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RAINBOW FREE WAVEGUIDE COMBINER
TECHNICAL FIELD

[0001] Embodiments described herein generally relate to near-eye display
systems, and more specifically to near-eye display systems with reduced

rainbow artifacts and methods of forming the same.
BACKGROUND

[0002] Virtual reality (VR) is generally considered to be a computer
generated simulated environment in which a user has an apparent physical
presence. A virtual reality experience can be generated in 3D and viewed with
a head-mounted display (HMD), such as glasses or other wearable display
devices that have near-eye display panels as lenses to display a virtual reality

environment that replaces an actual environment.

[0003] Augmented reality (AR), however, enables an experience in which a
user can still see through the display lenses of the glasses or other HMD device
to view the surrounding environment, yet also see images of virtual objects that
are generated for display and appear as part of the environment. AR can
include any type of input, such as audio and haptic inputs, as well as virtual
images, graphics, and video that enhance or augment the environment that the
user experiences. As an emerging technology, there are many challenges and

design constraints with augmented reality.

[0004] Typical diffractive near-eye display systems suffer from external light
source diffraction, for example, a rainbow artifact, which results in the
appearance of a rainbow streak of light in the user’s field of view (FoV). This
rainbow artifact is an unwanted diffraction to the user experience in an AR

display system.

[0005] Accordingly, what is needed in the art are near-eye display systems

with reduced rainbow artifact.
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SUMMARY

[0006] Embodiments described herein generally relate to near-eye display
systems, and more specifically to near-eye display systems with reduced

rainbow artifacts and methods of forming the same.

[0007] In one aspect, a method of manufacturing a rainbow-free waveguide
display is provided. The method includes manufacturing a waveguide display
assembly configured to direct image light to an eyebox plane having a length
(Leyebox) @nd to a user's eye. The waveguide display assembly includes a
waveguide combiner and an out-coupler grating. The out-coupler grating has
a grating period A, such that all angles of incidence 6,,, of light from an external
light source, result in diffracted angles 8,,;, that miss the user's eye by

satisfying the following first order diffraction equation (I):
. . !
Sln(gout) = Sln(ein) +/_A (I)
ocC

wherein A is the wavelength of the light from the external light source.

[0008] In another aspect, a waveguide display is provided. The waveguide
display is configured to direct image light to an eyebox plane having a length
(Leyenox) @nd to a user's eye. The waveguide display includes waveguide
combiner and an out-coupler grating. The out-coupler grating has a grating
period Ay such that all angles of incidence 6;,, of light from an external light
source, result in diffracted angles 6,,., that miss the user’s eye by satisfying

the following first order diffraction equation (1)

A
Sin(gout) = Sin(gin) +/_A_
oc

wherein A is the wavelength of the light from the external light source.

[0009] In yet another aspect, a near-eye display is provided. The near-eye
display includes a frame and a display. The display includes a waveguide

display configured to direct image light to an eyebox plane having a length
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(Lgyebox) @nd to a user's eye. The waveguide display includes a waveguide
combiner and an out-coupler grating, wherein the out-coupler grating has a
grating period A, such that all angles of incidence 6;,, of light from an external
light source, result in diffracted angles 6,,;, that miss the user's eye by

satisfying the following first order diffraction equation (1):
SIN(Bpye) = sin(8y) +/— = (1)
ocC

wherein 1 is the wavelength of the light from the external light source.

[0010] In another aspect, a non-transitory computer readable medium has
stored thereon instructions, which, when executed by a processor, causes the

process to perform operations of the above apparatus and/or method.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] So that the manner in which the above-recited features of the present
disclosure can be understood in detail, a more particular description of the
implementations, briefly summarized above, may be had by reference to
embodiments, some of which are illustrated in the appended drawings. Itis to
be noted, however, that the appended drawings illustrate only typical
embodiments of this disclosure and are therefore not to be considered limiting
of its scope, for the disclosure may admit to other equally effective

embodiments.

[0012] FIG. 1 illustrates a perspective view of a near-eye display system

according to one or more embodiments of the present disclosure.

[0013] FIG. 2 illustrates a cross-sectional view of the near-eye display
system of FIG. 1 according to one or more embodiments of the present

disclosure.

[0014] FIG. 3 illustrates a cross-sectional view of a waveguide display

according to one or more embodiments of the present disclosure.



WO 2023/064068 PCT/US2022/044071

[0015] FIG. 4A illustrates a K-Space diagram of a grating vector architecture

according to one or more embodiments of the present disclosure.

[0016] FIG. 4B illustrates a K-Space diagram of the grating vector
architecture of FIG. 4A including the path of rainbow artifact light.

[0017] FIG. 5 illustrates a flow chart of a method for determining system
design parameters for a rainbow-free near-eye display system according to one

or more embodiments of the present disclosure.

[0018] FIG. 6 illustrates various design parameters used in the method
depicted by the flow chart of FIG. 5 according to one or more embodiments of

the present disclosure.

[0019] FIG. 7 illustrates various design parameters used in the method
depicted by the flow chart of FIG. 5 according to one or more embodiments of

the present disclosure.

[0020] FIG. 8 illustrates various design parameters used in the method
depicted by the flow chart of FIG. 5 according to one or more embodiments of

the present disclosure.

[0021] FIG. 9 illustrates a plot depicting Maximum Field of View (°) versus
Substrate Refractive Index according to one or more embodiments of the

present disclosure.

[0022] To facilitate understanding, identical reference numerals have been
used, where possible, to designate identical elements that are common to the
figures. It is contemplated that elements and features of one implementation
may be beneficially incorporated in other implementations without further

recitation.
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DETAILED DESCRIPTION

[0023] The following disclosure generally describes display systems for
virtual reality and augmented reality. Certain details are set forth in the
following description and in FIGS. 1-9 to provide a thorough understanding of
various implementations of the disclosure. Other details describing well-known
structures and systems often associated with display systems for virtual reality
and augmented reality are not set forth in the following disclosure to avoid

unnecessarily obscuring the description of the various implementations.

[0024] Many of the details, dimensions, angles and other features shown in
the Figures are merely illustrative of particular implementations. Accordingly,
other implementations can have other details, components, dimensions, angles
and features without departing from the spirit or scope of the present disclosure.
In addition, further implementations of the disclosure can be practiced without

several of the details described below.

[0025] Embodiments described herein generally relate to near-eye display
systems, and more specifically to near-eye display systems with reduced
rainbow artifacts and methods of forming the same. The near-eye-display
system utilizes a diffractive waveguide combiner layer designed to prevent light
sources from the external world from diffracting into the user’'s eye (commonly
referred to as a rainbow artifact). A set of relationships and constraints on the
waveguide combiner and optical system design are provided to ensure that no

rainbow artifacts can reach the user’s eye in normal operation.

[0026] Typical diffractive near-eye displays suffer from external light source
diffraction (rainbow artifact), which results in the appearance of a rainbow
streak of light in the user’s field-of-view. Such external sources include room
lights and the sun. This rainbow artifact is an unwanted distraction to the user

experience in an augmented reality display system.

[0027] Current near-eye display designs either live with the issue, mitigate

the issue with complex grating structures, use external films to mitigate the
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issue, or use visor-like mechanical features to block the undesirable light paths.
In contrast, in some embodiments of the present disclosure, rainbow artifacts
are eliminated by utilizing out-coupler grating periods, which do not allow

diffracted orders from external light sources to reach the user's eye.

[0028] By utilizing the design relationships and constraints outlined in the
present disclosure, this display system described herein does not suffer from
external light source diffraction (“rainbow” artifact), in the user’s field-of-view.
Unlike other approaches to mitigating this artifact, some embodiments
described herein do not use any external device or layers to filter the light from
sources in the world which is incident on the waveguide-combiner. Additionally,
some embodiments described herein do not use any visor-like mechanical
blockages that extend beyond the plane of the waveguide combiner to prevent
light paths that generate “rainbow” artifacts from hitting the waveguide

combiner.

[0029] The appearance of rainbow artifacts is dependent on the spectrum
of the light sources that generate them, as well as the location of the user's eye
pupil. In order to provide a quantitative definition of “rainbow” free, a minimum
wavelength of 450nm is used for the source spectrum, and it is assumes that
the user’s pupil is located at the nominal eye position (center) of the designed
eyebox plane at the intended eye relief of the waveguide combiner display
system. With this definition, the only possible rainbow artifacts that could
possibly be viewed will be very blue/violet (due to the 450nm cutoff in the
assumption) where human sensitivity is very low, and will be located over a

small angular extent near the edges of the out-coupling grating region.

[0030] FIG. 1 illustrates a perspective view of a near-eye display system 100

according to one or more embodiments of the present disclosure. The near-

eye display system 100 can present media to a user. Examples of media

presented by the near-eye display system 100 can include one or more images,

video, and/or audio. In one embodiment, which can be combined with other

embodiments, audio may be presented via an external device (e.g., speakers
6
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and/or headphones) that receives audio information from the near-eye display
system 100, a console, or both, and presents audio data based on the audio
information. The near-eye display system 100 is generally configured to
operate as an artificial reality display. In one embodiment, which can be
combined with other embodiments, the near-eye display system 100 can

operate as an augmented reality (AR) display.

[0031] The near-eye display system 100 can include a frame 110 and a
display 120. The frame 110 can be coupled to one or more optical elements.
The display 120 can be configured for the user to see content presented by the
near-eye display system 100. In one embodiment, which can be combined with
other embodiments, the display 120 can include a waveguide display assembly

for directing light from one or more images to an eye of the user.

[0032] FIG. 2 illustrates a cross-sectional view of the near-eye display
system 100 of FIG. 1 according to one or more embodiments of the present
disclosure. The near-eye display system 100 can include at least one
waveguide display assembly 210. The waveguide display assembly 210 is
configured to direct image light, for example display light, to an eyebox plane
220 defining an eyebox plane and then to a user’s eye 230. The waveguide
display assembly 210 can include one or more materials with one or more
refractive indices. In one embodiment, which can be combined with other
embodiments, the near-eye display system 100 can include one or more optical

elements between the waveguide display assembly 210 and the user’s eye 230.

[0033] FIG. 3 illustrates a cross-sectional view of a waveguide display 300
according to one or more embodiments of the present disclosure. FIG. 3
illustrates rainbow artifacts in the waveguide display 300. The waveguide
display 300 includes a waveguide display assembly 310. The waveguide
display assembly 310 includes a waveguide combiner 320 and an out-coupler
grating 330. The waveguide display 300 can further include a projector 340.
Display light from the projector 340 can be coupled into the waveguide
combiner 320 and can be partially coupled out of the waveguide combiner 320
7
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at different locations by the out-coupler grating 330 to reach the user’s eye 230.
External light 352 from an external light source 350, for example, the sun or a
lamp, can also be diffracted by the out-coupler grating 330 into the waveguide
combiner 320 and then propagate through the waveguide combiner 320 to
reach the user’'s eye 230. This external light 352 can lead to the presence of

rainbow artifacts.

[0034] Referring to FIG. 3, the general principle that is followed to ensure a
“rainbow” free system is that external light from the world, for example, external
light 352 from the external light source 350 incident at any angle on the out-
coupler grating 330 in front of the user’s eye 230 is not allowed to diffract from
the out-coupler grating 330 into the user's eye 230. The limiting case for this
artifact is short wavelength light incident on large period gratings. This can be

understood by looking at the first order diffraction equation (I):
. . i
sin(foye) = sin(f,) +/_A (1)
oc

[0035] where 6,,, is the angle of light 354 diffracted by the out-coupler
grating 330, 6;, is the angle of light 352 incident on the out-coupler grating 330,
A is the wavelength of light 354, and A, is the period of the out-coupler grating
330. As the wavelength A is decreased or the grating period A, is increased,
0,.,: becomes closer to 6;,, and the diffracted light 354 therefore becomes closer
to the center of the user’s field-of-view. However, if the out-coupler grating 330
is designed to have a grating period A, small enough such that all angles of
incidence, 8;,,, result in diffracted angles 6,,,., that miss the user’'s eye 230, then

no rainbow artifact is viewable to the user.

[0036] Additionally, it is desirable to enable a large field-of-view (FoV) and
eyebox plane 220 of the virtual content while also removing the “rainbow”
artifact. The maximum FoV of the system can be determined by the substrate
index. Inversely, the required minimum substrate refractive index of the

waveguide combiner 320 can be determined from a requirement on the FoV.
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[0037] Effective Out-Coupler Grating Period

[0038] FIG. 4A illustrates a K-Space diagram 410 of a grating vector
architecture. FIG. 4B illustrates a K-Space diagram 420 of the grating vector
architecture of FIG. 4A including the path of rainbow artifact light. The effective
out-coupler grating period is a parameter used in designing a “rainbow” free
waveguide combiner. The effective out-coupler grating period is defined as the
maximum effective period of all possible diffraction orders which can generate
rainbow artifacts in the out-coupling region of the waveguide combiner. The
effective out-coupler grating period is easily defined for waveguide combiner
grating architectures, which have a single one-dimensional grating in the out-
coupling region, and in this case Agcgrr = Agc. However, in more complex
waveguide combiner grating architectures there can be two-dimensional or two
one-dimensional gratings with different orientation on each surface of the
waveguide combiner, which can result in more complex paths of rainbow
artifacts. In these cases, it is possible for light to diffract from an external light
source into total internal reflection (TIR), then diffract out of TIR by a different
grating vector. The sum of these two diffraction events can be a k-vector which
is shorter in magnitude than either of the original grating vectors. An example
of such a grating vector architecture is shown in FIGS. 4A and 4B. K-Space
diagram 410 depicts the path of the virtual FoV, which is the intended image
path. K-Space diagram 420 depicts the path of external light diffraction, which
is the undesirable rainbow path. The minimum effective grating vector identified
for a particular grating architecture can then be used to determine the required
periodicities of other gratings in the system in terms of the effective out-coupler

grating period, Agcgyy-

[0039] One example of the “effective” out-coupler grating period Aycgyy is as
follows. There are rainbow paths which can be generated from the combination
of two different physical gratings, but produce rainbow artifacts with output

angles consistent with a single “effective” grating period.
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[0040] If two or more out-coupler grating vectors are present, one should
search for combinations of grating vectors (sums), which potentially produce a

smaller magnitude grating vector to find Agcerf

[0041] For example, for two 1D out-coupler gratings:

[0042] Kooy = =——
Aoc

[0043]  Kppp = =——
Aocz

[0044] Ko = Koes + Koco

[0045] I [kors| < |Kocs| @nd |Kopf| < |Kocs]

A
Eef f

[0046]  Agcery =

[0047]  Where, A, is the periodicity vector of the first 1D out-coupler, Ayc;
is the periodicity vector of second 1D out-coupler, Eom is the grating vector of
the first 1D out-coupler, EOCZ is the grating vector of the second 1D out-coupler,
Eeff is the effective grating vector of the out-coupler combination, XOCeffis the

effective out-coupler periodicity vector, and A is a wavelength of light which will

cancel out in this calculation.

[0048] One example of this type of multiple out-coupler grating configuration
is described by FIGS. 4A and 4B.

[0049] A variety of options exist for the number of waveguide combiner
layers utilized in the “rainbow” free system. In single waveguide layers, three
display channels (red, green, blue) propagate through the same layer and
diffract from the same grating structures to send the virtual image to the user’s
eye. Inthree waveguide-layer systems, each waveguide layer can be designed
to support only a single display color channel. Typically, three waveguide-layer
systems utilize larger effective out-coupler grating periods, Agcgsy, than single
10
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waveguide layer systems because the dedicated Red layer is designed to
support only red wavelengths (600-650nm) instead of also requiring the

inclusion of shorter blue wavelengths (430-470nm).

[0050] “Rainbow” free implementations of multi-layer waveguide combiners
can be made provided the requirements for the maximum allowable effective
out-coupler grating periods, Agcgyr, @re held for all of the layers in the system.
An advantage of using multiple waveguide layers is that the grating structures
can be optimized for the intended display color channel they are designed to
support even though the grating periods are limited by the “rainbow” free
constraints, which can result in improved color uniformity, luminance uniformity,

and efficiency over a single-layer implementation.
[0051] Number of Waveguide Combiner Layers

[0052] A variety of options exist for the number of waveguide combiner
layers utilized in the “rainbow” free system. In single waveguide layers, three
display channels (red, green, blue) propagate through the same layer and
diffract from the same grating structures to send the virtual image to the user’s
eye. Inthree waveguide-layer systems, each waveguide layer can be designed
to support only a single display color channel. Typically, three waveguide-layer
systems utilize larger effective out-coupler grating periods, Agcgss, than single
waveguide layer systems because the dedicated Red layer is designed to
support only red wavelengths (600-650nm) instead of also requiring the

inclusion of shorter blue wavelengths (430-470nm).

[0053] “Rainbow” free implementations of multi-layer waveguide combiners
can be made provided the requirements for the maximum allowable effective
out-coupler grating periods, Agcgyy, @re held for all of the layers in the system.
One advantage of using multiple waveguide layers is that the grating structures
can be optimized for the intended display color channel the grating structures

are designed to support even though the grating periods are limited by the

11
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‘rainbow” free constraints, which can result in improved color uniformity,

luminance uniformity, and efficiency over a single-layer implementation.

[0054] FIG. 5 illustrates a flow chart of a method 500 for determining system
design parameters for a rainbow-free waveguide assembly and/or near-eye
display system. The method 500 will be discussed in conjunction with FIGS. 6-
8. FIG. 6 illustrates various design parameters 600 used in the method 500
depicted by the flow chart of FIG. 5. FIG. 7 illustrates various design
parameters used in the method depicted by the flow chart of FIG. 5. FIG. 8
illustrates various design parameters used in the method depicted by the flow
chart of FIG. 5.

[0055] At operation 510 of the method 500, the target FoV is determined. At
operation 520 of the method 500, the eyebox dimensions are determined. At
operation 530 of the method 500, the waveguide tilt is determined. The target
FoV, the eyebox dimensions, and the waveguide tilt are used as inputs to
calculate the out-coupler grating dimensions at operation 540, the maximum
angles to the eye from the out-coupler grating at operation 550, the minimum
grating vectors (maximum periods) of the out-coupler grating required to avoid
the rainbow effect at operation 560, and the minimum substrate index required

to support the target FoV at operation 570.

[0056] FIG. 6 illustrates various design parameters 600 used in the method
500 depicted by the flow chart of FIG. 5. The field-of-view extent, 8.y, is
considered the axis of the FoV in the direction of the effective out-coupler
grating vector, which may be tilted by an amount 8,. Additionally, the tilt (6;;;)
610 of the waveguide combiner 320 relative to the eyebox plane 220 is
assumed to be along the axis of the effective out-coupler grating vector. Lgyepox
620 is the length of the eyebox plane 220, and z,,,, 630 is the eye relief distance

from the eyebox plane 220 to the waveguide combiner 320.

[0057] FIG. 7 illustrates various design parameters 700 used in the method

500 for calculating the dimensions of the out-coupler grating at operation 550.

12
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The length of the out-coupler grating is determined using the Target FoV
provided at operation 510, the eyebox dimensions provided at operation 520,
and the waveguide tilt provided at operation 530. First, the size of the out-
coupler to support the eyebox and target FoV is calculated as shown in FIG. 7

using equations (1) and (111).

[0058] For equation (lI), Locwp is the length of the top half of the out-coupler

grating region.

_ Lpyebox Si“(gFTOV_GO) (I

L = z
0Ctop ™ 2cos(@ru) cos(er”V—Goﬁ-Btilt) e

[0059] For equation (lll), Locp,.r0m 1S the length of the bottom half of the out-

coupler grating region.

i (8Fov
_ LEyebux Sm( 2 +90)

L = z I
OCbottom ™ 2 cos(Briir) COS(QFZOV+90—9tilt) eve (1)

[0060] FIG. 8 illustrates various design parameters 800 used in the method

500 for calculating the maximum angles to the eye from the out-coupler 90utup

810 and 6 820 at operation 550. At operation 550, the maximum angles

outdown

(Bourmaz) from the boundaries of the out-coupler grating to the user's eye are

calculated using equation (IV), equation (V), and equation (VI).

LEyebox

——— cos(B¢i1r)
Ooutyy < atan( 2 OCtop T > (IV)

Zeye"'LOCtgp sin(B¢iie)

LEyebax

—=—+L Briie)
0 < atan( 2 OChottom cosbriie ) (V)

outdown Zeye—LoCportom Si(Btite)

Ooutmax = eoutup + Boutdown (V1)

[0061] For typical system designs, 0 is generally the limiting case.

outdown

13
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[0062] At operation 560, the minimum grating vectors (maximum periods)
required to avoid the “rainbow” artifact are calculated using the diffraction
equation (VIl). From the diffraction equation (VII), the effective out-coupler
grating period can be related to the maximum output angle calculated at
operation 550 using equation (VI).

Ao

1+sin(Boutmax)

Aoe < (Vi)

[0063] where 1, is the shortest wavelength of “rainbow” artifact considered.
In some embodiments, which can be combined with other embodiments, it is

assumed that 1, = 450nm.

[0064] At operation 570, the minimum refractive index (n) of the substrate,
for example, the waveguide combiner 320, to support the target FoV is
calculated. The refractive index (n) of the substrate, for example, the
waveguide combiner 320 should be large enough to allow the entire target
virtual FoV to propagate in TIR. The limiting case here is the red display
channel FoV, due to the longest wavelengths. The minimum refractive index

(n) of the substrate is calculated using equation (VIII):

n > sin (£ — 6 + 6y ) + Al—(fc (VIIN)

[0065] where n is the waveguide combiner substrate refractive index, and
Ag is the wavelength of the red display channel (assumed to be 620nm for this

example).

[0066] Examples:

[0067] The following non-limiting examples are provided to further illustrate
implementations described herein. However, the examples are not intended to
be all inclusive and are not intended to limit the scope of the implementations

described herein.

14
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[0068] Some example system design parameters which would generate

‘rainbow” free systems using the equations shown above are shown in Table |

below:
FoV Eyebox | Eye Virtual | Layer | Maximum | Minimum
(°) (mm) Relief | FoV Tilt (°) | Effective Substrate
(Orov) | (Leyepox) | (mm) | Tilt (B7i1c) | Outcoupler | Refractive
(Zeye) (69) Period Index
(nm) (Aye) ()

10 15 20 0 0 317 2.04

15 15 20 0 0 310 2.13

20 15 20 0 0 303 2.22

25 15 20 0 0 298 2.30

30 15 20 0 0 292 2.38

35 15 20 0 0 287 2.46

40 15 20 0 0 282 2.54

45 15 20 0 0 278 2.61

50 15 20 0 0 274 2.69

10 15 20 10 10 315 2.06

15 15 20 10 10 308 2.14

20 15 20 10 10 302 2.23

25 15 20 10 10 296 2.31

30 15 20 10 10 291 2.39

35 15 20 10 10 286 2.47

40 15 20 10 10 281 2.55

45 15 20 10 10 277 2.62

50 15 20 10 10 273 2.69

Table I.

[0069] FIG. 9 illustrates a plot 900 depicting Maximum Field of View (°)
versus Substrate Refractive Index according to one or more embodiments of
the present disclosure. The plot 900 shows the maximum “rainbow” free virtual
FoV supported by a substrate refractive index for a 15 mm eyebox at a 20 mm
eye relief. Line 910 represents 0 FoV Tilt, O Layer Tilt; line 920 represents 10
FoV Tilt, O Layer Tilt; line 930 represents 0 FoV Tilt, 10 Layer Tilt; and line 940
represents 10 FoV Tilt, 10 Layer Tilt.

[0070] In some embodiments, which can be combined with other
embodiments, high index of refraction substrate materials are used to maximize

the field-of-view and maintain the ability to design a “rainbow” free system.
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Examples of these high index of refraction substrate materials include, but are
not limited to, high index glasses, as well as transparent crystalline materials
(SiC, LiNbOs, LiTaOs, KTaOs, etc.) are good candidates for substrates to utilize
in a “rainbow” free diffractive waveguide combiner augmented reality display

system.

[0071] Implementations can include one or more of the following potential
advantages. Utilizing the design relationships and constraints outlined in the
present disclosure, the display system described herein does not suffer from
external light source diffraction (“rainbow” artifact), in the user’s field-of-view.
Unlike other approaches to mitigating this artifact, some embodiments
described herein do not use any external device or layers to filter the light from
sources in the world which is incident on the waveguide-combiner. In addition,
some embodiments described herein do not use any visor-like mechanical
blockages that extend beyond the plane of the waveguide combiner to prevent
light paths that generate “rainbow” artifacts from hitting the waveguide

combiner.

[0072] Embodiments described herein and all of the functional operations
described in this specification can be implemented in digital electronic circuitry,
or in computer software, firmware, or hardware, including the structural means
disclosed in this specification and structural equivalents thereof, or in
combinations of thereof. Embodiments described herein can be implemented
as one or more non-transitory computer program products, i.e., one or more
computer programs tangibly embodied in a machine readable storage device,
for execution by, or to control the operation of, data processing apparatus, e.g.,

a programmable processor, a computer, or multiple processors or computers.

[0073] The processes and logic flows described in this specification can be

performed by one or more programmable processors executing one or more

computer programs to perform functions by operating on input data and

generating output. The processes and logic flows can also be performed by,

and apparatus can also be implemented as, special purpose logic circuitry, e.g.,
16
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an FPGA (field programmable gate array) or an ASIC (application specific

integrated circuit).

[0074] The term “data processing apparatus” encompasses all apparatus,
devices, and machines for processing data, including by way of example a
programmable processor, a computer, or multiple processors or computers.
The apparatus can include, in addition to hardware, code that creates an
execution environment for the computer program in question, e.g., code that
constitutes processor firmware, a protocol stack, a database management
system, an operating system, or a combination of one or more of them.
Processors suitable for the execution of a computer program include, by way
of example, both general and special purpose microprocessors, and any one

or more processors of any kind of digital computer.

[0075] Computer readable media suitable for storing computer program
instructions and data include all forms of nonvolatiie memory, media and
memory devices, including by way of example semiconductor memory devices,
e.g., EPROM, EEPROM, and flash memory devices; magnetic disks, e.g.,
internal hard disks or removable disks; magneto optical disks; and CD ROM
and DVD-ROM disks. The processor and the memory can be supplemented

by, or incorporated in, special purpose logic circuitry.

[0076] When introducing elements of the present disclosure or exemplary

» o

aspects or implementation(s) thereof, the articles “a,” “an,” “the” and “said” are

intended to mean that there are one or more of the elements.

EATH

[0077] The terms “comprising,” “including” and “having” are intended to be
inclusive and mean that there may be additional elements other than the listed

elements.

[0078] While the foregoing is directed to embodiments of the present
disclosure, other and further implementations of the disclosure may be devised
without departing from the basic scope thereof, and the scope thereof is

determined by the claims that follow.
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Claims:

1. A method of manufacturing a rainbow-free waveguide display,
comprising:
manufacturing a waveguide display assembly configured to direct image

light to an eyebox plane having a length (Lgyepox) @nd to a user's eye, the
waveguide display assembly comprising:

a waveguide combiner, and

an out-coupler grating, wherein the out-coupler grating has
a grating period A, such that all angles of incidence 6, of light from an external
light source, result in diffracted angles 6,,:, that miss the user's eye by

satisfying the following first order diffraction equation (I):
. . !
Sln(gout) = Sln(ein) +/_A (I)
ocC

wherein A is the wavelength of the light from the external light source.

2. The method of claim 1, wherein the out-coupler grating has a length
(Loc) which is the sum of a length of the top half of the out-coupler grating

(Locwp) and a length of the bottom half of the out-coupler grating (Lo ,om)-

3. The method of claim 2, wherein Locmp is determined using the following

equation (ll):

i (OFov
LEyebox Sm( 2 _90)

L =
OCtop ™ 2cos(Byir) cos(gFZ"V—eowtm)

Zeye (II)

and Loc,,.rom 1S determined using the following equation (ll1):

«(BFov
_ _LEyebox sin(~E2¥+4, )

L =
OCbottom ™ 2 cos(8ie) cos(eF”V
2

)zeye (1)

+60—6¢iit
wherein the field-of-view extent, 0r,y, is the axis of the FoV in the direction of
the effective out-coupler grating vector, which can be tilted by an amount (8,),
(8:1¢) is the tilt of the waveguide combiner relative to a plane defined by the
eyebox plane, and the waveguide combiner is positioned a first distance
Zqye from the eyebox plane.
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4. The method of claim 3, wherein maximum angles (0,,:mqex) from the
boundaries of the out-coupler grating to the user's eye are determined using
equation (IV), equation (V), and equation (VI).

Lg yebox

— 4L cos(B¢i1)
Ooutyp < atan( 2 Otop “”) (IV)

Zeye+LOCmp sin(B¢iie)

LEyebax
+Loc cos(B¢iie)
2 bottom
Oout goun < atan< (V)

Zeye—Locpottom sin(B¢iie)

Ooutmax = Houtup + Houtdown (V1).

5. The method of claim 4, wherein the out-coupler grating has a maximum
period satisfying the following equation (VII):

Ao

1+sin(Boytmax)

Apc < (V1)

where 4, is the shortest wavelength of “rainbow” artifact considered.
6. The method of claim 5, wherein 4, is 450 nm.

7. The method of claim 5, wherein the waveguide combiner has a minimum

refractive index (n) satisfying the following equation (VIII):

(0 A
n>51n( F”V—90+9mt)+—R
2 Aoc

(VI

where 1 is the wavelength of the red display channel.

8. The method of claim 7, wherein 45 is 620 nm.
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9. A waveguide display, comprising:
the waveguide display configured to direct image light to an eyebox

plane having a length (Lgyepox) @nd to a user's eye, the waveguide display,
comprising:

a waveguide combiner, and

an out-coupler grating, wherein the out-coupler grating has
a grating period A, such that all angles of incidence 6, of light from an external
light source, result in diffracted angles 6,,;, that miss the user's eye by

satisfying the following first order diffraction equation (I):
. . !
Sln(aout) = Sln(gin) +/_A (I)
ocC

wherein A is the wavelength of the light from the external light source.

10.  The waveguide display of claim 9, wherein the out-coupler grating has a
length (Loc) which is the sum of a length of the top half of the out-coupler grating

(LOCtop) and a length of the bottom half of the out-coupler grating (Loc,rrom)-

11.  The waveguide display of claim 10, wherein Locwp is determined using

the following equation (ll):

o (OFov
_ _Leyevox sin(~E2¥—6,)

L = z Il
OCtop ™ 2cos(Byir) cos(giav—90+9tilr) eve (1

and Locp,eom 1S determined using the following equation (111):

. (6
sm( F°V+90)

_ LEyehox 2

L =
OCpottom ™ 2cos(Byie)

)zeye (1

9Fov
2

cos( +80—Bzilt
wherein the field-of-view extent, 6r,y, is the axis of the FoV in the direction of
the effective out-coupler grating vector, which can be tilted by an amount (8,),
(8:11¢) is the tilt of the waveguide combiner relative to a plane defined by the
eyebox plane, and the waveguide combiner is positioned a first distance

Zqye from the eyebox plane.
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12. The waveguide display of claim 11, wherein maximum angles (6,,tmax)
from the boundaries of the out-coupler grating to the user’s eye are determined

using equation (IV), equation (V), and equation (VI).

LEyebox

— L cos(B¢i1r)
Oouty, < atan( 2 Thop > (IV)

ZeyetLociop St (Btite)

LEyebax
+Loc cos(Btiie)
2 bottom
Oout gown < atan( (V)

Zeye—Locpottom sin(Byire)

Ooutmax = eoutup + Boutdown (V).

13.  The waveguide display of claim 12, wherein the out-coupler grating has

a maximum period satisfying the following equation (VII):
Age < ——22—— (V)

1+sin(Boutmax)

where 1, is the shortest wavelength of “rainbow” artifact considered.
14.  The waveguide display of claim 13, wherein 4, is 450 nm.

15. The waveguide display of claim 13, wherein the waveguide combiner

has a minimum refractive index (n) satisfying the following equation (VIII):

. (Bp, yl
n > sin (£ — g, + emt) Fa (Vi)
where 1, is the wavelength of the red display channel.
16.  The waveguide display of claim 15, wherein 45 is 620 nm.
17. A near-eye display, comprising:
a frame; and

a display, comprising:
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a waveguide display configured to direct image light to an eyebox
plane having a length (Lgyepox) @nd to a user's eye, the waveguide display,
comprising:

a waveguide combiner, and

an out-coupler grating, wherein the out-coupler grating has
a grating period A, such that all angles of incidence 6;,, of light from an external
light source, result in diffracted angles 6,,:, that miss the user's eye by

satisfying the following first order diffraction equation (1):
. . 2
sin(Boye) = sin(Bin) +/—-— (1)
oc

wherein 1 is the wavelength of the light from the external light source.

18.  The near-eye display of claim 17, wherein the out-coupler grating has a
length (Loc) which is the sum of a length of the top half of the out-coupler grating

(Locwp) and a length of the bottom half of the out-coupler grating (Loc,orom)-

19.  The near-eye display of claim 18, wherein Loctop is determined using the
following equation (lI):

. (OFov
_ _Leyevor sin(~E2¥—6,)

L = z Il
OCtop ™ 2cos(Brire) COS(QFZ‘JV—QO+9tilt) eve (1)

and Loc,.om 18 determined using the following equation (l1l):

+ (CFov
L _ _Leyebox Sm( 2 +90)
OCbottom ~ 2 cos(Byi) OFov
2

)zeye (1)

COS(

+600=0sic
wherein the field-of-view extent, 0, is the axis of the FoV in the direction of
the effective out-coupler grating vector, which can be tilted by an amount (8,),
(8:11¢) is the tilt of the waveguide combiner relative to a plane defined by the
eyebox plane, and the waveguide combiner is positioned a first distance

Zeye from the eyebox plane.
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20.  The near-eye display of claim 19,

wherein maximum angles (8,,:mae) from the boundaries of the out-
coupler grating to the user's eye are determined using equation (IV), equation
(V), and equation (VI).

Lg yebox

— 4L cos(B¢i1)
Ooutyp < atan( 2 Otop “”) (IV)

Zeye+LOCmp sin(B¢iie)

LEyebax
+Loc cos(B¢iie)
2 bottom
Oout goun < atan< (V)

Zeye—Locpottom sin(B¢iie)

Ooutmax = Houtup + Houtdown V1),

wherein the out-coupler grating has a maximum period satisfying the
following equation (VII):

Age < ——22—— (V)

1+sin(8outmax)

where 1, is the shortest wavelength of “rainbow” artifact considered,;
wherein 4, is 450 nm;
wherein the waveguide combiner has a minimum refractive index (n)

satisfying the following equation (VIII):

n > sin (222 — 0y + O, ) + AL:C (VI

where 4; is the wavelength of the red display channel; and

wherein A is 620 nm.
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