|  SUBSTRATE- GUI DED OPTI CAL DEVI CES The present

invention relates to substrate-guided optical devices,

and particularly to devices which include a plurality

of reflecting surfaces carried by a comon

l'ight-transm ssive substrate, also referred to as a

i ght-guide. The invention can be inplenented to

advantage in a |large nunberlof inmaging applications,

such as, for exanple,, head-nounted and head- up

di spl ays (| UBSTRAYE ED OPTICAL PEVESES

conpact displays, 3-D displays, conpact beam
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-.simlar devices, or indirectly, by neans .of a relay
illumihatuss and scanmpts.cal fi ber bundl e. The di splay conprises

an array of elenents (pixels) imaged to infinity by a
Backgysiunidet thegluvensiodind transnitted into the eye of the.
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heavi er and bul ki er, and therefore, even for noderate
(SLMp euti mrancathody rpetubel (GRERt 4 dghid Thistali displapd]61D), an organic
] drawback for all kinds of displays but especially in
light pesditingo diededampp|(OIEDbner asesmsiing tsoures) gndnsimilar devices, or
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into the eye of the viewer by means of a reflecting or partialiy reflecting surface
acting as a combiner for non-see-through and see-through applications, respectively.
Typically, a conventional, free-space optical module is used for these purposes. As
the desired field-of-view (FOV) of the system increases, such a conventional optical
module becomes larger, heavier and bulkier, and therefore, even for moderate
performance devices, impractical. This is a major drawback for all kinds of displays
but especially in head-mounted applications, wherein the system must necessarily be
as light and as compact as possible.

The strive for compactness has led to several  different complex optical
solutions, all of which,- on the one hand, are still not sufficiently compact for most

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



solutions, all of which, on the one hand, are stil

not sufficiently conpact for nost practical
appl i cations, and, on the other hand, suffer najor
drawbacks in ternms of 2 manufacturability.

Furt hernore, the eye-notion-box (EMB) of the optica
viewing angles resulting fromthese designs is

usual ly very small - typicaRly less than 8 mm Hence,
the performance of the optical systemis very
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they can potentially assist the driver in driving and navigation duties. Nevertheless,
state-of-the-art HUD’s suffer several significant drawbacks. All HUD’s of the

current designs require a display sourCe that must be offset a significant distance from
the combiner to ensure that the source illuminates the entire combiner surface. As a
result, the combiner-projector HUD system is necessarily bulky and large, and
requires considerable installation space, making it inconvenient for installation and, at
times, even unsafe to use. The large optical aperture of conventional HUDs also pose
a significant optical design challenge; rendering the HUD’s with either a

compromising performance, or leading to high cost wherever high-performance is



times, even unsafe to use. The large optical aperture
of conventional HUDs al so pose a significant optica
desi gn chal l enge; rendering the HUD s with either a
conpr om sing performance, or |eading to high cost

wher ever high-performance. is 3 required. The
chromati c di spersion of high-quality hol ographic HUD s
is of particular concern. An inportant application of
the present invention relates to its inplenentation
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present invention enables, a physically very compact display with a very large virtual

image. This is a key feature in mobile communications, and especially for mobile
Internet access, solving one of the main limitations for its practical implementation.
Thereby, the present invention enables the viewing of the digital content of a full
format Internet page within a small, hand-held device, such as a cellular phone.

A broad object of the present invention, therefore, is to alleviate the drawbacks
of state-of-the-art compact optical display devices and to provide other optical
components and systems having improved performance, according to specific
requiréménts.

The invention therefore provides' an optical device comprising a

light-transmitting substrate having at least two major surfaces paralle] to each other



of state-of-the-art conpact optical display devices

and to provide other optical conponents and systens

havi ng i nproved perfornmance, according to specific

requi renments. The invention therefore provides' an

optical device conprising . a light-transmtting
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anguldr@bdohiisngl il lustrative figures so that it may be nor e
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Brief Dies¢ription ofdhe Diawinigsi s stressed that the particulars
shown are by way of exanple and for purposes_ of

i Theuinventipn ds dieserikes] im comneation Withresriasy peslsHdrenbadiments,

.. of the present .jnvention only, .and are presented.in

with efcRsrSe e TUIQNG: AR GEes, & Bt § B, hg more fully
d 3(31 useful and readily understood description of the

U cfsgg? ci pl es and conceptual aspects of the invention. In
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det ai e inventioen-in nore detail than is
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of the principles and oonccp;tual aspects of the invention. In this regard, no attempt is
made to show structural details of the invention in more detail than is necessary for a
fundamental understanding of the invention. The description taken with the drawings’
are to serve as direction to those skilled in the art as to how the several forms of the
invention may be embodied in practice.
In the drawings: ,
Fig. 1 is a side view of a prior art folding optical device;
Fig. 2 is a side view of an embodimeﬁt of a LOE,‘ in accordance with the present
invention; _
Figs. 3A and 3B illustrate the desired reflectance and transmittance characteristics of

selectively reflecting surfaces used in the present invention for two ranges of

incident angles;



Fig. 1 is a side view of a prior art folding optical
device; Fig. 2 is a side view of an enbodi nent of a
LCE, 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 angkes; 5 Fig. 4 illustrates
the reflectance curves as a function of wavel ength for
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g lary dichroic coating for
S&pﬁfoarl za’?'f FPg &Pustrat es the reflectance
Fig. ¥ Uhi&atedsa fi‘eﬂé&’cﬁﬁéeo Buffe h9@ ﬂﬂx’&ﬁoﬁ‘r@ @ab€lendth for an exemplary
exenplary dichroic coating;, Fig. 7 1is a schemati c

sdichicicedatitigefor S-polariestiect i ve surface according to
~ the present  invention; Fig. 8 is a diagr
Fig. 6iilluststesthierrgfloctantes carvesas acfnactmn eﬁmcagsrémlgicefqmaarqmmplary
array  of selectlvely reflective surfaces; Fig. 9 is a
‘P MfBtrati ng detai |l ed sectional views of
. not he ay of selecti reflective sunfaces;
Fig. e Scherrtic, Seraadnag oot b e eeiRomiTasy Srdtipl fithe prosent
%HE ‘%rfmce froman exenplary array of selectively
re I’'ve surfaces, for three different view ng
Fig. & 'aeﬁla gﬂé&hﬁﬁé‘%&tﬁ!&? sédtRnaP ViR a3TC 8n CélerBisladS array of
unct| on o nci dent angle for two other dichroic
cg@édmgly feflgctite srfacesgli agram il lustrating a nethod to
expand a beam al ong both axes utilizin doubl e LOCE
Fig. Scanbidiagrain blustriing deGiled |sestiorst adevan o%nen’fhearayray of selectively
~ enbodinment of the present invention enbedded in a
stedlegdveisyaceg] asses frame; Fi g 14 illustrates an

Fig. lﬁxﬁg%q%%%de%%ds Xecttlon Views of the refie tcg cpr?x 4 eexsc%lnplaxy array of

selectively reflective surfaces, for three different viewing angles;

Fig. 11 illustrates the reflectance curves as a function of incident angle for two other
dichroic coating;

Fig. 12 is a diagram illustrating a method to expand a beam along both axes utilizing a
double LOE configuration;

Fig. 13 illustrates an exemplary embodiment of the present invention embedded in a
standard eye-glasses frame;

Fig. 14 illustrates an exemplary HUD system in accordance with the present invention;

Fig. 15 illustrates an exemplary embodiment of the present invention wherein a negative
lens is attached to the surface the LOE, and

Fig 16 illustrates an exemplary embodiment of the present invention wherein negative
and positive lenses are attached to the surfaces the LOE.

Detailed Deécription of Preferred Embodiments
Fig. 1 illustrates a conventional folding optics arrangement, wherein the

substrate 2 is illominated 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



Fig. 15 illustrates an exenplary enbodi nent of the
present invention wherein a negative lens is attached
to the surface the LOE, and Fig 16 illustrates an
exenpl ary enbodi nent of the present invention wherein
negative and positive |lenses are attached to the
surfaces the LOE. Detail ed Description of Preferred
Enbodi nents Fig. 1 illustr#&tes a conventional folding
optics arrangenent, wherein the substrate 2 is
Ll ) ' €ndin k $ArAlel it the substrate
ﬁrstrcfél%?tfxf%éﬁjg @%%ug%ﬁ%%ﬁﬁgﬁﬁens 6r i?%(})g‘sl ight from
plane. %Q%fegbﬁ@ reflectRis’ Sififabel B2 eatiples dhé Night Dubofrthe substbytezand into
Irst reflecting surface 8, in such a way that the
the eyéTifta hagwdi014s Despité dhe toontpertsesssof thie copifigneation, it suffers
second reflecting surface 12 couples the Jight out_.of
significant drmivbacks; dnapaticalas onliea dpey dimifed, BN, Capy be affected. As

Despite the conpactpness . of .thjs configuratio i,

shown aFirls the mRIREL IO HPANTHERS 2nale Bids fha PS5
very limted FOV can bejaff cted. As shown in Fig. 1,
the maxi mum al%%v\ggu&g,{ _ng; ngl e inside the 1
substrate is: -dt ~ Amax = arctan Il 21 wherein
T is the substrate thickness; d is the desired

exit-pupi] di aggit&gé, and 1 is the distance between
whereipek 154B€iSHESER R S$and 12. Wth angl es higher than

alz" the.ra ate refl fromthe substrate surface

Héﬁé? ea(;ersp'\é,ﬁﬁéﬂ- “Rlﬂé%?‘é%rg%&t“?‘ng surface 12. Hence,

Yhe I CHEBALL ool AfRchRe hifackes dtllomi nated at an

undesire Irection and ghost inmages appear.

Therefore, the maxi num achi evable FOV with this
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refractive index of the substrate. Typically the =
before' ®iivigt hvihe redlextinglsusfack i £2.i Hertve, thenpdlesting shrface 12 will be

Commonly, the dianmeter of the eye pupil is 2-6 mm To
illumimated atvenlandesired direction and ghost images appear.

Therefore, the maximum achievable FOV with this configuration is:
FOV_, ~2va,, , (2)

wherein v is the refractive index of the substrate.
Typically the refractive index values lie in the range of 1.5-1.6.

Commonly, the diameter of the eye pupil is 2-6 mm. To accommodate
movement or misalignment of the display, a larger exit-pupil diameter is necessary.
Taking the rmmmum desirable value at approximately 8 to 10 mm, the distance
between the optical axis of the eye and the side of the head, /, is, typically, between 40
and 80 mm. Consequently, even for a small FOV of 8°, the desired substrate
thickness would be of the order of 12 mm.

Methods have been proposed to overcome the above problem. These include,
utilizing a magnifying telescope inside the substrate .and non-parallel coupling
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



novenent or m salignnment of the display, a |arger
exit-pupil dianeter is necessary. Taking the m ninmm
desi rabl e value at approximately 8 to 10 mm the

di stance between the optical axis of the eye and the
side of the head, 1, is, typically, between 40 and 80
mm Consequently, even for a small FOV of 8, the
desired substrate thicknesg would be of the order of
12 mm Met hods have been proposed to overcone the
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even if only one reflecting surface is
consi dered, the syst t hi ckngss remains limted by
simlar value.g, E@%mpbw ‘ﬁwted by the dianeter dé)
t he prOJectlon ofmfhe reULSctlve surface 12 on the 7
substrate plane. Mathematically, the maxi num
achi evabl e FCN due tothis limtation, is _expressed
whereys T figrtha=angle destwepn thovraflertng sarases and naﬁr@rié to the
en the reflecting surface and the normal to the
SUbS“§WH§SP%ﬁ%?Qﬂ ane, and Reye is the distance between the
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respectively. To alleyiate the above |imtations
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| hreeslBé&?\%q)t'. invention. The first reflecting surface 16

To alleviate the above limitations, the present invention utilizes an array of
selectively reflecting surfaces, fabricated within 2 LOE. Fig. 2 illustrates a sectional
view of an LOE according to the present invention. The first reflecting surface 16 is
illuminated by a collimated input plane wave 18, emanating from a display light
source {not shown) located behind the device, wherein the plane wave 18 is one of a
set of light waves located within a given FOV to be coupled into the LOE. The
reflecting surface 16 reflects the incident light from the source such that the light is
trapped inside a planar substrate 20 by total interﬁal reflection. - After several
reflections off the surfaces of the substrate, the trapped wave reaches an array of
selectively reflecting surfaces 22, which couple the light wave 23 out of the substrate
into the EMB 24 of a viewer. For avoiding ghost images, the output light wave 23
should be a plane wave, otherwise, diffcreﬁt rays representing a single point at the
display source will arrive at the EMB 24 of the viewer at different incident angles and
ghost images that interfere with the primary image will be seen by the viewer. In

order to prevent this phenomenon, the output light wave 23, and hence the input wave



illumnated by a collimted i nput plane wave 18,
emanating froma display |ight source (not shown)

| ocat ed behind the device, wherein the plane wave 18
is one of a set of |light waves |located within a given
FOV to be coupled into the LOE. The reflecting
surface 16 reflects the incident light fromthe
source. such that the light8is trapped inside a

pl anar substrate 20 by total internal reflection
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- wave 23 should be a plane wave, otherw se, different
millirsdiss, e defertnt deviees caylield diffdrent angdhdar rtiseluitions.
source will arrive at the EMB 24 of the viewer a '
dAk$uminy thah Siedesntrad vvesofhe sogresds copplgdoutpfiihe substrate 20

. interfere wwth the prinmary_i e W || be seen t
in a difeetie normal oy (e SUDSTHE SULTAES R %ﬂ%h&%ﬁﬁ%?ﬂ@ﬁ&ﬂﬁe coupled
out put. |ight .23, and _hence the i nput e
wave haly theutbptealtod G e, B 4HE RSEIe drue bRBYper B T figribll surfaces
bet n t tf.ferent rays |ocated on the sanme |ight
and%}%ﬁﬁ'ﬁ%ﬁ%ﬂ%g.l ess than o, wherein a.. is the
angul ar resolution of the optical device. Usually,
for nost visual sysgems,%a,.. is 1-2 nilliradians, )
but different device¥’car2 yield different angul ar
resol uti ons. Assuning that the central wave of the
SQUr e il ! u i g surfaces from
PSR B RAIING, 2 inediadrd BYP A BLEE rolomhe surfa
two d¥tfcRd@iecAbat 880801 1A thizupirticulaveutbddisiedt théerapped rays arrive
substrate 20 is a,,,, then the angle aSlr2 between the
at the eéflatingngurshed foes onendf thesesdibedtivase2$lafice ans even number of
(4) a,z= 2 As can be seen in Fig. 2, the trapped ra¥\§r
reflections feomtthe Sebstedte sutfoery 20 rwharein thegnridenb angletfinrdietween the
directions 28, 30. In this parti-cu]ar enbodi nent, the
trapped eaypandl theyapraal te the mflectng suripeRist ng surface from
one of these directions 28 after an even nunber of
refl ections fromthe substrate surfaces 26, wherein (5)
the incident angl e—(3ref k%e;ﬁfeen_ the trapped ray and
the normal to th¥ reflecti’ng 3urface is:

The trapped rays arrive at the reflecting surface from the second direction 30
after an odd number of reflections from the substrate surfaces 26, where the off-axis
angle is o ’;, = 180°-;, and the incident angle between the trapped ray and the normal

to the reflecting surface is:

o day,
By =0y, =180°~ 0, ~a,,, =180°——% . (6)

e

In order to prevent undesired reflections and ghost images, the reflectance for
one of these two directions should be negligible. The desired discrimination between
the two incident directions can be achieved if one angle is significantly smaller then
the other one. It is possible to provide a;. coating with very low reflectance at high
incident angles and a high reflectance for low iricident angles. This property can be

exploited to prevent undesired reflections and ghost images by eliminating the



=a, - a,,~2- 2- a (5 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 angleis a';,, =

180-a,,, and the incident angle between the trapped
ray and the normal to the reflecting surface is:
Q.f=a'. -a.2= 150-arn -am% =180-3a"' . (6) In order

to prevent undesired reflections and ghost inages, the
t TR 6995 tgm.se YOeximipie! ElREitd Bl A 25 from
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is significantly smaller then the other one. It is
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reflectance for |low incident angles. This property can
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ghost inmages by elimnating the 9 reflectance in one

B,efis,oﬂlet Hesitetd cohdtivn ¢ achferedex gl 8AchadsiBoiliwstete (RS desired
from Equations (5) and (6) it can be cal cul ated that:
reflecthhée bbhavied Bf; selettivelf teflectiny, surfiges; Whille the2my. 32 {Fig. 3A),
I'f now a reflecting surface is determned for which is
havingier offfkiscangle 0dtBPr 25, 45 parfialyewflestedand)iis coupled out of the

achieved. Fig. 3A and 3B illustrate t desired , o
SUbStraféf34eéhﬁﬁ%§é3g agi 1B ).ovhish| asaves at g off-gxiscangle of P~ 75° to

the refjpati parfassglwhish 16 SRVEIoRt0 ool h iy raers Bt darough the

rettooffs ghtad P itk e bl B €, 70 Lhe ray 36
g &2 3, oy I8 pEBRRES DB ARERIGHIRC Robling deplgned ©

achieveSthieHdveredletizaes chAratdriaiss, ﬁﬁyfdih@tcﬁbﬂeﬁeﬂtghgﬁﬁh't afAgles: 20°,

Figs. 4 and 5 show the reflectance curves o

25°, ecamdi76C codtt Pepdiasizgdemd 8-palatizal dighbaespemtively. While the
reflectance characteristics, for four different

refleciancé @érihe dngh-asgleomy is2mgliziblensiver 3he vintine peleypat spedrum, the
and S-polarized |i ght respectively. Wile the oo

rays af pff-ads angles oif20°héShrphSHnqibiainAmost persitani Istieciopes of 26%,

29% 'and 890h " Fespelival) RR°BLFolMizid Sight, and 32%, 28% and 25%

respectively, for S-polarized light, over the same spectrum. Evidently, reflectance

decreases with the obliquity of the incident rays for P-polarized light and increases for

S-polarized light. _

Fig. 6 illustrates the reflectance curves of the same dichroic coating, as a
function of the incident angle for both polarizations at wavelength A=550 nm. There
are two significant regions in this graph: between 65° and 80° where the reflectance is
very low, and between 15° and 40° where the reflectance changes monotonically with
decreasing incident angles (increasing for P-polarized light and decreasing for
S-polarized light). Hence, as long as one can ensure that the entire angular spectrum
of B’,,, Where very low reflections are desired, will be located inside the first region,

while the entire angular spectrum of §,.7, where higher reflections are required, will



rays at off.-axis angles of 20, 25 and 30, obtain
al nost constant reflectance of 26% 29% and 32%
respectively, for P-polarized light, and 32% 28% an d
25% respectively, for S-polarized Iight, over the
same spectrum Evidently, reflectance decreases with
the obliquity of the incident rays for P-polarized
light and increases for S-pblarized light. Fig. 6
illustrates the reflectance curves of the sane
be loghE e ESRLHE Ao, (i ENEAT OV, bIE ch eneiedhigighection of
only GMicesubiiate ©B8H¢ itdthe e§8ioPiBe Vidwidtahdar gidst-fhes iegre. 65
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system using a polarized di spfay source, such as an
refledtlons ' & féqh@d§ﬁ§t@pdﬁl%r& e ofitthetP-poldritddndisht, shat is, the
not crucial and the S-polarized |light can be filtered
refleatarice fdovhe Sepolarizeddightripateasdszeithdhe pibdiguityuofcthe incident rays.
a CRT or an OLED, or for a systemwhere the
This bontyidintesy biebavior tafcthe, tv ppﬁirﬁmatimsi at itht tangaterospeseum of B,
negl ected and it _nust be taken into account duyring
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The reflectance of the first reflecting surface 16 (Fig. 2) should be as high as

possible, so as to couple as much light as possible from the display source onto the
substrate. Assuming that the central wave of the source is normally incident onto the
substrate, i.e., 0p = 180°, then the angle agm between the first reflecting surface and

the substrate plane is:

ain ¥ a'in (8)

The solutions for au,-s and o’ g, in the above example are 25° and 65°, respectively.
Fig. 7 presents a sectional view of the reflective surface 16, which is embedded

inside the substrate 20 and couples light 38 from a display source (not shown) and



reflections ° are required, is opposite to that of the
P-polarized light, that is, the reflectance for the

S-polarized light increases with the obliquity of the
incident rays. This contradictory behavior of the two
pol ari zations at the angular spectrumof (i,.ef could
be utilized during the opti,cal design of the systemto
achi eve the desired- refledtance of the overall l'ight

according to the specific requirenments of each system
traps ithimsidef thec subsieatof2Q hy totekintesial excflentionur facplated here, the

d b hi gh bl
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source onto the substrate. Assumi ng that the central
wave of the sourcs, &5 na(mil ]y incident onto the )]
substrate, i.e., ap =180, then the angle an" 1 between

. wherctlhﬁ t&é%ﬁﬁsﬁ% k@%ﬁ&gflurfacel and_ t he substra_t e pl ane
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the substrate 20 and couples light 38 froma display
solutiosur Aesiilat imipovmgmenidratib hokdafer iothérnsyisttend. HEo avoid an image
substrate 20 by total internal reflection. As plotted
with gﬂﬁs &r stipes, $ho Jt@ppbd Hight shouldeoverf thecentirg arga faddbe dOE. To

e substrate su

ensure, figs.c et St f@rrﬁmkihk&@mm Skdeal e weflective
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smgle%vzfv by BYo o! gt Fgaﬁkﬂaf: ehfer 18 stbRrapt ?%E?Hﬂlﬁgrenttlﬂcatmns a

nprovenment rati o ro
ray 38a\thheilhimihatedvdirettBntieBeEndany TimeIPRSar] adthePesy 38B8vhich is
trapped |ight should cover the entire area of the LCE
first r3lectedshy ¢he mefectime guofaces® randhthdmo bydthey ldwee sdfface 42 of
bet ween .t he edge of the reflective surface 16 and the

substr%rs&@for%l« mléatmgﬁxebcmdmbbmate 20 shoul d be
| um. nat

AL I fh@r g@»@%’#g avs raigatie e Gpire Bea YR reflecting
Surfacgraﬁlﬁegr{g Iﬁq@?% goql %e 54 %Sa%:léhﬁlt Lh\.{mma esp grlfrf]:zgga[ Xof 2 ??: 2T tan(o)

on the substraie surface. On the other hand, the projection of a reflection surface 22

on the substrate plane, is 5; = T tan(og,). To avoid either overlapping or gaps
between the reflecting surfaces, the projection of each surface is adjacent to its
neighbor. Hence, the number N of reflecting surfaces 22 through which each coupled
ray passes during one cycle (i.e., between two reflections from the same surface of the
substrate) is:

25, 2T -co¥(a,,,) (10)

N = =
SZ T C'Ot(a:nr?.)

In this example, where o> = 25° and o, = 25°, the solution is N = 2; that is,
each ray passes through two different surfaces during one cycle.
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,



first reflected by the reflecting surface 16 and then
by the |l ower surface 42 of substrate before
illumnating the boundary Iine. Assum ng that the

coupl ed wave illum nates the entire area of the
reflecting surface, after reflection fromthe surface
16, it illumnates an area of 2S1 = 2T tan(a) on the

substrate surface. On the B her hand, the projection
of a reflection surface 22 on the substrate pl ane, is_
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an anglebR,£8 508 0kheeahe incdess amyle s 253, Bhrtad] the enerdyyof the ray is
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viewer. As can_be seen, in each cycle the coug}lﬂed "BV is:
surfaces@d susad tooupleihgightfonte thegyesel s xenerpthe maximal FOV is:

2Ttane,,, —d,, (11)
R

epe

FOV,_,, =

Hence, for the same parameters of the examples above, the limiting substrate
thickness fof an FOV of 8° is in the ordet of 2.8 mm; for FOVs of 15° and 39", the
limiting subsﬁaw 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 embodiments where a relatively small FOV is utilized, a single partially

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



at an angle of a';,, =130, whereby the angl e between
the ray and the normal to the reflecting surfaces is
--75. The reflections fromthese surfaces are
negligible. In addition, the ray passes tw ce at 44
through the reflecting surface 22, in each cycle, at
an angle of a;,, = 50, where the incident angle is 25.

Part of the energy of the ﬂéy is coupled out of the
substrate. Assum ng that one array of two selectively
paraméfd:eR},j #R5 siinf,aggs= 72° aad WBed mm,coopderdtb FOVaift 17° can be

onto the eye of a viewer, the.maximal FOV is:
achievedt areanwvith a(single mRE8ecting surfacer22. hPatiof tharayewaltlscross the
‘ of the exanpl es .above, the limting substr
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norma$ ¢ 8RE isviefa¥e tit |16 ¢hihes isdlidedCRs 122 off-ARis| INBvetth8less, for many
substrate thickness for FOVs of 15 and 30 is

applicatpgrisothiisnist alcgptable. mm and 3.9 nmm respectivel y.
Simlarly additional reflecting surfaces nmay be

i idasieated tin, Figndngaeh selestivelyveeflestiog, suréangcis iliumainated by
oo G Berg el i b ) e b s
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surfack S(FE, PnigAeg o7 réys T nvoldeclyeRiesdd XEBheif the partially
reflectiigf ket A6s hd absrefore Ravet a dbwiePeintetidiiyM Th £diR&% iheges of
surface 22 several tines before being coupled out into

unifortrh drifgenesd chmpaisabon 8 mequitdte fom themaliffprenpegani dmensities
angl e inside the substrate to achieve the .
betwegrpilg different ppriiass| afctheomageo ntidepdn codingBite raflasting| surfaces

e G S 7 S PR 5
refloctf S BEMRRC 50, bORoBI ALl ot IRee fibeBl 51 o1
- NeNGhEP E{sz:ﬁﬁal hOf-ufFO it AR hE Mty idlhge bght occur due to the

accepta
different reflection sequences of different rays that reach each selectively reflecting

surface:-some rays arrive directly without a reflection from a selectively reflecting
surface; other -rays arrive after one or more such reflections. This effect is illustrated
in Fig. 8. A ray intersects the first selectively reflecting surface 22 at the point 52.
The incident angle of the ray is 25° and a portion of the ray’s energy is coupled out of
the substrate. The ray then intersects the same selectively reflecting surface at point
43 at an mcident angle of 75° without noticeable reﬂectioﬁ, 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. 10, undergoes only one
reflection from the same surface. A gfeafcer number of multiple reflections occur at

smaller incident angles. Therefore, one method to compensate for non-uniformity



As illustrated in Fig. 9, each selectively reflecting
surface is illumnated by optical rays of different
intensities. Wiile the right surface 46 is illum nated
by rays imediately after they are reflected fromthe
| ower face 48 of the substrate 20, the left surface
50 is illumnated by rays that have al ready passed
through the partially reflétting surface 46 and
therefore have a |ower intensity. To achi eve i mages of

that resuftorfirodar sech neakipledneesetiongnid Jor prpvideda fovatinewhere the
differences in intensities between the different
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portion of the ray's energy is coupled out of the
non-suifostityt due tontheomuitipe infeesactpn dffeats candotdhe thlerated. For these
undergoes only one reflection fromthe sane surface.
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be debigntdleh¥n §6R %?ﬁ%hﬁwfi@i a |4rd6 Arel. Thehen %eéasb ncoatmg the reﬂectmg
mul tiple-intersection effects. Nevertheless, in
surfaqesaZ iwith differcnt rmatmgy,ewhejebyahesrﬁlegtarﬁ:emsurface 46 is lower

varl atl ons in _brightness which remain unnoti ced. For
than Hearellastance af §pﬁ%§g 5Q rﬁ&eeefg i Mt dgeaned fally eompensgte for the

uneven Llﬁlmmggog.efx gorsgl%lle s<§lu¥l gn 1s to use a non-uniform reflecting coating for

each one of the partially reflecting surfaces, to compensate for the non-uniformity and
to achieve an image of uniform brightness over the entire FOV. The simplest
correction method is to set, for each reflecting surface, the reflectance to increase
monotonically along the propagation direction of the trapped rays. This increase can
be either continuous or gradual. For instance, as'illustrated in Fig. 8, the reflectance at
point 54 is higher than at point 52. However, more accurate constructional methods

can be applied.



viewi ng angle and focuses it onto one point on the

retina, and since the response curve of the eye is

| ogarithmc, small variations, if any, in the

di splay's brightness will not be noticeable.

Therefore, even for noderate |evels of illumnation
uniformty wthin the display, a human eye

experiences a high-quality Ii5mage. The required
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surfagysopidsissivaylddigrnthe ddsirod refddatandehi s effect. Here, a
single plane wave 56, representing a particular .
viFem Hgilstrates3syo mﬁf_@mnhmté@nsmfﬁ first weflectipgovstage 146 (Fig.

f . .
9) haa\lr{[{ga%/wg different reflectance curves. Assuming that the designated reflecting

angles for points 52 and 54 (Fig. 8) are 35° and 25° respectively, and that the requjred
reflectance for both angles is 30%, it is desired that fhe reflectance of the first section
of rays with a 25° incident angle is minimized. Therefore, as illustrated in Fig. 11,
reflectance at point 52 is 30% and ~0% at the incident angles of 35° and 25°
respectively, while the reflectance at point 54 is 30% and ~0% at the incident angles
of 25° and 15° respectively. Naturally, the reflectance curve of the coating can be
changed either gradually or continubusly as a function of the lateral axis in this case

as well.



partially reflecting surfaces 22. Thus, for each point
on the partially reflecting surface, a nom nal
view ng angle is defined, and the reflectance is
desi gned according to this angle. The design of the
coatings of the various partially reflecting surfaces
of the LCE is perforned as follows: For each
particular angle, aray is 1|§I otted (taking into
account the refraction due to Snell's law) fromthe
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the designated reflecting angles for points 52 and 54
substigll.g. 8) are 35 and 25 respectively, and that the

reguire refl.ec for, both anal es, s, 30% 'it,]| .
8t satttng osifiet FORT in 205, 2880 BioBRns Spitd Marpigter lescribed
r W -1 | n S
abovd, 46 i pErpl HEARSn, 8% fgh? 1WA e sl QLGS Ruted dhat
-frheatidnn 81dnpC bigke Bt 2R ¥adedXoupled into th
the lor%%i%ggﬁlve ye",’fltsl ni ?gddtkﬁgﬁfe Ia%gtgiﬁgé@g?ﬁ%oi nt 54 olug t13%001/]3 ©
subst@fl is %({{ﬁiréﬁ HyNS, ENTi g0k, RNaAesubstfate? Shightless of T=4 mm yields
respectively. turall'y, the reflectance curve of the
S; = &6 aihngSeaninpdy, tHrahged] eixtdntrofgihedL@B ys divefold larger than the
continuously as_a function of the lateral axis in this
longimdiml dimensioh. Eeen Thusanf amageorspgct hsicrol 48 diag Witk asstandard
. axis has been discussed. The FOV al ong the rthogio(%g:ll ..
video- display} asfddbe FQVsin Bee coasisger 4, tipaequied laigil gension is

approymaishy a¢eiel Yilf EPGER gt e e db 15E oPR Aineon. This
asyméa%&glslgtcﬁégieggéqn%{%' :?cﬂ@a?ﬂl% £ With #hphChuiBfichBPirture, or a

very large display source are required. In any case, with such numerical values

dimensions, it is impossible to achieve the desired compact system.

Figure 12 illustrates an alternative method to expand the beam along both axes
utilizing a double LOE configuration. The input wave is coupled intd the first LOE
20a by the first reflecting surface 16a and then propagating along the £ axis. The
partially reflecting surfaces 22a couple the light out of LOE 20a into the second LOE
20b by the reflecting surface 16b. The light is then propagated along the 1 axis, and
then coupled out by the selectively reflecting surfaces 22b. As shown, the original
beam is expanded along both axes where the overall expansion is determined by the
ratio between tﬁc lateral dimensions of the elements 16a and 22b respectively. The

embodiment illustrated in Fig, 12 is just an example of a double-LOE setup. Other



substrate. The maxi mum achi evable FOV along the il.

axis is: F.OI Dn -dam (12) " > REYE + 1 /(v sin a.)

wherein D,, is the lateral dinmension along rl axis of

the i nput waves coupled into the substrate. That is,

if the desired FOV is 30, then by using the sane

paraneters described above, the [imting | ateral

dinmension is 42 nm It was Breviously denonstrated

that the |ongitudinal dinmension along the i; axis of
confighirgtiompwhemptes o ehptecl OB retdognbised sogather ts friny @dmplicated

y S1 = T tan((qgq ). A substrate thickness of T = 4 nmm .
opticay spstems a8 alse. ossthle Sderiexgmple, ttheee different subistmtespthe coating

the LCE is fivefold |larger than the |ongitudinal

of eachj bping devignes) &or pR 04D Hirge basiscolomarah bsrcamimed o produce
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combiafibh ¥Tahice differ&ft! inoRBERrdn AR Gisplalsoarddsa3 reqitREd GRlorder to
aperture, or a very l|large display Source are.

creater thg Uit dmadge. ajtiersaare mainyhotherc Bxanpiesiinawhial seeeral substrates
dimensions, it is inpossible to achieve the desired :
can beoomphineddogetbar to-foym 8 morei complicatadesystgmal t er nat i ve

el b S5 8 I st bR e
considefod abdVe el ity atTmpeeRonty Atk comppgt optics
: ' refl j . 22 le the |ight t
for difithy pbibttoRty Rl R P23 0b by the ref | acti ng
1 ls'Fhé Pt ;dg lay BButdedbtn bé 1éduedd pél?ﬁ%?é afl ey Qutsktiabe do that the

axi s, t hen coupl ed out by e selectively

overall ebptéval i sygtesmrit avwy 28impadis anl oghtwichghtoroffeniag arbaaparalieled
. i s expanded al ong both axes where the overall
form-fackemsi on is determined by the ratio between the

| ateral di mensjons of the, el ementnz_ 16a.and 22b

2)  rlsgertryel othere COBIRAGH; dighleY | qoniigurations. i theppgesent invention
offers.fkibRiy 3% G BRHEREOT s B ReaBbRrefEF s dpe cyepiece
This AQLEHRE cdribinelWRRTRE 26f1§ o locate the source close to the expanding

substrate, alleviates the need to use an off-axis optical configuration that is common

to other display systems. In addition, since the input aperture of the LOE is much
smaller than the active area of the output aperture, the numerical aperture of the
collimating lens 6 (Fig. 1) is much smaller than required for a comparable
conventional 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
compensated 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



optical systens are al so possible. For exanple, three
di fferent substrates, the coating of each being
desi gned for one of the three basic colors, can be
conbined to produce a three-color display system In
that case, each substrate is transparent with respect
to the other two colors. Such a system can be usef ul
for applications in which al8conmbination of three
di fferent nonochromatic di splay-sources is required in
LOE bades nkgligiblestaveldngth-idepbndemgeenstititree higtequality cdlberdisplays
exanpl es-in which several substrates can be conbi ned
with highetdodutions.f orm a nore conplicated system In
general ,_ all the djfferen{ configurafionsg.of t

4) I pwe-cach pemidrerdhe insehierlay db Hap dgmgfa@pf@ve that is
reflecii 8 % oE e JUEREH HEGR, 1Bfec b OF ) el by, e
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vieweY ¥a) $eRh8 Entid dicld-afvievdBhd thé %Zéirﬂ@ti@d‘-bbﬂrlﬁi_habé eigedficantly
formfactor. 2) In contrast to other conpact display
largercthaf g otk iconmpact Gsplayesefiguratiens. i on  of fers
flexibility as to location of the input display source

5)  rSineeia darge parcokihepindensity s tha display sQupce ébRBYRISE into the
b, o i Ao ) G503 5508 el o coupe
out b PR FPUE Y] WAL 8P S HfbacyER TRD bhflposs con be

achiePREES @%tﬁgdiﬁo{ﬂltﬁ% LG%rcks vt Thw ?EW& %mhﬁﬁgll’iéﬂe active

area o ut aperture, the numeric aperture of

t P, 10GHhbtEeE B chtitilimehtbo thelprebentetntidpld whidthie LOE 20
required for a conparable conventional inmaging

is embgddednin afoeyzeglasses|fyame $i8grilfe depldyysowce4cthevenilimating lens 6,
opti cal systemcan be inplenented and the many
-and thg folding lanss7hesoassembledinside the axnspetions /2 ghthe pyerelasses
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t spectrum Hence, nmonochr ofati ¢ an
poweP LisIyT m@?thlaﬁlxgﬁrﬁﬂc $OUE eeanstbletdiant 5 beti & Bady78 or other
sources. e
communication means including radio or optical fransmission. Alternatively, a

battery and miniature data link electronics can be integrated in the eye-glasses frame.
The embodiment described above can serve in both see-through and
non-see-through systems. In the latter case opaque layers are located in froﬁt of the
LOE. 1t is not necessary to occlude the entire LOE, typically only the active area,
where the display is visible needs to be blocked. A_s 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. Alterhatively, a variable filter can be placed in front of the system
in such a way that the viewer can control the level of brightness of the light emerging

from the external scene. This variable filter could be either a mechanically controlled



LCE has a negligi bl e wavel engt h- dependence ensuri ng

hi gh-qual ity col or displays wth high resolutions. 4)
Si nce each point fromthe input display is transforned
into a plane wave that is reflected into the eye of
the viewer froma large part of the reflecting array,
the tolerances on the exact |ocation of the eye can
be significantly relaxed. Agpsuch, the viewer can see
the entire field-of-view, and the eye-notion-box can

covioR§h 354 s B 850 SRR BofPes, BBl ot
devick! 80 &y dhSRiBhatieY Hgﬁlcla,s vﬂ?étebf%b Ng@ndrhfttance of the filter is

substrate, and since arge portion of this coupled
deterr@RIANYy tife briglemeseof trrekteniabbackgrouhd) e titvthel ®o athieve the

the viewer, a display of conparatively high brightness
requirednviréable dhansmetiance filter tik diwssl elgcochropucwnateriatsyvin order to

.power consunpti on. F_ig'.O 13 i]lustrates,an enmhodi ngnt )
proviée elastrignl coake! phopHEbmaRsmilanes, Whereiiomaterials with electrically

connggaﬁ% ophcal OPEGIoR At EEDPEIE B0 SRR By
| oy Bk o B BRARELLS AL AR, W e P OF can e
utilizéeﬁl Wis Rbodneate THE Yikifbstt 619(1&% fhoPseS R l#iﬁ?gieie‘ienEx%ﬂt for one

ctronic elenment such as a snall CRT, LCD, or OL
eye. Wimtler optivn Bl teaisean elembht ahdra displayi ey faosacheeye, but with
m ght be assenbled inside the back portion of the arm
the sazge imagpondicrsatpysly itas possible tnpeyjectdeordiffarent parts of the same
. connectable to arm72 by a | ead 78 g ot her :
image, gwith sPESt 9\l apelEtWern dhe BWVA § YRR AT [wg@pWilfleaFOV- Yet another

ransm.ssion. Al ter tivel%e,é]a bat,t er hand m ni
SHEFnP i

possibilith 3 15 PrBieet (n iR rE 88 e oy Ha order iS create a
stereogsérsgg Iﬁﬁé%es fWﬁﬂEt}?% I%ﬁegrggf%i %at%sﬁﬁ{)]%ﬁ%n?%?&ﬁ &% possible,

ot h 'see-throu and “non-see-throug

inclu@ingi® BBnendiondl tnbviks,eldvaAsed ORAM PedlRY Sl Bindd L sy et Hd others.
infront of the LOE It is not necessary to occlude

t Mheevhibodlimeht dfy PligallBy ionjust tdre exaniple dhetatinghdiee simple
. the display is visible needs to be bl ocked. As such,
implententation of tha prasesuingyention. Sinee phw syhtsératd-guidsidooptisfal element,

the user is maintained, replicating the view ng, .
constyRHBE | theceoTsf Ola thee §YHEMe riS oYery ¢unpaGts3h ligdpweight,i i could be
. jch such peripheral vision rves an iportant,.
installigh s F68 vATRey RO A Sne iy | GEnYS: e pfHiR cbidipepts are also

-LCAN: (o N f . . y st i S, ! |ﬁf] .
P 0851?%&'&? 'ﬁ‘g’lngi g\j\d‘g?&é a%%g%dr%? é o(fhgﬁlr?z’ I%le;ﬁ{eqnocb)&’br [ gﬁg nﬁsgn%? - This
embddiBehi BhleSpRAt68 T8r applications where the display should be near-to-eye:
head-mounted, head-worn or head-carried. '

| The embodiment described above is a mono-ocular optical system, that is, the
image is projected onto a single eye. There are, however, applications, such as
head-up displays (HUD), wherein it is desired to project an image onto both eyes.
Until fecently, HUD systems have been used mainly in advanced combat and civilian
aircraft. There have been numerous proposals and designs, of late, to install a HUD
in front of a car driver in ordér 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



fromthe external scene. This variable filter could be

either a nmechanically controlled 19 device such as a

folding filter, or two rotating polarizers, an

el ectronically controlled device, or even an

automati c device, whereby the transmttance of the

filter is determ ned by the brightness of the

ext ernal background. One méPhod to achieve the

required variable transmttance filter is to use
thousaglde aifr dsllureni In additionaltse iexistingesystems mrowery large, heavy, and

el ectrical control of optical transmttance, gei n
bulky,nend rreaken whntbessasae Hpe anstpllatiomin ﬁﬁ!@llea’éﬁa% t alone a car.
prope
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therefé¥el i aNgotbN@AlYy biitdtde fosbofil enprovigpbeaerdspace HWE s well as
parts 'of the same inmage, wWith some overlap between
introdtdiag tavepmeyas, inexpérisivey cansumer veiginn farithe abtoveetive industry.

possibility is to project two di.fferen enes, ope to
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third reflesting birfacestdng vidck coliplebehs lightont inso ther gyes@paithe viewer.
and lightweight, it could be installed in a vast
The owarilkbsystein aandrgyeesntoompashaad lightweigheroktko ¢izrepf s large

are also possible including a visor,_ a foldin .
postcarilhavipg an thigkeeaseof @nge"}‘ralﬁ‘ahﬁiﬁt@fs- THhE d@&ﬁ% Sgurce, jheving a
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applications, such as head-up displays (HUD), wherein
complitate® tH@s thie thstallapion 6fa dmplermgemetoiltmidio eystem. Moreover,
Until recently, HUD systens have been used mainly in
since ater@n i doc nebdtfoart extérhahilisplay coufee fohdmageapeojection, the

been nunerous proposal s and_ desi gns,. o& late, to
necessiggtoainistall ¢aopponents in unsafe places is avoided.

Since the exit pupil of a typical HUD system is much larger than that of a
head-mounted system, it is expected that a double-LOE configuration, as described
above with reference to Fig 12, will be needed to achieve the desired FOV There may
be some special cases, however, including systems with small vertical FOVs, or with
a vertical LED array as a display source, in which a éingle—LOE configuration would
suffice.

The embodiments illustrated in Fig. 14 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



in front of a car driver in order to assist in driving

navi gation or to project a thermal inmage into his

eyes during lowvisibility conditions. Current

aerospace HUD systens are very -expensive, the price

of a single unit being in the order of hundreds of 20

t housands of dollars. In addition, the existing

systens are very |arge, he@dy, and bul ky, and are too
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system 1t is expected that a double-L

be res@6i BUBRS bpder 85 Aleas! ithe obtalaabR WOV sehrd&@ndsc; dence, the
Fig 12, will be needed to achi eve the desired FOV

informitésrecomtynt, eepevdally apfariasltextas eoncimedyven thesadispdaysis limited.
systems with small vertical FOVS, or with . .

A significant improvement in the projected FOV can be made with the embodiment

illustrated in Fig. 10. The image is focused at infinity, and the screen can be located
much closer to the eyes of the viewer. In addition, since each eye sees a different part
of_ the total filed-of-view (TFOV), with an overlap at its center, another increase in the
TFOV may be achieved. Therefore, a display with an FOV of 40° or larger is
feasible.

In all of the embodiments of the invention described above, the image
transmitted by the LOE is focused to infinity. However, there are applications or
users where the transmitted image should be focused to a closer distance, for

example, for people who suffer from myopia and cannot see properly images located



a vertical LED array as a display source, in which a
single-LOE configuration would suffice. The

enbodi ments illustrated in Fig. 14 can be inpl enent ed
for other applications, in addition to HUD systens
for vehicles. One possible utilization of these
enbodi nents is as a flat display for a conputer or

tel evision. The main uni que221 characteristic of such
a display is that the image is not |ocated at the
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a head- nount ed di spl ay. hernore, the present-
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viewer’s eye, if required.

The lenses 82 and 88 which are plotted in Figs. 15 and 16 are simple
plano-concave and plano-convex lenses respectively. However, to keep the planar
shape of the LOE it is possible to utilize instead Fresnel lenses, which can be made of
thin molded plastic plates with fine steps. Moreover, an alternative way to materialize
the lenses 82 or 88, instead of as fixed lenses as described above, is to exploit
electronically controlied dynamic lenses. There are applications where it is required that
the user will be able not only to see a non-collimated image but also to control
dynémically the focus of the image. Recenﬂy, it has been shown that a high resolution,
spatial light modulator (SLM) can be used to form a holographic element. Presently, fhe

most popular sources for that purpose are LCD devices, but other dynainic SLM devices



of the total filed-of-view (TFOV), wth an overlap at
its center, another increase in the TFOV nay be
achi eved. Therefore, a display with an FOV of 40 or
larger is feasible. In all of the enbodiments of the
i nvention described above, the image transmtted by
the LOE is focused to infinity. However, there are
applications or wusers wher é3the transmitted i mge
shoul d be focused to a closer distance, for exanple,
can tearsed @spredl. whigls nésobutidn; dynamipliensasriv: ving soteraskelundred lines/mm
proper]y inmages [ocated.22 at |gng distances. Fig. 15
are K ar THis 95 el 4700 FiDicali AoBRENd sas Kanbe wiedeas A desired
' ' ks I ihaf i ni S .
cynallleelc AL T o PSR M0enudd), RER g BRIB il sbove in
conjuh6tiom ithEigss B3 hae 160 Theréfora} thayp@htdd Vahi Rtdrihine and set, in real
. reflective surfaces 22 into the ‘eye 24 of the viewer.
time, thg: exgeh foeal plandsefdab thevirmet image projepted by the LOE and the real
. copveni ent di.stance and optionally corrects other
MMagey &?ﬁﬁﬁﬁﬁgjﬂfwthe viewer's eye, including :
as{ [ [ : I an be at.tached .
r ot AT, AT, BoBR SIBRSA e R el o Bl b 30 Himited 1o
the dEQWBVSY ther fdrREDirdl ARt efMokimentE AL MR IR BEER invention
the lens and the substrate to ensure the trappi‘ng o
may bhembodizd inather smicilic formsswithbutedepartiyg faindthe Bhiek Bkssential
.reflection. In addition, in all of the enbodi nents of
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inten8@R) Wleinbbstea theRsarate 20 by a reflecting surface
22 and then reflected by an array of partially
reflective surfaces 22 into the eye 24 of the viewer.
Anot her scene inmage 86.froma close distance is
collimated to infinity by a lens 88 and then passed
t hrough the substrate 20 into the eye. The lens 82
focuses images 80 and 86 to a conveni ent distance,
usually the original distance of the external scene
86, and corrects other aberrations of the viewer's
eye, if required.



The I enses 82 and 88 which are plotted in Figs. 15 and
16 are sinple plano-concave and pl ano-convex | enses
respectively. However, to keep the planar shape of
the LOE it is possible to utilize instead Fresne

| enses, which can be made of 2¢hin nol ded plastic
plates with fine steps. Mreover, an alternative way
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A EAMED IS gescribed above, is to expl oi t

1eI ec ron*,(g(:ﬂzi]lll , contralled dynamic | enses. There are
appl PR APHEhdeVife CMPISING r equired that the user will

be apl ot only to. se non-col | i mat ed i mage, but
al sot (M EGHERORto SPRSTRe IV, ARt BRI e e garalel to each
I it has been shown that a high resol ution,
Otg%gtl a‘%&qels’ght nmodul at or (SLM can be used to forma

hol ogKRRAL fiai!BRRAL - Presently, the nost popul ar
sources%grgthat pur pose are LCD devices, but other

dy nagptiealThbAsteior e88pliRg lightflorRné igit s%ﬁrdé’lelhio- sag& ggbstrate by internal

resolution, dynam c | ensSes having several hundr
reflédtios/an@ are known. This kind of electro-optically
controlled | enses can be used as the desired dynamc

el eratidast bne phaially efledting suikik ilcvated iRghe adbsifatd WBich is non-parallel
fixed | enses descri bed above in conjunction with

to Baigsnajdisswiiaded 6f thd kebsifate,e, t he operator can determ ne
and set, inreal tinme, the exact focal planes of both
charasteyized indthai saidysoyrce pmits dghtlwaveh ocatl inadivdndfialdaf- view, that said
_image of the external view. It will be evident to )
lighthwaessrier Pelimated: Hat ant angilar reselution éndefined; for setd optical device,
limted to the details of the foregoi n% illustrated )
whefsid dhaeanosian dpviatign between @swnbvg ﬁ%@fﬁn dJays fegatesd in one of said

coffPgffc gt WHye: 5 oIS QP APt FOSiIBS. ¢ her cof | The
T R g

forzc%glgﬁgg[ifhg lrbzmld'nés%renﬁ 'Iﬁ%? rﬁﬁéﬂ frétglﬁg)?%sg'l%eﬂ%ﬁtag? is illuminated by two

diffdRME Fér*@tf}oﬂvon@&dsa"fﬁ {;oiﬁ‘ngtrég %ﬁht WS qh%%'ﬁ?er%é Bidberaf€in two different
meani g and range of equivaFency of the Clains are.

lochtitiseid e intended to be enbraced therein. 24 WHAT
IS CLAIMED I'S: 1. An optical device, conprising:

wherein said plane wave-reflecting surface is disposed at an angle to said major
surfaces to cause one of the rays to illuminate directly said boundary line, and a second of
the rays to be reflected by the other of the major surfaces of the substrate before
illuminating said boundary line.
2. The optical device according to claim 1, wherein said at least one partially reflecting
surface couples the collimated light waves trapped by internal reflection out of said
substrate.
3. The optical device according to claim 1, wherein collimated light waves located in
said field-of view reach an eye of an observer.
4, The optical device according to claim 1, wherein the reflectance of said at least one

partially reflecting surface, is a non-uniform coating.



alight-transmtting substrate having at |east two
maj or surfaces parallel to each other and edges; a
di splay light source; optical nmeans for coupling |ight
fromthe |light source into said substrate by interna
reflection, and at |east one @artially reflecting
surface |located in the substrate which is non-paralle
to said major surfaces of the substrate, characterized
S n t e orfisabidevics according to ¢lpight, whereis the ceflestinica of said at least one
given field-of- view, that said |Iight waves are
PW'W%‘@GQ syifage, ghanges mManclanisy-ut i on i s defined for

sai ti ca devi ce, _wherein the anlgul ar devi ati

6-pet O%H%‘ {exireaqePEtinghio Fais 1 wheteBdhe feflsrtanse Og apig at least one
s, spal | h d |
PTG et a8 B8 M0i nt o the boundary
7 n e REHERRS 980" o B ox g ot et oo
| di f f f
PR lng e P8 Frbol s bt onter the

8. Substtheadfichinidvite éé:b&fdﬁ{getﬁtc!anlnop HHPER theRMWBRES bNsaid at least one
sai d plane wave-reflecting surface is disposed at an

paftialy fefleBtirPifatpRiducss b fidRIest view uifRAN Brighti@sg.ays
to1tllumnate directly said boundary i ne, 8

9. secame aplicaltdegice axsortinglte danl 1€ wherkih yhe Meahh@é oPfaid at least one
the major surfaces of the substrate before

paitiallyrefleetingsyirfase grddaoesa figid|of riew tavinghe pedefinsd britginiess.
according to claiml1l, wherein said at |east one

10par tThaloptical eieviee aceryding o fobaine ¢ svnerais saidedispddy lighdtsedree is a liquid

i ght waves trapped by internal reflection out of said

crysigbdisplaye. 3. The optical device according to claim 1,
wherein collimated |ight waves |ocated in said _

14 ellhe cﬁptlwleﬂé@\fw@ae%oa%n@;ﬁ@ dAimah, whekeiny said display,dight source is an

devi ce according to claim1, wherein the

opfic
OrQPEFI"QSQ%{H'g@Qd*O@a‘?'W% | east one partl ally reflecting
a .non-uni.f orm copa tical

12,0, TR SBD T ARG A B A Weref S0 By QR LaRtEce is a virual
retifll idhd, at | east one

13.  The optical device according torclaim 1, wherein said display light source is a liquid
crystal display light source opefating in such a way that the Fourier transform of the desired
image is formed on the plane of said liquid crystal display.

14. The optical device according to claim 1, wherein said substrate is partially
transparent, to enable see-through operation.

15. 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.

16. The optical device according to claim 1, further comprising a variable transmittance

surface located so as to attenuate the entrance of light traversing the



partially reflecting surface, changes nonotonically.

6. The optical device according to claim1, wherein

the reflectance of said at | east one partially

reflecting surface, changes gradually. 7. The optica

devi ce according to claim1, viferein the reflectance

of said at |least one partially reflecting surface,

changes continuously. 8. The optical device according
sikstiglenifon controlling bielbrighthese of light passingthrasghgaist devicesirom an external
one partially reflecting surface produces a field of

S&A"€w havi ng uni form bri ghtness. 9. The optical device

1@::002@ 8%%2 q g%%l'r g%i%ir@'%] ?égl'ya@raﬁgﬁ\g érfglﬁ te%%?@%@ég ogsaud variable
o Ao SR RSB e o v

h%sﬁ%t light source is a liquid cryst al display. 11.
he op |cal devi ce according to claim1, wherein said

1 Sj' S p'h?é’oﬂ)tlcgmev?c%“é&ﬁhdlﬁ%ﬁﬁcl ﬂf Yalh&Genl &m atqg‘égttdnﬁg;artially reflecting

di ode displ ay ‘devi ce accor
sutlagé PeflbctsHhphed Wa%é'é ﬁlltdj‘a %%&%nldagﬂfatépw rBSch §otﬁ oyes of an observer.
virtual retinal display. . The optical devic

1accorké bptidap delied f‘aobordiﬂ'gfl@lcﬂalrﬁa OwRibre i §:¥d|dé§lﬁﬂe is mounted in an
source is a liquid crystal dlsplay i ght source

eyeplassds fragmé.n such a way that the Fourier transform of
the desired image is fornmed on the plane of said

201 i quiihe aptiysltdeivicdizepbraing th4laimHe woptdie aid device és located in a head-up-
according to claiml, wherein said substrate is

displavtial |y transparent, to enabl e see-through
operation. 15. The opt| cal device according to claim

213 fThetondicalcdaving ataeqding tostainel, Juthesomprisingt 2 dersniocated next to
in_said substrate, so as to block the entrance of

ong iof e rpaigy e iRy ot e substsateat e from an ext er nal

opti cal device according to claim

s ce 3
22¢ | 1 FBOR ﬁ#drqvgqer@ccgrw 10, 6N 21 A HURRSIT SREENS i @ra@ehthalmrc lens

attenuate the entrance of |ight

d _so
% %Rfléf ﬁoﬁﬁcﬁ%@wﬁ'@o”%ﬂ HSYPUPES ¥%r controlling the
23 bri QH% %?ﬁc,seil gév:cé %cécon’:';l a3 %c'; P:I%lntl I? t%HﬂQr go%&lsgn%va Celhmap ing iens located

an ex
next to the second of said major surfaces of the substrate.
24.  The optical device according to claim 23, wherein said lens is a focusing lens
designed to focus a collimating image to a predefined distance.
25.  The optical device according to claim 23, wherein said lens is a Fresnel lens.
26. The optical device according to claim 23, wherein said lens is a dynamic lens.
27. The optical device according to claim 26, wherein said dynamic lens is an
electronically controlied lens.

28. The optical device according to claim 24, wherein said collimating lens is a Fresnel

lens.

29. The optical device according to claim 24, wherein said collimating lens is a dynamic

lens.



17. The optical device according to claim16, wherein
the transmttance of said variable transmttance
surface is determ ned according to the brightness of
light directed to traverse the substrate. 18. The
optical device according to c2Zaim 1, wherein said at
| east one partially reflecting surface reflects
trapped waves into a direction calculated to reach )
30pot Hheyegticgt deiicabaegopding to1glainThed, owberell saidy dyeamic lens is an
ccording to claim1l, wherein said device is nounted
elqcﬁo%lﬁa“yégéﬁﬂg‘é’é@és frame. 20. The optical device
according to claim1, wherein said device is |ocated
in a head-up- display. 21. The optical device
according to claim1, further conprising a |l ens
| ocated next to one of the major surfaces of the
substrate. 22. The optical device according to claim
21, wherein said lens is an ophthal mc |lens designed
to correct aberrations of a viewer's eye. 23. The
optical device according to claim1, further
conprising a collimating |l ens |located next to the
second of said major surfaces of the substrate. 24.
The optical device according to claim 23, wherein said
lens is a focusing |l ens designed to focus a
collimating image to a predefined distance. 25. The
opti cal device according to claim 23, wherein said
lens is a Fresnel lens. 26. The optical device
according to claim23, wherein said lens is a dynam c
| ens. 27. The optical device according to claim 26,
wherein said dynamic lens is an electronically
controlled Il ens. 28. The optical device according to
claim24, wherein said collimating lens is a Fresne
| ens. 29. The optical device according to claim 24,
wherein said collimating lens is a dynamc |lens. 27
30. The optical device according to claim 29, wherein
said dynamic lens is an electronically controlled
| ens.



