LI GAT GUI DE OPTICAL DEVICE Field of the Invention The
present invention - relates to substrate-guided
optical devices, and particularly to devices which
include a plurality of reflecting surfaces carried by
a conmmon |ight-transm ssive substrate, also referred
to as a light-guide. The invention can be inpl enented
to advantage in a |large nunber of imging
appl i cations, such as, for exanple, head-nmounted and
head- up displays cellular phones, conpact displays,

3-D di spl ays, r%act beam exganders as well as
non-i magi ng apﬁ‘f"i" FFThe I PREH | at - panel
i ndicators, conpact illumnators and scanners.
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applications, respectively. Typlcally, a conventional, free-space optical module is

used for these purposes. Unfortunately, as the desired field-of-view (FOV) of the
system increases, such.a conventional optical module becomes larger, heavier,
bulkier and therefore, even for moderate performance device, impractical. This is a
major drawback for all kinds of displays but especially in head-mounted applicatione,

wherein the system must necessarily be as light and as compact as possible.
The strive for compactness has led to several different complex optical

solutions, all of which, on the one hand, are still not sufficiently compact for most

' practical applications, and, on the other hand, suffer major drawbacks in terms of



2 manufacturability. Furthernore, the eye-notion-box
of the optical viewng angles resulting fromthese
designs is usually very small - typically less than 8
mm Hence, the performance of the optical systemis
very sensitive, even to small novenents of the
optical systemrelative to the eye of the viewer, and
do not allow sufficient pupil notion for conveniently
readi ng text from such displays. D sclosure of the

I nvention The present invention facilitates the design
and fabrication of very con%act I i ght-gui de optica
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state-of-the-art HUDs suffer several szgmﬁcant dtawbacks All HUD’s of the current
dcsigﬁs require a display source that must be offset a significant distance from the
combiner to ensure that the source illumiﬁates the entire combiner surface. As a
result, the combiner-projector HUD system is necessarily bulky, and large, and
requires a considerable installation space, which makes it inconvenient for-
installation and at times even unsafe to use. The large optical aperture of
conventional HUDs also pose a sxgmﬁcant optical design challenge, 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 aforenenti oned drawbacks. In the HUD
design of the current invention, the conbiner is
illTumnated with a conpact dlsplay source that can
be attached to the substraté. Hence, the overal
systemis very conpact and can-be readily instal]ed
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appl i cation such as cellul ar phones

from various disadvantages and they fall short familiar Z-D displays in terms of

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 appiicaﬁon 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 image. This is a key feature in nobile
communi cati ons, and especiaﬂly for nobile Internet
access, sal vi one of the main linmtations for jts
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%ﬁ&ﬁém@.i on of the Drawi ngs The invention is described
5 connection with certain preferred enbodi nents,

. Wi t Hheeyertime thepefbree praviideswam gppticaluseviee i ane optiglir dewice,

so that it be anore, ful | .understood. W.th
ottt  Hen BYasnitie ipfiats Fayittoat e BEe aity purfages and
edges; @ptie nidand fok beupliaptlightihrsaid substinite BY totdl)intemy! reflection,
illustrative discussion of

exanpl e and for purposes_ of )
a‘%‘ﬁ’éggﬁr"@? B?ﬁ“é@y EWHece lpgatedn syd substrete; nvent i on

BAB DescAPHom bR TRAGMAI i n the ‘cause of providing
- what_is believed to be the nost useful and readil

Und&he ieeticns desapibpd fn capneatinn it gesiain msstepmad cmbodiments,
p . Of . ' o) -1 h e d
R RIERAA L FEPRTbRR, IhDRulE ksl oh? L B, B Rty
understeod.i on in nore detail than is necessary for a

fun nt al  under st andi of. the.i.nvention. The .

caoSPSBrRe (BRI B e in i 0 SR ol B pariges
sholvi afet by iwdyoof Bxeepls kind |fert pirPodel @ faillustitive alise0ssionhel the

sfeveral f.orns oé the | . )
preferred embodiments of the present invention only, and are presented in the cause
of providing what is believed to be the most useful and readily understood description
of the principles and conceptual aspects of the invention. In this regard, no attempt is
made to show structural details of the invention in more detail than is necessary for a
fundamental understanding of the invention. The description taken with the drawings

are to serve as direction to those skilled in the art as to how the several forms of the

invention may be embodied in practice..

In the drawings:
Fig. 1is 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
the refl ectance. curves. as & function of wavel ength
for an exenplary dichroic coating; Fig. 5 illustrates

Bigr 2fs|assideaviemeofcmrexempisry dightiguide apticad Eleimenti inl @crordaneg] with the
for, an exenplary dichroic coating; Fig. 6
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according to the present invention;, Figs. 9A and 9B
Eig.ct dlusteptesithe reflpaiance mwvm;an:eﬁmml@dofsw%aﬁmfowemﬂwfm
an exemol il r ay of selectively reflective
surfaces;’ 010 is a diagramillustrating a detail ed
Fig &t illosteles \ai reflectinca nurex estp fianctiomoft ingidaft angle fercan exemplary
reflgﬁﬁiye urf.aces wherein a thin transparent | ayer

is C ﬂ?gg&gf’the bottom of the |ight-guide optica
Fidl. 61RBtratedihe reflbdtandel cufiles & £RnctRhDFf WadelGRe fop Brdthey idizhic
of the reflectance froman exenplary array of -

sel SOBMBe| y reflective surfaces, for three different
Figl @\WisBated WiefiSctarkct urvd 4s 4 AmBtictEs idcRida! angleSdr RlottRP dichroic
exenpl ary device according to the present invention,
utile#ingy a hal f -wavel ength plate for rotating the
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of selectively reflective surfaces;
Fig. 10 is a diagram illustrating a detailed sectional view of an exemplary amray 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 viewiﬂg 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 6f FOV across the image of the projected display, and the external
(see-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; Fig. 16 is a diagram
illustrating a nmethod to expand a beam al ong bot h axes
utilizing a double LCE conﬁiguration; Fig. 17 is a

S}J.d Vi ew. of a.uldevi,ce ai,c ording to the present .
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Fig ) 18 & Qegrany HIukieog a 3 opfieal fayeuteneonting nthe presont

invention utilizing two pairs of parallel reﬂecﬁng mirrors to achieve a wide field

of view; )

Fig. 22A is a top view and 22B is a side view of an altemnative 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 ceilular
telephone;

Fig. 25 illustrates an exemplary HUD system in accordance with the present im./ention;
‘Fig. 26 illustrates an exemplary embodiment of the prescntr invention where the
light-guide optical element is illuminated with an array of display sources;

Figs. 27- 29 are diagrams illustrating exemﬁlary embodiment of an imaging system
which projects a three-dimensional ixﬁagc 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 nment for conventiona

I rpl ementation of a star's-light anplifier (SLA)
device; Fig. 31 illustrates77an -exenplary enbodi nent
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Fig. 1 illustrates a conventional folding optics arrangement, wherein the
substrate 2 is illuminated by a display source 4. The display is collimated by a
collimating lens 6. The light from the display source 4 is coupled iﬁto substrate 2 by
a first reflecting surface 8, in such a way that the main ray 10 is parallel to the
substrate plane. A second reflecting surface 12 couples the light out of the substrate
and into the eye of a viewer 14. 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 T'is the substrate thickness;




and into the eye of a viewer 14. Despite the
conpactness of this configuration, it suffers
significant drawbacks; in particular only a very
l[imted FOV can be affected. As shown in Fig. 1, the
maxi mum al | owed off-axis angle inside the substrate
is: (1) a, = arctan( T - d, 21 wherein T is the
substrate thickness; 8 derv is the desired exit-pupi
diameter, and 1 is the distance between reflecting
surfaces 8 and 12. Wth angles higher than a... the
rays are reflected fromthe8substrate surface before
arrivjng at the reflecting surface 12. Hence, the
refl é)m}sr%ﬁ%wda@@-pmlmmet%eandi | lum nated at an
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dis arger exit-pupil diameter i s necgessary.
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8-10 mm the di st%?ﬁ,e bet ween .the optical axis ?S t he
eye and the side rhE“K&ad; 1, is, typically, 2

bet ween 40 and 80 nmm Consequently, even for a snmall ~

waesgingy isghe refractiye dndes af thalsubstratee t hi ckness woul d be of
T . 10ds: have Db roposed to
i et é“%é%%wﬁiﬁ{giﬂ%‘?‘n%ﬁﬁé‘%“ F8te. utilizing
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simlar value. The FOVis limted by the
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. maxi mum achi evabl e FOV,
would beofdhejorder of 12 mm.

Methods have been proposed to overcome the above problem. These include,
utilizing a magnifying telescope inside the substrate and non-p&ﬂlel 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 of the reflective surface 12 on the

substrate plane. Mathematically, the maximum achievable FOV, due to this
limitation, is expressed as: '
Ttang,, -d 3

e
>
Rm

FOV_, =~

yvherein &, 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 mm).



FOV Lt!! a,,,,. -dew (3) a"X 9U Rem wherein a,", is
the angl e between the reflecting surface and the
normal to the substrate plane, and Ree is the

di stance between the eye of the viewer and the
substrate (typically, about 30-40 mj. 9 Practically
tana,,.v, cannot be nmuch larger than 1; hence, for the
same paraneters descri bed above for a FOV of 8, the
requi red substrate .thickness here is on the order of
7 mm which is an inprovenent on the previous limt..
Neverthel ess, as the desir®d FOV is increased, the
substrate thickness increases rapidly. For instance,
- for @emiically @GNS o0inndb banthudO ladger shabsiy heree] ifori thengpme

t hi ckness i respect.iv 1o .
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g€cting sur ace Is 1llumnated by a collimated

chQpMQym¢&xumunating froma 1ight source (not shown)
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i rectiort nornal to the substrate surface 26, -
subbteato 20 bydta istemghlorefiéctivhe Afloussverd! wwllodions §pmidhe yuefaces of

.Substrat Qis a then the angle.
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to the substrate surface 26','and the off-axis angle of the couplcd wave inside the

substrate 20 is o, then the angle agy2 between the reflecting surfaces and the normal

to the substrate plane is:

a;ur'; = E‘l . (4)

T2

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¢ between the
trapped ray and the normal to the reflecting surface is:

a an . :
By =90° (@, — ) =90 ——~2’ .



two distinct-directions 28, 30. In this particular
enbodi nent, the trapped rays arrive at the reflecting
surface fromone of these directions 28 after an even
nunber of reflections fromthe substrate surfaces 26,
wherein the incident angle between the trapped ray
and the normal to the reflecting surface is: f-f
=90-(a', a.,2) 900 - 2 (5) 10 The trapped rays arrive
at the reflecting surface fromthe second direction 30
after an odd nunber of reflgctions fromthe substrate
surfaces 26, where the off-axis angle is a'

=180 - NCi @lﬂgl t t

ray gﬁd eegzg}rs%ven%ég ?%tg re ng: (feen%‘\&gdﬁlrcf%g%&fl(g&e&& 30
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ht are different. . Consider for exanple an
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of S -polarized I'ight incident on t bou
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S-p aﬂa%e Rt né p&g el B Sedach) xg!g% En%%t%ﬁf Mtk 100% at
grazing incidence, the Fresnel reﬂcctance of P-polarized light first decreases to 0% at
- the Brewster’s angle and only then rises to 100% at grazmg incident. Cbnsequently,
one can design a coating with high reflectance for S-polarized light at an oblique
incident angle and near-zéro reﬁectange 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




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 3, . 25 from Equations (5) and (6)
it can be calculated that: 1IB',.f =105 ; aw =130 ; a,,
=50a,2 =65 (7) If nowa reflectlng surface is
dintioatinignibe réfectanké dh on@'of dhé swon direetions.e dios expuple choosing

b e des i ti.on ved. Fig. 3A
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30 gty af $hots IRStefleqitict Jnkves 6f b AhANC foaflhg &S Egnc@%’mélﬂd'e

2%resEect|veI , over - the sane spectrum i den

thﬁ@bmet‘cqe etasc sharasierisosyiter forn et eides apgles:129°, 35 40°
a5k dRnds thénﬁ?cﬁ' P-ﬁegg.eé Hgﬁtj WohileAthE fefleli8nde S it &S le ra

curves of e sa olc coating, as a function o
ismhgligible mj@r&te eutiye eclévant Pegrolmrthemyis bi effiaxipangles ¢fe20°, 25°
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signi |ca regli ons
thevsemmesspedthuen. r Bilanty arefiectie ‘decrryasbsnmﬂathd obhqunye:ﬁ tHeSneideht
40 where the reflectance increases nonotonically wth
T8¥%ecr easi ng i nci dent angl es. Hence, as long as, for a
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spectrumof j3',.ej, where very lowreflections are
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B third Ere BB oN hlbis gk Sredl 5 3nd 80 Wore

thesreflestahee égvanm low and between 15° and 40° where the reflectance increases

monotonically with decreasing incident angles. Hence, as long as, for a given FOV,
one can ensure that the entire angular spectrum of B’r. where very low reflections
are desired, will be located inside the first region while the entire angl'llar spectrum of
Bres, Where higﬁcr 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 sysfem- using 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 4
S-pol arized light can be filtered out. However, for

an unpol ari zed display sourge, like a CRT or an OLED
and where the brightness is critical, S-polarized

ok it ns??tgxﬂ?xf:}he?@ g{% ?tb?ightﬁ&g is hdt FHEHAL 08 tlePd gﬂlahﬂ-!dqlght

accou procedure. Fortunat
ait bofilyred buti sHomme fohai Ligobiriael display sévecePligo IﬂaﬁRTz egan

R, P S G Bt e
ftinagtisestaicbnadhio\eecouhhdiringshe desipa @fdcﬂ@:re hRartungtely, elthopgh Us

refl (o anCe g{;glae P&%‘I@%e%r EéL %;gecgiﬁ)h!: oJesi%naco%Img

fvﬂﬁ ﬂﬁ(éilhé’ Seh@%iﬂ forlan SRRzt afdlg@ssc@ aBoM, That is, a coating
illustrate the reflectance curves of the sane dlchrorc

kayingi s¥ery de\gcrpﬂtré@cakf@val tirt) apglasy spaeteim Of B grsand Bigher,
ol ar [ rently there
B-goen el 8 RSB e Reb el PpBFBL 01 Ve (o
pol aFigi’.&ﬁ A 9: illudtiae: ﬂﬁgieﬂﬂ:tahf;e burgks aﬁgiem.?mhhcleoxb lveating
nce r S nmuc I ower 0,
deSestRd b wish. oferehee Eige Rd it OH for, pdlaned, ght

Lrpafehy) thek itk 86he Bffﬁ:rele@és HRtvideM &2 beﬁz[\ﬂdn%f%éﬂbvotﬂaﬁrmamns
entlre S ectral bandwi dth for the S-polarized |

thewgsion of high angles pyhers the rsfleqtangp is ves Ipw is ﬁalllqhwmpwer or the
1S 1136 Rk o]{é)fhffiaxﬁ 1o aaﬁ%‘% @o%%aﬂt'r?ﬁ@ctﬁbe 74 given

angu ar spect rum o ref tions are
angleuiverthe entiro ppectial d)auwﬁaforome S$-helatizedolight  theny for the

et Pl SRR R it oo
afiguyes SPeGnﬁﬂrcﬁTE,J, Ywhérl Pﬁgthﬁmﬂm?ﬁm mquhtedb, ay bﬂ;osmé tot thet of
r 1ons a e angul ar specir 0
thedopabized e e i sy e acoe Tobe SaAolarised gy ipfropp with
msxbsﬁ@m?to@ tIRCIALIAME rhy3e Alpalehff] m%&fah&ﬁﬁg béHavioPof the two

over a ht according to the specific requirenments
padrizatiaris @y‘gc @ngulart spestrwrh e rB,4 hesuild: be utilifededuring the optical

de]t%{ég o? ﬁl%t gtg tgcagﬁlgv% f?lu %l];s}?%g Ec(])tﬁcﬁ cgof tgg er@y h%lt a(b,&)rﬁﬁg

h"as OSSI
tophmediﬁereﬁﬁmémédwoﬁhaslpé)@gem source onto the su_bstrate

at _t centr the . '
nor rﬁ—ﬁ &gaf e é%{”tﬁﬂ‘feoo tth%? B’g{’? fée(ﬂé% 2) shoyd
bel 36High BepRBIE s8.%s to coupds byVRRGh BBt 4 jSé%&lble from the display

source onto the substrate. Aésuming that the central wave of the source is nbrmally

incident onto the substrate, i.e., cg=180° then the angle oy, between the first .
reflecting surface and the normal to the substrate plane is:

Gty |, a'y * ®
Xy -~.2~— 1 X = 2 .

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

respectively.



reflecting surface and the normal to the substrate
plane is: al +ao a ab,+a0 - (8) aun = 2 i= 2 The
solutions for at,,,, and a',s,,,, in the above exanple
are 155 and 115, respectively. 13 Fig. 8 presents a
sectional view of the reflective surface 16 which
couples light 38 froma display source (not shown) and

traps it inside the substrate 20 by total internal
reflection. As plotted here, the projection Sl of the
refl ecting surface on the bstrate surface 40 is: S,

=T- tan(a) , (9) wherein is the substrate
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vileR¢ift Tlis B0 s@lstrate (Rdnest | On surface 22 on the substrate
plane, is S2 =T tan(a,,,.2) To avoid either
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In this example, where o, = 65° and o,,; = 115°, the solution is N= 2; that
is, cgcix ray passes through two different surfaces during one cycle. This is a
conceptual chagge and a significant improvement over our previous disclosures,
where each ray passes through 'six different surfaces during one cycle. The ability to _
reduce the number of reflecting surfaces for a given FOV requirement relates to the
projection of the reflecting surface on the viewing plane — as the angles in the present
disclosure are larger, fewer reflection surfaces aré needed. _tb span the image
dimensions. Allowing fewer reflection surfaces simplifies the imple;rlentation of the
LOE and ensures a significant cost saving in its manufacture.

The embodiment described above with regard to Fig. 8 is an examj:le 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 neans, including (but not
limited to) folding prismd? fiber optic bundles,
diffraction gratings, and other solutions. AlSso, ip )
prebeesoupisi dntp the 8bptate by otherppficabmeang.cinclyding (et imited
o} 1di£@gﬁmvaﬂﬁﬁé opfE BurddRS AdifiFhcfbh driteheS, 3R oflefiSorfont.he
substrate. O her configurations are envisioned in

whi cAlsohia thegrampleritiustrated in Figg e, theippat wayigs andiibe jragegveryes
3991093%? oh e s§fng Side %% ﬂe@ﬁ?sﬁ%@ %ﬁz@xlc%fnﬁéllraﬁ e visioned in
possi bl e, I n certain applications, to couple the 1 nput
wiidle thei inpat artdhthe Sulagt maves tduld bglowted af oppusite sides of the
substrate' eri.pheral sides.. Fig. 6 9A | . detaile
sThRBHeD o ArcEigebPles o, RafiosGot, 4 P e dpehf bttt
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strfdce® GhidiLouple MAE Gapped  ind1d/ tHRGsuBstiitd 66t dndMinfd tha 'ehe of a .

130, whereby the angl'e between the ray and the nornal
viewer. hésy @ | kecsepmginstaeh srele thescoupldamy pesses thrpvahcreflsefing

strFRE 4 ﬁésfing&' GEQEER of 87,8 ?ﬁ?' ng%rElL e hﬁglﬁgé{%%tf)ﬂe rdy¥nd
ray passes tn each cycl® tw te throug e reflecting
the urofraal o 4k ieflvdting sarfakies ¢+ 75 randftheareflectionsd fromhthese sulnfaces
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sudfacd PPhavif £8itdcHBA ¥f 6,£E150¢ tHge el idcRicfBangRe ik 25 UGRIDaktCof
couple the light onto the viewer's eye, the maxi mal

9 ] ;
theawy’s gnergpOiqaupled, out of dhe subgtraty. Amsumipg kat ong gyray (pf two
R ANRLEL h&&@zm%@m%& tﬁégl@ € onto e VikWhd 8@, the
sesg stfat(_e ?%I cﬁness for an g% o) %1 Pg in tlhe oréc}%r
- myfim@2l FOYms: for FOVs of "15 and 30, the limiting
substrate thickness is 3.7.m and 5.6 mMm
respectively. l];F se ditmayprel, f avor abl e -val ues t{dadn
the limting I'ekness of the state-of-the-art
sol uti ons di scussed above. Mreover, nore than two
sel ecti vel refl ecting surfaces can be used. .For
I-eIence, t%r ¥he same parameters oI‘ the examples above, t?xe ?umtmg 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 partially

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



exanpl e, for three selectively reflecting surfaces 22,
the limting substrate thickness for FOvs of 15 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 systemwth f@e follow ng 15
paraneters: Reye = 25 mm; a,,, = 72 and T =5 mm a

derate, FOV.of 17 can h| eved ev a
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. 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

>



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,
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is relatively large and a mechanical strength is required for the LOE, the increased
thickness is not necessarily a drawback. It is ‘possible to add the transparent layer at
the top of the LOE or even on both sides of the substrate, wherein the exact
configuration will be set according to the specific requirements of the optical system.
For the proposed configuration, no matter what the thickness of T, 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

strength is required for the LOE, the increased

thi ckness is not necessarily a drawback. It is
possible to add the transparent |layer at the top of
the LOE or even on both sides of the substrate,
wherein the exact configuration will be set according
to the specific requirenmentd of the optical system
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can be neglected in many cases. In other situations, where such potential non

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



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 also,gntail a non-uniformimage

of the external scene vie through the substrate.
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nominal values. There are some small 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 discussed. The FOV along
the orthogonal ) axis should also be considered. The FOV along the 7 axis is not
dependent upon the size or number of the 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 7 axis is:



T=4.3mMmm; T=0,; ccm=50,; FOV=24,; Ry, = 25
mm v=1.51; the display source is S-polarized, there
are two selectively reflecting surfaces, and the

nom nal reflectance is 22% Fig. 13 shows the
simulation results, normalized to the requested

nom nal val ues. There are sonme small fluctuations in
bot h graphs, but these changes would no be noticeable
in near-to-eye applications. Thus far, only the FOV
along the 4 axis has been d} cussed. The FOV al ong
the orthogonal fl axis shoul'd al so be considered. The
FOV along the Tl axis is not dependent upon the size
or number of thg, ?elect|0ﬁ+¢mreflect|ng sur f aces(1Zbut
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7 axes. e teflectance of these surfaces is determined so as to achieve uniform
output waves. For example, for four reflecting surfaces, the reflectance of the
surfaces should be 75%, 33%, 50%_ and 100% for the first surface 224, the second
surface 22b 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 7 axis is affected with

S-polarized light, there is no need for a half-wavelength plate to rotate the
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+1/%igeq Hhg, reflecting array 224-22d ‘can be located closér to the ‘eye, 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; oy, = 65° R,y =25 mm and v = 1.5, the resultant FOV wﬂl be:
‘FbV;'“ ~30° . (14)

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

Figure 16 illustrates another method to expand the beam along both axes
utiliéing a double LOE configuration. The input wave is coupled into the first LOE
20a by the first reflecting surface 16a and then propagating along the & axis. The
_ partially ret:lecting surfaces 22a couple the light out of 20a and then ihe light is



Since the reflecting array 22a-22d 'can be | ocated
closer to the -eye, it is expected that the distance

1 between the reflecting surfaces will be smaller than
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choosing the paraneters: T 4 mm; N= 4; a& = 65;
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In general for N-reflecting surfaces the brightness reduces by a factor of . In
principle high-brightness display sources can offset this difficulty, but this approach
necessarily has a practical limitation. Not only are high-f)ﬁghmess display sources
very cxpenéive, 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 request ed beam expansion along the rl

axis, the brightness of the optical waves is reduced
four-fold. In general for Nreflecting surfaces the
bri ght ness reduces by a factor of N. In principle
hi gh- bri ght ness di splay sources can offset this
difficulty, but this approach necessarily has a
practical limtation. Not only are high-brightness
di spl ay sources very expensive, they also have high
power consunption Wi th the “associ ated very high

0 g8 o P sG] M, of P BBleoy o Thetore, oter

appmam:ls ah:rretghieﬂ @6 Sptinhiat the ase éfeheaﬂailﬂneﬁght Asm thesource.

* Cho. PO posiir meAteA 0 TR Y (F CERFS 4 S5l SERE reathes

theeikwedd dyiis et ¢dﬁ&ol ihe R flePRHE of itke feflEdting Gurifste@¥Dbfithe LOE
undesired effects |ike flaring 22 which decrease the

aPRATPG 1 B CEOtAbPEEMB Yl s Yewerh sdilagmieg in Fig. 11, each
oGS QuffaceObthe oFRAN }%ﬁpeé% eéxgctfvaswte&@gg%?sggﬁ&mz €is

use of the avail ab omt

pmsated é)’ mhm weot pfpecwerallEOW: |T§§mcn,e§19 reflectanee of each

&Ea%gl | é)%ﬁa e c brx1 Xés %\fqﬂ §nt§ ggr &@.&%Lothe
ec P t ectlng sur aces
rdfleRtancgcefothd | night tsurfad@eZZ;aym Figt i brootld xbe( disignedtto hires higher

rleFiE ofeiat! Bob PLRF Y 2P e EBrE FPBboaBr g

lefiattastatic POV, ivéhilel thé oI sinfaeél 221y heve! higlieh eeﬂbﬁfahcwfofr tiieeleft
ace

| . he refl f each
PSR e OV 4 Sl estn e Fagbragicd: o v o pgona

”e@%m 1B HBing B s34 GRSy 8 I 96, th0 loctance of

surface 22a in Fi 11" cou
thi reflecting suefabesc22arcouldf e desigped sugh tthqm ahet lowkr surBacgOvillarage

nili§ resfidfinlc RODR Rty bt OFRF FORCarlhe [fFsst pipipiciRRbcthce
fon(ij gt!higﬂcﬂpme of thie 1?101‘@ wiile the Rlﬁllédr tsgff:ldefl ha\ECNgheA ;ﬂdgiaalhaf for
e pshabR Gy TRECERPiEE Bt T whick S erghliess Bopduced
bedatks of the Fhtgral tRpankibf che bl aaicARaRNE thaﬁ RS whefel RG$ thGratio
surfaces 22a could be de3|qﬁed such that the | ower

betweey theaeca gl the qonpling-inisyrfege 1oa padibe aﬁ'aémg@rlt FRCes AR
ar 1 a C
P o adtior, BEB Mo fprbit? e WA RASEBIANE of She STHAACA by
confipllingcthe displey lousbeebrighthese ovithoot changing: the inpifepowssar tAs

sy 85 o Lo A B0 gl By e 20
theeo@mhm mirardd ibeflevted insorthke vizinitylufitheRye\phpit 60. T maxintize
6a

PP BLusen.t he acea, of ha coup! LN0LY L 3G
emetgcs from the display source couples into the substrate.

Figure 17 illustrates an example of a substrate-mode display where the display
source is a transmission LCD. The light which emerges from the light source 64 and
collimated by a lens 66, illuminates an LCD 68. The image from the LCD is
collimated and reflected by the optical components 70 onto the substrate 20. Figure
18 illustrates an optical layout of the collimating/folding lens 70, while Fig. 19



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 display source couples into the
substrate Figure 17 i | lustfites an exanpl e of a
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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 pixeis is a small number. An improved version
of this solution is to design the emitting distribution function of the pixels in the
pixel-ana}_' 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
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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 aligned with the pixels of the
di spl ay source. For each pixel a mcro-lens narrows
t he diverging beamthat- energes fromthat pixel into
the desired angul ar cone. I3 fact, this solution is
efficient only if the fill-factor of the pixels is a
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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 eithgr
traveling directly from the input aperture or reflected twice from a pair of parallel'
surfaccs, the original dlrectlon of each ray is maintained, and the original image is not -

affected



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 88a,and 88b, while the rays
fromthe upper part of the FOV are reflected from
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abtgvugé)@flf(gfegen?% \é@ﬂg@ HQrItSU s approdd inbdi¥hd £k djiRtment between a
symmetrical collimating lens 6 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 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 reﬂeqts' it back to its original direction. The rear part of the
collimated light passes through the substrate 20 and then folded By the prism 99 back

into the substrate. A second mirror 16b couples the folded light onto the substrate 20.




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. This approach involves an

adj ust ment between a syme2&ical collimting lens 6
and an asymmetrical input aperture. The |atera
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for display applications, which include: 1) The. i nput
sysagr.cjlodaias the nesr thsq Acaff-adis oRp! € ign g is common
tooth&! diglidy g%p{sh% ddBftion OMfeahd iR AfcRureSySthe MO is\ich

conpact and |ightweight, offering an unparall el ed
smpallemilfancthe active) aea ofche ouput arsrigtehdie BwnRprrel aperapy gY the
co?l?rﬂgtin%ufeﬁg 508 Smudl §mBfiGSBRY réqug@tfbf) 8 comparable conventional
imaging systeni. Consequently a significantly more convenient optical system can be
. i{nplemcntcd and the many difficulties associated with off-axis optics and high

numerical-aperture lenses, such as field or chromatic aberrations can be compensatéd :

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 is nmuch smaller than

required for a conparable &dnventional i maging

system Consequently a significantly nore convenient
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s.an electronic el Gfmanél such as a snall CRT, LCD, or
LOE_ Hys not mecessary to occlude the entire LOE, typically only the active area,
where the display is visible needs to be blocked. As such, the device can ensure that

the peripheral vision of the user is maintained, replicating the viewing experience of a

computer or a television screen, in which such peripheral vision serves an important
cognitive function. Alternatively, a variable filter can be placed in front of the system
insucha way that the viewer can control the level of brightness of the light emerging
from the external scene. This variable filter could be either a mechanically controlled

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



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

frame. The enbodi nent descri bed above can serve in

bot h see-through and non-s:ig-through systenms. In the
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electronic mail, and even the transmission 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, 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 foimat display, by projecting high

quality images directly into the eye of the user. An optical module including the



installed in a vast variety of arrangenments. 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,
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- aircraft. There bave been numerous proposals and designs, of late, to install a HUD

in front of a car driver in order to assist in driving navigation or to project a thermal
image into his eyes during low-visibility conditions. Current aerospace HUD systems
are very expensive, the price of a single unit being in the order of hundreds of
thousands of dollars. In addition, the existing systems are very large, heavy, and

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



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
possi bl e hand-carri ed arrangenents include pal m
conputers, small displays ggbedded into wi stwatches,
a pocket-carried display having the size and wei ght
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two-array configuration would suffice. .
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



volunme of a few cubic centineters, can be attached to
one of the conmers of the substrate, where an electric
"wire can transnmt 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 commercial audio system
Moreover, since there is no need for an external
di spl ay source for inmage projection, the necessity to
install components in unsafe places is avoided. Since
the exit pupil of a typicadl HUD systemis much Iarger’
than that of a head-nounted system it is expected
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array of 4 display sources 4a through 4d, each collimated by a related array of lenses.
6a through 6d to form a single collimated image, which is coupled into the LOE 20
by thc reflecting surface 16. At a first glance it looks like this solution can be quite -

expensive. Here any increased system cost through increase in its components and

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
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



i nportant for nobile applications such as | ap and

pal mtop conputers. One potential problemthat m ght
arise with a large display LOB 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. Therefore, even after the speci al
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Figures 27A and 27B illustrate a front view and a top view, respgctively, 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 portion of the substrate 20, where each display
source projects imaées obtained at different perspectives of the same scene. The

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



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

range of 3-D equipnent is gdready on the market. The

avai | abl e systens, however, suffer fromthe drawback
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teleprompter, such as used as to project text to a speaker or TV broadcaster; as the
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 implémentcd 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 implementation 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 obtainable FOV is under 15°;



When the viewer noves his gaze vertically, as
illustrated in Figs. 29A-29B, the eyes see points on
the. screen which are |ocated | ower then before. Since
these points are |located closer to the display
sources 114, the viewer sees inmages which energe from
different display sources 114g and 114h, which are

| ocated closer to the center of the array 114 than
before. As a result, the sensation of the viewer is
simlar to viewning a sceng, which is closer to the
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phfyﬁaﬂlyb irﬁerference W1th objects in the vicinity of the user, and 9§ exerts a

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 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 _anothér LOE 20b. Though additional two
optical elements, 20a and 20b, are added to the original device, the weight of these



In all of the enbodi ments of the invention described
above, the image which was transmtted by the
substrate 20, originated froman el ectronic display
source such as a CRT or LCD. There are, however,
applications where the transmtted i nage can be a
part of a living scene, for exanple, when it is
required to couple a living scene onto an optica
system Fig. 30 illustrates an application of
star-light anplifier (SLAQ3§16 where this

i npl ementation is required The image fromthe
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et 33 ﬂlustrﬁt@@&@&t&ﬁile of a
m{ngggt%ilog% etglgyfmunt e?mgera ion with the LOE
subm'atetm@de dlspl&x) 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 altematively 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




nmounting on standard gun-sites or other aim ng devices
for use without the LOE 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 nents
descri bed above, the LOE is utilized to transmt

i ght waves for imagi ng purposes. The present

i nvention, however, can be applied not only for

i magi ng, but also for non-imagi ng applications, mainly
illumnation systens, in @?ich the optical quality of
the output wave is not crutial and the i nportant
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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, 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



light fromthe Iight source 122 coupl ed i nto anot her
LCE 134, which illum nates the surface of the LCD
130, where the partially reflective surfaces are
pol ari zing sensitive. Apparently, the entire system
here is much nore conpact than that illustrated in
Fig. 32, and the lens 132 is | ocated nuch closer to
the LCD surface. In addition, since the input
aperture of the LCE 134 is nuch smaller than that of
the beansplitter 128, thesgollimating | ens 126 can be
now much smaller than before, and therefore have a
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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 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

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



exi sting testing equipnment the refl ectance (or
alternatively the transm ssion) for very high angles
of incidence, usually above 60, for coatings that are
| ocated, as in our case, between two transparent
plates. Figure 35 illustrates a nethod proposed to
measure 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
i ncom ng beam 154 i npingges on the coated plate at an.
i nci dent angle a. Part of the beam 156 conti nues at
the original direction and its intensity Ta can
sebmshowel heteenan de utibigechtp measuredhe sflectapgecofithesetyo angles at
dift u&%dvglglzgtﬂ% &rck elf 43Go it G lar%ﬁ&éci?rcqh

re anc e neasured coatl ng at e angle a can
be kil bk avidentas these skilled inThe art thab theiinyeation isiot Hried to
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hgggﬁﬁﬁﬁyﬁgﬁgFresne refl ctlonsé%gﬁéﬁlnteg3|ty of the
tientfprgtintbrated ta be gabrpced tixacinHence, knowi ng t he
reflectance R' fromthe previous step, the reflectance
at an angle 3a can be calculated accordingly. There
are testing equi pments 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 bl ocked using a

sui tabl e mask or bl ocking | ayer 162. Evidently, each
pair of prisms can measure the reflectance at two
angles - a and 3a. For instance, if the head angle is
25 then the reflectance at 25 and 75 can be 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 measure the

refl ectance of these two angles at. different

wavel engt hs as well as for the t wo pol ari zations, if

required. It will be evident to those skilled in the
art that the inventionis not limted to the details
of- the foregoing illustrated enbodi ment s and that t he

pr esent i nvention



may be enbodied in - other specific fornms w thout
departing fromthe spirit or essential attributes
thereof. The present enbodi ments are therefore to be
considered in all respects as illustrative and not
restrictive, the scope of the invention being
i ndi cated by the appended ains rather than by the
foregoi ng description, and all changes which cone
wi thin the neani ng and range of equival ency of the
clains are therefore intended to be enbraced therein.
Weclam: W claim 1. An optical device for partially
reflecting a first set of Iight waves having a given
pol ari zation state and |l ocated within a given optical
1. SREUptEM @eviteok HaRtiAlyf ﬂeﬂéétuf%{'ﬁ Hr& set DPGight WalesPR&Ving a given
transmtting a second set of 1ight waves "having the
polarizatioe state @nd dodated withiron giverabpticahdpéamat enldwntﬁm ra fitse angular

specmiﬁg%ﬂag{:gnesg'ﬁgglg%%wegE%Hﬂ%waé(\é\% leg?lg hessand given polarization
state dnldgmzaﬁe& abiith the ! spgﬁ f ﬁc;ﬂaéﬂgEQuﬁ S (At 29%¢ond angular

di chroic coating d Oon sai'd surface,
spectruhgpoaqirsimigzed i n t hat angl es | ocat ed within said first

a\?éwgﬁ g%r %ﬁectrum re s Iler than apgles |ocated
1ghts ¢ § ?’Fﬁ AYPE & 5B ARGNd t hat the
r t surface of said first set
a(ﬁéﬂrg&cwﬁﬁ%eg‘*}l%&lﬁ ﬁg%&? Cah the reflectivity by the

chmattedzethftha;t&ngies lswtcﬂ withinghids fifst @ﬁgdlargipbcmm(aﬁe srRaller than
ghe tical device according to claiml, furth
angles %%&40 withip spid second aneglar speciams and thah ghes%wwyeby the coated
sutuof B L1 oS0 et R o QORI R e e s o
said seclmd weoflighnmdiveg to claim 1, wherein said polarization

state is the P- polarization. 4. The optical device
according to claim1, wherein said pol arlzatlon state

2 B THBR BRSNS R AR, et v

transmitéihg eisaaeepditalgpédhpldd Btthé abst %‘%ht—irhxﬁshhttﬁﬂ@éﬁﬁstﬁh’i@ﬂgs@ﬁi coated
nonot oni cally with increasing incident angles at said

surfacesyr f ace. 6. The optical device according to claim 4,
wherein the reflectance of said first set of 1ight
waves decreases nonotonically with increasing incident

3. angl @ical d&adtdl adddkdiagqe claim 1, wherein said polarization state is the P-

polarization.

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

combination of the S and the P polarizations.

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

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

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

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

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

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



7. The optical device according to claimb5, wherein
the reflectance of said first set of [Iight waves
i ncreases nonotonically with increasing incident
angl es at said surface. 40 8. The optical device
according to claim1, wherein said optical spectrumis
| ocated w thin the visual gpectrum 9. The opti cal
devi ce according to claim1, wherein said optical
spectrumis located wthin the region between 460 nm
and 640 nm 10. The optical device according to claim
8. 1Theveptiedl deyime ackonding wnglainarl, syherdin saidi epticRbepectrdm is located
i.thin the regi on between 15 and 40. 11. The opti cal
nﬁhwggalgggcg ‘ng to claim1, wherein said second
angul ar spectrumis |ocated wthin the region between
50 and 80. 12. The optical device according to claim
9.  1Therbptiil nlemics pecorfling i clainmll, méiktede tsaidoeptical spectrumois located
...said first angul ar s um 13. The optical device
WIthlnéﬁ%Eﬁgqut‘f’Benc‘r |Wi§$gé\§1§‘?‘ei n the reflectivity by
said coated surface of said first set of |ight waves
is higher than said specific mninmal reflectance. 14.
10. THee opticad adevitevaccerding oo dilaigy 1.0 wilesinsaid fitseraggulan spectrum is
ecific maxipal ref]ectance is set for said second
locate‘ig'&gfna eéffﬁé%‘tg%}‘(?eriljﬁo apfd0opti cal device according to
claim 14, wherein the reflectivity by said coated
surface of said second set of |ight waves is | ower
11.  tTHanoptidall deyiee iatéarditgXo nadinT ef Wwhedenssid s¢€ondTdi@ular spectrum is
ptical device according to claim 12, wherein the
locate‘féffthlé’ctf‘?mgl“ﬂp batween %Ooﬂigé;p%i c ninimal reflectance is
hi gher than 20% 17. The optical device according to
claim 14, wherein the reflectivity of said specific
12.  rEbd opical ddviiCicandéng 1o dlieY, viteddin 4@fecific minimal reflectance is set

withi

for said first angular spectrum.

13.  The optical device according to claim 12, wherein the reflectivity by said coated

surface of said first set of light waves is higher than said specific minimal reflectance.

14.  The optical device according to claim 1, wherein a specific maximal reflectance is set

for said second angular spectrum.

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

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

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

minimal reflectance is higher than 20%.

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

maximal reflectance is lower than 10%.



