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
advantage in a |large nunber of inmaging applications,
such as, for exanple, head-nounted and head-up _

di spl ays, cell uligfr cppbpReScacOBRaEt di spl ays, 3-D

di spl ays, conpact beam expanders as well as

non-i magi ng applications such as flat-pane

Fi¢id of thie reentionnpact iIIuninators and scanners

Background of .the,|l nventi on
o K PReaPrrE. Fyriraaes of, iR een: Gl Hbices, and
pagislap i@t bR AT RhrBlit} LI GPlldctiRg siFstel Garfied Y93

both as.an inmaging |lens and a conbiner, in which a

CORBOR ?lﬁlﬁtﬁéﬁnémb'iﬁwﬁ ﬁlsbétreiy 3se refamerble 26 8 lightr #Hity and

ref Iaetigtnibbh 81 p?éﬁ?en% t@ad%égé ¥4 1@1&&;@? Bf A ing

can be obtained directly fromeither a spatial |ight

amdld@ﬁoats,oﬁucbwl\/pfms eedmple headmowoigd andyheadtye diawrays, cellular
SRl n t

pix&ng;# ot ¢ gonq’ dgggla 5 RS da_p%%?)mmﬁﬂt Y, L gahl%%%ragewglrl]

rray” ( Orr & scanni
ne- mdgafg mbphmtems soch ias dlat-patel yindidayorsieamspaof illumisdtary and
| ens or an optical fiber bundle. The display
S®BHpbti ses an array of elenents (pixels) imged to

Bha{glrmg&/omuepﬂ&ﬁhbh mating lens and transmtted into
the eye of the viewer by neans of a reflecting or

par tqnal pf the dmpggant, @P&l&%tma& efOR CtoPHgtla gPEcat FHEMHET if R
héA@acmted dﬁ?f&}g Qhanth é:ecﬁm&h QR se@@?ﬁétﬁ al LPBRaging lens and
respectively” Typically, a conventional, free-space
2 opubigerl imwplighe two-digwasioab dlsplhxegsempﬂgp@@sgg‘mlw and reflected
St h e
m#‘n%g E‘}s Ste mlbiyer%%e ggl e ? 188 ﬁi C{{ﬁge %béan{l/egdncﬁltecy %\{n(f%: al S%tmal
hghbdmddelahﬁ'qsm sualt gera cathade/ k@1 tube GORK), e h@ndi crystal display
refore, for nce devic
(el S Oreie” e adhing G50c el Cl SR At pmtiag oo ud
s1ﬁﬂardie$1‘ﬂb§k§§mb#&ct@§§ﬁﬁ1’eﬂis|0Ya rdlayRAdor HAWieA fiber bundle. The
applications, wherein the )?%Qt em nust. necessari # be

display) GOgMISEEN HSACBhPigREnt: Pipdydmesed toTiRBnidy by georlisating
lef£OMARFARRR ] RS tfl@gyet & tﬁ@v&w bﬁ bfebaR i reBIROH o0t partinly

optical solutions, on the one are
reflecting yvefaces acting | asnel Wmmmyaéftr ﬂ@rswdbmouglp rapét sesathrough
apgﬁéé mg&sa%s?@&: gﬁﬁfgp%;au} he QiVafiforf Hke-sphde’ SticABIBbute is

ack
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 &isplays but especially in head-mounted applicationg,
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

nun. 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 fromsuch disphays. Disclosure of the
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state-of-the-art HUDs suffer several significant drawbacks. All HUD's of the current
dcsigns require a display source that must be offset a significant distance from the
combiner to ensure that the source illuminates the entire combiner surface. As a
result, the combiner-projector HUD system is necessarily bulky, and large, and
requires a considerable installation space, which makes it inconvenient for-
installation and at times even umsafe to use. The large optical aperture of
conventional HUDs also pose a significant optical design challeﬂge, 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
toits inplenentation in a conpact HUD, which

al l eviates the aforenentioned drawbacks. In the HUD
design of the current invenjion, the conbiner is
illumnated with a conpact display source that can
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application such as celfular phones. In )
image quality and viewing comfort. However, using the present invention it is
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 application of the present invention is to provide a compact display

with a wide FOV for mobile, hand-held application such as cellular phones. In
today's wireless internet-access market, sufficient bandwidth is available for full

video transmission. The limiting factor remains the quality of the display within the



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
enabl es, a physically very gonpact display with a very
large virtual image. This is a key feature in nobile
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of providing what is believed to be the most useful and readily understood description
of the principles and conceptual aspects of the invention. In this regard, no attempt is
made to show structural detaiIs‘ of the invention in more detail than is necessary for a
fundamental understanding of the invention. The deséription 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.the present invention for

two ranges of incident angles; . Fig: 4 illustrates
e,tefl.ect.an C . ' v
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ref | gedsemtéevestimye as a function of incident angle for.

n exe y..di chroi ¢ coating; Fi 6 il.]Justrat ]
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anot Reectitelyedcting 6@8ickGsed i he plesehd woéntidh &6r Bwo ranges of
refl ectance curve as a function of incident angle for
anot Wdeg @IS ¢ coating; Fig. 8 is a schematic
ii%?& i ARRhey e YeRtafod &8 GE b MEnctibh bRAGEVAGRE fir A ekéinplary
the present invention; Figs. 9A and 9B are di agrans
i | | uslioheptid ¢ogtinget ai | ed sectional views of an exenplary

I sel ivel fl ' : - Fig. '
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Fe4 ShtafscnrRee B Gas o G SCyEREReh Hs Ghudfemoic
i1l uggatiages detailed sectional views of the
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Fige 1 dlustrajes agefiecipessourvegs afipction qf inFidend ppalgifengnn
angl gswinkl 9. 12 is a sectional view of an exenplary
devi ce according to the present invention, utilizing
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of iﬂ&gﬂkﬁg light; Fig. 13 shows two graphs
representihg sinulated cal cul ations for the brightness ..
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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 éf FOV across the image of the projected display, and the extemal
(ses-through) scene; _ '
.'Fig. 14 is a diagram illustrating a light-guide optical element @OE) configuration
having an array of four partially 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; Fige 16 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 altemative configuration for
expanding light according to the present invention;

Fig, 23 illustrates an exemplary embodiment of the present invention embedded m a
standard eye-glasses frame; ‘

Fig. 24 is a diagram illustrating an exemplary method for embedding an embodiment of
the present invention within a mobile hand-held device such as a cellular
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 iI]uminath with an array of display sources;

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

 the present invention;



Fig. 26 illustrates an exenplary enbodi nent of the

present invention where the 1ight-guide optical
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
i I'lustrates an enbodi ment for conventiona
i mpl ementation of a star's-light anplifier (SLA)
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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 into 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. Despite the compactness of this configuration, it
suffers significant drawbacks; in particular only a very limited FOV.can be affected.

As shown in Fig. 1, the maximum allowed off-axis angle inside the substrate is:
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" wherein 7'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: a~ =arctan T - de." 21 (1) wherein Tis the
substrate thickness; 8 days is the desired exit-pupi
diameter, and 1 is the dist?nce bet ween refl ecting
surfaces 8 and 12. Wth angles higher than cc.. the
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Methods have been proposed to overcome the above problem. These include,
utilizing a magnifying telescope inside the substrate and non-pafallel coupliﬁg
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 bf the reflective surface 12 on the
substrate plane. Mathematically, the maximum achievable FOV, due to th:s'

limitation, is expressed as:

FOV_, = _MTtanc;m o > ®)

aye

yvherein @, is the anglc between the reflecting surface and the normal to the

substrate plane, and
Repe is the distance between the cye of the wewer and the substrate (typ1ca11y,

about 30-40 mm).



[imtation, is expressed as: FOV Ttana~, -dew m Reye
(3) wherein a,, is the angle between the reflecting
surface and the normal to the substrate plane, and
Reye is the distance between the eye of the viewer and
the substrate (typically, about 30-40 nm. 9
Practically tana, Wcannot be much |arger than 1,

hence, for the sane’ paraneters described above for a
FOV of 8, the required subsgrate thickness here is on
the order of 7 mm which is an inprovenent on the
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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 reﬂeqﬁng surfaces and the normal

to the substrate plane is:
olf @

sur2 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,.r between the

trapped ray and the normal to the reflecting surface is:
a, 5

Brg =90° (@ ~Gp7) =90° 1



a., - 2 As can be seen in Fig. 2, the trapped rays
arrive at the reflecting surfaces fron1 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 J3 between the trapped ray and the
normal to the reflecting supface is: fi

=90- (ama.,,,z)=90- Z" (5) 10 The trapped rays arrive

at thge &%ﬁﬁeaqaymnwatftﬁs feflebGHB dubfeceSR6M@ NEe gacbﬁcamnoﬁ 80
after an odd nunmber of reflections fromthe substr
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ecrease
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 ‘grazing incident. Consequently,
one can design a coating with high reflectance for S-polarized light at an oblique
incident angle and near-zero reﬂectang:e 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



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 |ight at
an oblique incident angle and near-zero refl ectance
for a normal incidence. Furthernore one can also
readily design a coating for a P-polarized light with
very low refl ectance at high incident angles and a

hi gh reflectance for |ow ingident angles, This
property can be exploited to prevent undesired
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monotonically with decreasing incident angles. Hence, 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
Bres, Where higher reflections are required, will be located inside the second region
one can 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 syst-em‘using a polarized display source, such as a liquid-crystal-display (LCD)



one can ensure that the entire angul ar spectrum of
Rref, where very lowreflections are desired, wll
be located inside the first region while the entire
angul ar spectrumof Prep where higher reflections are
required, will be |ocated inside the second region
one can ensure the reflection of only one substrate
nodes into the viewer's eye and ensure a ghost-free
imge. Up to now, only P-pakarized |ight was anal yzed.
This treatnent is sufficient for a system using a
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incident onto the substrate, i.e., o= 180°, then the angle o, between the first -

reflecting surface and the normal to the substrate plene is:

= ain +a0 . 1 — a'hl +a0 . ’ (8)

arurl 2 : 2 surl = 2

The solutions for o,; and o'y, in the above example are 15_5° and 115°,

respectively.



be as high as possible, so as to couple as nuch I|ight
as possible fromthe display source onto the
substrate. Assumi ng that the central wave of the
source is normally incident onto the substrate, i.e.,
ao = 1800, then the angle a, between the first
reflecting surface and the nornmal to the substrate
plane is: _a;,, + ao aw - 2 The solutions for
al,+a3 (8) 2 respectively. g~ and a'n,] in the above
exanpl e are 155 and 115, 13 Fig. 8 presents a

sect iRy 3lprese@va dctibhte vietf dfAEd feflectiy kirBee 14 Svhidh dobiples light
ht 38 from a display source (not shown)
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, of the reflecting surface on the substrate surface
sphstrage sugface40ris: tan(g) , (9) wherein T is the substrate
t hi ckness. The solution of a = a'sur, is preferred,
since the coupling %aFdatwi@)the substrate surfacd9¥ or
the above exanple is nore than 4.5 tines |arger than
whereis TTipthetshlstrpte thitlowss. sol utions. A simlar

i mprQye t ratio holds for ot.her_systens. Assyn n

t hat LEREOMOR R Ca e PRI TR TS FRPTER Aea o dfe abgpate
suffecd fof ﬂe&bbﬁgx&ti?lfa aCMorerhdrd. 5 kifteh %%eir @idm if %60 théBrevious

Sﬁ.‘r,f ace 16, it illum nates an area of 2S, = 2T tan(a)
SStiPRe 4 FHRHar APRFoXERen dafio hatds for gthst Fisteisarfssupg that the

dRLAEE Gak& HlRhindted el Gfitd Bfda VHTth efledingOfirklle SiPHeflRtion
pllane, is S2 =T tan(a,,,,.2). To avold either
feppe e sprsion d 6 ot illymisatdsaineesarofiiZie= 28 tinée) ¢mije subrstraie sutface.
(#;@8 %gu%% E&He%g éa?gj fﬁi@ﬁ 2)5 ﬁ%étﬁe%ﬁﬁ%i?u%fagg bf%& %e gu%stirattes plane, is
S; = I'tan{agy). To avoid either overlapping or gaps between the reflecting surfaces,
the projection of each surface is adjacent to its neighbor. Hence, the number N of
reflecting surfaces 22 through which each coupled ray passes during one cycle (i.e.,
between two reflections from the same surface of the substrate) is:
N=—:-Zi= 27 -tan(er,,;) . (10)
S, T-tan(a,,,)

In this example, where Gip,; = 65° and a1, = 115°, the solution is N = 2; that
is, each ray passes through two different surfaces during one cycle. This is a
conceptual chapge 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 aré needed. to span the image
dimensions. Allowing fewer reflection surfaces simplifies the impleﬁentation of the
LOE and ensures a significant cost saving in its manufacture.

The embodiment described above with regard to Fig. 8 is an exa.mjale of a

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



reflecting surfaces 22 through which each coupl ed ray
passes during one cycle (i.e., between two
reflections fromthe sane surface of the substrate)
is: 2S5 2T tan(a.ri) (10) S2 T'ta'2(a.2) In this
exanple, where Gm2 = 65 and a", 1= 115, the solution
is N=2; that is, each ray passes through two

di fferent surfaces during one cycle. This is a
conceptual change and a siggificant inprovenment over
our previous disclosures, where each ray passes
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the normal to the reflecﬁ%mg surfaces is -75 and the
reflections fromthese surfaces are negligible. In
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limiting substrate thickness is 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



the ray's energy is coupled out of the substrate.
Assum ng that one array of two selectively reflecting
surfaces 22 is used to couple the light onto the
viewer's eye, the nmaximal FOV is: FOV tt 2T tan ac,,,
- d Rem 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 FOvVs of 15 and 30,
the limting substrate thigkness is 3.7 mmand 5.6
mm respectively. These are nore favorable values
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" surface; other rays arrive after one or more such reflections. This effect is illustrated

in Fig. 9A. A ray intersects the first seiectivcly reflecting surface 22 at the point 52,
The'incident angle 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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reflecting surface 46 and therefore have | ower
intensity. To achi eve images of uniform brightness,
conpensation is required for the differences in
intensities between the different portions of the

i mage. Indeed, coating the reflecting surfaces wth
different coatings, whereby the refl ectance of surface
46 is lower than the .reflectance of surface 50
conpensates for the uneven jgl | um nati on. Anot her
potential non-uniformty in the resulting i mage m ght
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it rebatiggly large wed @ mechiakieal s amizthu s required for the LOE, the increased
thickness is not necessarily a drawback. It is ‘possible to add the transparent lay_er 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 configuration, no matter what the thickness of Ty is, at least some

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



di spl ays, the non-uniformty due to the nultiple
intersection effects cannot be tolerated. For these
cases, a nore systematic nethod to overcone the
non-uniformty is required. Figure 10 illustrate one
possi bl e approach. A thin transparent |layer 55 wth a
t hi ckness Todd is cenented at the bottom of the LCE

In this arrangenent, the exenplary ray incident at
25, which according to Fig.;;9A intersected the first
selectively reflecting surface 22 at three. points,
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reflectance coefficient is not the same for all the selectively reflecting surfaces, there
is a danger that this would also éntail a non-uniform image of the external scene
viewed through the substrate. Fortunately, this non-ﬁniformily is rather small, and

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

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



for each point on the partially reflecting surface, a
nom nal viewi ng angle is defined, and the reflectance
i s designed according to this angle. The design of the
coatings of the various partially reflective surfaces
of the LOE is performed as follows: For each
particular angle, a ray is plotted (taking into
account the refraction due to Snell's Law) fromthe
center of the designated eyggpupil 60 to, the
partially reflecting surface. The cal cul ated direction
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would no be noticeable in near-to-eye applications.

Thus far, only the FOV along the & axis has been discussed. The FOV along

the orthogonal 1 axis should also be considered. ‘The FOV along the 7 axis is not
dependent upon the size or number of the selectively reﬂectin{g surfaces, but rather,
on the lateral dimension along the m axis of the input waves coupled into the

substrate. The maximum achievable FOV along the 1 axis is:



some of the conpact display sources (e.g., nematic
liquid crystal displays) are linearly polarized. This
woul d al so apply to situations where the display
source is oriented such that the incomng light is
S-polarized in relation to the reflective surfaces.
In such cases it is possible to either design a

coatings for the S-polarized light, or, alternatively
rotate the source's polarizgtion with a hal f-wave
plate. As illustrated in Fig. 12, the |ight energing

fromthe display source Agl |§ [i nearl y S-polari Zﬁg) By

using a hal f - waygypl pol arization is

rotated so that the dgsti/edin,pol arized light is

incident onto the coupling reflective surface 22. To
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n axes. The reflectance 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 22a, the second
surface 225 and the third surface 22¢, 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 reﬂecting
surfaces 22a-22d, will be P-polarized compared to the partially reflecting surfaces 22.
Therefore, if the vertical expansion of the image in the m axis is affected with
S-polarized light, there is no need for a half-wavelength plate to rotate the



substrate is given by S, = T tan(a;,J. A substrate
thickness of T= 4 nun yields S7 = 8.6 mm Seem ngly,
the lateral extent of the LCE is fivefold larger than
the 1ongitudinal dinmension. Even for an imge aspect
ratio of 4:3 (as with a standard video display) and
the FOV in the 1l axis is 22, the required | ateral
di mension is approximately 34 mm still four-fold
| arger than the |ongitudi nabgdi mension. This
asymmetry is problematic:- a collimting lens with a
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Tﬁis is an improvement with respect to the previous values obtained above.

Figure 16 illustrates another method to expand the beam along both axes
utiliiing a double LOE configuration. The input wave is coupled into the first LOE
20a by the first reflecting surface 16a and then propagaiing along the £ axis. The
_ partially reflecting surfaces 22a couple the light out of 20a and then fhe light is



S-polarized light where 22d is a sinple 100% mrror.

Al t hough the lateral dinension of the vertica

expansion for this solution is larger than the

previous configuration, it requires only one sinple

selectively reflecting coating and the overal

configuration is easier to fabricate. In general, for

each specific optical systemthe exact method to

expand the beam al ong the r4; axis can be chosen

according to the particular requirements of the
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above for the-four-surface combiner of Fig. 14, because of the requested beam
expansion along the n axis, the brightness of the optical waves is reduced four-fold.
In general for N-reflecting surfﬁces the brightness reduces by a factor of M. ‘In
principle high-brightness display soufces can offet this difficulty, but this approach
necessarily has a practical limitation. Not only are high—Brighmess display sources
very expenéive, they also have high power consumption with the associated very high
electrical 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
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conmbi ned together to formconplicated optical systens
are al so possible. For exanple, three different
substrates, the coating of each being designed for one
of the three basic colors, can be conbined to produce
a three-color display system In that case, each
substrate is transparent with respect to the other two
colors. Such a system can be useful for applications
in which a conbination of three different
nmonochromati c di splay-sources is required in order to
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surfaces 22,
emerges from the d1splay source couples into the substrate.

Figure 17 illustrates an example of a subsirate-mode display where the display
source is & fransmission 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



illumnated by only the part of the overall FOV.
Hence, the reflectance of each surface can be set to
optim ze the brightness of the entire FOV. For
exanple, the reflectance of the right surface 22a in
Fig. 11 could be designed to have higher reflectance
for the right part of the FOV and the | owest possible
reflectance for the left part of the FOV, while the
left surface 22b have higheg; reflectance for the left
part of the FOV. A simlar dzesi gn et hod can be
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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 _



energes fromthe display source is actually coupl ed
into the substrate 20. From each point source on the

di splay surface, only a snall cone of |ight of --20-30
actually illumnate the footprint on the front

surface 72 and couples into the substrate 20.

Therefore, a significant increase in the brightness

can be achieved if the light which enmerges fromthe

di splay is concentrated inspge this cone. One nethod
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reys fivore the lower part of the FOV are reflected from surfaces 88a and 88b, while
the rayé 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 required for these surfaces. Since all rays are eithc_:r
traveling directly from the input aperture or reflected twice from a pair of paraIleI’
surfaces, the original direction of each ray is maintained, and the original image is not

af_feéted.



of the systemsignificantly. There are, however,
situations where this solution is not sufficient.
This is true especially for systenms with a very w de
FOV and a constraint on the distance, 1, between the
couple-in reflective surface 16 and t he coupl e-out

sel ectively reflecting surfaces 22. Figure 20
illustrates an unfol ded optical system wth the
foll ow ng paraneters: 1= 702sm; T=4 mm; ar" = 65 ;
R8J, =24 mm; vy =1.51, the eye-notion-box (EMB) is
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ahsolliasing Jens ¢-and e ﬁsarrrgmq%qal ABRpt Apetie elher Bffsal
giﬂghﬁm%zof 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 substrate.
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¢; 22d split the coupled light
outward and then reﬂec‘,ts‘ 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.




i ncident on surface 88a at the point 94, nust inpinge
on surface 88b to the right of its intersection with
surface 90a; in addition, the marginal ray 96,
incident on surface 88a next to its intersection 98
wi th surface 90b, nust inpinge on surface 88b before
it crosses the aperture 84. As both marginal rays
neet the requirenent, necessarily all rays fromthe
FOV that are incident on supgace 88a w |l al so inpinge
on surface 88b. The present exanple provides for an
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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. '



There are sone advantages to the approach descri be
above with reference to Fig. 22. The systemis
symetrical about the rt axis and nore inportant,
there is no loss of light intensity. This approach is
only an exanple and other simlar nethods to convert
the symetrical input beaminto an asymmetri cal
coupl ed light beam are possible. A suitable
configuration for expanding,the inmge along the it
axis requires careful analysis of the system
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wave that 1s
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 irnportarit
cognitive function. Alternatively, a Variab}e filter can be placed in front of the system
in such a way that the viewer can control the levei of brightness of the light emerging
from the external scene. This variable filter could be either 2 mechanically controlled

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



reflected into the eye of the viewer froma |arge part
of the reflecting array, the tolerances on the exact

| ocation of the eye can be significantly relaxed. As
such, the viewer can see the entire field-of-view,

and the eye-notion-box can be significantly |arger
than in other conpact display configurations. 5) Since
a large part of the intensity fromthe display source
is coupled into the substrage, and since a | arge
portion of this coupled energy is "recycled" and
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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
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Until recently, HUD systems have been used mamly in advanced combat and civilian
- aircraft. There have been numerous proposals and désigns, 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 con&litions. Current acrospace HUD systems
are very expensive, the price of a single unit being in the order of hundreds of
thousands of dollars. In addition, the existing systcmé are very large, heavy, and

bulky, and are too cumbersome for installation in a small aircraft let alone a car.
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The embodiments illustrated in Fig. 25 can be implemented 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



30 LCE-based HUD potentially provide the possibilities
for a very conpact, self-contained HUD, that can be
readily installed in confined spaces. It also
simplifies the construction and manufacturing of the
optical systens related to the HUD and therefore is a
potentially suitable for both inproving on aerospace
HUD s, as well as introducing a conpact, inexpensive,
consuner version for the ayyonotive industry. Fig. 25
illustrates a met hod of materializing an HUD system
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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. At a first glance it looks like this solution can be quite
expensive. Here any increased sysiem cost through increase in its components and
the need to coordinate the sources 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



Is focused at infinity or to a simlarly convenient

di stance. One of the main 31 drawbacks of existing
conmput er displays is that the user has to focus his
eyes at a very close distance of between 40 and 60
cm while the natural focus of a healthy eye is to
infinity. Many people suffer from headaches after
working for a long duration of time at a conputer.
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and FF&W%WHW 175 lustrpdea frpgt view and a to vamw respectively, of a
possible configuration, based on the present invention to materialize a real 3-D
_ display. Instead of a single display source, an array 114 of n different display sources
114, 114, is located at the lower poriion of Fhe substrate 20, where each display
source projects images obtained at different perspectives of the same scene. The

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



nunmerical aperture of the collimating | enses. There is
al so no need for a lateral expander in this
arrangenent; it is quite feasible to include only a
one-di nmensi onal 32 inmage expander LCE and increase the
bri ght ness accordingly. It is inportant to note that
the display sources should not necessarily be
identical to each other and a nore conplicated system
wth a different display sadgrces can be utilized as
explained in what follows. Another advantage of the
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teleprompter 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
be irnpleménted with a small source, attached to the optical assembly, alleviating the
need to locate large screen in the vicinity of the devicc.r

Yet anothef possible irnplemehtation of this embodiment is as a screen for a
- personal digital assistance (PDA). The size of the existin_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°%



114, 114" is located '"at the |ower portion of the
substrate 20, where each display source projects

i mages obtained at different perspectives of the sane
scene. The image from each display source is coupled
into the substrate in the sane manner as 33 descri bed
above with reference to Fig. 26. Wen the viewer is
observing the display, his right 24a .and |eft 24b
eyes view the i mages projegied fromthe display
sources 114i and 114j, respectively. Consequently the
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A more convenient conﬁguratlon is 111ustrated in Fig. 31. Here, the device i
not located in front of the user but to the side of the 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 revcrsed 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 coupled
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 another LOE 20b. Though additional two

optical elements, 20a and 20b, are added to the original device, the weight of these



Yet anot her possible inplenmentation of this enbodi nent
is as a screen for a personal digital assistance
(PDA). The size of the existing conventional screens
whi ch are presently used, is under 10 cm Since the

m ni mal di stance where these displays can be read is
on the order of 40 cm the obtainable FOV is under 15;
34 hence, the information content, especially as far
as text is concerned, on these displays is limted. A
Si gni fi cant i mprovenent in the projected FOV can be
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substrate- mode display where the display source is a reflection LCD. The light
generated by 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 a %
wavelengths plate, or alternatively by the LCD material itself. The image from the
LCD now passes through the beamsplitter to be collimated and reflected by the lens
132 onto .the substrate 20. As a result of the beamsplitter configuration, the entire

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



device is reversed, that is, the collimator 118 is
| ocated at the rear and the eye-piece 120 is |ocated
at the front. Now, the image fromthe frontal externa
scene is coupled into the collimtor 118 by using an
LOE 20a, where the inmage fromthe eye-piece 120 is
coupled into the user's eye by using another LOE 20b.
Though additional two optical elenents, 20a and 20b,
are added to the original ggevice, the weight of these
35 elenments is negligible conpared to the wei ght of
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146 can be fabricate of each segment 144, according to the actual size of the coated
plates 138 and the required size of the LOE. As described in Figs. 4-7, the required

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, it is
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°) yvhere



126, reflected by a polarizing beansplitter 128 and
illumnates an LCD 130. The polarization of the |ight
which is reflected fromthe LCD is rotated in 90 by a
/4 wavel engths plate, or alternatively by the LCD
material itself. The inmage fromthe LCD now passes

t hrough the beansplitter to be collimted and
reflected by the lens 132 onto the substrate 20. As a
result of the beamsplitter gonfiguration, the entire
illumnating systemis |arge and cunbersone, and
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translate the beam into that of the original beam The residue of the original ray 154

can be blocked using a suitable mask or blocking layer 162.

Evidently, each pair of prisms can measure the reflectance at two angles - o
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 reﬁ;uested for a proper measurements of the coated plates. Naturally, the



146 can be fabricate of each segnent 144, according to
the actual size of the coated plates 138 and the
required size of the LOE. As described in Figs. 4-7,
the required coatings of the selectively reflecting
surfaces shoul d have a specific angular and spectral
response in order to assure a proper operation of the
LCE. Hence, it is essential to accurately measure-the
actual performance of the. ggatings before the fina
fabrication of the LOE. As expl ai ned above, there are
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ectio y/ face 150 at very high

ef nof.a.c
%ﬁ@#ﬂ@ﬂkngﬁgFggFnﬁﬁ%gggFﬁy'tmn prisms 152 with an
angle.a are attached to the coated plate. The
i'ncom ng beam 154 i npinges on the coated plate at an.
incident angle a. Part of the beam 156 continues at
the original direction and its intensity T. can be
nmeasured. Hence, taking into account the Fresne
reflections from the external surface, the

refl ectance of the nmeasured coating at the angle a can
be calculated as R =1 - Ta. In addition, the other
part of the beamis reflected 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,
reflected again fromthe external surface of the
upper prismby total internal reflection, and then
refl ected by the coated surface at an angle a and
coupled out fromthe prism Here, ‘the intensity of
t he out put beam 158 can he neasured. Taking into
account the Fresnel reflections, the intensity of the
out put beamis (Ra)2*T3a,. Hence, know ng the
"reflectance R a fromthe previous step, the

refl ectance at an angle 3a can be cal cul at ed
accordingly. There are testing equi pnents where the
out put beam nust be | ocated at



the sane axis of the incom ng beam Figure 36
illustrates a folding prism 160 used to translate the
beaminto that of the original beam The residue of
the original ray 154 can bg bl ocked using a suitable
mask or Dbl ocking |ayer 162. %vidently, each pair of
prisns can neasure the reflectance at two angles - a
and 3a. For instance, if the head angle is 25 then the
We ¢lginl:ect ance at 25 and 75 can be neasured
si mul taneously. Therefore, a small nunber of prism
pairs (2 or 3) is wusually requested for a proper

ne r s. of the. coated plates. Naturally, the 38
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and edggsii red. 1t will be evident to those skilled in the

art that the invention is.not limted.to, the details
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no

3. by aptigal dpvice according taglaim 4y %re@ssaecfp ?t't gt gup spitially reflecting
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and opti nmeans for coupling rom sa
sources into said substrate by internal reflection.
2. The optical device according to claim1, wherein
4. sallbe @ptirdadeviesnacoeating 4p | glaipefl} sderqiy the dmpgese from said display

Sour&%%pg ]%gmtlcr;ig light trapped by internal reflection out
of "sal d substrate.

5. The optical device according to claim 1, wherein the images from said display

sources are different.

6. The optical device according to claim 1, wherein the images from said plurality of

display light sources produce a three-dimensional image.

7. The optical device according to claim 2, wherein the reflectance of said at least one

partially reflecting surface produces a field of view having uniform brightness across the

FOV.

8. The optical device according to claim 2, wherein the reflectance of said at least one

partially reflecting surface produces a field of view having a predefined brightness.



3. The optical device according to claim1l, wherein
said at |east one partially reflecting surface
reflects trapped waves into a direction calculated to
reach both eyes of an obserVﬁr 4. The optical device
according to claiml1, wher eff t he I mages from said
di splay sources are identical. 5. The optical device
according to claim1, wherein the i mages fromsaid
9. di TRt dpticd QFIeacadrBindl tof @Lignt, wherelthgt RSt dhel oftid 8Rplay light
according to claim1, wherein the I mages from said
SOUrgssy$ &ﬂlf-l!ﬂ% cpystal dlilS@EﬂYd{,bCD)g ht sources produce a
t hree-di nensi onal inage. 7. The optical device
according to claim2, wherein the reflectance of said
10. at TheapticARvicRakbdrdlnsytor @iihee! WRsreiUAT RER dIeQHUGRS didplay light
field of view having unlforn1br|ghtness across the
sour¢agNs aigorgFiie light ¢ruidlingidivdedisploy (PUERY to claim 2,
wherein the reflectance of said at | east one
partially reflecting surface produces a field of view
11. hayh&i%Richr Qﬁleifcb nﬁféoﬁ;ﬁﬁ@hb”@ﬁﬁn £0 wherelh €sa8P dub@tate 1s partially
devi ce according to claim 1, wherein at |east one of
transparicdt, th spblesekitiglongh sparatoes is a |iquid crystal
di splay (LCD). 10. The optical device according to
claim1l, wherein at |east one of said display I'i ght
SO
12 0 REPi a8 A0 AaRE 'l STk SomPHANE aFpR|@byriace located
on onresad sulsaiatt, sollas te Bloekitlse patrdncabf Yightt travreghey Brtsubittate from an
enabl e see- through operation. 12. The optical device
extergal$5F%-ng to claim 1, further conprising an opaque
surface |ocated on or in said substrate, so as to
bl ock the entrance of |ight traversing the substrate
13. frohe apticabdtetsatcosdinge clhidn 1:I'hﬁthept:d>mph51ﬂgwmaable transmittance
accordlng to claim1, further conprising a varia

surface lcatedsp 4p &%att@uaﬁeaféteent@@a% ablight traxersigg she %Pr‘?ﬁfé%té, ﬁOh gontrolling
the bAIREEASEH 1B bistle ORUPLAN kit RaB M ek

said deV|ce froman external scene. 14. The optica
devi ce according to claim13, wherein the
14. ¢ r B apticehAedcofcosrding (melaabil 3, wherainsthe ttnaamlétasm ¢lasged variable
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the substrate.



