this layout 1s that the LOE, the collimating lens
and the display source are athxed together. There are cases
however, where 1t 1s preferred to have the LOE 20 separated
from the collimating module. For instance, in the optical
system of eyeglasses, which 1s 1llustrated in FI1G. 5, the LOE
20 15 integrated into the frame, while the collimating module
50 1s attached to the handle. It 1s therefore preferred that
mechanical tolerances between the LOE 20 and the colli-
mating module will be released as far as possible. One
method to overcome this problem 1s to integrate the display
source 106, the folding prism 108, the retardation plate 88
and the collimating lens 100 1nto a single mechanical body,

leaving a space for the LOE 20 to be iserted.

[0065] A modified method 1s illustrated i FIG. 19,
wherein the collimating lens 1s attached to the folding prism
instead of the LOE 20. As illustrated, the s-polarized mnput
waves 18 from the display source 106 are coupled into the
prism 114 by the first reflecting surface 116. Following
internal reflection from the lower surface 118 of the prism,
the waves are reflected and coupled out off a polarizing
beamsplitter 120. The waves then pass through the quarter-
wavelength retardation plate 122, are collimated by the lens
124 and the reflecting surface 126, returned to pass again
through the retardation plate 88 and enter the prism 114
through the lower surface 118. The now p-polarized light
waves, pass through the polarizing beamsplitter 120 and the
upper surface 128 of the prism and enter the LOE 20 through
its lower surface 26. The incoming waves are now trapped
inside the LOE 20 1n the same manner illustrated 1in FIG. 12.
The collimating module 129 comprising the display source
106, the folding prism 114, the retardation plate 88 and the
collimating lens 124 can be easily integrated into a single
mechanical module which can be assembled independently
of the LOE, with fairly relaxed mechanical tolerances.
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[0066] In the embodiment illustrated in FIGS. 17 to 19
only a single spherical converging lens 1s utilized. For some
optical schemes that may be suflicient, however, for other
systems having wide FOV and large input apertures, better
optical qualities may be required. One approach to 1mprove
the optical properties of the system 1s to exploit either
aspheric or even aspheric-difiractive lenses. Another
approach 1s to utilize more than one 1maging lens.

[0067] FIG. 20 illustrates an optical system utilizing a
larger prism 130 containing two embedded polarizing beam-
splitters 132 and 134, a quarter-wavelength retardation plate
136 and two converging lenses 138 and 140. As 1llustrated,
the p-polarized input wave 18 passing through the first
polarizing beamsplitter 132, 1s then reflected, partially con-
verged and changed to s-polarized light by the retardation
plate 136 and the first lens 138. The wave 1s then retflected
by the first polarizing beamsplitter 132, the lower surface
142 of the prism 130 and then by the second polarizing
beamsplitter 134. It 1s then reflected, fully collimated and
changed back to p-polarized light by the retardation plate
136 and the second lens 140. The wave then passes through
the second polarizing beamsplitter 134 and enters into the
LOE 20 through the lower surface 26. The incoming wave
1s now trapped 1n the LOE 20 in the same manner as
illustrated in FIG. 12. The collimating modules 1llustrated 1n
FIGS. 19 and 20 can be utilized not only for LOEs utilizing
polarizing beamsplitters 86 as coupling-in elements, but also
for conventional LOEs, wherein a simple reflecting minor
16 1s utilized as the couple-in element. Moreover, these
collimating modules could also be exploited in other optical
systems wherein the display source i1s linearly polarized (or
alternatively, when brightness efliciency 1s not a critical
issue) and when a compact collimating module 1s required.
A collimating optical module, similar to those 1llustrated in
FIGS. 19 and 20 having any required number of polarizing
beamsplitters and imaging lenses could be utilized according,
to the required optical performance and overall size of the
optical system.

[0068] There are optical systems wherein the display
source 1s unpolarized and where maximal possible efliciency
1s 1mportant. FIG. 21 illustrates an embodiment wherein
another simple reflecting surface 144 1s embedded 1nside the
LOE, parallel to the couple-in element 86. As illustrated, the
s-polarized component of the incoming beam 18 1s coupled
into the LOE 146 by the surface 86, reflected by the surface
144, and 1s then reflected and changed top-polarized light by
the retardation plate 88 and the retlecting surface 90. The
reflected wave 150 1s then coupled into the LOE 20 by the
reflecting surface 144. The p-polarized coupled light 152
passes through the surface 86 and merges with the original
p-polarized component, which 1s trapped 1nside the LOE 20
in the same manner 1illustrated 1n FI1G. 20.

[0069] For each instance where we have followed a par-
ticular polarized wave path 1n the examples described above,
the polarizations are interchangeable. That 1s, on altering the
orientation of the polarizing beamsplitters, each mention of
p-polarized light could be replaced by s-polarized light, and
viCe-versa.

[0070] It will be evident to those skilled 1n the art that the
invention 1s not limited to the details of the foregoing
illustrated embodiments and that the present invention may
be embodied in other specific forms without departing from
the spirit or essential attributes thereof. The present embodi-
ments are therefore to be considered in all respects as
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illustrative and not restrictive, the scope of the mvention
being indicated by the appended claims rather than by the
foregoing description, and all changes which come within
the meaning and range of equivalency of the claims are
therefore intended to be embraced therein.

1. A method for fabricating an optical device, comprising:

obtaining a first light-waves transmitting substrate having
a plurality of external surfaces including at least first
and second external major surfaces and a third external
surface non-parallel to the first and second external
major surfaces, the first light-waves transmitting sub-
strate having a coupling-out optical arrangement for
coupling light waves out of the first light-waves trans-
mitting substrate;

obtaining a second light-waves transmitting substrate

having a plurality of external surfaces including at least
first and second external major surfaces and a third
external surface non-parallel to the first and second
external major surfaces, the second light-waves trans-
mitting substrate having a coupling-in optical arrange-
ment for coupling light waves into the second light-
waves transmitting substrate; and

attaching the first and second light-wave transmitting

substrates together at the third external surface of the
first and second light-wave transmitting substrates to
form the optical device such that the third external
surface of the first and second light-wave transmitting
substrates 1s a common surface to the first and second
light-wave transmitting substrates.

2. The method of claim 1, wherein the first and second
external major surfaces of the first light-waves transmitting
substrate are parallel to each other, and wherein the third
external surface of the first light-waves transmitting sub-
strate 1s normal to the first and second external major
surfaces of the first light-waves transmitting substrate.

3. The method of claim 1, wherein the first and second
external major surfaces of the second light-waves transmiut-
ting substrate are parallel to each other, wherein the third
external surface of the second light-waves transmitting
substrate 1s normal to the first and second external major
surfaces of the second light-waves transmitting substrate.

4. The method of claim 1, wherein the first and second
external major surfaces of the first and second light-wave
transmitting substrates are mutually parallel, and wherein
the third external surface of the first and second light-wave
transmitting substrates are normal to the first and second
external major surfaces of the first and second light-wave
transmitting substrates.

5. The method of claim 1, wherein the coupling-out
optical arrangement includes at least one partially reflecting
surface.

6. The method of claim 1, wherein the coupling-1n optical
arrangement 1ncludes a retlecting surface non-parallel to the
first and second external major surfaces of the second
light-waves transmitting substrate.

7. The method of claim 1, wherein the coupling-in optical
arrangement ncludes a prism.

8. The method of claim 1, wherein the coupling 1n optical
arrangement includes a polarization sensitive beamsplitter.

9. The method of claim 1, wherein the attaching the first
and second light-wave transmitting substrates together
includes cementing the third external surfaces together.

10. The method of claim 1, wherein the optical device
includes at least a first external major surface formed from
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the first external major surface of the first and second
light-waves transmitting substrate, and a second external
major surface formed from the second external major sur-
face of the first and second light-waves transmitting sub-
strate.

11. The method of claim 10, further comprising: grinding
or polishing the first and second major external surfaces of
the optical device.

12. The method of claim 1, further comprising: grinding
or polishing the first and second major external surfaces of
the first and second light-waves transmitting substrates.

13. The method of claim 1, wherein the obtaiming the first
light-waves transmitting substrate includes:

obtaining a plurality of substantially transparent plates, at

least one surface of at least one of the transparent plates
being coated with a partially retlecting coating to form
at least one partially reflecting surface,

stacking the plates and attaching the stacked plates

together, and

slicing the stacked plates along two parallel planes and a

third plane non-parallel to the two parallel planes to
form the first light-waves transmitting substrate,
wherein the slicing along the two parallel planes
defines the first and second external major surfaces of
the first light-waves transmitting substrate, and the
slicing along the third plane defines the third external
surface of the first light-waves transmitting substrate,
and wherein the coupling-out optical arrangement
includes the at least one partially reflecting surface.

14. The method of claim 1, wherein the obtaining the
second light-waves transmitting substrate includes:

obtaining a first plate and a second plate, the second plate

having a reflecting coating applied to at least one
surface thereot to form at least one reflecting surface on
the second plate,

stacking the first and second plates and attaching the

stacked plates together, and

slicing the stacked plates along two parallel planes and a

third plane non-parallel to the two parallel planes to
form the second light-waves transmitting substrate,
wherein the slicing along the two parallel planes
defines the first and second external major surfaces of
the second light-waves transmitting substrate, and the
slicing along the third plane defines the third external
surface of the second light-waves transmitting sub-
strate, and wherein the coupling-in optical arrangement
includes the at least one reflecting surface.

15. A method for fabricating an optical device, compris-
Ing:

obtaining a plurality of substantially transparent plates, at

least one surface of at least one of the transparent plates
being coated with a partially reflecting coating to form
at least one partially retlecting surface that couples light
waves out of the optical device;

stacking the plates and attaching the stacked plates

together;

slicing the stacked plates along two parallel planes and a

third plane non-parallel to the two parallel planes to
form a first light-waves transmitting substrate, wherein
the slicing along the two parallel planes defines parallel
first and second external major surfaces of the first
light-waves transmitting substrate and the slicing along
the third plane defines a third external surface of the
first light-waves transmitting substrate non-parallel to
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the first and second external major surfaces of the first
light-waves transmitting substrate;

obtaining a first plate and a second plate, the second plate
having a reflecting coating applied to a surface thereof
to form a reflecting surface on the second plate that
couples light waves 1nto the optical device;

stacking and attaching together the first and second
plates;

slicing the stacked first and second plates along two
parallel planes and a third plane non-parallel to the
two parallel planes to form a second light-waves
transmitting substrate, wherein the slicing the
stacked first and second plates along the two parallel
planes defines parallel first and second external
major surfaces of the second light-waves transmit-
ting substrate, and wherein the slicing the stacked
first and second plates along the third plane defines
a third external surface of the second light-waves
transmitting substrate non-parallel to the first and
second external major surfaces of the first light-
waves transmitting substrate; and

attaching the first and second light-wave transmitting
substrates together at the third external surface of the
first and second light-wave transmitting substrates to
form the optical device such that the third external
surface of the first and second light-wave transmit-
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ting substrates 1s a common surface to the first and
second light-wave transmitting substrates.

16. The method of claim 15, wherein the attaching the first
and second light-wave transmitting substrates together
includes cementing the third external surfaces together.

17. The method of claim 15, wherein the optical device
includes at least a first external major surface formed from
the first external major surface of the first and second
light-waves transmitting substrate and a second external
major surface formed from the second external major sur-
face of the first and second light-waves transmitting sub-
strate.

18. The method of claim 17, further comprising: grinding
or polishing the first and second major external surfaces of
the optical device.

19. The method of claim 15, further comprising: grinding
or polishing the first and second major external surfaces of
the first and second light-waves transmitting substrates.

20. The method of claim 15, further comprising: grinding
or polishing the first light-wave transmitting substrate prior
to attaching the first light-waves transmitting substrate to the
second light-waves transmitting substrate.

21. The method of claim 15, further comprising: grinding,
or polishing the second light-wave transmitting substrate
prior to attaching the first light-waves transmitting substrate
to the second light-waves transmitting substrate.
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