LI GAT GUI DE OPTICAL 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
liglit-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, cellular hones act displays, 3-D°
di spl ays, conpa&?mﬁéﬁﬁwéfﬁgﬁaeng @s wel | as
non-i magi ng applications such as flat-pane
Eﬁgﬁaﬁﬁﬁﬁﬂ* € npact illum nators and scanners.
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apggcglﬁbm; lrespectiviely. IEypddally, a conventlona!, free-space optical module is
used for these purposes. Unfortunately, as the desired field-of-view (FOV) of the
system increases, such.a conmventional optical module becomes larger, heavier,
bulkier and therefore, even for moderate performance device, impractical.. This is 2
major drawback for all kinds of ciiSplays but especially in head-mounted app}icationg,
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 manufacturabllity. 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 displays. D sclosure of the

I nvention The present invention facilitates the design
and fabrication of very conpact |ight-guide optica
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state-of-the-art HUDs suffer several significant drawbacks. All HUD’s of the current
dcsxgns 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 systém 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
.convenﬁbnal HUDs also pose a significant optical design challenge, rendering the
HUD’s with either a compromising perfofmance, 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 aforenenti oned drawbacks. In the HUD
design of the curfrent invention, the conbiner is
illTumnated with a conpact display source that can be
attached to the substrate. Hence, the overall system
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image quality and viewing comfort. However, using the present invention it is
possible to implement a real high-quality 3-D antostereoscopic display that requires
110 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 nobility

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 conpact display with a very
large virtual inmage. This i% a key feature in nobile
conmuni cations, and especially for nobile _Internet
andess’s dovioei nJhe nmoltityt requinement |resitigta tthe physied sigegof the
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reflecting surface located in said substrate. Brief
eﬂfs'ro,n of the Drawi ngs The invention is described
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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 details of the invention in more detail than is necessary for 2
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 devioe;



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 |ight-guide optical elenent
in accordance with the present invention; Figs. 3A
and 3B illustrate the desired refl ectance and

transm ttance characteristics of selectively
reflecting surfaces used in the present invention for
two ranges of incident angl®s; . Fig, 4 illustrates
the reflectance curves as a function of wavel ength
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* of selectively reflective surfaces;

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
fimction of FOV across the i image of the pro_;ected display, and the extemal
(see-through) scene; ‘ -

Fig. 14 is a diagram illustrating a light-guide optical element (LOE) configuration

having an array of four partially reflecting smfacw,' according to the present

© invention;



(see-through) scene; . Fig. 14 is a diagram

illustrating a |ight-guide optical elenment (LOE)
configuration having an any of four partially
reflecting surfaces, according to the present

invention; 6 Fig. 15 is a diagramillustrating a

i ght-guide optical elenment configuration having an
array of four partially reflecting surfaces, according
anot her enbodi mrent of the present invention; Fig. 16

is a diagramillustrating a wethod to expand a beam

al ong both axes utilizing a double LOE configuration;
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Fig. 224 is a top view and 22B is 2 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 in
standard eye-glasses frame; . '

Fig. 24 is a diagram illustrating an exemplary method for embedding an embodiment of
the present invention within 2 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 illuminated with s 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.illustrates an enbodi nent for conventi onal

i mpl ementation of a star's-11ght anplifier (SLA)
device; Fig. 31 illustrates an exenpl ary enbodi nent
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surf ace in such a way that the main ray 10 is
par ampléﬂbeﬁ@lthe substrate plane. A second reflecting
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Fig. 1 illustrates a conventional folding optics arrangement, wherein the
substrate 2 s 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 Tis 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~ = (LT- d~" (1) wherein T is the substrate
thickness; 8 dam, is the desired exit-pupi

diameter, and | is the distance between reflecting
surfaces 8 and 12. Wth anglgs higher than a.. the
rays are reflected fromthe substrate surface before

arri va{%gsmted&dmdem-bqsﬂmmeﬁuaﬁcace 12. Hence, the
"reflecting,surface 12 wil| be_ illunjpated at an
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above,nrabl.em, Eﬂﬁ%fe Is! a gp&cg%h&gﬂ
tel esgope |)ﬁ5| de the subh]tgdégeep'%%ld n%ﬁr}g%lr aIFiF’e e
me¢pienher migeligmient nfthe Braptayy\a ldxgertexitepupid Idismederds necessary.
and ey f one.re face [

HRAE G pifR RSB le vl o R EBEDEEL) Al R R gy Prpen
tsehapdcawmm ey'E][}ﬁd hﬂEQ{dd 6f the Reakieh ish icany ®betwaeh @0 apd 80
t he on of the reflective sur e

ri SRR 250 0 TR HAY F 8% Hle SR rpotate tickaess
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as: FOY. w Ttana,g -d,, (3) Rv.

Methods have been proposed to overcome the above problem. Th&ec include,
utilizing a magnifying telescope inside the substrate and non-parallel couplmg
directions. Even with these solutions, however, and even if only cone reflecting
surface is considered, the system thickness remains limited by a sirilar value. The
FOV is limited by the diameter of the projection of the reflective surface 12 on the

substrate plane. Mathematically, the maximum achievable FOV, due to this

limitation, is expressed as: )
FOV,,, o L1000 e )
R,

-wherein a,,, is the angle between the reflecting surface and the normal to the

substrate plane, and
Ry is the distance between the eye of the vzewer and the substrate (typxcally,

about 30-40 mm).



wherein a,,, is the angle between the reflecting
surface and the normal to the substrate plane, and
R, .. is the distance between the eye of the viewer and
the substrate (typically, about 30-40 nm. 9
Practically tana, cannot be nuch | arger than 1; hence,
for the sanme paraneters described above for a FOV of

8, the required substrate thickness here is on the
order of 7 mm which is an inprovenent on the previous
limt. Nevertheless, as thé& desired FOV is increased,
the substrate thickness increases rapidly. For

: nst a]’lﬁ@:icaftl]ja ftﬁlﬂﬁ,é.i cflof O smadh ldvgernthad Ol ;t hencs,ulfat That same
imting thickness is 18 mm_or 25 nm respective .
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ectl ng surf_aqes, fabricated wthi'n a |ight-guide
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can be seen In Fig. 2, the trapped rays arrive at the
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arrive at the reflecting sursfa e fromone of these.
substretet 200 &, ABeratht angle .. \betwaen dizarilefing surfaces and the normal

to the substrate plane is:

. @

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 [ between the
trapped ray and the normal to the reflecting surface is: |

¢y

B =90°—(a, -a,,)=90°—52"'— .



reflections fromthe substrate surfaces 26, wherein

the incident angle (1,~ between the trapped ray and
the normal to the reflecting surface is: (5)
=90-(a.-a,_)=90- 2 ,q 10 The trapped rays arrive at
the reflecting surface fromthe second direction 30
after an odd nunber of reflections fromthe substrate
surfaces 26, where the off-axis angle is W, =180-aM
and the incident angle between the trapped ray and the
normal to the reflecting sdPface is: f',y=90-(a',,
-a,.,2)=90-(180-aa -a..,2)=-90+3?"" . (6) In order to
pr eveTibe tramped raye drrivefat dht feflecting wurfagediam thessgeand digectian 30
[ rtanf that -t [ t L.Obbl ;
P LB ¥ deBBelfe 85 € 5o §iacD2b e Wi
hapreees’; =NEB0PAs, and tedaditiend afigle béitwash the tragied 2ayhand \tisndrinal
one angle is significantly snmaller then the other
oehe refigsingPERPORS to this requirement, both

expl oi ti ng the reflection Properti es of 4 polari z%;

| i ghtf'weP® fraviraukt 30° plléfovad, 2uiond@¥er > bot h of

t hese sol utions suffer drawbacks. The main
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sibhiGeaAly safulleothdh ithd) othier ofié.c IBRL solutites ao ithie dequirement, both

expl.Qiting the reflection properties of P-polarjzed
iing, e Fefloction AroReaiss oL, Sualariped kght Gyers poyaouel gprpposed,
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I nclination so that fewer reflecting surfaces are .
fizstysrilvting is the ralativele hargeopionbeaiof eaflectinpesurfaggsgequirgd to achieve

SHAAELFOY, The MG VAR G o bR ARy B tndbsied
1eRaiiice cAnhdidys Gatp @l infedndl Rhle fdfcy, Awhillefratied bolution is

pol ari zations ref] ect 4% at .zero inci.dence, the ]
mresentie desceibeds cxpinitiog ghe reslegtion,propariey ph Brpolssized gkt agd in

ot RO AHE e S—bﬁﬁ%zeﬁ'l{gﬁ’ﬁ_gﬁﬁ FdVidihglfOr 4 SRRBweRHec¥ag surface

grazing incidence, the Freshel reflectance of =
inclipatien sothe fewertrefldcting surthses are maguiredfop agiven applisation.

o SVETAADY Gt e {3 A0 o - s
Pepodsrized light dre Wiffdrente§ Contidardor &xamph: aw bizfcravadglissginterface; |
vv%ri]le QI?oltfl %%ﬁﬁzations 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 refiectance 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-pola‘rized light at an oblique
incident angle and near-zéro reﬂectange 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 réﬂections and ghost images as described above, by

!,
r




I nci dent angl e and near-zero refl ectance for a nornal

i nci dence. Furthernore one can also readily design a
coating for a P -polarized light with very | ow

refl ectance at high incident angles and a high
reflectance for |low incident angles. This property can
be exploited to prevent undesired reflections and
ghost inmages as descri bed above, by 11 elimnating
the reflectance in one of the two directions. For
exanpl e choosing 25 from Equdtions (5) and (6) it can
be calculated that: ,6',y =105 ; a" =130 ; a', = 50 ;
acliminatingbhe (r&jledtdnce av oae roffthe durb rdjrestioms a cBori example choosing

vy~ o astiag aesi@sze&}e”cgfs%e” NCH 34 and

SB illustrate the deS| éfLect an . behavi or (7)
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very | ow and between 15 and 40 where the reflectance
18%¥r eases nonotonically w th decreasing incident

angl g 44 tesaﬁa | QRGtaRe \ﬁ’\'?esaoigﬁﬁ!%ﬁmgggéhro@%atﬁ%n as a

ensur € t hat e entire angul ar spectrum
fahetion ofcthy momw sfglecfor iPopriarized digtit with dlit wayelénghieA=550 nm.

SRR meB P eneopt sl if Bt SpnE poief B0 £ 0 yoere
the ﬁnﬂebiadce isiviety loer dnddtvastni 158 afle40°heheae thendfléctgice increases
monotonically with decreasing incident angles. Hence, as long as, for a given FOV,
one can ensure that the entire angular spectrum of B’rer, 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 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 systemrusing a polarized display source, such as a liquid-crystal-display (_LCD)



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-polarized Iight was anal yzed.
This treatnent is sufficient for a system using a
pol ari zed di spl ay source, such as a
iquid-crystal-display (LCD) 12 or for a system where
the out put brightness is not crucial and the
S-polarized light can be filtered out. However, for
an unpol ari zed display sourt®, like a CRT or an OLED,
and where the brightness is critical, S—polarlz?
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source onto the substrate. Assuming that the central wave of the source is normally
incident onto ‘the substrate, i.e., cip= 180°%, then the angle a,. between the first -
reflecting surface and the normal to the substrate plane is: |

=Zutd . ) . ‘ (8)
ner] 2 3 ol 2

The solutions for Cuys and G’sy in the above example are 155° and 115°,

respectively.



reflecting surface and the normal to the substrate
plane is: ao a'atao (8) =a,.+ 2 2 The solutions for
a,,rr3 and a', , in the above exanple are 155 and 115,
respectively. 13 Fig. 8 presents a sectional view of
the reflective surface 16 which couples |ight 38 from
a display source (not shown) and traps it inside the
substrate 20 by total internal reflection. As plotted
here, the projection Sl.of the reflecting surface on
the substrate surface 40 i$3 S =T tan(s) , (9)
mhereln T is the substrate thickness. The solution

a = aFig, 8 presenis aseetionplview ofiha eaflachive swefie 1 Gyhish ecalpbq% hght
t3lae&aﬂ *asalgpqé sour%er(ha@&zoms ahd) ﬁaﬁsbe\ggsﬁamhﬁs&a& IPHF total
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?%&&g@g é%%ﬁHEQ ng that the coupled wave illum nates
after

e entire area of the reflectlng surface,

reflection fromthg(s#r%ﬁc)e it illum nates a@)

area of 2S, = 2T t he substrate sur f ace.

the pother oj ection of a reflection surface
béageins ﬁﬁebessﬂﬁ%afﬁefg’@k%s is = T tan(a a). To

avoi arneisblBen S@=loARp| hﬂﬁeﬁfrecﬂ %ﬂ:%e Bﬁtc\bﬁﬁlhgt d€a on the substrate
reflecting surfaces, the prOJ ection of each surface
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for a. given FOV.requirenent tes.to he prOJectlon
e % EiPetont FEIHS RSO RLHAG I6) ahe
the angles in t;zﬂia?nmﬂ(am | (10)

S, Tten(e.,)

In this example, Where Gyuz = 65° and cey; = 115°, the solution is N = 2; that
is, egch ray passes. through two different surfaces during one cycle. This is a
conceptual chqnge 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 imple;nentation of the
LOE and ensures a significant cost saving in its manufacture.
" 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,



di scl osure are larger, fewer reflection surfaces are
needed-to span the inmage dinensions. Allow ng fewer
reflection surfaces sinplifies the inplenentation of
the LOE and ensures a significant cost saving in its
manuf acture. . The enbodi nent descri bed above with
regard to Fig. 8 is an exanple of a nethod for
coupling the input waves into the substrate. |nput
waves coul d, however, 14 also be coupled into the
substrate by other optical #eans, including (but not
limted to) folding prisns, fiber optic bundles,
dlsh foe aotypled inte tiei sabstratecrytothertnptical gheans, dnejudipg it npipfimited

t xanpl e illustrated in. ki he i and
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.the reflecting . I ay, =
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t he,, xijmal FOV is,.FEOVm ., 2T, tan.a., -~dom. (11
SelFr T e ioping sorfoecd 27 Wil sebbie RE Y patocfE sl dre. the
AN FOVes:-1 i mting substrate thickness for an FOV of
"8l is in the order of 2.8 mm for FOVs of 15 and 30,

the limting substrag@addli clgness is 3.7 .mm and 5(13)

mm respectivel§AVL 5re favorabl e val ues

than the linmting thickne®s of the state-of-the-art

solutions discussed above. Mreover, nore than two

sel eHdenogefoy theefamecparanpters of theesxamples Bboves the lingigpg substrate

thickness for an FOV of 8° is in the order of 2.8 mm; for FOVs of 15° and 30°, the
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 partiall
reflecting surface can be sufficient. For example, for a-systcm with the following




exanpl e, for three selectively reflecting surfaces 22,
the limting substrate thickness for FOvs of 150 and
30 is approximately 2.4 mmand 3.9 mm respectively.
Simlarly additional reflecting surfaces may be

i ntroduces to, anongst other advantages, reduce the
limting optical thickness further. For configuration
where a relatively small FOV is required, a single
partially reflecting surface can be sufficient. For
exanple, for a systen1mﬁth ﬂﬁe follomﬁng 15
paranmeters: R, = 25 mMm; =

rpacmm Roov 25fmu7; et T8 anéthSem@@l aé%kfrﬂm FQVaO gﬂfﬂebe
(oo g il 3 E1eenediR uithoc €. BAY B Wd duyS 5t Srdsl e

severaF tines i ng coupl et out
tshﬂac!é@l see&ialoﬁm&chdfm beﬁlgrmapled et infortherslesiyed oliegotion. o¥ince

S0 ol SR A, GORE T W, g
%ﬂe%h&ﬂ LéHdition R BIER rratdal drfkﬂnmi‘rq@ Tzﬁ r42° dthee;&bpagmon

of the. central angle of the FOV is
@mweﬁtthy ceptrad angleo & dhee FOVivisy iniee n@l"ﬁ”eﬂ‘l“?%‘}': the

%eecﬁe?hliq%éeg M%t dofmiiAth e sw&'e'h%??s et Inchihid B3 -ams

many application this IS accepta
Nevdrthelssy, fcatmdylappliéngonmﬁlsmeptaﬁel ectively reflecti ng

"t ori datec i i Yo oty iRl Feieb S Pood | i fied by
ticaPudss of differdhtcihRhsiti@f tWhild ihe Yight sirfacd Miistlﬂdnfnmmby oys

| ower face 48 of thée substrate 20, the e urfa
iynediately il Hay et wilester omihe loyey dacs 48:f d% a"ibs‘f%fa% the

' kﬁ @E@%r dﬂﬁ iR@hinh@l 'Y rafEihhChive Mtesty! fadsed tHugi e partlally

ave Iomer i ensity. To achi eve i nmages of
-+ nefipstingrautfasey A6 raad sherefony bavsaldwen iptgnsityq u?FP eﬂ&hﬁm impges of

Ji1ies n h
porOETﬁ é&%?es%’ hcdﬂﬁaﬁ%%o ﬁ 3§? \g%%t Fgr?g the ref Fde;gltltle%sénes
Istwéenahes diffarenh pohtrbﬁ;eoﬁﬂ!b nmgd; i Indecd, mm:ngblye telﬂscflﬂg surfaces
fl.ectance of surface ower thn
il AR R ese WhPRRE 5 rsfbeBRC Rt sBbe s loer than the

refléctiiicef sufface A @inlpRhsa0s3{{61 the adlevamﬂmuﬁmfmum ty in the
g i mag ght ue tqQ the -different

o7 | Sae PRl RISt b T Srearee FIER OSSR fop e

AR rbAtivn S&fubfel bR Aiffedt: s ahat SO4R dadly SelédtivelyTeflecting
directly without a reflection froma selectively

spfdeasamnpys auiveaditectly (without ; pefleglion fremag sfé?cﬂb'ﬁl@ rgflecting
R YAl 0 ol B4 by TR Sk
ine Efgl. BAL iAngry Soteisecte the Kirstt setebtivaboreficctb@. surfates22 atrthﬁ phinit 52.
T@ﬁ%} { asugiI eﬂr tﬁ%gydﬁt oan a pop:P f to' ¢ 1%9’stelﬂgrg5rq¥'c&1pled out
of the substrate. The ray then mte;sects 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 subsirate. 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 -

»



of the substrate. The ray then intersects the sane
selectively reflecting surface at point 42 at an

i ncident angle of 75 without noticeable reflection,
and then intersects again at point 54 at an incident
angl e of 25 where another portion of the ny's energy
is coupled out of the substrate. In contrast the ray
shown in Fig. 9B, experiences only one reflection
fromthe sane surface. W note that nore nultiple
reflections occur at small ek incident angles.
Therefore, one nethod to conpensate for

mueeLthe frefleviznge inivetasescgohatgnitallynwisly hereasing incident angle, as

Bool B fre' BREGSAT OB daed 20465 LB scom{elfﬁémto fully

ance |nc cases Mondtohi ca
denpeneas fig such i differencan gh egultide-intdrgation affedis Nevertheless,

'reflect|V| for the range.10-40, of Fi
BraFicPe e oo <p pevetss ST pafons oy brighield hidh romain
Hokibdd. CFdrHedt ﬁ%'dﬁpl@ﬁfﬁg leSo inbépyést Alethe dight which emerges
racti ce, the human e tol erates signifjcant
pinEis e wineiarelg ng Bacuses i oo ore RN ot rting and siags the
f@@&ﬁsé \?\ﬁ%l of sl SR @M§%aﬁﬂ§]ﬁlc,e§iﬁall QARBORY, 86 ady, | intthe display’s

ch energes roma single view n%{angl e and

bmvnlltno@h@ notmablpomref@w eveR foranpdegate of Hignipgtign
ﬁrﬁfbﬂﬁ sntﬁﬂxrtﬁF dﬁhlaﬁrhg hﬁ%ﬁré'e%e L)%Qﬂéﬂcg‘g‘br h-a ng‘s%cl I'I‘he

var i at1 ons
naqlucﬂermhtataenﬂohmty Féncreadilyrbe achieved Wlﬁ!r rate levels

hurral\ﬁI u%p i&agﬁclﬁtfso;énﬁ?%cﬁm%?@] fy l'rrage %1111‘@ head-up

I mﬂmﬁﬁmry ndifeo toTidiey multiple ditekiséctioh ceffiwisi eanpdt be
with an LCE. For displ ays Iocat&d at a di st ncefl{:.‘))l_rmty

tolgratedy &or theikpess; a |y gopqvgf,cgm +Lhgnon-un
D PRpuEd. TFREd iy lﬂagerateoowﬁosﬁuietd'ge}o&ca N4 @if Qflabient layer 55

effects cannot be tolerated or these cases, a nore

withse Giekness Zuptinermeniedot dheonviom ¢fcthe LRE I thés #rangement, the
o 15kd | lo
oty foy bflthiCac e, i ARG B RE /0 BeAOAE0 it
selectivelyaedfletting lvarfive 22t thyée points, imErsedts thihsusface only twice and
i OB RO oot GRS vyt ot pnfi 0 ofite fetoct ifect
 do& et i seby I dfleedhitlagss UL f,acen 2B adaldutatele. tpoimmmuze the
oo P2 L S5V o P, 1 At
?%ipb%tdh?ﬁh iy HRFoRbiviip! pardiRfss:NAGY Qoge; o] 9%4" ;O =52%

ness Ta can be calcul ated to mnimze the
velbSb husd T=eﬁ|nm1 a tayeewith atthickmess b7 .gntiZ empCshayld baadded to

il ipinsit B SR opret e ECket) € thickngss of
3] L.OE Bdiow Gﬂmﬁlnswﬂ of 4 Mim(Ybut for HUYedystetiswizerd thie chmbinsr
worl;la;ll-ée%y Iaxée %ndn;ﬂzxf’egga%gal t.%terenag(tjlij %drequ:red for the LOE, the increased
thickness is not necessarily a drawback. It is possible to add the transparent Iayér 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 Zouy is, at least some

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




totally elimnate the undesired doubl e-pass effect.
Evidently, the total thickness of the LCE is now 6.1
mminstead of 4 nm but for HUD systens where the
conbiner is relatively large and a nechani ca
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thi ckness is not necessarily a drawback. It ispossible
to add the transparent layer at the top of the LCE or
even on both sides of the substrate, wherein the exact
configuration will be set ackbrding to the specific
requirements of the optical system For the proposed
c Fi. i10uthe tray passeomet theoghWthat fisthefledtingksuefass 82 atTthe point 52

at l.east, sp S|trectth
Séfﬂ@%& %@F&fnﬁeﬂg&c‘?ﬁg w@%ﬁ‘fpgge& By's ef—lg rg§’ ﬁ,%'?gug led out pf the
131;1:;3&@ afd) ontd &t raay 1mﬂﬁﬁe§ngmaﬂ‘ T30 omgﬁnm hetickabis treflection.
reflecting surface 22 at the_point 52 av

et n hecoay nsssery ks B e pmapeybieh s By 93 he
cgggl ed out of the substrate,.and once at an incident

angle of 75 wi thout noticeable reflection. Naturally,
only {neonsidesing;the &m WSdaﬁmbmrégn% ef ﬂwefef%%@emge

g}lﬂﬂé at (fh eféﬁfi Sf thk %@?ﬂ? 51 QI 1llustrates

ng ang ent ort| ons o resul

i thug:ﬁecto rai @ctrmualevmw od nbompthOB@haplaUras’stem hasagd on tﬁe PIOPOSBd
cl.

b, By SN0 gt WETER. et Bl 5ng 2
s;&ﬂ}imlhfmdﬂppaﬁ biethp bepalbachy of padtieliy reflecting slutﬁcee 22 Thus,
sin ane wave nreseptin rticul ar

JPEhoh goiah g B¢ Regtiatl el Rne E ot A PR YT Al is defned,
Qe bR Al isesiaéd doddrting tefhisempleng sur faces 22,

Thus, _ f.or _each point on e part| ally reflecti

sur f abke designoph ﬂi‘ﬁl"%‘i’%"ﬁ dreaypgions PS“'éﬁY ve wa#%aﬁt?féhe
TRIE RPeftfifed ea%cfgﬁm N6 QLR M diBlel By i@@:ﬁiﬂ%& (ddiBgg into

eS|g at 1 ngs varil ous artla

raemuetﬂ:le vaftaction dwato Saﬁll’s hew) frag ﬂl%cqséqmﬁthveiﬁsxa%ﬂed eye pupil

|
(G?a{)d Wty SR, e Ay Brckth kSaPbfthd Bomina
lizesident dioeetibh @nd dlenparticuddr cbktihgde M@M@Mgm phdt diréGion,

artiall refle in e.clculated

to' . th
Y alst ki ko Sl e St latet 1o g AR R RRC B VS 20
aRfkcel 7 e@ﬁﬁbﬁﬁb%ﬁgl@%ﬁ hvetage FeflbRfmh & R6mABCR I hit Gurifites wﬂl

that directiagn, al so taking into account pri or

bereRcelascto tsi c&qs@ad refleptance. pln additions if poquitedh? JaYgy with a

heRaes 71 OWil BE Hadedeying9.0ngl e, the average reflectance
fromthe relevant surfaces will be very close to the

desi Ped FQE| ewithanuen-identicald diclecdyely i fefleeting rwifaceg hag etwo
Yk QuBnods. N GKRES ROl bstchf, BHECE A&l Mot displays for pilots,
. wherein the viewer should see the external scene fhrough the LOE so the i:eﬂectance
of the selectively reflecting surfaces should be relatively high. Since here the
reflectance coeﬁicient is not the same for all the selectively reflecting surfaces, there
isa dangér that this would a].éo éntail a non-uniform image of the external scene
- viewed through the substrate. Fortunately, this non-liniformity is rather smail, and
can be neglected in many cases. In other situstions, where such potential non
“uniformity is crucial, a _compleme;ntary non-uniform coating could be added on the




An LCE with non-identical selectively reflecting
surfaces has two consequences. |In see-through
systens, such as head-rmounted di splays for pilots,
wherein the viewer should see the external scene

t hrough the LOE so the reflectance of the selectively
reflecting surfaces should be relatively high. Since
here the reflectance coefficient is not the same for
all the selectively reflecting surfaces, there is a
danger that this would alsol&ntail a non-uniformimage
of the external scene viewed through the substrate.
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PR RiledsS ‘There are some small fluctuations in both graphs, but these changes

would no be noticeable in near-to-eye apphcatlons

Thus far, only the FOV along the £ axis has been discussed. The FOV along
the orthogonal 7} axis should also be considered. ‘The FOV along the 7 exis is not
dependent upon the size or number of ﬁe selectively reflecting 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:



T=4.3 m; T.0=0; am=50; FOV =24 ; R=25 mm
v=1l.51; the display source is S-polarized, there are
two selectively reflecting surfaces, and the nom nal
reflectance is 22% Fig. 13 shows the sinulation
results, normalized to the requested nom nal val ues.
There are sonme snmall fluctuations in both graphs, but
these changes would no be noticeable in near-to-eye
applications. Thus far, only the FOV along the ~ axis
has been di scussed. The FOV!8l ong the orthogonal n
axi s should al so be considered. The FOV along the 11
axis is not dependent upon-d.f he size or nunber of(ithe
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7 axes. The reflectance of these surfaces is determined so as to achieve uniform
output 1w\}a.v.res,. _.For example, for four reflecting surfaces, the reflectance of the
surfaces should be 75%, 33%, 50% and 100% for the first surface 22a, the Sooond
surface 225 and the third surface 22c, and the fourth surface 22d, 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-polatized
light. Fortunately, the light which is S-polarized compared to the partially reﬁecting
surfaces 22a-22d, will be P-polarized compared to the partially reflecting surfaces 22.
Therefore, if the vertical expansion of the image in the n axis is affected with
~ S-polerized light, there is no need for a half-wevelength plate to rotats the -




n axes. The reflectance of these surfaces is

determ ned so as to achieve uniform output waves. For
exanple, for four reflecting surfaces, the refl ectance
of the surfaces should be 75% 33% 50% and 100% f or
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third surface 22c, and the fourth surface 224
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NTt aSifics the- gflecting3amrayR22a-224 va beVodatddeclobér(tosinvasyy, it is
expected that the distance [ between the reflecting surfaces will be smaller than in
previous examples. Assuming that /=40 mm, and choosing the parameters: T=4 -

mm ; N=4; oty = 65° R,ye =25 mm and v = 1.5, the resultant FOV will be:

FOVIL_ w30° . (14)

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

Figure 16 illustrates another method to expand the beam along both axes
utlhzmg a double LOE configuration. The input wave is coupled into the first LOE
20a by the first reflecting surface 162 and then propagating along the £ axis. The
_ partially ref}ccﬁng surfaces 22a couple the light out of 20a and then ﬁc- light is



Since the reflecting array 22a-22d *can be | ocated
closer to the eye, it is expected that the distance |
between the reflecting surfaces will be smaller than
in previous exanples. Assum ng that 1= 40 mm and
choosing the paraneters: T=4 mm; N= 4; am = 65;
Re,e = 25 mmand v =1.5, the resultant FOV will| be:
FOV." p 30 . (14) This is an inprovenent with respect
to the previous val ues obtai ned above. Figure 16
illustrates another nethod &b expand the beam al ong
both axes wutilizing a double LOE configuration. The
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principle high-brightness display sources can offset this difficulty, but this approach
necessarily has a practical limitation, Not only are high-brightness 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




above for the four-surface conbiner of Fig. 14,
because of the requested beam . expansion along the
fl axis, the brightness of the optical waves is
reduced tour-fold. |In general for Nreflecting
surfaces the brightness reduces by a factor of N In
princi ple high-brightness display sources can offset
this difficulty, but this approach necessarily has a
practical limtation. Not only are high-brightness
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Figure 17 iflustrates 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




Anot her nethod to inprove the overall brightness of
the systemis by controlling the display source

bri ght ness w t hout changi ng the input power. As shown
in Fig. 11 above, a large portion of the energy
coupl ed onto the substrate 20 by the reflecting
mrror 16 is reflected into the vicinity of the eye
pupi |l 60. To maxim ze the achievable brightness,
however, it is also desirable that nost of the Iight
that enmerges fromthe displzay source couples into the
substrate. Figure 17 illustrates an exanple of a
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of the display source. For &ach pixel a micro-lens parrows the diverging beam that
emerges from that pixel into the desired angular cone. In fact, this solution is
efficient only if the fill-factor of the pixeis is 8 small number. An improved version
of this solution is to design the cmitting distribution function of the pixels in the
pixel-array to make each pixe! diverge into the required angle. For example, in
OLED disblajfs, efforts are usually made to increase the divergence angle of the
single LEDs in order to allow viewing from & wide angle. For our specific LOE



significant inprovenent in the brightness of the
system can be achieved with a mninmal design and
manufacturing effort and wi thout increasing the power
consunption of the system An alternative solution,
which is appropriate not only to LCDs but also to.

ot her display sources, is to use an array of
mcro-lenses that is alig ned with the pixels of the
di spl ay source. For each pixel a mcro-lens narrows
the diverging beamthat engdges fromthat pixel into
the desired angular cone. In fact, this solution is
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AP Sl SarBé thOFOV prBfetts Airddil mﬁe agé}uﬁé/ 8 h@béfore, the
vertical FOV 86 falls to 23 which is nearl%822£588b while
rays from the lower part of the FOV are reflected from surfaces
the myé from the vpper part of tﬁe 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 either
traveling directly from the input aperture or reflected twice from a pair of phrallelr
surfaces, the ongmai dn'ect:on of each ray is maintained, and the original image is not

aﬂ'ected.



of the required FOV. Figure 21 illustrates a possible
solution to this problem Instead of using a sinple
rectangul ar plate 20, the two horizontal edges of the
plates are replaced with two pairs of paralle
reflecting surfaces, 88a, 88b and 90a, 90b
respectively. Wiile the central part of the FOV
projects directly through to the aperture 84 as
before, the rays fromthe |lower part of the FOV are
reflected fromsurfaces 88a2and 88b, while the rays
fromthe upper part of the FOV are reflected from
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illustrating a sinple inplenmentation of ‘this nethod.
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aE@é v‘nﬂf reﬁer@i(% eMFRP.dL 15 This approath involveesh adjustment between a
s?#zggttr{c Lpocajt?ngo ﬁ)t | Cﬁs and an asymmetrical input aperture. The lateral
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 imagé 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.
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and it can be utilized in other optical systens

i ncluding, but not limted to, free-space systens

| i ke head-up di splays, episcops or periscopes.

Apparently, as described above with reference to Fig.

21, the lateral dinension of the input aperture of

the substrate is 40 mmalong the rl axis and 8.5 mm

along the axis. Figures 22A and 22B illustrate an

alternative enbodinent to that descri bed above with

reference to Figs. 14-15. ThHiés approach invol ves an

adj ustment between a symmetrical collimating lens 6
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.are sone advantages to the approach describe above:
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imaging system. Consequently a significantly more convenient optical system can be
- implemented and the many difficulties associated with off-axis optics and high
numerical-aperture lenses, such as field or chromatic aberrations can be coropensated :

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. '



offers flexibility as to location of the input display
source relative to the eyepiece. This flexibility,
combined with the ability to | ocate the source close
to the expanding substrate, alleviates the need to
use an off-axis optical configuration that is conmon
to other display systens. In addition, since the input
aperture of the LCE is nuch smaller than the active
area, of the output aperture, the nunerical aperture
of the collimating lens 6 i2 nuch smaller than

requi red for a conparabl e conventional i nmaging
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gﬁeErB’thé &gplay 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 importalit
cognitive function. Altemnatively, 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 filier could be either a mechanically controlled
device such as a folding filter, or two rotating polarizers, an electronically controlled



driving electronics 104 for the display source m ght
be assenbl ed inside the back portion of the arm 102.
A power supply and data interface 106 is connectabl e
to arm 102 by a | ead 108 or ot her conmunication nmeans
including radio or optical transm ssion.
Alternatively, a battery and mniature data |ink

el ectronics can be integrated in the eye-gl asses
franme. The enbodi nent descri bed above can serve in
both see-through and non-se&through systenms. In the
| atter case opaque |ayers are |located in front of the
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Qfnelshe filter is determ ned by the brightness of the
external background. There are sone alternatives as to
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eléctr@tﬁb” ghaide and even the fransmission of high-quality television satellite
broadcasting. With the existing technologies, a small display could be embedded
inside the phone, however, at present, such a display can project either video data of
poor quality only, ot 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




installed in a vast variety of arrangenents. Hence,
many ot her enbodi nents are also possible including a
visor, a folding display, a nonocle, and nany nore.
This enbodi nent is designated for applications where
t he di splay should be near-to-eye: head-nounted,
head-worn or head-carried. There are, however,
applications where the display is |ocated
differently. An exanple of Sﬂ;h an application is a
hand held device for nobil e™application, such as for

h d t .
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designated for e-mail reading. Internet surfing, or

vi deo operation, the conventional display 112 is
shut-of f while the display source 6 projects the
required wide FOV image into the viewer's eye through
the LOE. The enbodi nent described in Fig. 24 is only
an exanple, illustrating that applications other than
head- nount ed- di splays can be materialized. O her
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a pocket-carried display having the size and meiggt
LeELfaE&c 410D o potentiallydiprovide dhe gpodsibilitiss nfoF e2  YoI¥ Compact,

enbodi ne escri bed abhove . ' :
SRS B R e DR Uyt gl i
ﬁien%hme%@} mp@mﬁm;mgmmﬁm e,pﬁca;armtémme;lm;o the FRUR@nd
ead- up displays ( rein.it i | .
Eheesase s ppRRE SBIRDES Pt wyautyitt o ArnPaRbt BRI as yell e
D R¥HaReRBxpERsde, Tohdbhiér Version!for threitanmothatindusiey-

o e .
civilran aircraft. There have_ been ou f sal
and &igsi2rillustestes| s method of; materigliging a0 FP’S?"PE r\’gﬂ’gf‘%aﬁ“3
- C ' i npﬁr il dolrcdrd 16 edlimsted ®3td kns 6rto
Prgg%?%véc oy eIr} 1:Iﬁ'&m%S(ﬁ'*'epiﬂitynto his eyes [

infune ind tsbigled) by ot st elecing: Fighoe 16r Ui SUBTRGR0.  Afler
t i i . ; .

fFeoBat pgeond ThlecBg Sftay Yt shymphe cptll s Bepiees on o
it kefletting sarfackd 22) which tonplesiedightiont énte therayen2d of tbp yiewer.
I , , bul k d

This b e o ooyl (Potpft paf it BB 8AP of Lares
#@Eﬂaﬁﬂ@wﬁsﬁiﬁwbr al fe];w ﬂlﬂﬁftnbt_éﬁ. tﬁﬁeugbp?v beoltae; bﬁ!mg a

or a ver conpact,,  selrt-contal ne ,

vadurmé of a1 het abico ePTiiFRetash 192 Ot ”é‘ﬁ‘g@géﬁ’ er "£J|q tg% coftidrs"SF the
&%{%ﬁéﬁh@é antdl ChIE frhRRitR whé @htdné g sybtemhdt is
optrc

systens related to the HUD and ther ]:ore is Se
pptat it te dustalistipe ofothenpresnpd IUD aptam Wik gt ke o

HUD..s,, | |. b Nt i P eMdl'm :
A e e g
sithde Ukiére cits Q> Aeetiefdromh ektermal display ispumoe fan ipREs Pyaiecinp. the

based on t resent invenii e 4 ight froma
RSP Tt combpnr i aecd) g G |

i nfi sin&e/ﬂﬂ[)usmcmﬂl %ga b_gpfidahmﬂj s)?rem éf nech largerstart thabof 2
16 into substrate . After reflection.at a seco .
head-mountedh gy aarP.ol if ROl ® THFRReATERY, SPREOTREOE &5 &g""“;‘i‘:
h 0D ' nafilee Gh edaweschde thbidedired F
dggﬁépﬂg‘g ‘?%fe&f’?téﬂtﬁ%utmilﬁi g@? ﬁg.ng%'s 24 Of"?hﬁm viewer . o)
There muy balsbme \specish eaaes, Bowever, incliding SyFtemys Jvita small v
©Llght wei. ght t ' f Jitihg af
1{(#1\9%195.& ao?'erg%leiwﬁr)n ?ﬁ‘gtae@?lﬁflﬂe %elpgg}bgzkg%)urpeg&;s
paaVieN@flecting mirrors (as described above with reference o ¥ig. 21) in which a

two-array configuration would suffice. o :

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
cilaractcristic of such a display is that the image is not located at the screen plane, but
is focused at infinity or to a similafly convenient distance. - One of thf: main




volunme of a few cubic centineters, can be attached to
one of the corners of the substrate, where an
electric wire can transmt the power and data to the
system It is expected that the installation of the
presented HUD systemw || not be nore conplicated
than the installation of a sinple comercial audio
system Moreover, since there is no need for an
external display source for inmage projection, the
necessity to install conpolénts in unsafe places is
avoi ded. Since the exit pupil of a typical HUD system
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6a th.tnuéh 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
expeﬁsive. Here any increased system cost through increase in its components apd :
the need 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
: pumerical 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




i nportant for nobile applications such as | ap and

pal mtop conputers. One potential problemthat m ght

arise with a large display LCE relates to its

bri ghtness. ldeally, for conpactness it is

advant ageous to use a mniature display source, but

this necessarily reduces the display brightness due to

the large increase in the actively illum nated area

of the LOE as conpared to the actively illum nated

area of the source. TherefXre, even after the specim
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and viewing comfort,
Figures 27A and 27B lllush'ate a front view and a top view, rwpectwely, of a

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 subsi:rate 20, where each display

source projects 1mages obtained at different perspecuves of the same scene. The
image from each display source is coupled into the substrate in the same manner s



Furthernore, the imge of the LOE-based screen is

| ocated in a distant plane behind the display surface
and not on its physical surface. The sensation of the
image is simlar to viewwng it through a window. This
configuration is particularly suitable for

i npl ementi ng three-di nensional displays. Ongoing

devel opnents in information technol ogy. have led to an
i ncreasing demand for 3-D displays. Indeed, a broad
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tgépgrgmpt%rg é_nga%gpargnqsthg Y 8ience feel that the speaker is making eye-contact
with them while he is actually reading text. Utilizing an LOE, the teleprompter can
be implemented with a small source, attached to the optical assembly, alleviating the
need to locate large screen in the vicinity of the device._

Yet another possible implemehtation of this embodiment is as a screen for a
. personal digital assistance (PDA). The size of the existing 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 obtainsble FOV is under 15%




see points on the. screen which are |ocated | ower then
before. Since these points are |ocated closer to the
di spl ay sources 114, the viewer sees inages which
enmerge from different display sources 114g and 114h,
which are located closer to the center of the array
114 than before. As a result, the sensation of the
viewer is simlar to viewing a scene, which is closer
to the window. That is, the scene through the
substrate is seen as a thRée-dimensional panorama
where the |lower part of the scene is c oser to ese
negloft s
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strenuous moment on the user’ s head and neck.
A more convenient configuration is illustrated in Fig. 31. Here, the device is

not located in front of ﬂ:-a.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 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 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
optica! elements, 20a and 20b, are added to the original device, the weight of these




was transmtted by the substrate 20, originated from
an el ectronic display source such as a CRT or LCD.
There are, however, applications where the transmtted
i mge can be a part of a living scene, for exanple,
when it is required to couple a living scene onto an
optical system Fig. 30 illustrates an application of
star-light anplifier (SLA) 116 where this

i mpl ementation is required. The inmage fromthe
external scene is focused B the collimtor 118 into
the SLA where the electronic signal of the inmage is
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nodules. It is also possible to shift the LOE's so as

to accommpdate the use of the device with either eye.

In all of the enbodi ments described above, the LOE is

utilized to transmt 1|ight waves for inmaging

pur poses: The present inventi on, however, can be
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assembled with other elements to materialize the entire LOE. More than one array
146 can be fabricate of each segment 144, aoc;arding 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 .
fab1-ication of the LOE. As explained above, there are two angular regions that

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




surface of the LCD 130, where the partially reflective
surfaces are polarizing sensitive. Apparently, the
entire systemhere is much nore conpact than that
illustrated in Fig. 32, and the lens 132 is | ocated
much closer to the LCD surface. In addition, since
the input aperture of the LOE 134 is nmuch smaller than
that of the beansplitter 128, the collimting | ens
126 can be now nmuch smaller than before, and

therefore have a larger f- minber. The illum nating
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Evidently, each pair of prisms can measure the reflectance at two angles - o
and 3¢ 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
Naturally, the

| usually reﬁuested for a proper measurements of the coated plates.



hi gh angl es of incidence, usually above 60, for
coatings that are located, as in our case, between
two transparent plates. Figure 35 illustrates a nethod
proposed to neasure the reflection of a coated

surface 150 at very high incident angles. Initially
two prisns 152 with an angle a are attached to the
coated plate. The incom ng beam 154 i npi nges on the
coated plate at an. incigdent angle a. Part of the
beam 156 continues at the a¥iginal direction and its
intensity T, can be neasured. Hence, taking into
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are testing equi pnments where the output beam nust be

| ocated at the same 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 be blocked using a

sui tabl e mask or bl ocking |ayer 162. Evidently, each
pair of prisnms can neasure 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 neasured -
si mul taneously. Therefore, a small nunber of prism
pairs (2 or 3) is wusually requested for a proper
nmeasurenents of the coated plates. Naturally, the 38
setup shown here can be utilized to neasure the
reflectance of these two angles at different

wavel engths as well as for the two polarizations, if

required. It will be evident to those skilled in the
art that the invention is not Iimted to the details
of the foregoing illustrated enbodi nents and that the

present invention may be enbodied in other specific
forms without departing fromthe spirit or -



essential attributes thereof. The present enbodi nents
are therefore to be considered in all respects as
illustrative and not restrictive, the scope of the
i nvention being indicated by the appended cl ains
rather than by the foregoi nggdescription, and al
changes which cone within the neani ng and range of
equi val ency of the clains are therefore intended to
be enbraced therein. 39 W claim 1. An optica
Wedlaihice, conprising: a light-transmitting substrate
having at | east two major surfaces parallel to each
other and edges; at |east one partially reflecting
1. SUrAi§RichPERIRcdhipiidgl substrate which is
non-paral lel to said mjor surfaces of the substrate
c harlgght-tmisnaitiingysubstrdte having ableakit $wb ayajor syrfacesqarallst to each other
and optical means for coupling light fromsaid Iight
and?@%*ces into said substrate by internal reflection
2. af RGstRE ?%ﬂiall%‘ar}!ﬂébﬁng%ﬁl‘fﬁéy 18EatbPirCdatd Sibkiratéh@igh I non-parallel
said at | east ohe partrally reflecting surface
to sabdmajor sutfiies bf thetsubstepped by internal reflection out
of said substrate. 3. The optical device according to
oI shamaterizgdbyiat Jeaitii dispimclaht Saweespaﬁ ially
re [yl e ey :
di E’t‘gﬁl on csaﬁ’c&:] &f@f‘g‘& hgzl;lt rﬁggﬁ%aﬁ({)fggﬁ%gy es %‘?0 éa‘rﬁ& Substrate by internal
refleofieer ver. 4. The optical device according to claim1,
wherein the imges fromsaid display sources are
identical. 5. The optical device according to claim1,

A R e ot

surfadh 86@i18s thb Gightegped by diteraal idflpdtionddut by said sutdirael ay
I i ght sources produce a three-dinensional inmge. 7.

The optical device according to claim2, wherein the
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according to claim?2, wherein the reflectance of said

_ at least one partially reflecting surface produces a
4. i 'ﬂxg o%{icaﬁl gev\\rlicheagécg?digg % ecqa(.:i];x{ Q?%vh%{'é& %g elrsﬁg'ges from said display

sources are identical.

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.



40 9. The optical device according to claim1,
wherein at | east one of said display light sources is
a liquid crystal display (LCD). 10. The optical device
according to claim1, wherein at |east one of said

di splay light sources is amgorganic |light emtting

di ode display (CLED). 11. The optical device according
to claiml1, wherein said substrate is partially

transparent, to enable see-_thro% operation. 12. The .
9. opilheptigel devicesacsondingip ¢laing (Lawhetein Al faptopne of said display light

RISl face located on or in said
Souégﬁgtarlghg%@%alggﬁi&%%?k the entrance of I|ight
traversing the substrate froman external scene. 13.

The optical device according to claim1, further .
10. cofpeiopting deviegracaending toneleim i aerein et lenstcenc| ofcsaich display light

0.as. to attenuate.the aentranc i ght traversing
sourph® I bl Y Bt fiorB P RS TOBRDIL? gt ness of
I'i ght passing through said device from an external

scene. 14. The optical device according to claim13, )
11. wh&hei epticak devigasadoording cootlaimi 8, weherein| gaid substrate is partially

transmttance rface is.determ ned according to the
m%’ﬂ%ﬁ%%%‘@%oﬁeeﬁﬁfgﬂgﬁaw W%y to traverse the

substrat e. '

12.  The optical device according to claim 1, further comprising an opaque surface located
on or in said substrate, so as to block the entrance of light traversing the substrate from an

external scene.

13.  The optical device according to claim 1, further comprising a variable transmittance
surface located so as to attenuate the entrance of light traversing the substrate, for controlling
the brightness of light passing through said device from an external scene.

14.  The optical device according to claim 13, wherein the transmittance of said variable
transmittance surface is determined according to the brightness of light directed to traverse

the substrate.



