LI GAT GUI DE OPTI CAL DEVICE Field of the Invention The
present invention relates to substrate-guided optica
devices, and particularly to devices which include a
plurality of reflecting surfaces carried by a conmon
l'ight-transm ssive substrate, also referred to as a
i ght-guide. The invention can be inplenented to
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used for these purposes. Unfortunately, as the desired field-of-view (FOV) of the
system increases, such a conventional optical module becomes larger, heavier,
bulkier and therefore, even for moderate performance device, impractical.. This is a
major drawback for all kinds of displays but especially in head-mounted applications,

wherein the system must necessarily be as light and as compact as possible.

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



2 manufacturability. Furthernore, the eye-notion-box

of the optical viewng angles resulting fromthese
designs is usually very small - typically less than 8
mm Hence, the performance of the optical systemis
very sensitive, even to small novenents of the

optical systemrelative to the eye of the viewer, and

do not allow sufficient pupil notion for conveniently
readi ng text from such displ&ys. Disclosure of the
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dcsigns require a display source that must be offset a significant distance from the
combiner to ensure that the source illumihates 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 pose a significant optical design chalieﬁge, rendering the

HUD’s with either a compromising performance, or leading to high cost wherever




HUD s with either a conprom sing performance, or

| eading to high cost wherever 3 high-performance is
required. The chromatic dispersion of high-quality

hol ographic HUD s is of particular concern. An

I mportant application of the present invention rel ates
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possible to implement a real high-quality 3-D autostereoscopic display that requires

no viewing aids and that can readily be fabricated with standard optical
manufacturing processes.

A further appiication 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



today's wirel ess internet-access market, sufficient
bandwi dth is available for full video transm ssion.

The limting factor remains the quality of the display
within the 4 end-user's device. The nmobility

requi renment restricts the physical size of the

di splays, and the result is a direct-display with a

poor image viewi ng quality. The present invention
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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 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.

In the drawings:

Fig. 1 is a side view of a generic form of prior art folding optical device;



i nvention may be enbodied in practice.. In the
drawings: Fig. 1 is a side view of a generic form of
prior art folding optical device; 5 Fig. 2 is a side
view of an exenplary light-guide optical elenent in
accordance with the present invention; Figs. 3A and
3B illustrate the desired reflectance and
transmttance characteristics of selectively
reflecting surfaces used in tfhe present invention for

two ranges of incident angles; Fig: 4 illustrates the
refid QQE Qﬁﬁ@vﬁwro!‘ﬁéeﬁ&pﬁr{ 1 hiAR opffcaERdng BdcBortiftice iith the
exenplary dichroic coatlng Fig. 5 illustrates a
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anot hef® ﬂ?ﬁ coating; Fig. 8 is a schematic
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i |1 ustdiREqinepeting a | ed sectional views of an exenpl ary

arz%ax m&&m@@& SétiebiufdeYourkf ds eCuhMfon Dt id e angld fbr ad @xériplary

tagramillustrating a detail ed sectional view of an
exerrpldmhxplmqﬂ@;g of selectively reflective surfaces
r 859 t Zimﬁh ) dichroi
t%pnﬂs‘fm% UI d%aéf‘)t. caf’ﬁ éﬁ‘grren{fhﬁg?rg%m?‘gﬁe 1enrote

| I I usboeﬁhgs det a| I ed sectional views of the

SRS oA 5L e o5 G5 o
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F1a¥ fs hachismatic Bertignalvisw of 2 reflestiveryriptreadoprdne 1 ffi¢ gpsent
of ingQEddag; |ight; Fig. 13 shows two graphs
representlng simul ated cal cul ati ons for the brightness

FizsaOh ané 9B o1e dirgraneilutmingictailed senkopel Gews ofansrenpleyagey
di spl gfyseleaﬂrgl r@ﬁecﬁ@ s%rﬂ@es

Fig. 10 is a diagram illustrating a detailed sectional view of an exemplary array of
selectively reflective surfaces wherein a thin transparent layer is cemented at the
bottom of the light-guide optical element;

Fig. 11 illustrates detailed sectional views of the reflectance from an exemplary array of
selectively reflective surfaces, for three different viewing angles;

Fig. 12 is a sectional view of an exemplary device according to the present invention,
utilizing a half-wavelength plate for rotating the polarization of incoming light;

Fig. 13 shows two graphs representing simulated calculations for the brightness as a
function of FOV across the i image of the projected display, and the external
(see-through) scene;

;Fig. 14 is a diagram illustrating a light-guide optical element ILOE) cbnﬁguration

having an array of four pariially reflecting surfaces,' according to the present

invention;



(see-through) scene; Fig. 14 is a diagramillustrating
a light-guide optical elenent (LOE) configuration
having an array of four partially reflecting surfaces,
according to the present invention; 6 Fig. 15 is a
diagramillustrating a |ight-guide optical elenment
configuration having an array of four partially
reflecting surfaces, accordi ng anot her enbodi nent of
the present invention; Fig. 46 is a diagram
illustrating a nmethod to expand a beam al ong bot h axes
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Fig. 22A is a top view and 22B is a side view of an alternative configuration for
expanding light according to the present invention;

Fig. 23 illustrates an exemplary embodiment of the present invention embedded ‘in a
standard eye-glasses frame; '

Fig. 24 is a diagram illustrating an exemplary method for embedding an embodiment of
the present invention within a2 mobile hand-held device such as a ceilular
telephone;

Fig. 25 illustrates an exemplary HUD system in accordance with the present invention,;

‘Fig. 26 illustrates an exemplary embodiment of the present invention where the
light-guide optical element is illuminated with an array of display sources;

Figs. 27- 29 are diagrams illustrating exemplary embodiment of an imaging system
which projects a three-dimensional iuiage to the eyes of a viewer, according to

* the present invention;



Fig. 26 illustrates an exenplary enbodi nent of the
present invention where the |ight-guide optica

elenment is illumnated with an array of display
sources; Figs. 27- 29 are diagrans illustrating

exenpl ary enbodi nent of an imagi ng system which
projects a three-di nensional inmage to the eyes of a

vi ewer, according to the present invention; 7 Fig. 30
illustrates an enbodi nent for conventiona
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Fig. 1 illustrates a conventional folding optics arrangement, wherein the

substrate 2 is illuminated by a display source 4. The display is collimated by a
collimating lens 6. The light from the display source 4 is coupled iﬁto substrate 2 by
a first reflecting surface 8, in such a way that the main ray 10 is parallel to the
substrate plane. A second reflecting surface 12 couples the light out of the substrate
and into the eye of a viewer 14. i)eépite the compactness of this configuration, it
suffers significant drawbacks; in particular only a very limited FOVlcan be affected.

As shown in Fig. 1, the maximum allowed off-axis angle inside the substrate is:

a =arctan[T_d’”] (1)
max 2 )

* wherein T'is the substrate thickness;



and into the eye of a viewer 14. Despite the
conpactness of this configuration, it suffers
significant drawbacks; in particular only a very
l[imted FOV can be affected. As shown in Fig. 1, the
maxi mum al | owed off-axis angle inside the substrate
is: amax = azctanCT-de") J 21 (1) . wherein T is the
substrate thickness; 8 deye is the desired exit-pupil
dianmeter, and 1 is the distaB8ce between reflecting
surfaces 8 and 12. Wth angles higher than am~, the
rays aieﬁlsthéﬂmbédmf-pmmmhﬁcteruhﬁitrate surface before
arrivi n flect ace 1 Hence, the
refl ect d?&ﬁ“?%%i‘vieﬂrﬁél?cﬁn% ai"?ﬁqﬂﬁ dated at an
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ethods have been proposed to overcome the above problem. These include,

ulilizing a magnifying telescope inside the substrate and non—parallel couphng
directions. Even with these solutions, however, and even if only one reflecting
surface is considered, the system thickness remains limited by a similar value. The
FOV is limited by the diameter of the projection 61’ the reflective surface 12 on the
substrate plane. Mathematically, the maximum achievable FOV, due to thlS-

limitation, is expressed as:

FOV - Ttana'm - de,u (3)
max R >

eye
wherein @, is the angle between the reflecting surface and the normal to the
substrate plane, and

R, is the distance bctween the eye of the v1ewer and the substrate (typtcally,
about 30-40 mm).



limtation, is expressed as: Ttana. -day, R (3)
wherein a. is the angle between the reflecting surface
and the nornmal to the substrate plane, and Reye is
the di stance between the eye of the viewer and the
substrate (typically, about 30-40 mm. 9 Practically
tana,,,r cannot be nuch larger than 1; hence, for the
sane paraneters described above for a FOV of 8, the
requi red substrate thicknessghere is on the order of
7 mm which is an inprovenent on the previous limt.

Never thelfas, tandS, ldAfndiCR Hifdh F@éeg lsthzhﬁ% qRAQd. fof Mg same

substrate tHi cknéSs | ncreases rapl y For | nst ance, )
f paranietsisrdesbrib@/sbayt fars BAY o8 3° the reguivedt substeats thigkpess fere is
thi gckness i.s 18 r.2 respeet i . i
b BTERE o amtoTlien Y R e pleSlobs 1k, Neverthcles,
Ukd kliez @ssirad) ROV dy .in@éased; ahe Gubstemkey thieknksscincregses rapidly. For

surfaces, fabri e i, t hi light-gyi de opti .

o e e ceipd NPt 15° apd g0 g oSt dsifind BigHG8s i 18 puan
apr IsGEnaksRecveng to the present invention. The first
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r ect’s incident |light fromthe source such that
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direction normal to the substrate surface 26, -ang,aé h%Z
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ecting suffaces a e normal” to the substrate
" theaneptralsyave ofifhe sowrpmiszoupled out of the substrate 20 in a direction normal

to the substrate surface 26, and the off-axis angle of the coupled wave inside the

substrate 20 is oy, then the angle oy, between the reflecting surfaces and the normal
to the substrate plane is:
- ' 4
Cpurz =g§'— * ( )
2

As can be seen in 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 B,s between the

trapped ray and the normal to the reflecting surface is:
a, )

=9(0°— - =90°—-
By =90°—(a, —,,,) S



(4) As can be seen in Fig, 2, the trapped rays arrive
at the reflecting surfaces from two distinct
directions 28, 30. In this particular enbodi nent, the
trapped rays arrive at the reflecting surface from
one of these directions 28 after an even nunber of
reflections fromthe substrate surfaces 26, wherein
the incident angle & betmeen‘% trapped ray and the
normal to the reflecting surthee is: , 6,

=90- ( 90- a, 5) 10 .The rays
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surfaces 26, where the off-axis angle is
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reflection properties of P-polarized light and in
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ety B B eoloina b rbchl bPEick OF PLIREER 19 and in
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efl ect, 4% at i_efro i nci dence, the Fresnel refl ectance
l%polmzed light are different. . Consider for example an air/crown glass interface;

while both polarizations reflect 4% at zero incidence, the Fresnel reflectance of
S-polarized light incident on the boundary rises monotonically to reach 100% at
grazing incidence, the Fresnel reflectance of P-polarized light first decreases to 0% at
the Brewster’s angle and only then rises to 100% at grazmg incident, Cbnsequently,
one can design a coating with high reflectance for S-polarized light at an oblique
incident angle and near-zero reﬂectanqe for a normal incidence, Furthermore one can
also readily design a coating for a P-polarized light 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 as described above, by



S-polarized |light incident on the boundary rises
nmonotonically to reach 100% at grazing incidence, the
Fresnel reflectance of P-polarized |ight first

decreases to 0% at the Brewster's angle and only then
rises to 100% at grazing incident. Consequently, one
can design a coating with high reflectance for
S-polarized light at an oblique incident angle and
near-zero reflectance for a pornal incidence.
Furthernore one can also readily design a coating for
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30 o nmost constant reflectance of 26% 29% and
8% respectively, over the same spectrum Evidently,
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i nci ates the reflectance
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he incident angle for P-polarized light wth, t .
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where  the reflectance is very |l ow and between 15 an

mongtpricadlywith decreaging incident anglésq degee, as long as, for a given FOV,
one can ensure that the entire angular spectrum of $°,.r, where very low reflections

are desired, will be located inside the first region while the entire angular spectrum of
Brer, Where higher reflections are required, will be located inside the second region
one c¢an ensure the reflection of only one substrate modes into the viewer’s eye and

ensure a ghost-free image.
Up to now, only P-polarized light was analyzed. This treatment is sufficient
for a system using a polarized display source, such as a liquid-crystal-display (LCD)



nonot oni cally with decreasing incident angles. Hence,
as long as, for a given FOV, one can ensure that the
entire angul ar spectrumof j3',ef, where very | ow
reflections are desired, will be located inside the
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incident onto the substrate, ie., otg=180° then the angle O between the first -

reflecting surface and the normal to the substrate plane is:

& = Oy + 2y o = &'y - ®
surl T 2 ’ surl — 2 .

The solutions for o,; and o’y in the above example are 155° and 115°

respectively.



It is clear that the reflectance of the first
reflecting surface 16 (Fig. 2) should be as high as
possi bl e, so as to couple as nuch |ight as possible
fromthe display source onto the substrate. Assum ng
that the central wave of the source is normally
incident onto the substrate, i.e., ao = 180, then the
angle a,,,, | between the first reflecting surface
and the nornal to the substré&e plane is: a;, +ao a
ann] = 2, a The sol utions for
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_25, 2T -tan(a,,;) (10)
S, Totan(a,,)

In this example, where Og,; = 65° and o, = 115°, the solution is N= 2; that
is, each ray passes through two different surfaces during one cycle. This is a
conceptual chagge and a significant improvement over our previous disclosures,
where each ray passes through six different surfaces during one cycle. The ability to
reduce the number of reflecting surfaces for a given FOV requirement relates to the
projection of the reflecting surface on the viewing plane — as the angles in the present
disclosure are larger, fewer reflection surfaces are needed. to span the image
dimensions. Allowing fewer reflection surfaces simplifies the impleinentation of the
LOE and ensures a significant cost saving in its manufactare. _
The embodiment described above with regard to Fig. 8 is an example of a

method for coupling the input waves into the substrate. Input waves could, however,



In this exanple, where a.,2 = 65 and a,, .f =115, the
solution is N=2; that 1is, each ray passes through

two different surfaces during one cycle. This is a
conceptual change and a significant inprovenent over

our previous disclosures, where each ray passes

through six different surfaces during one cycle. The
ability to reduce the nunber of reflecting surfaces

for a given FOV requirenment rd4elates to the projection

of the reflecting surface on the viewing plane - as
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having a direction of au, ™ 500, .where the incident
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out dfentdosthbsimapaaméssnfithgetanpies ahevea thealjmiding tswestrate

AR Pk 3 PR S e O SRS, e
ntNing sAbsttagenthécknessds 3.7 mm and 5.6 mm, respectively. These are more
favorable values than the limiting thickness of the state-of-the-art solutions discussed
above. Moreover, more than two selectively reflecting surfaces can be used. For
. example, for three selectively reflecting surfaces 22, the limiting substrate thickness
for FOVs of 15° and 30° is approximately 2.4 mm and 3.9 mm, respectively.
Similarly additional reflecting surfaces may be introduces to, amongst other
advantages, reduce the limiting optical thickness further.

For configuration where a relatively small FOV is required, a single partially

reflecting surface can be sufficient. For example, for a system with the following



RO' Hence, for the sane paraneters of the exanples
above, the limting substrate thickness for an FOV of

8 is in the order of 2.8 nm for FOVs of 15 and 30,

the limting substrate thickness is 3.7 mmand 5.6

mm respectively. These are nore favorable val ues

than the limting thickness of the state-of-the-art
solutions discussed above. Mreover, nore than two

sel ectively reflecting surfad®s can be used. For
exanple, for three selectively reflecting surfaces 22,
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JI‘fwI llillcr:Tx]den 8 gCiQ of the ray is 25° and a portion of the ray’s energy is coupled out
of the substrate. The ray then intersects the same selectively reflecting surface -at
. point 42 at an incident angle of 75° without noticeable reflection, and then intersects
again at point 54 at an incident angle of 25° where another portion of the ray’s
energy is coupled out of the substrate. In contrast the ray shown in Fig. 9B,
experiences only one reflection from the same surface. We note that more multiple
reflections occur at smaller incident angles. Therefore, one method to compensate for

" non-uniformity that results from such multiple-intersections is to design a coating
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Anot her potential non-uniformty in the resulting

i mge m ght occur due to the different reflection
sequences of different rays that reach each

selectively reflecting surface:-sonme rays arrive
directly without a reflection froma selectively
reflecting surface; other rays arrive after one or
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thickness is not necessarily a drawback. It is possible to add the transparent layer at .
the top of the LOE or even on both sides of the substrate, wherein the exact
configuration will be set according to the specific requirements of the optical system.
For the proposed conﬁgufation, no matter what the thickness of T4y 15, at least some

of the rays intersect the same selectively reflecting surface twice. For instance, in



selectively reflecting surface 22 at three. points,
intersects this surface only twice and is reflected
only once: at the point 52. In this nmanner, the

doubl e-refl ection effect does not occur. The

t hi ckness Tadd can be calculated to mnim ze the

doubl e-reflection effect for the entire FOV of the
optical system For exanple, for optical system
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of the selectively reflecting surfaces should be relatively high. Since here the
reflectance coefﬁcient is not the same for all the selectively reflecting surfaces, thgre
is a danger that this would aléo éntail a non-uniform image of the external scene
viewed through the substrate. Fortunately, this non-ﬁniformjty is rather small, and

can be neglected in many cases. In other situations, where such potential non

“uniformity is crucial, a complementary non-uniform coating could be added on the



60 to "the partially reflecting surface. The
calculated direction is set as the nom nal i ncident
direction and the particular coating is designed
according to that direction, by also taking into
account prior reflectance related to this particul ar
viewi ng angle. Hence, for each view ng angle, the
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Thus far, only the FOV along the & axis has been discussed. The FOV along
the orthogonal v axis should also be considered. The FOV along the n axis is not

dependent upon the size or number of the selectively reﬂecting surfaces, but rather,

on the lateral dimension along the n axis of the input waves coupled into the

substrate. The maximum achievable FOV along the 7 axis is:



illustrated in Fig. 12, the light emerging fromthe

di splay source 4 is linearly S-polarized. By using a
hal f -wave plate 62, the polarization is rotated so
that the desired P-polarized light is incident onto
the coupling reflective surface 22. To illustrate the
expected performance of a typical see-through system
a conputer sinulation has been perforned, calculating
the brightness of both the 6?ojected di splay and the
external scene. The system has the foll ow ng
paranmeters: T =4.3 nm;Dpl[-4.,0 ; a;,, = 50 ; FOV(R)24

- R 8 = 25 nm VEPVM“W source is

S-pol arized, there are tw sel ectively reflecti ng
surface and t he. nom nal reflectance is 22%
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r ggsigsteed nominal values. There are sonme small
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till four-tfold larger” than
dl axemsThﬂreﬂEhiasce of these surfaces is determined so as to achieve uniform

output Waves. For example, for four reflecting surfaces, the reflectance of the
surfaces should be 75%, 33%,‘ 50%_ and 100% for the first surface 224, the second
surface 225 and the third surface 22c, and the fourth surface 224, respectively. This
arrangement yields a sequence of wavefronts, each at 25% of the incoming intensity.
Typically, such an array of reflecting surfaces can be readily designed for S-polarized
light. Fortunately, the light which is S-polarized compared to the partially reﬂccting
surfaces 22a-22d, will be P-polarized compared to the partiaily reflecting surfaces 22.
Therefore, if the vertical expansion of the image in the 1 axis is affected with
S-polarized light, there is no need for a half-wavelength plate to rotate the



asymmetry is problematic:- a collimting lens with a
hi gh nunerical aperture, or a very large display

source are. required. In any case, with such nunerica
values dinensions, it is inpossible to achieve the

desi red conpact system An alternative nethod for
solving this problemis presented in Fig. 14. |nstead

of using an array of reflecting surfaces 22 only al ong
the 4 axis, another array .of20reflecting surfaces 22a,
22b, 22c, 22d is positioned along the rl axis. These
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.expand the beam al ong the rl axis can be chosen
B[Ec M . TESTiHey. FdSthmupndy = 1.5, the resultant FOV will be:

FOVI =30 . (14)

Tﬁis is an improvement with respect to the previous values obtained above.

Figure 16 illustrates another method to expand the beam along both axes
utih'iiug a double LOE configuration. The input wave is coupled into the first LOE
20a by the first reflecting surface 16a and then propagating along the £ axis. The

partially reflecting surfaces 22a couple the light out of 20a and then the light is



requi renents of the system Assuming a symmetrica
collimating lens 6, the lateral dinension along the TI
axis after the reflection fromthe reflective surfaces
22a-22d, is given by S,i =NTtan(ct ), wherein Nis
t he nunmber, of the reflecting surfaces. The maxi mum
achi evable FOV along the r) axis is.now. FOY S, ? - do,
_ NT tan(a,,,) - d,s (13) R ~, +1/(vsina~,)
Rn,+1/(vsina,,) Since the refil ecting array 22a-22d

can be located closer to the eye, it is expected
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In general for N-reflecting surfaces the brightness reduces by a factor of M. In
principle high-brightness display soux;ces can offset this difficulty, but this approach
necessarily has a practical limitation. Not only are high-f)righmcss display sources
very expenéive, they also have high power consumption with the associated very high
elecirical currents. Furthermore, in most of the displays there is an inherent
limitation to the maximal brightness that can be achieved. As an example, for

transmission LCDs, which are presently the most abundant source for small displays,

the back-illumination light power is limited to avoid undesired effects like flaring



are many ot her exanples in which several substrates

can be conbined together to forma nore conplicated
system Another issue to be addressed is the

bri ghtness of the system This issue is inportant for
see-through applications, where it is desired that the
bri ghtness of the display -will be conparable to that
of the external scene, to allow acceptabl e contrast
rati o and conveni ent observa®d on through the conbiner.
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Figure 17 illustrates an example of a substrate-mode display where the display
source is a transmission LCD. The light which emerges from the light source 64 and
collimated by a lens 66, illuminates an LCD 68. The image from the LCD is
collimated and reflected by the optical components 70 onto the substrate 20. Figure

18 illustrates an optical layout of the collimating/folding lens 70, while Fig. 19



expansi on system Assuming that rj is the vertical

axis in Fig. 16, the reflectance of the reflecting
surfaces 22a coul d be designed such that the | ower
surfaces will have higher reflectance for the | ower

part of the FOV and the | owest possible reflectance

for the higher part of the FOV, while the upper

surfaces have higher reflectance for the upper part

of the FOV. Therefore, the fastor in which the
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source illumnation is to use a o
emerges from that pixel into the desired angular cone. In fact, this solution is
efficient only if the fill-factor of the pixels is a small number. An improved version
of this solution is to design the emitting distribution finction of the pixels in the
pixel—array to make each pixel diverge into the required angle. For example, in
OLED displays, efforts are usually made to increase the divergence angle of the

single LEDs in order to allow viewing from a wide angle. For our specific LOE .




speci al selective diffuser for the LCD. Usually, a
conventional diffuser scatters the light uniformy in
all directions. Alternatively, a selective diffuser

can spread the |light in such a way that the Iight

from each point source diverges into a required

angul ar cone. In this case the power that the LCD
surface illum nates remains the sanme. For a 20-30 _
cone, the diverging angle of 26he |ight for each- point
source is reduced by a factor of nore than 50 as
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the rays from the upper part of the FOV are reflected from surfaces 90a and 90b.
Typically, the angles between the rays trapped inside the substrate and the reflecting
surfaces 88 and 90 are sufficiently large to affect total internal reflections, so no.
special reflecting coating is requi.l;ed for these surfaces. Since all rays are eithn?r
traveling directly from the input aperture or reflected twice from a pair of parallell
surfaces, the original direction of each ray is maintained, and the original image is not

affected.



If we trace the rays fromthe EMB 74, we find that the
i ght passes through the projection of the EMS on the
coupl e-out optics 22, where 76, 78 and 80 are the

proj ections of the upper, central and | ower angles,
respectively. of the FOV. This neans that to achieve
the desired FOV the required couple-in aperture 82 is
65 nm this is a very large aperture that necessarily
i ncreases the size of the enffre system even if the
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of 42 wth signi ficantly reduced I n
dimensions of the input aperture are assumed to be D and 4D along the two axes

respectively. A lens 6 with an aperture of 2D collimates the image onto the subsirate.
The front half of the collimated light is coupled into the substrate by the mirror 16a.
Two pairs of parallel reflecting surfaces, 22a; 22b and 22¢; 224 split the coupled light
outward and then reﬂeqts' it back to its original direction. The rear part of the
collimated light passes through the substrate 20 and then folded By the prism 99 back
into the substrate. A second mirror 16b couples the folded light onto the substrate 20.



aperture 84: 40 mm Naturally, in cases where | is
extrenely |arge, a cascade of two or nore pairs of
reflecting surfaces can be used to achieve the desired
FOV while maintaining an acceptabl e input aperture.

The enbodi nent of Fig. 21 is just an exanple
illustrating a sinple inplenentation of this nethod.
The use of pairs of parallel reflecting surfaces in
order to decrease the apertutge of the systemfor a
given FOV, or alternatively to. increase the useable
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for relatively easily and efficiently.

3)  The reflectance coefficients of the selectively reflective surfaces in the present
invention are essentially identical over the entire relevant spectrum. Hence, both
monochromatic and polychromatic, light sources may be used as display sources.
The LOE has a negligible wavelength-dependence ensuring high-quality color
displays with high resolutions. "




In general, all the different configurations of the

i ght-guide optical elenments considered above, offer
several inportant advantages over alternative conpact
optics for display applications, which include: 1) The

i nput display source can be |ocated very close to the
substrate, so that the overall optical systemis very
conmpact and |ightweight, offering an unparall el ed
formfactor. 2) In contrast 270 ot her conpact display
configurations, the present invention offers
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ibstrat e since a tion of this coupl ed
b@Ex hyis ngt Hecesspry] ted)bcladq tl@oqmtrcz; BOE, typically only the active area,

where the display is visible needs to be blocked. As such, the device can ensure that
the peripheral vision of the user is maintained, replicating the viewing experience of a
computer or a television screen, in which such peripheral vision serves an important
cognitive function. Alternatively, a variable filter can be placed in front of the system
in such a way that the viewer can control the level of brightness of the light emerging
from the external scene. This variable filter could be either a mechanically controlled

device such as a folding filter, or two rotating polarizers, an electronically controlled



out into the eye of the viewer, a display of

conparatively high brightness can be achieved even

wi th display sources with | ow power consunpti on.

Figure. 23 illustr ates an enbodi nent of the present

invention in which the LOB 20 is enbedded in an

eye-gl asses franme 100. The display source 4, the

collimating lens 6, and the folding |ens 70 are

assenbl ed i nside the arm portdons 102 of the

eye-gl asses frane, just next to the edge of the LOB
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inside the phone, however, at present, such a display can project either video data of
poor quality only, or a few lines of Internet or e-mail data directly into the eye.

Figure 24 illustrates an alternative method, based on the present invention,
which eliminate the current compromise between the small size of mobile devices
and the desire to view digital content on a full format display, by projecting high
quality images directly into the eye of the user. An optical module including the



possibility is to project two different scenes, one to
each eye, in order to create a stereoscopic inage.
Wth this alternative, attractive inplenentations are

possi bl e, including 3-dinensional novies, advanced
virtual reality, training systens and others. The
enbodi nent of Fig. 23 is just an exanple illustrating

the sinple inplenentation of the present invention.
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Until recently, HUD systems have been used mainly i in advanced combat and civilian

* aircraft. There have been numerous proposals and designs, of late, to install a HUD
in front of a car driver in order to assist in driving navigation or to project a thermal
image into his eyes during low-visibility conditions. Current aerospace HUD systems
are very expenmsive, the price of a single unit being in the order of hundreds of
thousands of dollars. In addition, the existing systemé are very large, heavy, and

bulky, and are too cumbersome for installation in a small aircraft let alone a car.



conveniently view the image with high FOV, a |arge
eye-notion-box and a confortable eye-relief. It is

al so possible to viewthe entire FOV at a | arger
eye-relief by tilting the device to display different
portions of the image. Furthernore, since the optical
nmodul e can operate in see-through configuration, a
dual operation of the devi C8 is possible; nanely it
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two-array configuration would suffice.
The embodiments illustrated in Fig. 25 can be lmplemented for other

applications, in addition to HUD systems for vehicles. One possible utilization of
these embodiments is as a flat display for a computer or television. The main unique
characteristic of such a display is that the image is not located at the screen plane, but

is focused at infinity or to a similarly convenient distance. - One of the main



Fig. 25 illustrates a nethod of materializing an HUD
system based on the present invention. The |ight from
a display source 4 is collinated by a lens 6 to
infinity and coupled by the first reflecting surface

16 into substrate 20. After reflection at a second
reflecting array (not shown), the optical waves

inmpinge on a third reflecting surfaces 22, which
couples the light out into ghe eyes 24 of the viewer.
The overall system can be very. conpact and .
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6a through 6d to form a single collimated image, which is coupled into the LOE 20
by the reflecting surface 16. Ata first glance it looks like this solution can be quite

expensive. Here any increased system cost through increase in its components @d
the meed to coordinate the sourcés images with special electronics is offset by the

inherently low cost of the micro-displays themselves and the ability to reduce the

numerical aperture of the collimating lenses. There is also no need for a lateral

expander in this arrangement; it is quite feasible to include only a one-dimensional



devel op nyopia. In addition, sone people, who suffer
from both nyopia and hyperopia, need speci al
spectacles for work with a conmputer. A flat display,
based on the present invention, could be an
appropriate solution for people who suffer fromthe
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possible configuration, based on the present invention to materialize a real 3-D

. display- Instead of a single dlsplay source, an array 114 of » different display sources

114, 114, is located at the lower portion of the substrate 20, where each display
source projects images obtained at different persPectlves of the same scene. The

image from each display source is coupled into the substrate in the same manner as



what follows. Another advantage of the LCE display of
the present invention is its very flat shape, even
conpared to the existing flat-panel displays. Another
difference is a significantly nore directiona
viewi ng angle: the LOE display can be viewed froma
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conmon fl at - panel displ ay. 2¥c limted
head- noti on-box is sufficie for conveni ent operation

a_single user, and t
%ﬁ red aaye @pthﬂp)‘l‘em?tq n?f}é a‘{lg‘g‘%‘]s% L?ﬁl?]ge e dlsplay,
d’h HBOE o0d 14 84t-Ges k%ﬂﬁﬁfhcﬁﬁﬁﬁ rprdojsctécbﬁameﬂie Idmpby sources

nt pl ane behi'nd the display surface.and
lﬂél iy Bli4G abspeeivelic o Conspgeg e et P Wik FHeE 3{3 e same

| @0 GOk M ﬁ@sger‘smtchr'ﬁiég&pénéﬁbﬁ dlb‘éély 'Ebdeﬁlbles the v1ewmg
Cor{‘fel guratlon IS P ticularl sui t abl e

|emﬁrmnww}mgoltshrvm giread 3P @h};pt ra;(glgb éngmd@a{g d'x%dlustrated n
é§£ ?Etgt %Jg' Td ) ?%rﬁﬁgxye%@u&t {' ZBRiMIy hﬁ\(ﬁeﬂ ﬁé tHeCirrﬁgbs

8 mnd I ndeed E%%
ﬁﬂmgxeaxefprac@ecemnpmﬁmemshsalawmdv%rhl%éﬂd rhid kefhe gt is

-a a | abl e e owever reitha .
F%ﬁ”ﬁ%é‘?“é"s S{ah e'é‘at?ic?oé\é t‘%lm\%&lsﬁhe 1 égg\?? ces tgkcene

m&a& PlewErBE6esihif gazed eeltitaily, mﬁusmad 1e>Fe@ a%—ZPHethc eyes

-right eye. Such "aided e hay

m PRIl 65 theiseTesh é‘éﬂ?hrﬁrﬁéw\gﬁ &%@r R o5 foas- §p§ 3 RObs are
Toc¥ell clodirtd fle EpRA REs | i, Blefadwek s@sdmapes! Wmcleqnmgcefrom

?ree VI eWm n systens with inproved view co
difeeent Gplny seigess A G blabhwhich B aech Ao s GRIAE gf the

V' S' Ik thanhbeefgrreeigrbtdx Hlels Qi i ﬁeﬁ&oig MBS ttf*fleuvmg a

varl ous di sadvantages and fall behi nd fam lia
chBs st la)tBJsen”tottm window. Thaigs thqmpnqtym a}Fgls seen

nf 27A .
%q?a ﬂ%[e%-glﬁ-legg 3 Pg%rs%@tqﬁrq{? f t)ge 1&\{'&9}5&3{%@]&? g{e‘h@ B ¥R\ the

¢rewki guration, based on the present invention to

rmterlallzeareal I spl ay. a |

di sply ephpdiraent aﬁiFS‘éﬁﬂ?e&yq’fl'g "t#h AeEgt ‘#?e%eg% 22|2§pigg&ﬁy o
Z othdit arrd mﬁe f@clam%@ at rlcbl‘le -Ib odisplayyowith aliffesnt

t substrate ere eac ay ec

apmg@s, et efeaspent painfsraad appre E@FEB@EW 8oy &F‘l’-%ﬂ%{hs fent
The image fromeach display source is coupl ed

e
Pﬁ?rﬁl%{lhe substrate in the same manner as 33 descri bed
abov e\nathich possitde e:mt@dinzant:log thep giventinanist i ipplegjentation as 2

fg&gg)rrq\ﬂteg%u% gs I%'ﬁg %ss%pqrgﬁe%tstf:{t JQ Etsggzﬂﬁ‘] ar 3'V|Sgtfogr)l/cgél& as the
@RPFoaier is transparent, the audience feel that the speaker is making eye-contact
with them while he is actually reading text. Utilizing an LOE, the teleprompter can
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need to locate Iarge screen in the Vlcxmty of the device.

Yet another possible unplementatlon of this embodiment is as a screen for a
. personal digital assistance (PDA). The size of the ex1stm_g conventional screens

which are presently used, is under 10 cm. Since the minimal distance where these

displays can be read is on the order of 40 cm, the obtainable FOV is under 15°%



114i and 114j, respectively. Consequently the viewer
sees wWith each eye the sane scene froma different
perspective. The experience closely resenbles the
viewi ng experience when observing a real 3-D object
through a window. As illustrated in Figs. 28a- 28b,
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A more convenient configuration is illustrated in Fig. 31. Here, the device is

not located in front of the user but to the side of tﬁe head, where the center of the
gravity of the SLA is aligned along the main axis of the head. The direction of the
device is reversed that is, the collimator 118 is located at the rear and the eye-piece
120 is located at the front. Now, the image from the frontal external scene is coupl;d
into the collimator 118 by .using an LOE 20a, where the image from the eye-piece
120 is coupled into the user’s eye by using _anothe'r LOE 20b. Though additional two
optical elements, 20a and 20b, are added to the original device, the weight of these



displays is limted. A significant inprovenent in the
proj ected FOV can be nade w th the enbodi nent
illustrated in fig. 24. The inmage is focused at
infinity, and the screen can be |ocated nmuch cl oser
to the eyes of the viewer. In addition, since each
eye sees a different part of the total filed-of-view
(TFOV), with an overlap at its- center, another
increase in the TFOV may be3éch|eved Therefore, a

di splay with an FOV of 40 or lar is feasible, In
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gene:ate%%?/ an illuminator 122 passes through a polarizer 124, collimated by a lens
126, reflected by a polarizing beamsplitter 128 and illuminates an LCD 130. The
polarization of the light which is reflected from the LCD is rotated in 90° by 2 Ya
wavelengths plate, or alternatively by the LCD matenal itself. The image from the
LCD now passes through the beamsplitter to be collimated and reflected by the lens
132 onto ithe substrate 20. As a result of the beamsplitter configuration, the entire

illuminating system is large and cumbersome, and certainly-not compact enough for




el ements is negligible conpared to the weight of the
SLA and the overall configuration is nuch nore
conveni ent than before. Furthernore, as the nounting
tol erance of these devices is far fromdemanding, it

is feasible that these two el enents be configures as
nodul ar so that they can be either shifted away from
their position or even renoved by the user. In this
manner the SLA viewer can bé6éreconfigured for
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coatings of the selectively reflecting surfaces should have a specific angular and

spectral response in order to assure a proper operation of the LOE. Hence, 1t 1s

essential to accurately measure-the actual performance of the coatings before the final .
fabrication of the LOE. As explained above, there are two angular regions that

should be measured - the high incident angles (usually between 60° and 85°) ?Vhere



36 head-nmounted systens. Mreover, because of the
beansplitter 128 the collimating lens 132 is |ocated
further away fromthe display source, while for the
sake of mnimzing the aberrations it is required
that the field-lens will be |ocated as cl ose as
possible to the display surface. An inproved version
of the illumnating setup is_illustrated in Fig. 33.
The light fromthe light sollrce 122 coupled into
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can be blocked using a suitable mask or blocking layer 162.

Evidently, each pair of prisms can measure the reflectance at two angles - a
and 3a. For instance, if the head angle is 25° then the reflectance at 25° and 75° can
be measured simultaneously. Therefore, a small number of prism pairs (2 or 3) is

usually reéiucsted for a proper measurements of ihe coated plates. Naturally, the



shoul d be neasured - the high incident angles (usually
bet ween 600 and 85) where 37 the reflectance is very
| ow and the | ow incident angles (usually between 15
and 40), where the reflectance of the surfaces is
utilized to couple part of the trapped waves out of
the LOE. Naturally, the coating should be neasured at
these two regions. The main problemof the testing
procedure is that it is verygdifficult to neasure with
the existing testing equipnment the reflectance (or
a&e‘t@ﬁh@%\fﬁ}eycahf& ﬁtﬂﬁﬂ@lﬁ fi8hsarr) thé cmrﬂcvmnge ofhihgte tragmelss at
i'ncidence, usual]ly &ye 60, ﬁ ?tlng%dthat are
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Hﬁ&kfoﬁe‘ m{eﬁsedhsaaunﬁra&&t theeined fromthe coated _
surface, reflected again by total internal reflection

fromthe external surface of the |ower prism

i mpi nges at the coated surface again at an angle 3a,
refl ected again fromthe external surface of the
upper prismby total internal reflection, and then
reflected by the coated surface at- an angle a and
coupled out fromthe prism Here, the intensity of
~the output beam 158 can be neasured. Taking into
account the Fresnel reflections, -the intensity of the
out put beamis (Ra)z*T3a. Hence,- knowi ng the
"reflectance Ra fromthe previous step, the

refl ectance at an angle 3a can be cal cul at ed
accordingly. There are testing equi pnments where the
out put beam nust be |located at the sane axis of the
incom ng beam Figure 36 illustrates a folding prism
160 used to translate the beaminto that of the

ori ginal beam The residue of the original ray 154
can be bl ocked using a suitable mask or bl ocking | ayer
162. Evidently, each pair of prisns can neasure the
reflectance at two angles - a and 3a. For instance,
if the head angle is 25 then the refl ectance at 25 and
75 can be neasured simultaneously. Therefore a smal
nunber of prismpairs (2 or 3) is
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usual ly requested for a proper neasurenents of the
coated plates. Naturally, the 38 setup shown here can
be utilized to nmeasure the reflectance of these two
angles at different mavelesgths as well as for the
two polarizations, if required. It will be evident to
those skilled in the art that the invention is not
limted to the details of the foregoing illustrated
We éatdi mrents and that the present invention nmay be
enbodi ed in other specific forns without departing
fromthe spirit or essential attributes thereof. The

present.. ephodiment s _are therefore-t e Lconsi der in_ .
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state {] Aol MR S B elin kAl sPcAPb pd i Rpgecond angular
specfuf, Bdmprisingn optical device for partially reflecting
a first set of light waves having a given
pafiest lighit rasmdttiag eubstrdid lseaigedsumathianda gi ven opt i cal

spectrumand within a first.angular spectrum and
CPaRbI bege Hisogied o e T80 T5ht viaves havi ho t he
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same given optical spectrumand withinTa secon
anglentpehtad wigpe ctiduseromnd aguil i spgetran fand ghat the reflectivity by the coated

light-transmttj.ng substrate havi a_surface, and
surfige SR (Rt b et ey éﬂﬁ&ﬁefég?faagJFﬂmgtY y'the Costed surface of
sﬁd@&%ﬁé%&%ﬁ&éﬁﬁwkﬂthat angles located within said first
angul ar spéctrumare smaller than angles |ocated
W thin said second angul ar spectrum and that the

2 by e chat o0, ouTpon gl sahd LIS, Sty i
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surfagenpri sing a second light- transmtting substrate
optically coupled to the first light-transmtting
substrate at said coated surface. 3. The optica

3. gtezbéé %Pg&:? ﬁdéegj‘g_%gactcgrd‘fﬁgajtonbl%im Vi‘,q ev&theeiré}n Ss%f.ddpﬁ%zaartiimzi asttétg s the P-

polarization.

4. The optical device according to claim 1, wherein said polarization state is a

combination of the S and the P polarizations.

5. The optical device according to claim 1, wherein the reflectance of said first set of

light waves changes monotonically with increasing incident angles at said surface.

6. The optical device according to claim 4, wherein the reflectance of said first set of

light waves decreases monotonically with increasing incident angles at said surface.

7. The optical device according to claim 5, wherein the reflectance of said first set of

light waves increases monotonically with increasing incident angles at said surface.



pol ari zation. 4. The optical device according to claim
1, wherein said polarization state is a conbination
of the S and the P polarizations. 5. The opti cal
devi ce according to claim 14 wherein the refl ectance
of said first set of |I|ight faves changes
nmonotonically with increasing incident angles at said
surface. 6. The optical device according to claim 4,
8. wh@heioptitdledavikl Rebm@igetootlarild wWhersh ssidt optfcal kpeghtim is located
__waves decreases nonotonically with increasing incident
withgnige assuakspsefiimsur f ace. 7. The optical device
according to claim5, wherein the reflectance of said
first set of 1ight waves increases nonotonically with
9. | nTh@Q}?EBﬂ deRfdeRRbrdaitgiceslamh 15 avhdran rshidCepticD sikctriineis located
~optical device according to claim1, wherein said
withgpth eegion pefpeeruf®l wmjapd 4¢@am-wi t hi n t he vi sual
spectrum 9. The optical device according to claim1,
wherein said optical spectrumis located wthin the
10. ' egh@nophigie8icd @bbordimand @4ith NMwhePsin HaRl Gipdti @gular spectrum is
devi ce according to claim1, wherein said first
locatgd geitham theegion betwesn 15buwt43 wi t hi n t he regi on between
15 and 40. 11. The optical device according to claim
1, wherein said second angul ar spectrumis | ocated
11. W TRERplibe dQfcORcHRIMERN 12l aNeiREbin k8id sEBEnPRidER! spectrum is
device according to claim1, wherein a specific
locateid withal theatien beimeen 58° &alt80°f or said first angul ar
spectrum 13. The optical device according to claim
12, wherein the reflectivity by said coated surface
12. of Tﬁ_@'oﬁu&ﬂ lastics §dcoffing ORI VR VEBerk JVpahigic rhiiARalTefisttance is sct
specific mnimal reflectance. 14. The optical device
for sacidostingglar spectraimm 1, wherein a specific maxi nal
reflectance is set for said second angul ar spectrum
15. The optical device according to claim 14, wherein
13. o db& FPLER i aciril By CRENPE PR Re TRE Ry b gid couted
surfaeexif Bal firafskedftiahc @avdsGs hibher thpt saddkpateid menimaebwtldetmye.
to claim12, wherein the reflectivity of said specific
m nimal reflectance is higher than 20% 17. The
14, °p§|4|h‘e‘ %Ptigzﬁ\éb&i@? Q&%P%Q%&Qal&i& ?,'\é‘ﬁéiféii‘l‘é'splé\élﬁg RithflGeflectance is set
refl'ectivity of sal peci i1 c maximal reflectance Is
for shieEoridaigulkd Ypectrum.

15. The optical device according to claim 14, wherein the reflectivity by said coated

surface of said second set of light waves is lower than said specific maximal reflectance.

16.  The optical device according to claim 12, wherein the reflectivity of said specific

minimal reflectance is higher than 20%.

17.  The optical device according to claim 14, wherein the reflectivity of said specific

maximal reflectance is lower than 10%.



