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Optical Systems including Light-Guide Optical Elements with Two-Dimensional Expansion

FIELD AND BACKGROUND OF THE INVENTION

The present invention relates to oplical systems and, in particular, it concerns an optical
systemn mcluding a light-gwide optical element (LOE) for achieving optical aperture expansion.
Many near-cye display svstems mclude a transparent light-ginde optical element (LOE) or
“waveguide” placed before the eve of the user, which convevs an umage within the LOE by mternal
retlection and then couples out the image by a suitabie output coupling mechamism fowards the
cve of the user. The output couphng mechanism mayv be basced on embedded partial retlectors or
“facets”, or may employ a diffractive element. The description below will refer primanly to a

facet-based coupling-out arrangement.

SUMMARY OF THE INVENTION

The present mwvention 1s an optical system for directing image dlumination o an eve-
motion box for viewing by an ¢ve of a user.

According to the teachings of an embodiment of the present mvention there 1s provided,
an optical system for directing mmage thhummation njected mto at least one coupling-in region (o
an eye-motion box for viewing by an e¢ve of a user, the optical system comprising a hight-guide
optical clement (LOE) formed from transparent matenal, the LOE compnsing: {(a) a first region
contaming a first set of planar, mutually-paraliel, partiallv-reflecting surfaces having a first
oricntation; (b} the first region further contamung a second set of planar, mutually-parallel,
partially-refiecting surtaces having a sccond orientation non-paralici to the first orientation; {¢} a
second region contaming a third set of planar, mutually-parallel, partally-retlecting surtaces
having a third onentation non-paraliel to cach of the first onientation and the second ornentation;
{d} a set of mutually-paralic] major external surtaces, the major external surtaces extending across
the first and second regions such that the first set of partialiyv-reflecting surfaces, the second set of
parhially-reflecting surfaces and the third set of partally-reflecting surfaces are all located between
the major external surfaces, wherein the third set of partially-reflecting surfaces are at an obligue
angle to the major external surtaces so that a part of the image illumination propagating within the
LOE by mternal refiection at the major external surfaces from the first region mnto the second
region 15 coupled out of the LOE towards the eve-motion box, and wherein each of the first and
second sets of partially-reflecting surfaces 1s onented so that a part of the image ithimination

i
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propagating within the LOE by mfemal refiection at the major external surfaces from the at least
ong coupling-in region s deflected towards the second region.

According to a further feature of an embodiment of the present invention, the first set of
partialiyv-reficcting surfaces detlects a first part of a ficld of view of the 1mage towards the second
region and the second set of partialiv-reflecting surfaces deflects a second part of the ficld of view
ot the 1mage towards the second region, the first and second parts of the field of view combining
to provide a contimuous combined ficld of view larger than ecach of the first and second parts.

According to a further feature of an embodiment of the present mvention, each of the first
and second scts of partially-retiecting surtaces mchides a deflection surface contigured to reflect
a majority of the image llummation incident on the deflection surtace, the deflection surface bemng
deployed to be the first partially-reflecting surface of cach of the first and second sets of partially-
reflecting surfaces reached by the mmage illununation mjected into the at least one coupling-in
region.

According to a further feature of an embodunent of the present mvention, the deflection
surface of the first set of partially-reflecting surfaces and the detlection surtace of the second se
of partially-reflecting surfaces meet at a line.

According to a further feature of an embodiment of the present mvention, each of the first
and second sets of partially-retlecting surfaces mciudes a filler surface adjacent to the deflection
surface, the filler surface having a length measured paraliel to the major external surfaces that is
smaller than a length of the deflection surtace and smaller than a length of another partially-
reflecting surface adjacent to the filler surface.

According to a further feature of an embodiment of the present mvention, the first and
second scts of partially-retlecting surfaces each have a non-umiform spacing between the partially-
refiecting surtaces.

According to a further feature of an embodiment of the present mvention, each of the
partially-retiecting surfaces of the first and second sets of partially-reflecting surfaces has a length
measured parallel to the major external surfaces, each of the first and sccond sets of partially-
refiecting surfaces mciuding partialiv-reticcting surtaces having differing lengths.

According to a turther feature of an embodument of the present invention, the couphng-~n
region 1s 1n a middle third of a dimension of the LOE.

According to a turther feature of an embodiment of the present mvention, at least one edge
of the LOE adjacent to the first region of the LOE 1s implemented as a miurror surface perpendicuiar

to the major external surtaces, and wheremn a path of the image ithumination from the coupling-in
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region 1o the sccond region of the LOE mcludes at least one refiection from the muror surface of
the at least one edge of the LOE.

According to a further feature of an embodiment of the present mvention, there 1s also
provided an mmage projector configured o project mmage illumipation corresponding 1o a
coilimated image, the tmage projector being optically coupled to the LOE at the coupling-in region
5o as to mject the ynage ilumuination into the first region of the LOE so as to propagate within the
LOE by micrnal reflection at the major exiernal surfaces, the mmage tlummation bemg myecied
with an etfective optical aperture and an ctiective direction of propagation so as to be incident on
partiallyv-retiecting surtaces of both the first set of partialliv-refiecting surfaces and the second sct
of partiallv-reflecting surfaces.

According to a further fcature of an embodiment of the present mvention, a dimension of
the first set of partially-reflecting surfaces perpendicular to the eifective direction of propagation
is greater than a dimension of the second set of partialiv-reflecting surfaces perpendicuiar to the
etfective direction of propagation.

According to a further feature of an embodiment of the present mvention, an angle formed
between the partiallyv-refiecting surfaces of the first set of partiallyv-reflecting surfaces and the
cttective direction of propagation 1s smalicr than an angle tormed between the partiallv-retiecting
surfaces of the second set of partiallv-reflecting surtaces and the eltifcctive direction of propagation.

According to a further feature of an embodiment of the present mvention, there is also
provided a first image projector configured to project image tlumnation corresponding 1o a first

part of a collimated image, the first image projector being optically coupled to the LOE at a first

coupling-in region 80 as to micct the mmage dlummnation mnio the first region of the LOE 50 as to
propagate within the LOE by internal reflection at the major external surtaces and to be mcident
on partially-reflecting surfaces of the first set of partially-retlecting surfaces, and a second 1image
projector configured to project image dlummation corresponding to a second part of the collimated
inage, the second image projector being optically coupled to the LOE at a second coupling-1in
region so as to mject the image illumimation mto the first regiton of the LOE s0 as to propagate
within the LOE by internal retlection at the major external surfaces and to be mcident on partiatly-
reflecting surfaces of the sccond set of partiallv-retiecting surfaces, the first and second parts of
the collimated image combinimg at the eve-motion box to provide a combined 1mage.

According to a further feature of an embodimment of the present imvention, the first and
second sets of partially-retiecting surtaces are perpendicuiar 1o the major external surfaces of the

LOE.
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According to a further feature of an embodment of the present invention, the first and
second sets of partiallv-refiecting surfaces are obhique to the major external surfaces of the LOE.

There 15 also provided according to the teachings of an embodiment of the present
mvention, an optical svstem for delivering an mmage to an eve-motion box for viewing by an ¢ve
of a user, the oplical system comprising: (a) a hight-guide optical element (LUE) formed from
transparent maternial, the LOE compnsing an out-coupling set of planar, mutually-paraliel,
partially-retlecting surfaces and a set of mutually-parallel major external surtaces, the out-coupling
set of partially-refiecting surfaces bemg located between the major exiernal surfaces; (b} a first
image projector configured to project mmage dlummation corresponding to a first part of a
collimated vmage from an optical aperture, the vmage illununation following a first light path from
the optical aperture mto the LOE so as to propagate within the LOE by mternal retlection at the
major external surfaces and to be progressively coupled-out from the LOE by the out-couphing set
of partialiy-reficcting surfaces towards the eye-motion box, (¢} a sccond umage projecior

configured to project umage dlummation corresponding to a second part of a collimated image

from an optical aperture, the mimage illomination followimg a seccond light path from the optical
aperture mto the LOE 5o as to propagate withun the LOE by itemal refiection at the major external
surfaces and to be progressively coupled-out from the LOE by the out-couphling set of partially-
retlecting surtaces towards the eye-motion box, the first and second parts of the collimated image
combining at the eve-motion box to provide a combined mmage; {d) a {irst optical expansion
component comprising a first set of planar, mutually-parallel, partially-reflecting surfaces having
a first onientation, the first optical expansion component being deploved 1 the first light path so
as to expand the optical aperture of the first image projector and o direct the 1mage hight towards
the out-coupling set of partially-reflecting surtaces; and {¢} a sccond oplical expansion component
comprising a sccond st of planar, mutually-paralicl, partialiv-retlecting surfaces having a second
onentation, the second optical expansion component being deployved i the second hight path so as
to expand the optical aperture of the second image projector and to direct the image hight towards
the out-coupling set of partially-refiecting surfaces.

According to a further feature of an embodiment of the present mvention, the first optical
expansion component and the sccond optical expansion component are extemal components
optically coupled to the LOE, and wherein injection of the image tllummation from the first and
second image projectors nto the LOE occurs through the first and sccond optical expansion
components, respectively.

According to a further feature of an embodiment of the present mvention, the first and

second optical expansion components are each mmplemented m a slab having two major surfaces,

4
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wherein one of the major surfaces 1s optically coupled to a couphing-in surface associated with the
LOE.

According to a further feature of an embodument of the present mnvention, the coupling-in
surtace 1s obliquely angled relative to the major external surfaces of the LOE.

According to a further feature of an embodiment ot the present immvention, the slab of the
first optical expansion component 1s optically coupled to a first coupling-n surface associated with
the LOE and the slab of the second optical expansion component i1s optically coupled to a second
coupling-i1n surface associated with the LOE, the first and sccond coupling-in surtaces bemng non-
coplanar.

According to a further feature of an embodiment of the present mvention, the coupling-in
surface 1s coplanar with, or paraliel to, one of the major external surfaces of the LOE, and wheren
the LOE includes at least ong at least partially retlecting coupling-in surface.

According to a further feature of an embodiment of the present invention, the first set of
partially-reflecting surfaces and the second set of parhaliy-reflecting surtaces are located withun
the LOE between the major external surfaces of the LOE.

According to a further feature of an embodimment of the present mvention, the first and
second sets of partially-retiecting surtaces are perpendicular 1o the major external surfaces of the
LOE.

According to a further fecature of an embodiment of the present mvention, the first and
second sets of partiallyv-reflecting surtaces are obligue to the major extcrnal surtaces of the LOE.

According to a further teature of an embodiment of the present mvention, the first optical
expansion component further compnses a third set of mutually-paraliel partally-reflecting
surfaces non-paraliel to the first set of parttally-reflecting surfaces, the first and third scis of
partially refiecting surfaces expanding the optical aperture of the first image projector in opposite
divections and duecting the ymage hight fowards the out-coupling set of partiallv-retiecting
surfaces.

According to a further feature of an embodiment of the present invention, the first umage
projector has a central optical axis, and wheremn the third set of partiallv-retlecting surfaces has an
melination relative {o the central optical axis diffterent from an mchination of the first set of

partially-retlecting surtaces to the central axis.

BRIEF DESCRIPTION OF THE DRAWINGS

The mvention 1s herein described, by way of example only, with reference o the

accompanying drawings, wherein:

(A5
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FEGS. A and 1B are schematic 1sometric views of an oplical system umplemented using a
heht-guide optical element (1LOE), constructed and operative according to the teachings of a first
aspect of the present mvention, thustrating a top-down and a side-injection configuration,
respectively:

FIGS, 10 and 1D are schematic 1sometric views of an optical sysiem mmpiemented using a
ight-guide optical element (LOE), constructed and operative according to the teachings of a
further aspect of the present mwvention employving two image projectors for egach display,
iustrating a top-down and a side-injection configuration, respectively:

FiG. 2 15 a schematic plan view of an LOE configuration for impicmenting the optical
system of FIGH. 1A and 1B;

FIGS. 3-7 are schematic enlarged views of a first region of the LOE of FIG. 2 tustrating
various geometrical considerations tor determinimg a desired spacing and deployment of partially-
retlecting surfaces 1 the first region of the LUE;

FIG. 8 15 a schematic representation of an alternative tmplementation of the LOE of FIG.
2

FI(G. 9 15 a further schematic representation of the LOE of FIG. 2 illustrating couphing of
an image projector to the LOE via a wedge prisn;

FIGS, 10A-10C are schematic representations of relative deployment of partiallv-retiecting
surfaces within the LOE of FIG. 2 showing a symmetncal arrangement, an off-center coupling-in
region, and asymmetnc inchination of the surtaces, respectively:

FIG. 1 dlustrates a particularly preferred implementation of the first region of the LOE of
FIG. 2 combining the geometncal considerations presented i FIGS. 3-7 and emploving vaniable
fength facets:

FIGS, 12A and 12B are schematic representations of further vanant implementations of
the LOE of FiI(. 2 m whach first and second sets of partially-reflecting surtaces are subdivided
between two segments of the LOE;

FiG. 13 15 a schematic representations of turther vanant unplementations of the LOE of
FiG. 2 emploving peripheral miurror surtaces;

FIG. 14A 15 a schematic isometnic view of an LOE contiguration for implementing the
optical system of FIGS. 1C and 1D;

FIG. 14B s a schematic representation of a subdivision of an overall ficld-of-view between

two 1image projectors from the optical system of FiG, 14A;
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FEGS. 153A and 15B are enlarged schematic isometnic views of the LOE from the optical
system of FIG. 14A illustrating implementations employing orthogonal and obhiquely-angled
partiallyv-retlecting surfaces, respectively, for a tirst optical aperture expansion;

Fi(5. 16A 15 a side view of an alternative implementation of an optical system according 1o
an aspect of the present invention, where a tirst expansion of an optical aperture is performed using
aperture expanding components extemal to the LOE:

FIGs, 16B-16E are views of the optical system of Fi{s. 16A taken along the viewmng
directions marked V1, V2, V3 and V4 of FIG. 16A, respectively;

FHG. 17 1s a schematic representation ot a dual image projector assembly for use with the
optical systems ot FIGH. 14A-16E;

FIG. 18 15 an enlarged schematic 1sometric view of a varant pnplementation of the LOE
from the optical system of FIG. 14A m which the optical aperture expansion component {for cach
unage projector empioys two sets of partiaily-reticcting surtaces;

FIGH. 19A-190 are isometnic views of vanants of the optical system of FI{. 16A 1 whic
the optical aperture expansion component for cach image projector employs two sets of partially-
reficcting surfaces, and illustrating threc options for optical couphing of the optical aperture
cxpansion components to the LOE;

FIGS, 20A-200 are a front view, a top view and a side view, respectively, of a turther
variant of the optical svstem of FIG. 16A illustrating optical coupling ot the optical aperture
cxpansion components to a major extemal surface of the LOE;

FIGH. 2TA-21C are a top, front and side view, respectively, of optical aperture expansion
components according o a vanant mnplementation of the optical system of FIGS, 20A-20C; and

FIGS. 22A-220 are a side, top and front view, respectively, of an optical system emploving

the optical aperture expansion components of Fiis. 21A-21C.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present mvention 1s an optical system tor directing mmage illumination to an cve-
motion box for viewing by an ¢ve of a user.

The principles and operation of optical systems according {o the present mvention may be
better understood with reference to the drawings and the accompanying description.

By way of introduction, certain aspects of the present invention relate to an optical system
for directing image ilumination via a hight-guide optical element (LOE) to an eye~-motion box
(EMEB) for viewing by an eve of a user. The optical sysiem provides optical aperture expansion for

the purpose of a head-up display, and most preferably a near-cve display, which may be a virtual
7
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rcality display, or more preferably an augmented reality display. The optical system preferably

provides two-stage expansion of an mput optical aperture, and where the first expansion is

achieved usimg two distingt sets of mutaally-parallel partiallyv-reflecting surfaces (Mfacets™), each
set handing a dutferent part {non-tdentical but preferably overlapping) of an overall ficid-ot-view
{(FOV) presented to the eve. In a first subsct of embodiments (FIGS. 1A, 1B and 2-13), the optical
systern employs a single image projector ("POD”) providing image ilumination to two sets of
facets that are micgrated into the LOE. In a second subset of embodiments, two separate PODs
deliver tmage illununation correspondmg to two different parts (non-identical but preferably
overiapping) of the FOV to their respective sets of facets. In the latter case, the first expansion
may employ sets of facets that are part of corresponding expansion components that are extenal
to the LOE (FIGH. 16A-16D and 19A-22C) or mitcgrated as part of the LOE (FIGS. 1€, 1D, 14A-
158 and 18). These various subsets of non-limiting embodiments will each be addressed
mdividually below.

Referrmg now coliectively to varnous embodiments which employ facets integrated with
the LOE {c.g., FIGh. 1A-1D)}, these all show an optical system for directing mmage lamination
injected mio at least one coupling-in region to an eyve-motion box for viewing by an eve of a user.
In general terms, the optical system includes a hight-guide optical clement (LOE) 12 formed from
transparent matenal, and mcluding a first region 16 contamung a first set of planar, mutuallv-
parallel, partially-reflecting surtaces (“facets ') having a first onentation and a second set of planar,
mutually-paraliel, partiallv-retlecting surtaces (“facets™) having a second orientation non-parallel
to the first onentation. {(The facets are not visible m FIGH., TA-1D, but will be illustrated
schematically m drawings below.) The LOE also includes a second region 18 containing a third
set of planar, mutually-paralicl, partiallv-reflecting surfaces {or “tacets,” also referred to as “out-
coupling surfaces™), having a third ornentation non-parallel to cach of the first ontentation and the
second onentation. The LOE 1s bounded by a set of mutually-paraliel major external surfaces
extending across the first and second regions such that the first, second and third sets of partially-
reflecting surfaces are all located between the major external surfaces.

The thurd sct of partialiv-reflecting surfaces are at an obligue angle to the major external

surfaces so that a part of the image 1lumunation propagating within the LOE by intemal reflection

at the major external surfaces from the first region mto the sccond region 18 coupled out of the
LOE towards the eye-motion box for viewing by the eve of the eve of the user. Each of the first
and sccond sets of partially-reflecting surfaces 1s oniented so that a part of the unage 1lununation
propagating within the LOE by mntemnal reflection at the major external surfaces from the at least

ong coupling-in region 1s deflected towards the second region.



18,

13

WO 2021/137228 PCT/1L2020/051354

Most preferably, cach of the first and sccond sets of facets account for aperture expansion
for a distinct part of the overall field of view. Specifically, the first set of partallv-retiecting
surfaces preferably detlects a first part of a field of view of the mmage towards the sccond region
and the second set of partiatly-refiecting surtaces deflects a second part of the field of view of the
tmage towards the second region, the first and second parts of the field of view combining 1o
provide a continuous combined ficld of view larger than cach of the first and second parts of the
FOV. The two parts of the FOV preferably correspond roughly o two sides {(left-night or top-
bottom} of the total FOV, but with sutticient overlap of the central region to ensure full and
continuous coverage of the center ticld across the eve-motion box, corresponding to the acceptable
range of positions of the pupil of the observer for whuch the display 1s designed.

Exemplary mmplementabions of the mvention assume the form of a near-eye display,
sencrally designated 18, emploving LOE 12, The compact image projector {or "POD”) 14 is
optically coupied so as to mmject an unage mio the LOE 12 (interchangeably referred 10 as a
“waveguide,” a Tsubstrate” or a “slab”), within which the image bight 1s trapped 1 one dimension
by mternal reflection at the planar major extemal surfaces. The hight impinges on the first and
second sets of parttally-retlecting surfaces (interchangeably referred to as “facets ™). where each
set of facets 1s mclined obliquely to the direction of propagation ot the umage light, with each
successive facet deflecthing a proportion of the image light mto a deflected direction, also
trapped/gded by internal reflection withm the substrate. These first and second sets of facets are
not tiustrated mdividually in FIGS. 1A-1D, but are located 1n a first region of the LUE designated
16. This partial reflection at successive facets achieves a first dimension of optical aperture
SKXPansion.

The first and second scis of partially-retiecting surfaces, located 1n region 16, detlect the
image tlhummation from a first direction of propagation trapped by total internal refiection (TiK)
within the substrate to a second direction of propagation, also trapped by TIR within the substrate.
This partial reflection at successive tacets achieves a first dimension of optical aperture expansion.
In the cases of FIGK. 1€ and 1D, two image projectors 14 are provided for cach display, with the
unage ithununation of cach bemg expanded by a corresponding set of partialiy-refiecting surfaces
m region 16.

The detlected mmage iluminmation then passes mnto second substrate region 18, which may
be mmplemented as an adjacent distingt substrate or as a continuation of a single substrate, in which
a couplmg-out arrangement {cither a turther set of partially retlective facets or a diffractive optical

clement) progressively couples out a proportion of the image dlumination towards the eve of an

observer located withun a region defined as the eve-motion box {(EMB), thereby achieving a second

9
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dimension of optical aperture cxpansion. The overall device mayv be implemented separately for
cach eve, and 1s preferably supported relative to the head of a user with the cach LOE 12 facing a
corresponding eve of the uscr. In one particularly preferred option as illustrated here, a support
arrangement 15 tmplemented as an cve glasses frame with sides 20 for supporting the device
reiative to cars of the user. Other forms of support arrangement mav also be used, mchuding but
not limuted 1o, head bands, visors or devices suspended from helmets.

Reference 1s made heremn in the drawimgs and claims to an X axis which extends
horizontally (FIGS. 1A and 1C) or vertically (FIGS. 1B and 1D}, in the general extensional
direction of the first region of the LOE, and a Y axis which extends perpendicular thereto, 1.¢.,
vertically m FIGS, 1A and 1O and honzontally in FIGS, 1B and 1D,

In very approxemate tenms, the first LOE, or first region 16 of LOE 12, may be consitdered
to achieve aperture expansion i the X direction while the second LOE, or second region 18 of
LOE 12, achicves aperture expansion i the Y direction. The details of the spread of angular
directions mn which diffcrent parts of the field of view propagate will be addressed more precisely
below. It should be noted that the orientation as illostrated m FIGS. 1A and 1€ may be regarded
as a “top-down  implementation, where the image tlhummation entering the mawn {second region)
of the LOE enters from the top edge, whercas the ornentation illustrated m FIGS. 1B and 1D may
be regarded as a “side-mjection” implementation, where the axis referred to here as the Y axas 1s
deploved horizontally. In the remaming drawings, the various features of certamn embodiments of
the present invention will be illustrated 1n the context of a “top-down  orientation, stmilar {o FIGS.
1A and 1C. However, 1t should be appreciated that all of those features are equally apphicable to
side-injection implementations, which also fall within the scope of the mvention. In certaimn cases,
other intermediate orientations are also applicable, and are included within the scope of the present
invention except where explicitly excluded.

In a first set of preferred but non-limitmg examples of the present mvention, the
atorementioned sets of facets are orthogonal (o the major extemal surfaces of the substrate. In this
case. both the myected mmage and its conjugate undergoing miemal reflection as i1t propagates
within region 16 are deflected and become conjugate images propagating in a deflected direction.
In an alternative set of preferred but non-limiting examples, the first and second sets of partially-
reflecting surfaces are obliguely angled relative to the major external sartaces of the LOE. In the
latter case, either the myected image or its conjugate forms the desired deflected umage propagating
within the LOE, while the other reflection mav be mimimized, for example, by employing
angularly-selective coatings on the facets which render them relatively transparent to the range of

merdent angles presented by the tmage whose reflection 1s not needed.
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The POD emploved with the devices of the present mvention 1s preferabiy configured to
generate a collimated umage, 1.e., m which the hight of each mmage pixel 15 a parallel beam,
colbimated to mbmity, with an angular direction corresponding to the pixel position. The image
thummation thus spans a range of angles corresponding to an angular ficld of view m two

5  dumnensions.

Image projector 14 mcludes at least one hight source, typically deploved to 1lununate a
spatial light modulator, such as an LCOS chap. The spatial hght modulator modulates the projeciced
intensity of each pixel of the mmage, thereby generating an image. Alternatively, the mimage
projector may inciude a scamming arrangement, tvpically unplemented using a fast-scanning

1O muror, which scans dlummation from a laser hght source across an image plance of the projector
while the intensity of the beam 1s varied synchronously with the motion on a pixel-by-pixel basis,
thereby projecting a desired mfensity tor each pixel. In both cases, collimating optics are provided
to generate an output projected image wiuch 1s collimated to mfinity. Some or all of the above
components are tvpically arranged on surfaces of one or more polanzing beam-~splitier (PBS) cube

15 orother prism arrangement, as 15 well known 1 the art.

Optical coupling of mmage projector 14 to LOE 12 may be achicved by any suitable optical
coupling, such as tor example via a coupling prism with an obliquely angled mput surface, or via
a retiective couphng arrangement, via a side edge and/or one of the major extemal surfaces of the
LOE. Details of the coupling-in configuration are not critical to the mvention, and are shown here

20 schematically as a non-limiting example of a wedge prism 13 applied to one of the major external
surfaces of the LOE.

it will be appreciated that the near-eye display 18 includes vanous addiional components,
tvpically mchuding a controller 22 for actuating the mmage projector 14, typically emploving

clectrical power from a small onboard battery {not shown) or some other suitable power source. i

A\
(7

will be appreciated that confroller 22 mcludes all necessary electromce components such as at least
ONE Processor or processing circuitry fo drive the image projector, all as 1s known 1n the art,

Reference 18 made to co-assigned PCOT  patent application  publication no.
WO 2020/049542 Al (hereafter “the 542 publication '}, which was unpublished as of the priority
date of this application and 1s not prior art, but which 1s hereby wmncorporated by reference mn its
30 enfirety as if set out fully herem. All features of the present invenbion that are not otherwise
spectited should be understood to be as descnibed mn the 542 application.

A first aspect of the present invention differs from the configurations described 1n the 547

application prumanly in that the first region of the LOE here 16 includes two distinct sets of

partiallyv-retlecting facets, typically at different (non-parallel) onentations, rather than just ong as

|
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in the 542 publication, cach of which mdependently directs a different part of the unage field of
view towards the second LOE region 18 for coupling out towards the eve-motion box. duch a
configuration s mmphied m the two counter-directed arrows i FIGS. 1A-B, and s sllustrated
schematically in FIG. 2.

apecifically, m the non-luniting but preferred exampie of FIG. 2, a POD 14 mmjects an
unage mnto the first region of an LOE 16 near the nuddie (tvpically withun the nuddie thard) of a
dimension of the LOE. The miccted mmage 1s then partially reflected by two sets of partially
refiecting surtaces 161 and 162 so as to expand the image in opposite directions along the X-axis
and detiect it progressively trom successive facets towards the second region of the LOE, where
it 1s progressivelv coupled out toward the eve-motion box, either by a further set of inclined
partialiy-retiecting facets or by a diffractive optical element, for viewing by an observer.

The first facet of each of the first two sets of partially-retlecting surfaces 1s preferably a
defiection surface (altcrnatively referred to as a “couphing-1n facet™) which has a relativelv high
reflectivity, retlecting more than halt of the image itlumination that 1s incident on the facet, and
typically at least 80%. The subsequent facets 1n each set preferably have lower reflectivity (except
typically the last facet), and may have progressively mcoreasing retlectively from facet to tacet
such as 25%, 33%, 530% and 100%, thereby tending to compensate tor the progressively
dinunishing lumination intensity reaching successive tacets, thereby providing relatively uniform
imitensity output.

The use of two sets of facets that expand the optical aperture tn opposiie directions from a
couplimg-n region near the middie of a dimension of the LOE can, in certam embodiments, shorten
the optical path length from the projector to the eye~-motion box, and thereby reduce the overall
requiired dimensions of the device to provide a grven ficld of view to the observer compared to the
configurations of the aforementioned 342 application.

According to one parhicularly preferred set of implementations of the present mmvention,
the facets are implemented as “partial facets”™ such that the partially-reflecting propertics are only
present within a subregion of the cross-sectional arca of the first region which includes the
“mmaging arca of cach facet plane, and preferably exciudes at least the majonity of the "non-
unaging area’ for some or all of the facets. This 1s illustrated m the varying length of facets 161
and 162 m FIG 2. The active (partialiv-reflecting} arca of the facets preferably exiends slightly
teyond the nmununum requued to complete the geometrical requirements for the EMB 1mage
projection m order to avoiwd anomalics that may be caused by wmperfections at the edges of

coatings, and the facets may also be further extended 1 some cases duc to additional
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constderations relating to micger numbers of overlaps between tacets in the deflected image
direction to achieve wmproved mmage uniformity.

Where the first region 1s formed from a stack of coated plates whach are then cut at an
appropnate angle {as described for example in PUT Patent Publication No. WQ2007054928A1,
and as known 1o the art), the selective spatial deplovment of the partialiy-retiecting surfaces can
advantageousty be achieved by forming a stack of plates with a partially-reflecting coating located
over a first part of the mterface plane between two plates, while a second part of the interface plane
1s bonded {(tvpically with mndex-maiched adhesive and without coatings) so as to form an optical
continutnn between the two plates. Selective application of the partially-refiecting coatings 1s
typically achieved by applving a suitable masking laver prior to the coating process, and removing
the masking layer at the end of the coating process.

According to an alternative production technique. a stack of tull arca-coated plates may be
formed and then cut to the shape required for the volume contamung facets. The reguired form of
the LOE 15 then completed by optically bonding thas wregular block containing the partially-
reflecting facets together with complementary blocks of plain mdex-maiched glass.

The optical axis 1s not actually parallel to the X axis but rather hies 1n the X-Z plane, with
a £-component into the page chosen such that the entire range of angles mn the depth dimension of
the FOV undergo total mternal reflection at the major substrate surfaces. The optical axis may also
be offset from the X axis mn the Y direction to optinuze the LOE design, such as 1s descenibed 1
detail 1 the '342 application. For simplicitv of presentation, the graphic representations herein,
and the description thereof, will relate only to the m-plane {X-Y) component of the hight ray
propagation divections, referred to herem as the "in~plane component” or the “component paralic
to the major external surfaces of the LOE”

it wiil be noted that some reflections of the icft side of the tield of view are reflected from
facets near the night side of the LOE 1n a direction that will not reach the EMB, and will therefore
be lost. Smmilarly, some rays from the right side of the field of view are reflected from facets near
the left of the LOE and are detlected m a direction which will not reach the EMBEB, and will therefore
be lost. Certamn aspects of the present mvention take advantage of these observations to reduce the
dumensions {and hence volume and weight) of the first LOE (or LOE region).

The distances between adjacent facets 1n 161 and 162 depends on the FOV and on the s1z¢
of the entrance aperture of the coupling-1n region, and must be designed so as to properly replicate
the entrance aperture to the entire EMB, umiformly and without any cmpty region regions. For a
given entrance aperture size, a constant spacing between facets 161 or 162, will result in non-

amform lhummation, and to the appearance of bnght or dark “stripes’, as illustrated m FIG. 3. 1o
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avoid this, the distance between adjacent facets should be set so as to nunumize the appearance of
such strpes, usmg geometric considerations, as will now be discussed m detail.

As ilastrated 1 FHG. 4, the distances between adjacent facets should be chosen 50 as to
replicate the entrance aperture without any holes and without any overlap. Since cach facet retlects
a certamn subset of the complete FOV, this distance should be optimized for the relevant subset of
the FOV, and the distance 1s expected to vary between adjacent facets, as descnbed i FIGs 3-6.
However, varying the distance between adjacent facets can only munimize the effect of bright or
dark stripes starting outside the couphing-in region. the first dark “stripe” can be muninuzed by
adding an additional facet between the first two facets, which will redirect hight to the dark region,
as tllustrated schematically in FIG 7.

Another embodiment of this mvention which helps improve umiformity of the dhumimnated
outpuf tmage i the entire EMB is presented in FIG &, which mchudes many closcly spaced facets.
By reducing the facet spacing by an mteger number as compared to that descnbed above, any non-
unifornuty of the image 1s better averaged, and thereby mutigated. Furthermore, as it 15 extremely
difficult to design an achromatic highly reflective coating for a large FOV and with constant
uniform retlectivity, 1t 18 advantageous to divide the reflectivity of the first facet onto several
facets, as described by the gray facets of FIG 8.

Light needs to be coupled from the POD mto the waveguide. Une way to achieve this, 1s
by placing a wedge which matches between the optical axis of the illumination system of the POD
and the plane of the waveguide, as presented  FIG. 9.

S50 far, we discussed and presented configurations which were symmetric, such as those
presented i Fils TOA. However, the two section of facets 161 and 162 do not need to be
symimetric, and the FOV that i1s treated by each set of facets could be difterent. For mstance. it
often preferred to place the POD 1n a location that 1s not centered, n relation to the EMB. and as
ihhustrated m FIG 10B. Also, the angular onentation of the facets m the two regions could be
ditterent, as in FI{G 10(, etther because the size of the FOV slhummated by cach section 1s different
{1in which case, the size of the two regions mostly often will not be the same), or if the azimuthal
oricntation of the facets i region 18 1s not parallel\perpendicular to the major axis of the FOV.

In order to miminuze ghosts and enhance efficiency, 1t 1s advantageous use “partial facets”,
as explamed above. An implementation of this concept to the current apphication 1s schematically
thustrated m FIG 11

Another embodiment of this invention 1s presented 1in FiGGS, 12A-C, where two subsections
of facets 161 and 162 are placed ong afier the other, rather than one next to the other in a side-by-

side configuration as i all figures so far. In such an embodiment, the onentation of the facets n
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region 161 and 162 could be approximately oppostte to one another, such that light will propagate
to opposite onentations (n the figure, nght and left) as m FIG 12A, or m approximately parallel
orientation, such that light m both sections propagates m the same general direction as m FIGS
128-C. In the latter configuration, the location of the couphing-1n region would be placed around
the edee of region 16, thereby stmplhifyving the structure of the coupling-~in, and minimizing the
etfects of non~-uniformuity at the central FOV (chuef ray). The angular onentation of the facets
12A-B does not need to be wdentical, as illastrated m FIG 120, (The option of changimg facet angle
in the arrangement of Fi{z. 12A 15 also possible, although not explicitly dhustrated ).

tig. 13 presents a configuration m which the surfaces of the waveguide at region 16 are
coated with hugh reflective coating, ¢.g., silver coating, and the facets 161 (162} are oriented such
that heht impmging on the them can cither be refiected to 163 (164), and then retlected back mio
18, orthey can be transmuitted through 161 (162), be reflected off the edge 165 (166), and reflected
by 161 and redirected nto 18, The anguiar onentations of 163-166 must be extremely accurate,
otherwise there will be substantial ghost images.

Here and clsewhere mn this document, £ will be noted that the terms “trimmed” and
“truncated arc used to refer to gcometries or dimensions of a final product that are reduced relative
to the theorctical starting point of the unplementation, and typicaliv result n situations where
different facets have ditterent lengths as measure parallel to the major external surtaces of the
LOE. This termmology does not carry any implementation of physically cutting away material or
any other particular production technigue. It 1s not necessanly envisaged that the LOE would be
truncated exactly along the border of the indicated regions, but rather that these regions provide
design flexabiity, allowing the LOE to be fuushed with whatever arbitrary outer contour 1s
constdered esthetically preferred and/or mechanically compatible with additional detais of a
desired apphication.

It will be noted that the use of partial facets as described above mav provide oneg or more
of a number of advantages, meluding improved cthiciency and brightness where transmission of
the tmage from the facets further from the coupling-in region does not need to pass through s0
many additional faccts betore reaching the sccond LOE region. Addiionally, in some cases,
onuission of facets m regions that are not required for image projection can avoid unwanted “ghost™
reflections that might otherwise reduce mmage guality.

Tuming now to FIGS. 1C, 1D and 14A-22C, a turther set of embodiments of the present
invention employ two distinct unage projectors to provide distinct parts of an overall field of view
of an image displaved to the eve of a user. Thus, m general terms, according to this aspect of the

present vention, an optical systemn 18 for dehivermg an image to an eye-motion box for viewing
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by an ¢ve of a user includes a hight-guide optical element (LOE) 12 formed from transparent
material in which are provided an out~-coupling set of planar, mutually~-paraliel, partiallv-retiecting
surfaces located between a set of mutually-paraliel major extemal surtaces. A first image projector
PO 1 15 configured to project image illununation corresponding to a first part of a collimated
unage from an optical aperture, the mnage illununation following a first light path from the optical
aperture mio the LOE 50 as {o propagate within the LOE by internal retlection at the major external
surfaces and to be progressively coupled-out from the LOE by the ocut-couphng sct of partially-
reflecting surtaces towards the eve-motion box. A sccond tmagge projector POD 2 s configured o
project image tlumination corresponding to a second part of a collimated 1mage from an optical
aperture, the image llummation following a second hight path from the optical aperture into the
LOE so as to propagate within the LOE by internal reflection at the major external surfaces and {0
be progressively coupled-out from the LOE by the out-couphing set of partialiv-reflecting surfaces
towards the cye~-motion box. Alternativelv, the out-coupling set of facets may be replaced by a
diffractive optical clement for progressively coupling-out the image illumination fowards the
EMB, as 1s known in the art. The first and second parts of the collimated image combine at the
eve-motion box to provide a combined image.

it 15 a particularly preterred feature of thus aspect of the present wmvention that the optical
system further includes a first optical expansion component ncluding a first set of planar,
mutually-paralicl, partiallv-retlecting surtaces having a first onentation, and deployved m the first
light path so as to expand the optical aperture of the first image projector and to direct the tmage
light towards the out-coupling set of partially-reflecting surfaces. Sumilarly, the optical svstem
mcludes a second optical expansion component imncluding a second set of planar, mutually-paraliel,
partially-refiecting surtaces baving a second ornentation, and deploved 1n the second light path so
as to expand the optical aperture ot the second tmage projector and to direct the image light towards
the out-couphing set of parbally-retiecting surtaces.

Figure 14B illustrates how the FOV 1s divided between the two PODs 1in one non-limiting
mmplementation of the mvention. Each POD idlumimates part of the FOV, and together they
compose the entire FOV that 1s projected onto the obscrver s retina. Here each of the two PODs 1s
responsiblic for a FOV of equal size, but alternatively, one of the PODs could provide a larger part
of the FOV than the other. To reduce boundary artitacts, it 1s typically preterable to melude a
region of overiap 1 FOV between the two PODs, as illustrated.

According to a first subset of these implementations, as iHlustrated m FIGS. 14A-158 and
18, the first and second sets of partially-retlecting surtaces 161 and 162 are located within the LOE

12 between the major external surfaces of the LOE. As m the ecarlier embodiments, this

-
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impicmentation may emplov first and second scts of partialiv-reflecting surfaces 161 and 162
which are perpendicular to the major extemal surfaces of the LOE, as illustrated i FIGS. 14A and
15A. In this case, both the myected mmage and 18 conjugate undergomg internal reflection as it
propagates within region 16 are deflected and become conjugate images propagatimg 1n a deflected
direction. Alternatively, first and second sets of partiallv-refiecting surfaces 161 and 162 that arc
obliquely angled to the major exiernal surfaces of the LOE mav be used, as ilustrated 1o FIG. 5B,
In the latter case, either the myected image or its conpugate forms the desired deflected 1mage
propagating within the LOE, while the other reflection may be mimsomzed, for cxample, by
emploving angulariy-seicctive coatings on the faccts which render them relatively transparent to
the range of mcident angles presented by the mmage whose reflection 15 not needed. In these
implementations, the structure and design considerations for each part {¢.g., half} of the first
portion 16 of LOE 12 are generally stmudar to the structures descrtbed in the aforementioned '542
publication.

Optionally, one or both of the PODs may be provided with two sets of partiallyv-reflecting
facets at different orientations, such that one or both parts of the first portion 16 of LOE 12 may
be implemented according to the teachings of FIGS. 2-13 described above. An example of such
an implementation 15 1ustrated schematically in FIG. 1R, where the first image projector PO §
imjects image tlumination via a first optical expansion component which mcludes both the first set
of partialiy-reflecting surfaces 161 and a third set of mutually-parallel partialiyv-retiecting surfaces
163, non-parallel to surfaces 161, Furst and third sets of facets 161 and 163 expand the optical
aperture of the first image proicctor POD 1 mm opposite directions along the X-axis, 1 a manner
simitlar to that descubed above, and direct the 1mage illummation towards the out~-coupling set of
partially-retiecting surtaces 181 m sccond portion 18 of the LOE 12

Preferably, the second image projector POD 2 also mjects image illumination via a second
optical expansion component which includes both the second set of partiallv-reflecting surfaces
162 and a fourth set of mutually-paraticl partially-reflecting surfaces 164, non-paraliel to surfaces
162. Second and fourth sets of facets 162 and 164 cxpand the optical aperture of the second 1tmage
projector POD 2 opposiie directions along the X-axis, 1 a manner simular to that described
above, and direct the image illummation fowards the out-coupling set of parhally-reflecting
surfaces 181 in second portion 18 ot the LOE 12, The two parts of the image dlummation provided
by the first and second mmage projectors combine, preferably with slight overlap, at the EMB to
provide the user with a full combined FOV, as described above with reference to FIG. 14B.

Where double sets of facets are used for aperture expansion for a single mmage projector,

the arrangement mav be symmetrical or asvmmetric with respect (o positioming of the mput
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aperture, mclination of the tacets, and anv other design consideration, and the length of the facets
and their retlectivity may vary along the sequence of facets, all as discussed above mn the context
of the single image projector implementations.

An alternative set of implementations of this aspect of the present invention empiloy first
and sccond optical expansion components that are extemal to, and optically coupled fo, the LOE.
Examples of such implementations will now be descnibed with reference to FIGS. 16A-16D and
19A-22C. In these non-limating but preferred examples, mjection of the nmage llumination from
the first and second mmage projectors 218, 220 mito the LOE 483 occurs through the first and second
optical expansion components 2831 and 203K, respectivelv,

As seen i FIGS. 16A-16D, the first and second optical expansion components 2031 and
2083R may cach advantageously be implemented 1n a slab having two major surfaces, wheremn one
of the major surfaces is optically coupled to a coupling-1n surface associated with the LOE 463 In
the case shown here, the two components are mitegrated mmto a single siab 283, therebv facilitating
manufacture and assembly of the components. Optical coupling from the slab 203 to LOE 403
may be achieved via a wedge prnism 888 or other suitably formed coupling prism, providing a
coupling-in surface that 1s obliquely angled relative to the major external surfaces ot the LOE 463,
tThe oblique angle of the coupling-in surface 15 chosen to allow direct coupling-in of image
ihumination at a range of angles that will propagate with LOE 403 via mntemnal reflection at the
major external surfaces. Direct optical coupling of the siab 283 to an mclined edge of LOE 403 15
also possible, as exemplified m FIG. 19A. below.

Although the itustrations of FIGS. 16A-16D show first and second optical expansion
components 2831 and 203K as parts of a planar slab 283 attached to a common planar coupling-
in surface, i certain particidarly preferred but non-limiting examples, separate coupling-in
surfaces at different angles may be used. In such a case, as exemplified in FiG. 19(, the slab of
the first optical expansion component 2831 1s optically coupled to a first coupling-in surface 8821
associated with LOE 483, and the slab of the second optical expansion component 203R s
optically coupled to a second coupling-in surface 802K associated with LOE 403, where the first
and second coupling-in surfaces 802E and 88ZR arc non-coplanar. The use of non-coplanar
coupling-in surfaces may ease certam design considerations, particularly when trymg to achieve a
wide field of view.

As an alternative to the atorementioned edge couphing, certamn other implementations of
this aspect of the present mvention employ coupling-in of umage ilumination from the first and
second optical expansion components 2031 and 283R 1o LOE 443 via a coupling-in surface is

coplanar with, or paralicl to, one of the mayor external surfaces of LOE 483, In this case, LOE 483
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preferably mcludes at least one at least partially reflecting coupling-m surface. Implementations
according to this approach are discussed heremn with reterence to FIGS. 20A-22C.

As with the micgrated mmplementations, the first and/or second optical expansion
components 2831 and 203R may here too be mmplemented usimg two distingt sets of partially-
refiecting surfaces for optical aperture expansion for cach image projector, as exemplified n the
examples of FIGS. 19A-220. An example of such an implementation 1s illustrated schematically
m FiG. 19A) where the first image projector POD 1 mjects mmage sllummation via first optical
expansion component 2831 which mcludes both a first set of partiall y-reficcting surfaces 285 and
a thurd set of mutually~-parallel partialiv-refiecting surfaces 287, non-paralicl to surfaces 285, First
and third sets of facets 205 and 267 expand the optical aperture of the first image projector PO 1
i oppostte directions along the X-axas, and direct the image itlumination towards the coupling-in
imtertace with waveguide 443, so as to propagate by internal retlection within LOE 483 untud
coupled out towards the EMB by out-coupling tacets 444

Preferably, the second image projcctor POD 2 also miccts image idlummation via a second
optical expansion component 283R which mcludes both a second set of partally-reflecting
surfaces 286 and a fourth set of mutualiy-parallel partialiv-reflecting surtaces 288, non-parallel to
surfaces 206, Sccond and fourth seis of facets 286 and 208 cxpand the optical aperture of the
second 1mage projector POD 2 wn opposite directions along the X-axis, and divect the image
tHhumimation towards the coupling-m mterface with waveguide 483, so as to propagate by internal
reflection within LOE 483 until coupled out towards the EMDB by out-coupling facets 404, The
two parts of the image ithumunation provided by the first and second 1mage projectors combine,
preferably with shght overlap, at the EMB to provide the user with a full combined FOV, as
described above with reference to Fi(G. 14B.

Where double scts of facets are used for aperture expansion for a single image projector,
the arrangement mayv be symmetrical or asvmmetnic with respect to positioming of the mput
aperture, mclination of the facets, and any other design consideration, and the length of the facets
and their reflectivity may vary along the sequence of facets, all as discussed above 1o the context
of the single image projector implementations. An cxamplie of asvmmetric facet inclination relative
to the central optical axis of the first, and n this case also second, image projector 15 tllustrated n
FIGS. 21A and 21B. This allows optimization of the facet angles for the corresponding part of the
ficld of view relevant for thiuminating the EMB.

Referrmg to FIG. 17, there 1s shown an exempiary implementation of a system for light
cxpansion 21 mchiding two optical aperture expansion components 2083k and 203K, mntegrated

o a smgle slab element 283 for expanding the optical aperture of two 1mage projectors 216, 220

1§,
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for myection into an LOE (not shown 1o this view}. The optical aperture expansion componenis
cxpand the effective aperture of the two image projectors for subseguent mjection o the LOE
for display to a user. In the current figure, the view 1s from the edge of the optical aperture
expansion components. The aperture expansion structures can be svmmetric and can mclude
mirrors on the sides, or more generally outside the ficld of view.

FIG. 17 llustrates non-hmiting details of a possible implementation of the umage
projectors, switable for use m any and all of the dual-POD implementations desenbed herem. In
the non-limuting example illustrated here, a common light source, ¢.g.. LED light source 282, s
provided to iluminate both image projectors, as part of an exemplary hight source configuration
200, ilununating two “PODs” (mcro-display projectors), a left POD 218 and a nght POD 226
Note, the use of “left” and “nght” throughout the current description 1s for ease and clanty of
reference, and 1s not hmuting, such as to direction or posttion. Each POD typically provides
roughly half an original image {ornginal image not shown), and provides a left collimated tmage
2841 and night collimated mmage 204K (o respective aperture expansion components 2831 and
203K, The two collimated images 204 propagate along the x-axus, expand m the aperture
expansion components, and are projected out of the aperture expansion components nto the LOE
4033, shown as main ravs left coupled-out ray 2381 and right coupled-~-out rav 238K, As shown m
the other figures, the left and right coupled-out rays (2381, 238K} traverse LOE 403 and are
coupled-out of the single LOE 483 at out-coupling partiallyv-reflecting surfaces 444 along the z-
axis as out-coupling rays {left out-coupling ray 38L and nght out-coupling ray 38R) m the
direction of the user (user’s eve).

The exemplary light source 200 typically includes a hght 202 provided by one or more
LED or other source as 1s known 1n the art, and typically rapidly switchable between red, green
and biuc thhummation to dluminate successive color image separations together making up a single
“frame’ of an tmage to be projected. The hight 202 1s typacally expanded by an expander 285, can
then be split by, for example, polanization-selective retlectors (PBS) 286 mto two beams {shown
as leit dotted hine and right dashed hine), to propagate via corresponding light pipes {left light pipe
2G7L and nght light pipe 287R}) to the respective ieft POD 2180 and nght POD 226,

Fach of the exemplary PODs (the leftt POD 210 and the nght POD 228) inputs a respective
beam of hght {left beam and right beam} that transverses the POD via PBSs (left PBS 214, nght
PBS 224) to unpinge on a display device (lett display device 212 and right display device 222).
Images can be obtained from cach of the display devices (212, 222), cither durectly from a spatial
hight modulator (SLM), such as a cathode ray tube (CR'T), a hguid crystal display (1L.CD), a igmd

crystal on silicon {LLCoS), a digital mucro-nurror device (DMD), an OLED display, a scanmng
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source or sunar devices, or mdirectlv, by means of a relay lens or an optical fiber bundle. Images
from cach display device (212, 222) are typically roughly half of the entire image {o be displayed,
as described below i reference to Fig. 14B. Each halt unage propagates, respectively in the PODS
(218, 228) via PBSs (left PBS 214, left PBS 216, and nght PBS 224, and nght PBS 226), is
collimated by collimators (left colhimator 218 and night collumator 228}, and 15 output from the
PODs (216, 220) as collimated umages (left collimated image 2041 and night collimated mmage
2084 R) into the respective aperture expanding components 20831 and 203R.

The exemplary description of the hight source 2080 and PODs (218, 228) s non-himiting.
Based on this description, one skilied 1o the art will be able to implement other light and 1image
sources. For example, each POD could use a difterent section of a single LGN, and cach POD
could have a separate, mdivideal LED.

Fach of the respective aperture expanding components 2831 and Z83R mchudes a furst
region {left tirst region 545 and night first region 34K ) at wiuch respective colitmated images (left
collimated image 204CL and night collimated image 204K are coupled mio the substrates. Each
of the respective aperture expanding components mchudes a respective wavegwde (feft wavegude
201, and nght waveguide 20R), also reterred to as a “planar substrate” and a “hight-transmitiing
substrate.” Each of the waveguides (264, 20R) includes at lcast two {(major) surfaces paralicl to
cach other, shown mn the current figure as a lower (major) surtace 26 and an upper {major) surface
26A. Each of the wavegutdes (284, 20R) mcludes a respective set of facets (left facets 221, night
facets 22R), which are shown as double-lines, between the first two surtaces (26, 26A). Each set
of facets (221, 22R) includes a first facet (left first facet 48AL, nght first facet 40AR) on a side
of the facets closest to the first region (541, 54R) where he collimated mmages (2041, 204CR)
arc coupled mto the substrates (2816, 208}, Sinularly, each set of facets (221, 22R) includes a last
facet {left last facet 48BL, noht last facet 40BR) on a distal side of the facets from the first region
(541., 54K}, Asthe collimated hight (2041, 204U R) propagates m the sides (2031, 203K of the
respective aperture expandimg components, the trapped propagating light 1s gradually coupled out
of the aperture expander 283 by the partially reflecting surfaces of the facets (22R and 221} as left
coupled-out ravs 2381 and rnight coupled-out ravs 238R. 'The arcas in which the rays are coupled
out of the sides of the aperture expanding components (2031, 2ZU3R) mio the single LOE 403 arc
shown as respective hiclds of view (FOV) (left field of view FOV-L and a night field of view
FOV-R). The above-descnbed configuration of the aperture expanding components allows high-
retlectivity surfaces or mirrors to be uscd m certain positions, since these surfaces are not m the
user s FOV. For example, the first facets (40AL, 40AR) and last facets (40BL., 40BK) can be
100% reflecting.



14

13

WO 2021/137228 PCT/1L2020/051354

The use of two separate PODs to mmject different parts of an overall ficld of view may
provide any of a number of advantages, ncluding but not imited to, achieving an enhanced field
of view, and allowing a reduction m the size and weight of the PODs compared to what would be
required for a single POD providing the entire timage.

Fach POD will project roughly half of the beams of the image. For example, fora 55.5°
{(degree) FOV system with 16/9 aspect ratio, usually a single POD would project beams of 48 44°
horizontally and 27.22° vertically.

Sphitting the FOV m the horizontal direction by using the apertiure expanding components
as described will result in two PODs cach handling a 24 .22°x27 22° FOV. As mentioned above,
some overtapping 1s preferred between the two PUDs. I each POD overlaps by 37 then cach POD
will project 27.22°x27 22% degrees, where 3 degrees are overlappmg. The mmage {picture) can be
divided mto 