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Image Waveguide with Symmetric Beam Multiplication

FIELD AND BACKGROUND OF THE INVENTION

The present mvention relates to optical systems and, wn particular, it concerns
image display systems employing a wavegumide in which beams of tllumination are
symmetrically multiphed.

As an exemplary context for implementations of the present mvention, various
optical displays employ a hight-guide optical element (LOE) (interchangeably referred
to as a “waveguide” or a “substrate”) for conveying an image from an image projector
opposite the eye of a user, where it 1s coupled out, typically by an arrangement of
partial reflectors or by a diffractive optical element, fowards the eye.

In order to achieve uniformuty of the viewed image, the waveguide should be
umformly “fitled” with the projected mmage and its conjugate image. This imposes
design himitations on the size of the image projector and various other aspects of the

optical design.

SUMMARY OF THE INVENTION

The present imvention is a hight-guide optical system with symmetric beam
multiplication.

According to the teachings of an embodiment of the present mvention there 1s
provided, an optical system for displaying an image to an eye of a user comprising:
(a) a light-gmde optical element (LOE) having two planar major external surfaces that
are parallel so as to support propagation of mmage Mumination within the LOE by
mternal reflection at the major external surfaces; (b)a coupling-out configuration
associated with a coupling-out region of the LOE and configured for coupling out at
least part of the mage illumination from the LOE towards the eve of the user; and
{c) an 1mage projector for generating tmage illumination corresponding to a collimated
image, the tmage projector being optically coupled to the LOE so as to mtroduce the
mmage llumination mto the LOE so as to propagate within the LOE by internal
reflection, wheren the LOE further comprises a symmetrical beam multiplier region,

distinct from the coupling-out region, the symmetrical beam multiplier region having n
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internal planar beam sphlitters, where n 1s a positive integer, each beam splitter being
mternal to the LOE and parallel to the major external surfaces, the n beam splitters
subdividing a thickness of the LOE between the major external surfaces mto (n+1)
lavers of equal thickness, and wherein the LOE and/or coupling of the image projector
to the LOE are configured such that the image iflummation entering the symmetrical
beam multipher region etther: (1) fills at least two of the layers with image Hlumination
corresponding to the collimated 1mage without a conjugate of the collimated image, or
with the conjugate of the collimated image without the collimated 1mage, or (1) fills
only one of the layers with 1mage illumination correspondmng to both the collimated
image and a conjugate of the collimated image.

According to a further feature of an embodiment of the present mvention, the
L.OE has an wmput aperture that 15 perpendicular to the major external surfaces, and
wherein the n beam sphitters extend up to the input aperture, and wherein the image
projector 1s optically coupled to the mput aperture so as to fill the mput aperture with
the collimated image without the conjugate of the collimated mmage.

According to a further feature of an embodiment of the present wnvention, the
LOE has an wnput aperture that corresponds to one of the layers, and wherein the 1mage
projector 1s optically coupled to the mput aperture so as to fill the one of the layers with
the collimated image and the conjugate of the collimated image.

According to a further featore of an embodiment of the present imvention, n = 1,
and wherein a reflectivity of the beam splitter 1s 1/2.

According to a further feature of an embodiment of the present invention, n = 2,
and wherein a reflectivity of a first of the beam splitters 15 1/2 and a reflectivity of a
second of the beam sphitters 1s 1/3.

According to a further feature of an embodiment of the present wnvention, the
coupling-out configuration comprises a plurality of mutually-paraliel partially reflecting
surfaces deployed within the LOE and obliquely oriented relative to the major external
surfaces.

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

coupling-out configuration comprises at least one diffractive optical element associated
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with the LOE and configured for progressively coupling out a part of the mmage
ilhumination towards the eye of the user,

There 15 also provided according to a further feature of an embodiment of the
present nvention, an optical system for displaving an mmage to an eve of a user
comprising: (a) a light-guide optical clement (LOE) having two planar major external
surfaces that are parallel so as to support propagation of image lummation within the
LOE by mternal reflection at the major external surfaces; (b) a coupling-n region for
mirodaction of image illumination corresponding to a collimated 1mage mto the LOE so
as to propagate within the LOE m a first propagation direction; {¢)a couplmg-out
configuration associated with a coupling-out region of the LOE and configured for
coupling out at least part of the image illumination from the LOFE towards the eye of the
user; (d) an aperfure expansion configuration associated with the LOE and configured
to progressively redirect the image illumination from the first propagation direction so
as to propagate within the LOE 1n a second propagation direction towards the coupling-
out configuration; and (¢} a symmetrical beam multiphier region, mterposed between the
aperture expansion configuration and the coupling-out region, the symmetrical beam
multiplier region having n internal planar beam sphitters, where n 15 a positive mteger,
cach beam splitter being mternal to the LOFE and parallel to the major external surfaces,
the n beam splitters subdividing a thickness of the LOE between the major external
surfaces mto (n+1) layers of equal thickness.

According to a further feature of an embodiment of the present invention, the n
internal planar beam splitters are implemented as n angularly-selective beam splitters
having a first reflectivity for a range of angles corresponding to the image illunmination
propagating within the LOE, and a second reflectivity, lower than the first reflectivity,
for small angles of incidence.

According to a further feature of an embodiment of the present mvention, the
aperture expansion configuration comprises a plurality of mutually-paraliel partially
reflecting surfaces deployed within the LOE and obliquely oriented relative to the major
external surfaces.

According to a further feature of an embodiment of the present invention, the

coupling~out configuration comprises a plurality of mutually-paraliel partially reflecting
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surfaces deployed within the LOE and obliguely oriented relative to the major external
surfaces, the partially reflecting surfaces of the couphng-out configuration being non-
parallel to the partially reflecting surfaces of the aperture expansion configuration.

According to a further feature of an embodiment of the present wvention, the
aperture expansion configuration comprises at least one diffractive optical element
associated with the LOE and configured for progressively redirecting a part of the
image illumination from the first propagation direction to the second propagation
direction.

According to a further feature of an embodiment of the present invention, the
coupling-out configuration comprises at least one diffractive optical element associated
with the LOE and configured for progressively coupling out a part of the mmage

iumination towards the eye of the user.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is herein described, by way of example only, with reference to the
accompanying drawings, whereimn:

FIGS. 1A and 1B are schematic side views illustrating an image-projecting
waveguide system with symmetric beam multiplication according to an embodiment of
the present invention, employing reflective and diffractive beam directing components,
respectively;

FIG. 2 1s a schematic side view of a waveguide employing a coupling-in wedge
according to a conventional coupling-in geometry;

FIGS. 3A and 3B dlustrate the results of different size illumination apertures
introduced mto the waveguide of FIG. 2 achieving full and partial filling of the
waveguide, respectively;

FIGS. 4A and 4B are schematic representations of stages m the production of the
image-projecting waveguide system with symmetric beam multiplication of FIG. 1A;

FIGS. SA-5C are schematic representations of types of coupling-in configuration

for the waveguide of FIGS. 1A or 1B, exhibiting a controlled asymmetry;
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FI1G. 6 15 a schematic side view illustrating a first preferred configuration for
coupling an image projector to the image-projecting waveguide system with symmetric
beam multiplication of FIG. 1A

FIG. 7 1s a schematic side view illustrating a second preferred configuration for
coupling an image projector to the image-projecting waveguide system with symmetric
beam multiplication of FIG. 1A

FIGS. 8A and 8B are a side view and a front view, respectively, of the
configuration of FIG. 7 corresponding to a model used for ray tracing simulation;

FIG. 8C 1s a view sumilar to FIG. 8A illustrating the output of the mmage-
projecting waveguide system for asymmetric coupled-in image illumination;

FIG. 9 1s a schematic representation of the illummation pattern within a
waveguide for asymmetric coupled-mn tmage illamimation lacking a conjugate image;

FI1G. 10A 1s a schematic representation sumtlar to FIG. 9 dlustrating the effect of
a symmetric beam multiphier according to an aspect of the present invention;

FIGS. 10B and 10C are views sumilar to FIG. 10A, but illustrating separately the
intensity disiribution resulting from the illumination of each part of the aperture as it
propagates through the symmetric beam multiplier;

FIGS. 11A and 11B are views similar to FIGS. 10B and 10C for a symmetric
beam multiphier having two beam splitters dividing the thickness of the waveguide into
three layers, where two layers are illuminated with mmage iHumimnation without a
conjugate rmage;

FIG. 12A 15 a schematic side view of an optical arrangement in which an image
projector fills a thin waveguide with both an 1mage and its conjugate, and the 1nage is
then expanded fo a thicker waveguide by a symmetric beam multiplier, according to a
further aspect of the present invention;

FIGS. 12B and 12C are representations similar to FIGS. 11A and 11B
ilfustrating the propagation of the image and its conjugate through the symmetric beam
multiplier of FIG. 12A;

FIG. 13A 15 a schematic representation similar to FIG. 10C for a symmetric

beam multiphier having three beam splitters dividing the thickness of the wavegmde
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into four layers, ilhustrating propagation of one tmage i one layer of the aperture
throogh the symmetric beam multiplier;

FIGS. 13B and 13C are views simular to FIG. 13A illustrating the effects of
employing equal reflectivity of 0.25 or 0.5 for each beam splitter;

FIGS. 14A and 14B are a side view and a front view, respectively, of a
waveguide for two-dimensional optical aperture expansion employing an mtermediate
symmetrical beam multiplier between two stages of aperture expansion;

FIGS. 15A and 15B are schematic side views illustrating the distribution of
iHummation within the wavegmde of FIG. 14A, without and with the symmetrical beam
multiplier, respectively; and

FIG. 16 1s a schematic 1sometric representation of a display system with two-
dimensional aperture expansion which employs a first symmetrical beam multipher
associated with a coupling-in aperture and a second symmetrical beam multiplier

mtermediately positioned between two stages of optical aperture expansion.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present mvention 1s a hght-gmide optical system with symmetric beam
multiplication.

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

Referring now to the drawings, FIGS. 1A and 1B illustrate schematically a
typical implementation of an optical system for displaying an image to an eve 100 of a
user, located within a region referred to as the eye motion box (EMB) 102. The system
meludes a hight-guide optical element (LOE) 16 (interchangeably referred to as a
“waveguide” or a “substrate”) having two planar major external surfaces 12, 14 that are
paraliel so as to support propagation of image illumination within the LOE by internal
reflection at the major external surfaces. A coupling-out configuration is associated
with a coupling-out region of LOE 18, and 15 configured for coupling out at least part of
the image illumimnation from the LOE towards the eye 1008 of the user. ln certamn

embodiments, the coupling-out configuration 1s mmplemented as a set of mutually-
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parallel partially reflecting surfaces 16, deployed within the LOE and obliguely oriented
relative to the major external surfaces, as illustrated m FIG. 1A, In other embodiments,
the coupling-out configuration 1s implemented as at least one diffractive optical element
18 associated with LOE 16 and configured for progressively coupling out a part of the
mmage lumination towards the eye of the user, as iflastrated 1n FIG. 1B.

An mmage projector 20, mterchangeably referred to as 3 “POD”, generates mage
itlumination corresponding to a collimated mmage. Image projector 28 is optically
coupled to LOE 16 so as to mtroduce the image tllumination mto the LOE so as to
propagate within the LOE by mternal reflection. The POD emploved with the devices
of the present invention 1s preferably configured to generate a collimated umage, e, in
which the hight of cach image pixel 15 a parallel beam, collimated to mnfinity, with an
angular direction corresponding to the pixel position. The tmage llumination thus spans
a range of angles corresponding to an angular field of view in two dimensions.

Image projector 20 includes at least one light source, typically deployed to
iuminate a spatial hight modulator, such as an LCOS chip. The spatial hight modulator
modulates the projected intensity of each pixel of the umage, thereby generating an
mmage. Alternatively, or additionally, the image projector may include a scanning
arrangement, typically implemented usmg a fast-scanming mirror, which scans
illumination from a laser light source across an image plane of the projector while the
mtensity of the beam 1s varied synchronously with the motion on a pixel-by-pixel basis,
thereby projecting a desived intensity for each pixel. In both cases, collimating optics
are provided to generate an outpuf projected mmage which is collimated to mfinity.
Some or all of the above components are typically arranged on surfaces of one or more
polarizing beam-splitter (PBS) cube or other prism arrangement, employing reflective
optics, as is well known in the art. Alternatively, a free-space optics implementation
with reflective and/or refractive optics may be ased. Details of the image projector are
not per se part of the present invention, and in order to simplify presentation, the mmage
projector is represented here schematically as a dashed box, without any aftempt to
ithustrate the individual components.

Optical coupling of image projector 26 to LOE 1@ may be achieved by any

suitable optical coupling, such as for example via a coupling prism with an obliquely
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angled input surface, or via a reflective coupling arrangement, via a side edge and/or
one of the major external surfaces of the LOE. Examples of couphing i via a wedge
prism may be found i PCT publication no. WO2015162611. Various examples of
coupling in using a mirror may be found in PCT publication no. W0O2001095027.
Except where otherwise specified below, details of the coupling-in configuration are
typically not critical to the mvention, and are shown here schematically as a non-
limiting example of a wedge prism 22 applied to an edge surface of LOE 18
Farthermore, implementations of the present invention that are lhastrated herein using a
coupling-in prism can equally be mmplemented using a reflective coupling-in
arrangement, and vice versa. The coupling-in configuration determines an angle
between the POD and the LOE, denoted as apoq 11 FIG. 2.

FIGS. 2 and 3A illustrate a coupling-in configuration employing a wedge prism
22 according to a conventional approach. The LOE should provide image tlomination
to the human eye m a umform distribution over all propagating angles of hght (also
referred to as “fields” or “field of view” - FOV) and throughout the EMB 102, To this
end, each field’s aperture should be evenly filled with Light. In other words, for any
angle of illumination, cotresponding to a pixel within the collimated 1mage, the entire
cross-section of the LOE m a plane perpendicular to the major surfaces of the LOE
should be filled with both the 1mage and its reflection {(conjugate) such that, at any point
m the LOE volume, rays are present corresponding to all pixels of both the collimated
mmage and s conjugate. In order to achieve this result, as illustrated in FIG. 3A, a
relatively large-aperture image projector 20 is used together with an extension fo one
major surface 12 of the LOE so that the aperture of LOE 18 recetved full direct
iHumination of the mmage and full reflected illumination of the conjugate 1mage
internally reflected from surface 12. Image projector 20 must have a correspondingly
large aperture to fill the LOE aperture 1n this manner.

If the “filling” condition 1s not met, the light shined mto the eye will not be
evenly distributed. An example of a narrow illummation beam which fails to meet this
criterion 15 shown m FIG. 3B, where a smaller image projector 20 1s used with an
optical configuration that 1s otherwise similar to FIG. 3A. When there 15 a lack of

aperture filling, the light exiting the LOE will not be evenly distributed. Non-uniformity
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of filling of the LOE can occur for a number of reasons, including but not limited to,
use of a small apertore projector, use of a small coupling-in geometry, and certam
configurations of imternal facet reflections.

An aspect of the present mvention illustrated in FIGS. 1A, 1B and 4A-16 relates
to a range of configurations i which light of a collimated 1mage 1s guided by, but does
not completely fill, a hight-guide optical element (LOE) having a pair of major parallel
external surfaces, and m particular, where the image propagates without being an
image/image-conjugate pair at every point along the LOE. In such situations, according
to an aspect of the present invention, 1t has been found particularly effective to provide
LOE 16 with a symmetrical beam multiplier region, distinct from the coupling-out
region, the symmetrical beam multiplier region having » internal planar beam splitters
24, where n 15 a positive integer, each beam splitter 24 being mternal to LOE 10 and
paraliel to the major external surfaces 12, 14. The » beam splitters subdivide a thickness
of the LOE between the major external surfaces mto (n+1) layers of equal thickness.
Thus, 10 a simplest and particularly preferred example of n =1, beam splitter 24 1s
implemented as a partial reflecting surface located on a mid-plane between the two
major external surfaces, and most preferably, where the partially reflecting surface has a
reflectivity of about 50%. Such a symmetrical beam multiplier region 1s typically
implemented by providing the beam splitier as a coating on one plate and then bonding
that plate with another similar plate, as illustrated m FIG. 4A. The beam multipher
region is then mtegrated with other elements to form the overall LOE structure, as
ittustrated schematically m FIG. 4B.

It has been found that the symmetrical beam multiplier of the present imvention
has a particular synergy with certain particular asymmetric forms of partial filling of the
LOE, where the symmetry of the beam multiplication rapidly achieves full beam
pniformity over a short distance. Particularly significant scenarios of such synergy are
where the configuration of LOE 16 and/or the coupling of 1mage projector 20 to LOE
16 are such that the image tllumination entering the symmetrical beam multiplier region
either: (1) fills at least two of the layers with image tlomination corresponding to the
collimated mmage without a conjugate of the collimated mmage (FIG. 5B), or with the

conjugate of the collimated nmage without the collimated mmage (FIG. 5C), or (1) fills

9
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only one of the layers with image illumination corresponding to both the collimated
mmage and a conjugate of the collimated 1mage (FIG. SA).

A typical scenario of one type of asymmetry optimally addressed by this aspect
of the present invention is ittustrated m FIG. 9 where, at an arbitrary starting point taken
as the left edge of the LOE as illustrated, hight corresponding to a certan field (angular
direction, corresponding to a particular pixel) of a collimated mmage 1s present across
the entire thickness of the LOE propagating i a downwards direction as shown, but the
cotresponding field of the comjngate image 1s mussing. The downward-propagating
mmage 1s represented here by a downwards arrow while s upward-propagating
conjugate image is represented by an upwards arrow. A region m which the images are
mixed 1s represented by a double-headed arvow. The light propagates towards the right
as shown, undergoing total internal reflection at the bottom major surface of the LOE to
be converted to the conjugate image, which propagates angled upwards until reflected
off the upper surface to again gencrate the original mmage. (This process continucs
beyond what 1s illustrated here, until the light 1s coupled out of the LOE) It 1s
immediately visible that the unage and its conjugate do not “fill” the thickness of the
LOE. In fact, m this scenario, each of the image and its conjugate are present in half of
the volume of the LOE (in the cross-section where the umage is propagating),
overlapping with each other in some regions and with some fotally “dark™ regions
{which are unshaded in this representation).

A mid-plane 50% muxer has been found to achieve very rapid “fitling m” of the
missing conjugate image so that, within a very short distance, complete filling of the
LOE 15 achieved, as illustrated in FIG. 10A. The length required to achieve this mixing
1s 1deally no more than half of one cycle of the most shallow-angled rays of the image
bouncing between top and bottom surfaces of the LOE. This extremely rapid filling of
the LOE with a uniform illomination pattern of both 1mages 1s a result of the particular
synergy mentioned above between a controlled asymmetrical state at the input to the
symmetric beam multiplier and the symmetry of the beam multiplier itself.

The mechanism by which this completion of the missing conjugate images and
redistribution of mmage mtensity occurs is tHustrated schematically in FIGS. 10B and

10C by considering separately the tmage illumination intensity and divection of

10
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propagation for the upper and lower halves of the LOE. FIG. 10B illustrates the
mtensity distribution between the wvpper and lower halves of the LOE for image
mtensity starting n the upper half of the LOE propagating downwards while FIG. 10C
shows the same for the image starting downwards in the lower half of the wavegmde.
Although an entire “cycle” along the LOE 1s illustrated, it will be noted that uniform
image mtenstty distribution 1s achieved already after a half cycle. From the directions of
the arrows (representing the direction of propagation corresponding fo either the
primary tmage or the conjugate), it will be appreciated that the entire LOE 15 also filled
with both 1mages. (Throughout this document, 1s should be noted that the “primary
image” and the “conpugate image” are arbifrartly identified, and are interchangeable,
meamng that either, or in some cases both, can be used to convey the 1mage to the
observer, and the image projected towards the user may be the same 1mage as mjected
from the tmage projector, or may be its conjugate.)

Although this aspect of the mvention has been llustrated thus far primartly with
reference to a single partial reflector deploved on a mid-plane of the LOE dividing 1t
into two equal parts, if should be noted that the principles can be generalized to “n”
partial reflectors deployed parallel to the major surfaces of the LOE such that they
divide the thickness equally into “n+1” sections for n=1, 2, 3 etc. In this case, the
preferred reflectivities for successive reflectors are 1/2, 1/3, ... 1{n+1). By way of
example, FIGS. 11A and 11B illustrate the intensity distribution and conjugate ymage
filling for a waveguwide subdivided into 3 parts by two partial reflectors with
reflectivities 1/2 and 1/3, and where an image without its conjugate are injected nto
two of the three layers of the LOE. Here too, 1n the example illustrated, the mtensity of
distribution rapidly becomes uniform within half a cycle, and when njected mto two of
the three layers, has generated both the image and ifs conjugate over the entire LOE
thickness. For simplicity of representation, the mput intensity for each layer/third of the
thickness has been labeled as 100%.

It will be understood that the reflectances of the various partial reflectors have
been identified by their desired values, but the proportion of reflectance 1 a parameter
which may not be precisely defined or precisely achievable in all cases, and the

intention here is to refer to values sufficiently close to the theoretical value (e.g., 0.5)
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that the resulting mntensity distribution if sampled would be perceived visually as
pniform across the thickness of the LOE. For a smgle reflecting layer (n=1), a
reflectivity of R=0.5+A will result after halt a cycle in an mtensity difference of A
between the image and conjugated image; and, more generally, after m half-cycles, it
will result m an mtensity difference of (m-1y*A™. Typically, A of 5-10% are visually
acceptable even only after one half-cycle. vanations of =5%, or even +10% m the
reflectances may in certain cases render results which are sufficiently close to optimum
to be visually acceptable. Parallelism between the partial reflector layer(s) and the
major external surfaces of the LOE should be preserved, and the subdivision of the
thickness 1nto equal portions 1s preferably performed to an accuracy of within 10%, and
preferably more accurately, 1 order to avoid generating stripes of non-uniform intensity
during the beam multiplication process.

Structurally, the partial reflectivity of the beam multiplying configuration can be
mplemented using any suitable partially-reflective layer or coating, mcluding but not
himited to, a metallic coating, a structural partial reflector {(e.g., polka-dot patterned
reflector) and multi-layer dielectric coatings. If it i1s desired to deploy the partial
reflector layer 1n a region through which the observer sees an external “real” scene
{particularly although not exclusively relevant to certamn embodiments iHustrated below
with reference to FIGS. 14A-16), the partially-reflective coatings are preferably
mplemented using an angle-dependent reflective coating m which the coating has 50%
reflectivity {or the corresponding deswwed reflectivity according to the sequence
described above, for multiple beam-splitter implementations) at angles in a range
cotresponding to angles of image light propagation within the LOE while having low
reflectivity at small angles (close to perpendicular to the beam splitter), so as to provide
less attenuation of light from the directly viewed scene. Layers with such angle-
dependent reflectance can readily be achieved using multi-layer dielectric coatings, and
are easy to manufacture since the required properties are essentially similar to Fresnel
reflection properties. Design of multi-layer coatings to provide such angularly-
dependent reflectivity can be performed using standard software packages, as is

common practice n the art, and switable coatings can be obtained commercially from
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many sources. Accordingly, for conciseness of presentation, the details will not be
addressed here.

Optimal umformity between the primary mmage and the conjugate 1mage m this
case 18 achieved by injecting the image via a coupling-in aperture covering 2/3 of the
thickness of the LOE (either top 2/3 or bottom 2/3 or muddle third with part of top and
bottom thirds).

FI1G. 12A ilustrates schematically an alternative form of tput state which has
particular synergy with the symmetrical beam multiphier of the present mvention,
namely, where one layer of the LOE 1s filled with both the 1mage and its conjugate
while the other layers are imitially without image llumination. FIGS. 12B and 12C
illustrate the distribution of the image and conjugate image through the symmetric beam
multiphier, which begins at the point at which the LOE thickness mereases. In this case,
the downward-propagating image as illustrated takes 2/3 of a cycle to reach full
pmformity. This would be shortened 1n this case #f the 1/2 and 1/3 reflectors were
mterchanged. This scenario facilitates use of a small projector aperture and coupling
prism, since coupling-in need only be achieved for a relatively thin layer, and may be
pseful 1n any situation where 1t 1§ desired to increase the thickness of an LOE.

FIG. 13A illustrates a further example, with 3 reflectors having reflectance 1/4,
1/3 and 1/2, respectively, dividing an LOE thickness wto 4 equal portions), and
illustrates the part of the aperture which takes the longest length along the LOE to
equalize its mtenstty across the thickness of the LOE, still taking less than a single cycle
of reflection between the top and bottom surfaces of the LOE. Such an example can
provide uniform filling of the thickness of the LOE using an input aperture which
provides only one 1mage (without 1ts conjugate) over a thickness of half the thickness
of the LOE, or across the entire thickness of the LOE, whichever is preferred, or which
provides a full coupling of the mage and 1ts conjugate into one layer,

It 1s noted that the particular sequence of reflectivities disclosed achieves rapid
equalization of ilumination intensity in a manner that cannot be achieved using
multiple beam splitters with equal partial reflectance. By way of comparative examples,
FIGS. 13B and 13C are cases sumtlar to FIG. 13A where all three of the partially
reflective layers have the same reflectance of either 0.25 (FIG. 13B) or 0.5 (FIG. 13C).
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in both cases, the intensity distribution is still far from uniform after the same path
length that achieved uniformity m FIG. 13A.

As mentioned, optimal performance of the symmetric beam multipher 1s
achieved when the input llumination has a well-defined asymmetry which 15 has
synergy with the beam multiplier stracture. For this reason, in a first set of particularly
preferred implementations, beam sphitters 24 extend up to an input aperture 26 of LOE
16, which i1s advantageously perpendicular to the major external surfaces 12, 14.
According to certain implementations of the present mvention, mage projector 20 1s
optically coupled to mput aperture 26 so as to fill the input aperture with the collimated
image without the conjugate of the collimated image. Two exemplary configurations for
achicving such optical coupling are illustrated schematically 1n FIGS. 6 and 7.

In FIG. 6, a coupling prnism 22 provides a couphling-in surface roughly
perpendicudar to a central (nominal) ray of an image from tmage projector 28, and
allows the image to enter mput aperture 26 without prior reflection. The coupled-in
mmage 1S a single wmage without a conjugate, and the symmetric beam multiplier
reconstructs the image/conjugate combination as described.

FI1G. 7 illustrates a functionally similar arrangement where a coupling-prism 22’
1s configured to provide a surface at which the image undergoes one retlection before
reaching the perpendicular input aperture 26 of the LOE. This configuration facilitates
an orientation of the image projector which extends at a large angle to the plane of the
L.OE, and with pymimum bulk extending beyond the end of the LOE, which may be
particularly advantageous for certain practical implementations, particular for near-eye
displays which adopt an eyeglass frame form.

FIGS. 8A and 8B are a side and front view, respectively, of an implementation
of the device of FIG. 7 showing the relative position of the EMB 182 to LOE 18, and
FIG. 8C 1s the result of ray-tracing software analyzing a particular pixel field of an
image projected through this design. It is seen that the coupled-in 1mage 1s delivered
uniformly to the EMB, despite the coupling-in providing an image without ifs
conpugate,

The compactness of these coupling-in configurations 1s better understood by

comparing them to the conventional approach illustrated in FIGS. 2 and 3A. In that
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case, where one face of the LOE is extended beyond the LOE aperture to provide a
coupling-in wedge to fill the aperture with both the image and its conjugate, especially
when having very large (grazing) propagating angles the coupling-in mechanism has
two main problems:

1. The size of wedge is large, since it is comparable to dTam{g. which increases
dramatically when ¢« approaches grazing angles.

2. The angle between LOE and the POD s governed by the central FOV
propagation %ees = 0+ & (where ¢: is the central FOV propagation angle)
could be very not aftractive for some systems. For instance. For side pod
systems (glasses like) ®wpols deswable to be about 110 degrees and when
B = 60° then Fpas = 150°
In contrast, since the arrangements of FIGS. 6 and 7 couple in only one image,

without 1its conjugate, through a perpendicular input aperture 26, the size of the
coupling prism 22 is no longer relative to Ten{@wm! but rather to ifs cosine
function: {os{@nl Where a folding facet is used to break the light propagating angle
and change Tpa) a5 shown in Fig 7, this introduces an additional degree of freedom
the geometrical design. In the example illustrated here, the central propagation angle of
the image entering the input aperture of the waveguide 1s 60 degree, but due the folding
prism serving as a wedge, the pod angle et 15 106.5, with a relatively small aperture
size.

Due to the rapid equalization of the image intensity across the LOE thickness
using the particular configurations defined heremn, the beam multiplication arrangement
of the present mvention may optionally be deployed selectively along a relatively short
section of the LOE, which may typically be no more than about 5 times the thickness of
the LOE, and n some cases no more than 3 times the thickness of the LOE. Although
use of a longer partially reflective surface does not adversely affect the uniformity of
the beam filling, the ability to achieve effective beam multiplication over a short length
of the LOE provides profound advantages with regard to compaciness of design,
minimizing any scattering effects of the reflectors, and keeping the partial reflectors

cutside the viewing region of the LOE through which the observer views the real world.

o
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This aspect of the present invention may be used to advantage m a wide range of
contexts and configurations to facilitate compact and efficient system design m
situations where arrangements for filling an LOE dwectly with an image and its
conjugate is either unfeasible or cannot be done without compromise of other design
considerations such as size and/or form factor.

The required length of beam sphitter 24 for the 50% nud-plane beam sphitter
configuration 1s typically half of the biggest aperture (i.e., half a cycle) from all parts of
the field propagating in the LOE. This length is given by Lo = 05dTan{$.) where d is
the thickness of the LOE and .« is the biggest propagation angle of all fields relative to
the normal of the LOE (see Fig. 3B).

Structurally  the wmixer 15 typically produced by optically bonding a
corresponding number of layers having the required beam splitter coatings applied to
one of the facing surfaces, and then mtegrating the assembled stack with the other
sections requited to assemble the final LOE, according to the various examples
ittustrated herein. Optionally, after assembly of the parts, the major external surfaces
are re~-polished to ensure mutoal parallelism and continuity across the joints. Optionally,
a couphing n element, such as a wedge similar to that of Fig. 6 or 7 illustrated above,
may be added. It is important to emphasize that the order of the steps presented here is
only an example, and that alternative sequences of construction, and alternative
construction techniques, also fall within the scope of the present invention.

Turning now to a further set of exemplary embodiments of the present mvention,
itlustrated with reference to FIGS. 14A-16, some display systems employ an LOE
which ncludes two stages of optical expansion within a single wavegmide. In such
cases, an tmage projector is coupled to a coupling-in region 38 so as to infroduce image
illumination corresponding to a collimated image into the LOE so as to propagate
within the LOE 1n a first propagation direction pr (FIG. 14B), and a coupling-out
configuration associated with a coupling-out region 32 of the LOE and configured for
coupling out at least part of the image illumination from the LOFE towards the eye of the
user. As before, the coupling-out configuration may be a set of mutually-parallel
partially reflecting surfaces 16, deployed within the LOE and obliguely oriented relative

to the major external surfaces, as illustrated here, and i FIG. 1A, above, or may be
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implemented as at least one diffractive optical element, as described above with
reference to FIG. 1B.

The device also mchides an aperture expansion configuration 34, associated with
the LOE and configured to progressively redirect the image illumination from the first
propagation direction pi1 $0 as to propagate within the LOE in a second propagation
direction p: towards the couphng-out configuration. Here too, the aperture expansion
configuration may be based on a plurality of mutually-parallel partially reflecting
surfaces 16’ deployed within the LOE and obliquely oriented relative to the major
external surfaces, as illustrated here, or on one or more diffractive optical element (not
shown). In either case, the aperture expansion configuration 34 1s differently oriented
from the coupling-out configuration so as to achieve expansion along a different -
plane axis.

Certain implementations of the aperture expansion configuration 34 result
redirection of one of the ymages towards couphing-out region 32 while the conpugate of
that 1mage 1s reflected to an undesired angular orientation, and 1s effectively lost. For
such cases, a symmetrical beam multiplier region 36 s preferably interposed between
aperture expansion configuration 34 and couphng-out region 32, so as to compactly
reconstruct the umage/conjugate pair and fill the waveguide with the image to be
coupled out. Structurally, symmetrical beam multiplier region 36 is preferably identical
to the beam multiplier structured disclosed above, having » internal planar beam
splitters 24, internal to the LOE and parallel to the major external surfaces, subdividing
the thickness of the LOE into (n+1) layers of equal thickness.

The symmetrical beam multiphier can thus here be considered a mediating
mechanism between several m-plane LOEs, as presented m FIGS. 14A and 14B. As
explained above, all beams in the waveguide (LOE) bounce “up” and “down” between
the major surfaces due to total internal reflection (TIR). In compound systems where
several LOFs {or stages of expansion) are coupled n-plane as a single LOE sharmng
common major external parallel surfaces. For a reflective aperture expansion
arrangement, 1if the partially-reflective surfaces are not perpendicular to the plane of the
LOE, up-gomg and down-going beams mside the first LOE are reflected at different

angles. As a result, only the up-going or down-going rays will eventually be coupled
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out to the observer’s eye (while the down-going or up-going rays would be considered
as unwanted “ghost” images propagating inside the waveguide, that may contaminate
the out-coupled signal). However, depending on the facet and field angles, this effect
may create “holes™ (dark stripes) inside the waveguide, i.e. it may cause partial filling
of the entrance aperture of the second LOE, as demonstrated in Fig. 15A (for clanty,
only showing rays that reach the eye). To overcome this limitation, the symmetric beam
multiplier is placed between the two LOEs, thereby duplicating the present rays {up-
going or down-going), such that the entire aperture of the second LOE 15 filled (FIG.
15B). As betore, the size of the mixer should be at least half the aperture size of the
most shallow-propagating field in the second LOE.

FIG. 16 iltustrates schematically a system employing an image projector POD 20
coupling 1 directly (typically via a coupling prism, not shown) to the mput aperture 26
of a compound waveguide {LOE) with two-stage aperture expansion. This example
combines both aspects of the mvention described above, meluding a first mid-plane
50% beam splitter 24 to perform aperture filling that 1s not achieved directly by the
POD coupling in, followed by an aperture expansion configuration 34, implemented
psing a first set of oblique partially-reflective mnternal surfaces, to achieve a first
dimension of aperture expansion and redirect the mmage iHlummation towards a
coupling~out region 32. A symmetrical beam multiplier region 36 interposed between
aperture expansion configuration 34 and coupling-out region 32 reconstructs the
image/conjugate filling of the waveguide, leading to filling uvmiformity of the mmage
projected towards the eye of the user.

It will be appreciated that the display includes various additional components,
typically mcluding a controller for actuating the mmage projector, typically employing
electrical power from a small onboard battery or some other suitable power source. It
will be appreciated that the controller includes all necessary electronic components such
as at least one processor or processing circuifry to drive the 1mage projector, all as s
known in the art. These features are not part of the invention per se, and therefore will
not be described here m detail. All such features will be readily implemented by a

person ordinarily skilled in the art.
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It will be appreciated that the above descriptions are mtended only to serve as
examples, and that many other embodiments are possible within the scope of the

present invention as defined in the appended claims.
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WHAT IS CLAIMED IS:

1. An optical system for displaying an image to an eye of a user comprising:

(a) alight-guide optical element (LOE) having two planar major external surfaces
that are parallel so as to support propagation of image illumination within the
LOE by internal reflection at the major external surfaces;

(b) acoupling-out configuration deployed at a coupling-out region of the LOE and
configured for coupling out at least part of the image illumination from the LOE
towards the eye of the user; and

(c) animage projector for generating image illumination corresponding to a
collimated image, the image projector being optically coupled to the LOE so as
to introduce the image illumination into the LOE so as to propagate within the
LOE by internal reflection,

wherein the LOE further comprises a beam multiplier region, distinct from the coupling-out
region, the beam multiplier region having » internal planar beam splitters, where » is an
integer greater than 1, each beam splitter being interal to the LOE and parallel to the major
external surfaces, the n beam splitters subdividing a thickness of the LOE between the major
external surfaces into (n+1) layers of equal thickness, each beam splitter having a reflectivity
for image illumination propagating within the LOE by internal reflection given by 1/(i+1)

where i is an index for sequential beam splitters for i from 1 to .

2. The optical system of claim 1, wherein the coupling-out configuration comprises a
plurality of mutually-parallel partially reflecting surfaces deployed within the LOE and

obliquely oriented relative to the major external surfaces.

3. The optical system of any one of claims 1-2, wherein the coupling-out
configuration comprises at least one diffractive optical element deployed at the coupling-out
region of the LOE and configured for progressively coupling out a part of the image

illumination towards the eye of the user.
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