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COLOR SEPARATION IN WAVEGUIDES USING DICHROIC 

FILTERS 

CROSS-REFERENCES TO RELATED APPLICATIONS 

5 [0001] This application claims the benefit of U.S. Provisional Patent Application No.  

62/438,315, filed on December 22, 2016, the content of which is incorporated by reference in 

its entirety.  

BACKGROUND OF THE INVENTION 

10 [0002] Modem computing and display technologies have facilitated the development of 

systems for so called "virtual reality" or "augmented reality" experiences, wherein digitally 

reproduced images or portions thereof are presented to a viewer in a manner wherein they 

seem to be, or may be perceived as, real. A virtual reality, or "VR," scenario typically 

involves presentation of digital or virtual image information without transparency to other 

15 actual real-world visual input; an augmented reality, or "AR," scenario typically involves 

presentation of digital or virtual image information as an augmentation to visualization of the 

actual world around the viewer.  

[0003] Despite the progress made in these display technologies, there is a need in the art for 

improved methods and systems related to augmented reality systems.  

20 

SUMMARY OF THE INVENTION 

[0004] According to an embodiment of the present invention, an eyepiece for projecting an 

image to an eye of a viewer, the eyepiece comprising: a first planar waveguide positioned in a 

first lateral plane, wherein the first waveguide comprises a first diffractive optical element 

25 (DOE) coupled thereto and disposed at a lateral position, the first DOE configured to diffract 

image light in a first wavelength range centered at a first wavelength; a second planar 

waveguide positioned in a second lateral plane adjacent the first lateral plane, wherein the 

second waveguide comprises a second DOE coupled thereto and disposed at the lateral 

position, the second DOE configured to diffract image light in a second wavelength range 

30 centered at a second wavelength longer than the first wavelength; a third planar waveguide 

positioned in a third lateral plane adjacent the second lateral plane, wherein the third 
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waveguide comprises a third DOE coupled thereto and disposed at the lateral position, the 

third DOE configured to diffract image light in a third wavelength range centered at a third 

wavelength longer than the second wavelength; a first optical filter positioned between the 

first waveguide and the second waveguide at the lateral position, wherein the first optical 

5 filter is configured to have: a first transmittance value at the first wavelength range; a second 

transmittance value at the second wavelength range and the third wavelength range that is 

greater than the first transmittance value; and a first reflectance value at the first wavelength 

range that is greater than about 90%; and a second optical filter positioned between the 

second waveguide and the third waveguide at the lateral position, wherein the second optical 

10 filter is configured to have: a third transmittance value at the first wavelength range and the 

second wavelength range; a fourth transmittance value at the third wavelength range that is 

greater than the third transmittance value; and a second reflectance value at the second 

wavelength range that is greater than about 90%. In some examples, each of the first 

transmittance value and the third transmittance value may be less than about 10%; and each 

15 of the second transmittance value and the fourth transmittance value may be greater than 

about 90%. In some other examples, each of the first transmittance value and the third 

transmittance value may be less than about 20%; and each of the second transmittance value 

and the fourth transmittance value may be greater than about 80%. In some examples, the 

first optical filter may be configured to have the first transmittance value and the second 

20 transmittance value for angles of incidence ranging from about zero degree to about 45 

degrees; and the second optical filter may be configured to have the third transmittance value 

and the fourth transmittance value for angles of incidence ranging from about zero degree to 

about 45 degrees. In some other examples, the first optical filter may be configured to have 

the first transmittance value and the second transmittance value for angles of incidence 

25 ranging from about zero degree to about 25 degrees; and the second optical filter may be 

configured to have the third transmittance value and the fourth transmittance value for angles 

of incidence ranging from about zero degree to about 25 degrees.  

[0001] According to another embodiment of the present invention, an eyepiece for 

projecting an image to an eye of a viewer includes a first planar waveguide positioned in a 

30 first lateral plane. The first waveguide has a first lateral region and a second lateral region.  

The first lateral region is disposed at a lateral position and configured to receive image light 

incident on a first lateral surface thereof. The image light includes image light in a first 
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wavelength range centered at a first wavelength, image light in a second wavelength range 

centered at a second wavelength longer than the first wavelength, and image light in a third 

wavelength range centered at a third wavelength longer than the second wavelength.The 

eyepiece further includes a first diffractive optical element (DOE) optically coupled to the 

5 first lateral region of the first waveguide and configured to diffract image light in the first 

wavelength range into the first waveguide to be guided toward the second lateral region of 

the first waveguide. A first portion of the image light is transmitted through the first 

waveguide. The eyepiece further includes a first optical filter positioned in a second lateral 

plane adjacent the first lateral plane at the lateral position and configured to receive the first 

10 portion of the image light. The first optical filter is further configured to have a first 

transmittance value for the first wavelength range and a second transmittance value for the 

second wavelength range and the third wavelength range that is greater than the first 

transmittance value. The eyepiece further includes a second planar waveguide positioned in a 

third lateral plane adjacent the second lateral plane. The second waveguide has a first lateral 

15 region and a second lateral region. The first region is disposed at the lateral position and 

configured to receive image light transmitted through the first optical filter and incident at a 

first lateral surface thereof. The eyepiece further includes a second DOE optically coupled to 

the first lateral region of the second waveguide and configured to diffract image light in the 

second wavelength range into the second waveguide to be guided toward the second lateral 

20 region of the second waveguide. A second portion of the image light is transmitted through 

the second waveguide. The eyepiece further includes a second optical filter positioned in a 

fourth lateral plane adjacent the third lateral plane at the lateral position and configured to 

receive the second portion of the image light. The second optical filter is configured to have 

a third transmittance value for the first wavelength range and the second wavelength range 

25 and a fourth transmittance value for the third wavelength range that is greater than the third 

transmittance value. The eyepiece further includes a third planar waveguide positioned at a 

fifth lateral plane adjacent the fourth lateral plane. The third waveguide has a first lateral 

region and a second lateral region. The first lateral region is disposed at the lateral position 

and configured to receive image light transmitted through the second optical filter and 

30 incident at a first lateral surface thereof. The eyepiece further includes a third DOE optically 

coupled to the first lateral region of the third waveguide and configured to diffract image 

light in the third wavelength range into the third waveguide to be guided toward the second 

lateral region of the third waveguide.  

3
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[00061 According to yet another embodiment of the present invention, an eyepiece for 

projecting image light to an eye of a viewer includes a first planar waveguide. The first 

waveguide includes a first diffractive optical element (DOE) optically coupled thereto. The 

first DOE is positioned along an optical path of the image light and configured to couple a 

5 portion of the image light in a first wavelength range centered at a first wavelength into the 

first planar waveguide to be propagated in the first planar waveguide. The eyepiece further 

includes a first optical filter positioned along the optical path downstream from the first DOE.  

The first optical filter is configured to attenuate the image light in the first wavelength range 

incident thereon. The eyepiece further includes a second planar waveguide. Thesecond 

10 waveguide includes a second DOE optically coupled thereto. The second DOE is positioned 

along the optical path downstream from the first optical filter and configured to couple a 

portion of the image light in a second wavelength range centeredat a second wavelength 

different from the first wavelength into the second planar waveguide to be propagated in the 

secondplanarwaveguide. The eyepiece further includes a second optical filter coupledto the 

15 first planar waveguide. The second optical filter is configured to absorb image light in the 

second wavelength range propagating in the first planar waveguide.  

[00071 According to a further embodiment of the present invention, an eyepiece for 

projecting an image to an eye of a viewer includes a first planar waveguide positioned in a 

first lateral plane, a second planar waveguide positioned in a second lateral plane adjacent the 

20 first lateral plane, and a third planar waveguide positioned in a third lateral plane adjacent the 

second lateral plane. The first waveguide includes a first diffractive optical element (DOE) 

coupled thereto and disposed at a first lateral position. The second waveguide includes a 

second DOE coupled thereto and disposed at a second lateral position. The third waveguide 

includes a third DOE coupled thereto and disposed at the second lateral position. The 

25 eyepiece further includes an optical filter positioned between the second waveguide and the 

third waveguide at the second lateral position.  

100081 According to some other embodiments of the present invention, an eyepiece for 

projecting an image to an eye of a viewer includes a first planar waveguide positioned in a 

first lateralplane. The first waveguide includes a first incoupling element optically coupled 

30 thereto. The first incoupling element is configured to diffract image light in a first 

wavelength range centered at a first wavelength. The eyepiece further includes a second 

planar waveguide positioned in a second lateral plane adjacent the first lateral plane. The 

secondwaveguide includes a second incoupling element optically coupled thereto. The 
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second incoupling element is configured to diffract image light in a second wavelength range 

centered at a second wavelength different from the first wavelength. The eyepiece further 

includes a first optical element positioned between the first waveguide and the second 

waveguide in lateral alignment with the first incoupling element. The first optical element is 

5 configured to reflect image light in the first wavelength range.  

BRIEF DESCRIPTION OF THE DRAWINGS 

[00091 FIG. 1 illustrates schematically the light paths in a part of a viewing optics assembly 

(VOA) that may be used to present a digital or virtual image to a viewer, according to an 

10 embodiment of the present invention.  

[00101 FIG.12 illustrates schematically one method of color separation in an eyepiece for 

viewing a virtual image.  

[00111 FIG. 3 illustrates schematically another method of color separation in an eyepiece 

for viewing a virtual image according to an embodiment of the present invention.  

15 100121 FIG. 4 illustrates schematically a plan view of an eyepiece according to an 

embodiment of the present invention.  

[00131 FIG. 5 illustrates schematically a partial cross-sectional view of an eyepiece 

according to an embodiment of the present invention.  

[00141 FIG. 6A-6D illustrate some example images formed by an eyepiece without filters 

20 according to an embodiment of the present invention.  

[00151 FIG. 6E-61- illustrate some example images formed by an eyepiece with dichroic 

filters according to an embodiment of the present invention.  

[00161 FIG. 7 illustrates schematically a transmittance/reflectance curve of an optical filter 

according to an embodiment of the present invention.  

25 [00171 FIG.18 illustrates schematically a transmittance/reflectance curve of an optical filter 

according to another embodiment of the present invention.  

[00181 FIG. 9A illustrates schematically a partial cross-sectional view of a waveguide 

including a short-pass filter coupled thereto according to an embodiment of the present 

invention.  

Is
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[00191 FIG. 9B illustrates schematically a cross-sectional view of a short-pass filter 

according to an embodiment of the present invention.  

[00201 FIG. 10 illustrates schematically a partial cross-sectional view of a waveguide 

including a short-pass filter coupled thereto according to an embodiment of the present 

5 invention.  

[00211 FIGS. IIA-IID illustrate the wavelength cross-coupling effect of the waveguides in 

an eyepiece.  

[00221 FIGS. 12A-12C illustrate schematically partial cross-sectional views of waveguides 

including a short-pass filter coupled thereto according to embodiments of the present 

10 invention.  

100231 FIGS. 13A-13C illustrate partial cross-sectional views of eyepieces according to 

various embodiments of the present invention.  

[00241 FIG. 14 illustrates schematically a transmittance/reflectance curve of an optical 

filter according to an embodiment of the present invention.  

15 

DETAILD DESCRIPTION OF SPECIFIC EMBODIEFNTS 

100251 The present disclosure relates generally to eyepieces that may be used for virtual 

reality and augmented reality visualization systems. More particularly, the present invention 

relates to an eyepiece that includes one or more long-pass dichroic filters for color separation 

20 between different waveguides. The eyepiece may also include one or more short-pass 

dichroic filters for further reducing wavelength cross-coupling. Such an eyepiece may afford 

a more compact form factor and enhanced brightness and contrast of the light fields, as well 

as reduced wavelength cross-coupling, as compared to conventional eyepieces.  

[00261 FIG. 1 illustrates schematically the light paths in a part of a viewing optics assembly 

25 (VOA) that may be used to present a digital or virtual image to a viewer, according to an 

embodiment of the present invention. The VOA includes a projector 101 and an eyepiece 

100 that may be worn around a viewer's eye. In some embodiments, the projector 101 may 

include a group of red IDs, a group of green LEDs, and a group of blue LEDs. For 

example, the projector 101 may include two red LEDs, two green LEDs, and two blue LEDs 

30 according to an embodiment. The eyepiece 100 may include one or more eyepiece layers. In 

one embodiment, the eyepiece 100 includes three eyepiece layers, one eyepiece layer for each 

6
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of the three primary colors, red, green, and blue. In another embodiment, the eepiece 100 

may include six eyepiece layers, i.e., one set of eyepiece layers for each of the three primary 

colors configured for forming a virtual image at one depth plane, and another set of eyepiece 

layers for each of the three primary colors configured for forming a virtual image at another 

5 depth plane. In other embodiments, the eyepiece 100 may include three or more eyepiece 

layers for each of the three primary colors for three or more different depth planes. Each 

eyepiece layer includes a planar waveguide and may include an incoupling grating 107, an 

orthogonal pupil expander (OPE) region 108, and an exit pupil expander (EPE) region 109.  

100271 Still referring to FIG. 1, the projector 101 projects image light onto the incoupling 

10 grating 107 in an eyepiece layer 100. The incoupling grating 107 couples the image light 

from the projector 101 into the planar waveguide propagating in a direction toward the OPE 

region 108. The waveguide propagates the image light in the horizontal direction by total 

internal reflection (TIR). The OPE region 108 of the eyepiece layer 100 also includes a 

diffractive element that couples and redirects a portion of the image light propagating in the 

15 waveguide toward the EPE region 109. The EPE region 109 includes an diffractive element 

that couples and directs a portion of the image light propagating in the waveguide in a 

direction approximately perpendicular to the plane of the eyepiece layer 100 toward a 

viewer's eye 102. In this fashion, an image projected by projector 101 may be viewed by the 

viewer's eye 102. The part of the VOA illustrated in FIG. 1 may constitute a "monocle" for 

20 one eye of the viewer. The entire VOA may include two such monocles, one for each eye of 

the viewer.  

[00281 As described above, image light generated by the projector may include light in the 

three primary colors, namely blue (B), green (G), and red (R). Such image light will need to 

be separated into the constituent colors, so that image light in each constituent color may be 

25 coupled to a respective waveguide in the eyepiece. FIG. 2 illustrates schematically one 

method of color separation using a "split pupil" approach. In this example, an eyepiece 230 

includes a blue waveguide 240, a green waveguide250, and a red waveguide 260. Each 

waveguide 240, 250, or 260 may include an incoupling grating (ICG) 242, 252, or 262, an 

orthogonal pupil expander (OPE) region 244, 254, or 264, and an exit pupil expander (EPE) 

30 region 246, 256, or 266. The ICG, the OPE, and the EPE in each waveguide are designed for 

a particular wavelength range. For example, the ICG 242 in the blue waveguide 240 may 

include a diffractive optical element (DOE) configured to diffract primarily blue light into the 

blue waveguide'240 to be guided toward the OPE region 244. The OPE region 244 of the
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blue waveguide'240 may include a DOE configured to diffract primarily blue light toward the 

EPE region 246. The EPE region 246 of the blue waveguide 240 may include a DOE 

configured to diffract primarily blue light toward the viewer's eye270.  

100291 In the example illustrated in FIG. 2, a color separator 220 may separate the image 

5 light in blue, green, and red colors generated by the projector subsystem 210 into three 

spatially separate light paths: the blue light path 248, the green light path 258, and the red 

light path 268. The ICGs 242, 252, and 262 in the blue, green. and red waveguides 240, 250, 

and 260 may be laterally offset from each other, such that the ICG 242 for the blue 

waveguide240 may be aligned with the blue light path 248, the ICG 252 for the green 

10 waveguide 250 may be aligned with the green light path 258, and the ICG 262 for the red 

waveguide 260 may be aligned with the red light path 268. The eyepiece 230 illustrated in 

FIG. 2 may have a relatively large form factor as the ICGs 242, 252, and 262 in the three 

waveguides 240, 250, and 260 need to be laterally displaced with respect to each other.  

100301 FIG. 3 illustrates schematically another method of color separation using an "in

15 line" approach according to an embodiment of the present invention. In this example, the 

eyepiece 330 may also include a blue waveguide 340, a green waveguide 350, and a red 

waveguide 360. Each waveguide 340, 350, or 360 may include an ICG 342, 352, or 362, an 

OPE region 344, 354, or 364, and a EPE region 346, 356, or 366. Here, image light in blue, 

green, and red colors generated by the projector subsystem 310 are not spatially separated 

20 from each other, and the ICGs 342, 352, and 362 in the blue, green, and red waveguides 340, 

350, and 360 are laterally aligned with respect to each other. Thus, image light pass through 

each waveguide sequentially in a "serial" fashion. The eyepiece 330 may further include a 

first wavelength-selective optical element 392 positioned between the ICG 342 in the blue 

waveguide 340 and the ICG 352 in the green waveguide 350, and a second wavelength

25 selective optical element 394 positioned between the ICG 352 in the green waveguide 350 

and the ICG 362 in the red waveguide 360. The first and second wavelength-selective optical 

elements 392 and 394 may, for instance, represent wavelength-selective optical filters (i.e., 

optical elements that selectively transmit light in a particular range of wavelengths) and/or 

wavelength-selective optical reflectors (i.e., mirrors and other optical elements that 

30 selectively reflect light in a particular range of wavelengths). As described in further detail 

below, a dichroic filter is one example of an optical element configured to both selectively 

transmit and reflect light on the basis of wavelength. In the following, the first and second 

wavelength-selective optical elements 392 and 394 may also be referred to as"optical filter 

8
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392" and "optical filter 394," respectively. Similarly, other wavelength-selective optical 

elements described with reference to any of FIGS. 4-14 may also be referred to herein as 

"optical filters." 

100311 As illustrated in FIG. 3, image light in all three colors is incident on the ICG 342 in 

5 the blue waveguide 340. The ICG 342 in the blue waveguide 340 may couple a portion of 

the image light primarily in the blue wavelength range into the blue waveguide 340 to be 

guided toward the OPE region 344. The ICG 342 in the blue waveguide 340 may also couple 

a small amount of green image light, and even a smaller amount of red light, into the blue 

waveguide 340, as will be discussed further later. Image light that is not coupled into the 

10 blue waveguide 340 is transmitted through the blue waveguide 340 and incident on the first 

optical filter 392. The first optical filter 392 may be configured to have a high transmittance 

value in the green and red wavelength ranges, and a low transmittance value in the blue 

wavelength range. Therefore, image light transmitted by the first optical filter 392 and 

incident on the ICG 352 in the green waveguide 350 may contain primarily green image light 

15 and red image light, and very little or no blue image light.  

[00321 Still referring to FIG. 3, the ICG 352 in the green waveguide 350 may couple a 

portion of the image light primarily in the green wavelength range into the green waveguide 

350 to be guided toward the OPE region 354. The ICG 352 in the green waveguide 350 may 

also couple a small amount of red image light into the green waveguide 350, as will be 

20 discussed furtherlater. Image light that is not coupled into the green waveguide 350 may be 

transmitted through the green waveguide 350 and incident on the second optical filter 394.  

The second optical filter 394 may be configured to have a high transmittance value in the red 

wavelength range, and a low transmittance value in the green and blue wavelength ranges.  

Therefore, image light transmitted by the second optical filter 394 and incident on the ICC 

25 362 in the red waveguide 360 may contain primarily red image light, and very little or no 

green image light and blue image light. The ICG 362 in the red waveguide 360 may couple a 

portion of the image light primarily in the red wavelength range into the red waveguide 360 

to be guided toward the OPE region 364.  

[00331 FIG. 4 illustrates schematically a plan view of an eyepiece 400 according to an 

30 embodiment of the present invention. The eyepiece 400 may include a blue waveguide 440, 

a green waveguide 450, and a red waveguide 460 stacked in adjacent lateral planes. Each 

waveguide 440, 450, or 460 may include an ICG region 410, an OPE region 420, and a EPE 

9
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region430. The ICG regions 410 for the three waveguides 440, 450, and 460 maybe 

disposed in the same lateral position, and are thus stacked along the same optical path. A 

first optical filter 492 may be positioned between the ICG 410 of the blue waveguide 440 and 

the ICG410 of the green waveguide 450. A second optical filter 492 maybe positioned 

5 between the ICG 410 of the green waveguide 450 and the ICG 410 of the red waveguide 460.  

The eyepiece 400 illustrated in FIG. 4 may function substantially as described above with 

respect to FIG. 3. The eyepiece illustrated in FIGS 3 and 4 may have a smaller form factor 

as compared to the eyepiece 230 illustrated FIG. 2, because the ICGs 410 in the three 

waveguides 440, 450, and 460 are disposed at the same lateral position instead of laterally 

10 displaced from each other.  

[00341 FIG. 5 illustrates schematically a partial cross-sectional view of an eyepiece 500 

according to an embodiment of the present invention. The eyepiece 500 may include a first 

planar waveguide 510, disposed in a first lateral plane. The first waveguide 510 may include 

a first lateral region (labeled as X10) and a second lateral region (labeled as X11). The first 

15 lateral region (X10) may be disposed at a lateral position and configured to receive image 

light (X02) incident on a first lateral surface thereof. The image light (X02) may include 

image light in a first wavelength range, image light in a second wavelength range, and image 

light in the third wavelength range. For example, the first wavelength range may be centered 

it about 462 nm wavelength corresponding to blue light, the second wavelength range may 

20 be centered at about 528 nm wavelength corresponding to green light, and the third 

wavelength range may be centered at about 635 nm wavelength corresponding to red light.  

[00351 The eyepiece 500 may further include a first diffractive optical element (DOE) 512 

optically coupled to the first lateral region (XIO) of the first waveguide 510. ThefirstDOE 

512 may include an incoupling grating (ICG) formed either on the first surface of the first 

25 waveguide 510 (as shown in FIG. 5) or a second surface of the first waveguide 510 opposite 

to the first surface. The first DOE may be configured to diffract image light in the first 

wavelength range, e.g., blue image light (X14), into the first waveguide 510 to be guided 

toward the second lateral region (X11) of the first waveguide 510. The second lateral region 

(X11) may be a region between the ICG and an OPE (not shown). A portion of the image 

30 light (X12) that is not coupled into the first waveguide 510 may be transmitted through the 

first waveguide 510.  

10



WO 2018/119181 PCT/US2017/067799 

[00361 The eyepiece 500 may further include a first optical filter 520 positioned in a second 

lateral plane adjacent the first lateral plane at the same lateral position as the first lateral 

region (X10) of the first waveguide 510. The first optical filter 520 may be configuredto 

receive the portion of the image light (X12) transmitted through the first waveguide 510. In 

5 one embodiment, the first optical filter 520 may be configured as a long-pass filter such that 

it has high transmittance values for the wavelength ranges corresponding to green and red 

light, and low transmittance values for the wavelength range corresponding to blue light.  

Thus, image light transmitted by the first optical filter 520 (X22) may contain primarily green 

and red image light.  

10 [00371 The eyepiece 500 may further include a second planar waveguide 530 positioned in 

a third lateral plane adjacent the second lateral plane. The second waveguide 530 may have a 

first lateral region (X30) and a second lateral region (X31). The first lateral region (X30) 

may be disposed at the same lateral position as the first lateral region of the first waveguide 

510, and may be configured to receive image light transmitted by the first optical filter 520 

15 (X22) incident on a first lateral surface thereof 

[00381 The eyepiece may further include a second diffractive optical element (DOE) 532 

optically coupled to the first lateral region (X30) of the second waveguide 530. The second 

DOE 532 may include an incoupling grating (ICG) formed either on the first surface of the 

second waveguide 530 (as shown in FIG. 5) or a second surface of the second waveguide 530 

20 opposite to the first surface. The second DOE 532 may be configured to diffract image light 

in the second wavelength range, e.g., green image light (X34), into the second waveguide 530 

tobe guided toward the second lateral region (X31) of the second waveguide 530. The 

second lateral region (X31) maybe a region between the ICG and an OPE (not shown). A 

portion of the image light (X32) thatis not coupled into the secondwaveguide 530maybe 

25 transmitted through the second waveguide 530.  

[00391 The eyepiece may further include a second optical filter 540 positioned in a fourth 

lateral plane adjacent the third lateral plane at the same lateral position as the first lateral 

region (X30) of the second waveguide 530. The second optical filter 540 may be configured 

to receive the portion of the image light (X32) transmitted through the second waveguide 530.  

30 In one embodiment, the second optical filter 540 may be configured as a long-pass filter such 

that it has high transmittance values for the wavelength range corresponding to red light, and 

low transmittance values for the wavelength ranges corresponding to blue and green light.  
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Thus, image light transmitted by the second optical filter 540 (X42) may contain primarily 

red image light.  

[00401 The eyepiece 500 may further include a third planar waveguide 550 positioned in a 

fifth lateral plane adjacent the fourth lateral plane. The third waveguide 550 may have a first 

5 lateral region (X50) and a second lateral region (X51). The first lateral region (X50) may be 

disposed at the same lateral position as the first lateral region (X30) of the second waveguide 

530, and may be configured to receive image light transmitted by the second optical filter 540 

X42) incident on a first lateral surface thereof.  

[00411 The eyepiece 500 may further include a third diffractive optical element (DOE) 552 

10 optically coupled to the first lateral region (X50) of the third waveguide 550. The third DOE 

552 may include an incoupling grating (ICG) (not shown) formed either on the first surface 

of the third waveguide 550 (as shown in FIG. 5) or a second surface of the third waveguide 

550 opposite to the first surface. The third DOE 552 may be configured to diffract image 

light in the third wavelength range, e.g., red image light (X54), into the third waveguide 550 

15 tobe guided toward the second lateral region (X51) of thethird waveguide 550. Thesecond 

lateral region (X51) may be a region between the ICG and an OPE (not shown). A portion of 

the image light (X52) that is not coupled into the third waveguide 550 may be transmitted 

through the third waveguide 550.  

100421 According to some other embodiments, the order of the red-green-blue waveguides 

20 510, 530, and 550 may be different from that illustrated in FIG. 5. Further, the eyepiece 500 

may include fewer than three waveguides (eg., two waveguides), or more than three 

waveguides (e.g., nine waveguildes, three for each color), according to some embodiments.  

In some embodiments, the eyepiece 500 may include waveguides for colors other than red, 

green, and blue. For example, it may include waveguides for magenta and cyan, in place of 

25 or in addition to red, green, and blue.  

[00431 In some embodiments, the first optical filter 520 may be configured as a dichroic 

long-pass filter that transmits green and red light, and reflects blue light. Thus, a portion of 

the image light (X12) transmitted through the first waveguide 510 that is in the blue 

wavelength range (X24) may be reflected back toward the first waveguide 510 and be 

30 diffracted by the first DOE into the first waveguide 510 to be guided to the OPE and EPE in 

the first waveguide 510, and be output to the viewer. As such, the brightness and contrast of 

the blue light field that is output to the viewer may be enhanced.  
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[00441 Similarly, the second optical filter 540 may be configured as a dichroic long-pass 

filter that transmits red light, and reflects blue and green light. Thus, a portion of the image 

light (X32) transmitted through the second waveguide 530 that is in the green wavelength 

range (X44) may be reflected back toward the second waveguide 530 and be diffracted by the 

5 second D(iE into the second waveguide 530 to be guided to the OPE and EPE in the second 

waveguide 530, and be output to the viewer. As such, the brightness and contrast of the 

green light field that is output to the viewer my be enhanced.  

[00451 In some embodiments, the eyepiece may further include an optical reflector 560 

positioned in a sixth lateral plane adjacent the fifth lateral plane at the same lateral position as 

10 the second lateral region (X50) of the third waveguide 550. Much like the abovementioned 

dichroic long-pass filters, the optical reflector 560 may be configured to reflect image light 

transmitted through the third waveguide 550 (X52) back toward the third waveguide 550. A 

portion of the image light reflected by the optical reflector 560 (X64) in the red wavelength 

range may be diffracted by the third DOE into the third waveguide 550 to be guided to the 

15 OPE and EPE of the third waveguide 550, and be output to the viewer. In some examples, 

the optical reflector 560 may be implemented as a wavelength-selective optical element, such 

as a dichroic filter configured to reflect light in at least the red wavelength range. In other 

examples, the optical reflector 560 may be implemented as a mirror or other optical element 

configured to reflect a relatively wide range of wavelengths. In either case, the brightness 

20 and contrast of the red light field that is output to the viewer may be enhanced.  

[00461 FIGS. 6A-6D illustrate some example images fonned by an eyepiece without 

dichroic filters according to an embodiment. FIG. 6A is an image forced by image light that 

includes red image light, green image light, and blue image light. FIGS. 6B-6D are images 

formed by red image light, green image light, and blue image light, respectively. FIG 6E-61

25 illustrate some example images formed by an eyepiece with dichroic filters, such as the 

eyepiece 500 illustrated in FIG. 5, according to an embodiment. FIG. 6E is an image formed 

by image light that includes red image light, green image light, and blue image light. FIGS.  

6F-6H are images formed by red image light, green image light, and blue image light, 

respectively. As can be seen, the images formed by an eyepiece with dichroic filters may be 

30 brighter than those formed by an eyepiece without dichroic filters. Indeed, the reflective 

properties of dichroic filters can serve to enhance brightness in waveguide-based eyepieces.  
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[00471 FIG. 7 illustrates schematically a transmittance/reflectance curve for the first optical 

filter 520 according to an embodiment of the present invention. The first optical filter 520 

may be configured as a long-pass filter that has high transmittance values (e.g., close to 100%) 

and low reflectance values (e.g., close to 0%) for wavelengths longer than a threshold 

5 wavelength (e.g., 510 nm), and low transmittance values (e.g., close to 0%) and high 

reflectance values (e.g., close to 100%) for wavelengths shorter than the threshold 

wavelength.  

[00481 In some embodiments, the first optical filter 520 may be configured to have 

transmittance values greater than about 90% for wavelengths longer than a threshold 

10 wavelength (e.g., 510 nm), and transmittance values less than about 10% for wavelengths 

shorter than the threshold wavelength. In some other embodiments, the first optical filter 520 

may be configured to have transmittance values greater than about 80% for wavelengths 

longer than a threshold wavelength (e.g., 510 nm), and transmittance values less than about 

20% forwavelengths shorter than the threshold wavelength. The first optical filter 520 may 

15 have other transmittance value ranges. Color contrast may vary depending on the 

transmittance value ranges.  

[00491 The first optical filter 520 may include, for example, a multi-layer thin-film filter.  

The transmittance/reflectance curve of a multi-layer thin-film filter is typically sensitive to 

angle of incidence. For example, the first optical filter 520 may be designed to have the 

20 transmittance/reflectance curve represented by the solid line 710 for a zero-degree angle of 

incidence (i.e., normal incidence), where the threshold wavelength is about 510 nm. For 

increasing angle of incidence, the threshold wavelength may shift to shorter wavelengths.  

For example, the threshold wavelength may shift to about 459 nm for a 45-degree angle of 

incidence as indicated by the dashed line 720. In some embodiments, the first optical filter 

25 520 may be designed such that the threshold wavelength stays below the center wavelength 

of green image light (e.g.,528 nm) and above the center wavelength of blue image light(e.g., 

462 nm) for a predetermined range of angles of incidence. In one embodiment, the 

predetermined range of angles of incidence may be from about zero degree to about 45 

degrees, for a 90-degree field of view (FOV). In another embodiment, the predetermined 

30 range of angles of incidence may be from about zero degree to about 25 degrees, for a 50

degree FOV. Such filter design may enable angle-insensitive operation for the first optical 

filter 520. That is, the first optical filter 520 will transmit green and red light and reflect blue 

light, as long as the angle of incidence of the image light is within the predetermined range.  
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[00501 FIG. 8 illustrates schematically a transmittance/reflectance curve for the first optical 

filter 520 according to another embodiment of the present invention. Here, the first optical 

filter 520 may be designed to have the transmittance/reflectance curve represented by the 

solid line 810 for a 45-degree angle of incidence, where the threshold wavelength is about 

5 459 nm. For decreasing angle of incidence, the threshold wavelength may shift to longer 

wavelengths. For example, the threshold wavelength may shift to about 510 nm for a zero

degree angle of incidence as indicated by the dashed line 820. The first optical filter 520 may 

be designed such that the threshold wavelength stays below the center wavelength of green 

image light (e.g., 528 nm) and above the center wavelength of blue image light (e.g., 462 nm) 

10 for a predetermined range of angles of incidence, for angle-insensitive operation.  

[00511 The second optical filter 540 may also be designed for angle-insensitive operation.  

For example, the second optical filter 540 may be designed as a long-pass filter that has a 

threshold wavelength below the center wavelength of red image light (e.g., 635 nm) and 

above the center wavelength of green image light (e.g., 528 nm) for a predetermined range of 

15 angles of incidence.  

[00521 Referring to FIG. 5, in some other embodiments, the red-green-blue waveguides 

510, 530, and 550 may be ordered differently. For example, the first waveguide 510 may be 

configured as a red waveguide, the second waveguide 530 may be configured as a green 

waveguide, and the third waveguide 550 may be configured as a blue waveguide. In that case, 

20 the first optical filter 520 may be configured as a short-pass filter that has high transmittance 

values in the blue and green wavelength ranges and a low transmittance value in the red 

wavelength range. Similarly, the second optical filter 550 may be configured as a short-pass 

filter that has a high transmittance value in the blue wavelength range and low transmittance 

values in the green and red wavelength ranges.  

25 [00531 As another example, the first waveguide 510 may be configured as a blue 

waveguide, the second waveguide 530 may be configured as a red waveguide, and the third 

waveguide 550 may be configured as a green waveguide. In that case, the first optical filter 

520 may be configured as a long-pass filter that has high transmittance values in the green 

and red wavelength ranges and a low transmittance value in the blue wavelength range. The 

30 second optical filter 540 may be configured as a short-pass filter that has a high transmittance 

value in the green wavelength range and a low transmittance value in the red wavelength 

range.  
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[00541 Referring to FIG. 5, as described above, the first DOE 512 (also referred to as an 

ICG) coupled to the first lateral region (X10) of the first waveguide 510 may be designed to 

diffract primarily blue light into the first waveguide510.Inpractice,thefirst[DOE512my 

also diffract (i.e., cross-couple) a small amount of green light into the first waveguide 510.  

5 FIG. 9A illustrates this situation. There, blue image light, green image light, and red image 

light are incident on the first waveguide 510. While the first DOE 512 diffracts primarily 

blue light into the first waveguide 510 to be guided toward the second lateral region (XI1),a 

small amount of green image light may also be diffracted by the first DOE 512 into the first 

waveguide 510.  

10 [00551 Similarly, the second DOE 532 coupled to the first lateral region (X30) of the 

second waveguide 530 may be designed to diffract primarily green light into the second 

waveguide 530. In practice, the second DOE 532 may also cross-couple a snall amount of 

red light into the second waveguide 530. FIG. 10 illustrates this situation. There, green 

image light and red image light may be transmitted by the long-pass filter 520 and incident on 

15 the second waveguide 530. While the second DOE 532 diffracts primarily green light into 

the second waveguide 530 to be guided toward the second lateral region (X31), a small 

amount of red image light may also be diffracted by the second DOE into the second 

waveguide 530.  

[00561 FIGS. IIA-I1D illustrate the wavelength"cross-coupling" effect. FIG. IIA shows 

20 an image of a blue light field formed by a blue waveguide. FIG. 11B shows an image of a 

green light field that is cross-coupled by the blue waveguide. FIG. 11C shows an image of a 

green light field formed by a green waveguide. FIG. IID shows an image of a red light field 

that is cross-coupled by the green waveguide.  

[00571 According to an embodiment of the present invention, the first waveguide 510 may 

25 include a first short-pass filter 518 coupled to the second lateral region (X11) of the first 

waveguide 510, as illustrated in FIG. 9A. The first short-pass filter 518 may be configured to 

pass blue light and absorb green light, so that the green image light cross-coupled into the 

first waveguide 510 may be absorbed by the first short-pass filter 518 and thus may be 

prevented from propagating to the OPE and the EPE regions of the first waveguide 510.  

30 [00581 According to an embodiment, the second waveguide 530 may also include a second 

short-pass filter 538 coupled to the second lateral region (X31) of the second waveguide 530, 

as illustrated in FIG. 10. The second short-pass filter 538 may be configured to pass green 
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light and absorb red light, so that the red image light cross-coupled into the second 

waveguide 530 maybe absorbed by the second short-pass filter 538 and thus may be 

prevented from propagating to the OPE and the [PE regions of the second waveguide 530.  

100591 FIG. 9B illustrates schematically a cross-sectional view of the short-pass filter 518 

5 according to an embodiment of the present invention. The short-pass filter 518 may be 

disposed on an outer surface of the second lateral region (X1)of the first waveguide 510. In 

some embodiments, the short-pass filter 518 may include a dichroic layer 910 disposed on the 

outer surface of the first waveguide 510. Thedichroic layer910 mayinclde,for example,a 

multi-layer thin-film designed to have a transmittance/reflectance curve similar to that 

10 illustrated in FIG. 7, where the threshold wavelength is below the center wavelength of green 

image light (e.g., 528 nm) and above the center wavelength of blue image light (e.g., 462 nm) 

for a predetermined range of angle of incidence. As such, the dichroic laver 910 inay reflect 

blue image light incident thereon back into the first waveguide 510 to be guided toward the 

EPE region, and transmit green image light incident thereon. The short-pass filter 518 may 

15 further include a terminating substrate 920 (e.g., a glass layer) disposed on the dichroic layer 

910, and an absorptive layer 930 disposed on the terminating substrate 920. The absorptive 

layer 930 may be configured to absorb light transmitted by the dichroic layer 910.  

[00601 FIG. 12A illustrates schematically a waveguide 1200 according to some 

embodiments. The waveguide 1200 may include a first lateral region 1202 and a second 

20 lateral region 1204. The waveguide 1200 may also include a diffractive optical element 

(DOE) 1203 optically coupled to the first lateral region 1202, and configured to diffract a 

portion of the incident light Y02a into the waveguide 1200. For example, the DOE 1203 may 

be designed to diffract primarilyblue light into the first waveguide 1200. In practice, the 

DOE may also diffract (i.e., cross-couple) a small amount of green light into the first 

25 waveguide 1200, as discussed above.  

[00611 The waveguide 1200 may also include a short-pass filter 1210 coupled to the second 

lateral region 1204 of the waveguide 1200. The short-pass filter 1210 may include particles 

with index-matched characteristics embedded into the waveguide 1200, for example by a 

substrate doping process. The particles may absorb, for example, green lightolight having a 

30 wavelength longer than that of blue light, and transmit blue light. In some embodiments, 

index matching may not be a strict requirement. In such cases, light may refract at the 

interfaces between the particles and the waveguide medium, but may nevertheless continue to 
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propagate at the original angles. It may be desirable to minimize the scattering at points of 

discontinuity.  

[00621 FIG. 12B illustrates schematically a waveguide 1200 according some other 

embodiments. The waveguide 1200 may include a short-pass filter 1220 coupled to the 

5 second lateral region 1204 of the waveguide 1200. Here, the short-pass filter 1220 may 

include a cavity inside the second lateral region 1204 of the waveguide 1200, where a top 

surface of the cavity is flush with the outer surface of the waveguide 1200. The cavitymay 

be filled with an index-matched dye that absorbs green lightoright having a wavelength 

longer than that of blue light. In some embodiments, instead of making and filling a cavity, 

10 the filter can be created by diffusing a dye through the surface of the waveguide 1200, 

producing a partially or fully dyed (or "doped") volume within the waveguide 1200. In one 

embodiment, the refractive index of the dye may be matched to the refractive index of the 

waveguide 1200, so that the dye does not affect the propagation of blue image light in the 

waveguide 1200 by total internal reflection (TIR). In some other embodiments, some index 

15 mismatch may be allowed so long as it does not affect the propagation, and scattering at the 

interfaces is controlled to some degree.  

[00631 FIG. 12C illustrates schematically a waveguide 1200 according some further 

embodiments. The waveguide 1200 may include a layer of dye 1230 applied to the outer 

surface of the second lateral region 1204 of the waveguilde 1200. The layer of dye (Yl3c) 

20 may absorb green light or light having a wavelength longer than that of blue light, and 

reflects blue light.  

[00641 FIG. 13A illustrates a partial cross-sectional view of an eyepiece according to 

another embodiment of the present invention. The eyepiece may include a first planar 

waveguide 1310 positioned in a first lateral plane, a second planar waveguide 1340 

25 positioned in a second lateral plane adjacent the first lateral plane, and a third planar 

waveguide 1370 positioned in a third lateral plane adjacent the third lateral plane. Input 

image light is split into two optical paths, where blue and red image light is incident on the 

eyepiece at a first lateral position, and green image light is incident on the eyepiece at a 

second lateral position displaced from the first lateral position.  

30 [00651 The eyepiece may further include a first diffractive optical element (DOE) 1320, 

such as an incoupling grating (ICG), disposed on a first surface of the first waveguide 1310 at 

the second lateral position. The first DOE is configured to receive and diffract a portion of 
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the green image lghtincident thereon into the first waveguide 1310 to be guided to the OPE 

and the EPE region of the first waveguide 1310. The eyepiece may further include a first 

optical reflector 1330 disposed on a second surface of the first waveguide 1310 at the second 

lateral position. In some examples, the optical reflector 1330 may be implemented as a 

5 wavelength-selective optical element, such as a dichroic filter configured to reflect light in at 

least the green wavelength range. In other examples, the optical reflector 1330 may be 

implemented as a mirror or other optical element configured to reflect a relatively wide range 

of wavelengths (e.g., aluminized material). It follows that, in either case, the first optical 

reflector 1330 may be configured to reflect green image light that is not coupled into the first 

10 waveguide 1310 by the first DOE 1320 on the first pass back toward the first DOE 1320. A 

portion of the green image light reflected by the first optical reflector 1330 may be diffracted 

by the first DOE 1320 into the first waveguide 1310. Therefore, the brightness and contrast 

of the green light field that is output to the viewer may be enhanced.  

[00661 The eyepiece may further include a second DOE 1350 disposed on the first surface 

15 of the second waveguide 1340 at the first lateral position. The second DOE 1350 may be 

configured to receive and diffract a portion of the blue image light incident thereon into the 

second waveguide 1340 to be guided toward the OPE and the EPE region of the second 

waveguide 1340. The eyepiece may further include an optical filter 1360 (i.e., a wavelength

selective optical element) disposed on a second surface of the second waveguide 1340 at the 

20 first lateral position. The optical filter 1360 may include a dichroic long-pass filter 

configured to have a high transmittance value for red image light, and a low transmittance 

value and a high reflectance value for blue image light. Thus, the portion of blue image light 

that is not coupled into the second waveguide 1340 by the second DOE 1350 on the first pass 

may be reflected back toward the second DOE 1350 and be coupled into the second 

25 waveguide 1340 by the second DOE 1350. Therefore, the brightness and contrast of the blue 

light field that is output to the viewer maybe enhanced. Red image light transmitted by the 

optical filter 1360 is incident on the third waveguide 1370.  

[00671 The eyepiece may further include a third DOE 1380 disposed on the first surface of 

the third waveguide 1370 at the first lateral position. The third DOE 1380 may be configured 

30 to receive and diffract a portion of the red image light incident thereon into the third 

waveguide 1370 to beguided toward the OPE and the EPE region of the third waveguide 

1370. The eyepiece may further include a second optical reflector 1390 disposed on a second 

surface of the third waveguide 1370 at the first lateral position. In some examples, the optical 
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reflector 1390 may be implemented as a wavelength-selective optical element, such as a 

dichroic filter configured to reflect light in at least the red wavelength range. In other 

examples, the optical reflector 1390 may be implemented as a mirror or other optical element 

configured to reflect a relatively wide range of wavelengths (e.g., aluminized material). In 

5 either case, the second optical reflector 1390 may be configured to reflect red image light that 

is not coupled into the third waveguide 1370 by the third DOE 1380 on the first pass back 

toward the third DOE 1380. A portion of the red image light reflected by the second optical 

reflector 1390 may be diffracted by the third DOE 1380 into the third waveguide 1370.  

Therefore, the brightness and contrast of the red light field that is output to the viewer may be 

10 enhanced.  

[00681 FIG. 13B illustrates a partial cross-sectional view of an eyepiece according to a 

further embodiment of the present invention. The eyepiece illustrated in FIG. 13B is similar 

to the eyepiece illustrated in FIG. 13A, except that the first DOE is disposed on the second 

surface of the first waveguide 1310, the same surface as the first optical reflector 1330, the 

15 second DOE 1350 is disposed on the second surface of the second waveguide 1340, the same 

surface as the optical filter 1360, and the third DOE 1380 is disposed on the second surface of 

the third waveguide 1370, the same surface as the second optical reflector 1390.  

[00691 FIG. 13C illustrates a partial cross-sectional view of an eyepiece according to a yet 

another embodiment of the present invention. The eyepiece illustrated in FIG. 13C is similar 

20 to the eyepiece illustrated in FIG. 1133, except that the optical filter 1360 is disposed on the 

first surface of the third waveguide 1370.  

[00701 Each of the embodiments illustrated in FIGS. 13A-13C may have its own pros and 

cons. In the embodiment illustrated in FIG. 13A, because the first DOE, the second DOE, 

and the third DOE are formed on the first surface of the waveguide, they operate in 

25 transmission mode. In comparison, in the embodiments illustrated in FIGS. 1133 and 13C, the 

first DOE, the second DOE, and the third DOE are formed on the second surface of the 

waveguide, and thus operate in reflection mode. The DOEs may be more efficient in 

reflection mode than in transmission mode. Having the DOEs aluminized in reflection mode 

may further increase diffraction efficiency. Having the DOE and the dichroic filter on 

30 opposite surfaces may be more challenging to manufacture, as it requires patterning on both 

surfaces.  
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[00711 FIG. 14 illustrates schematically a transmittance/reflectance curve of the optical 

filter 1360 according to an embodiment of the present invention. The 

transmittance/reflectance curve of the optical filter 1360 is similar to those illustrated in FIGS 

7and 8, in that it exhibits high transmittance values (e.g., close to 100%) and low reflectance 

5 values (e.g., close to 0%) for wavelengths longer than a threshold value, and low 

transmittance values (e.g., close to 0%) and high reflectance values (e.g., close to 100%) for 

wavelengths shorter than the threshold value.  

[00721 The optical filter 1360 may include a multi-layer thin-film whose 

transmittance/reflectance characteristics may be sensitive to angle of incidence as discussed 

10 above. For example, the optical filter 1360 may be designed to have the 

transmittance/reflectance curve represented by the solid line 1410 for an angle of incidence of 

45 degrees. For decreasing angle of incidence, the rising edge may shift to longer 

wavelengths. For example, the transmittance/reflectance curve for a zero-degree angle of 

incidence may be represented by the dashed line 1420.  

15 [00731 As discussed above, to enable angle-insensitive operation for the optical filter 1360, 

it may be desirable that the rising edge of the transmittance/reflectance curve stay below the 

center wavelength of red image light (e.g., 635 nm) and above the center wavelength of blue 

image light (e.g., 462 nm) for a predetermined range of angle of incidence (eg., from about 

zero degree to about 45 degrees). Here, because only blue and red image light is incident on 

20 the optical filter 1360, and because the center wavelengths of blue image light and red image 

light are relatively far apart from each other, the requirement on the transmittance/reflectance 

profile can be more relaxed. For example, the rising edge of the transmittance/reflectance 

curve may shift by a larger wavelength range between a zero-degree angle of incidence and a 

45-degree angle of incidence, as compared to that illustrated in FIGS. 7 and 8. Also, the 

25 rising edge of the transmittance/reflectance curve may not need to be as steep as those 

illustrated in FIGS. 7 and 8. Thus, the eyepiece illustrated in FIGS. 13A-13C may afford a 

smaller form factor as compared to the eyepiece illustrated in FIG. 2 where the blue-green

red image light is separated into three separate light paths, while having a less stringent 

requirement for the filter's transmittance/reflectance profile.  

30 [00741 It is understood that the examples and embodiments described herein are for 

illustrative purposes only and that various modifications or changes in light thereof will be 
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suggested to persons skilled in the art and are to be included within the spirit and purview of 

this application and scope of the appended claims.  

[0075] Throughout this specification and the claims which follow, unless the context 

requires otherwise, the word "comprise", and variations such as "comprises" or "comprising", 

5 will be understood to imply the inclusion of a stated integer or step or group of integers or 

steps but not the exclusion of any other integer or step or group of integers or steps.  

[0076] The reference in this specification to any prior publication (or information derived 

from it), or to any matter which is known, is not, and should not be taken as, an 

10 acknowledgement or admission or any form of suggestion that that prior publication (or 

information derived from it) or known matter forms part of the common general knowledge 

in the field of endeavour to which this specification relates.  
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The claims defining the invention are as follows: 

1. An eyepiece for projecting an image to an eye of a viewer, the 

eyepiece comprising: 

a first planar waveguide positioned in a first lateral plane, wherein the first 

5 waveguide comprises a first diffractive optical element (DOE) coupled thereto and disposed 

at a lateral position, the first DOE configured to diffract image light in a first wavelength 

range centered at a first wavelength; 

a second planar waveguide positioned in a second lateral plane adjacent the 

first lateral plane, wherein the second waveguide comprises a second DOE coupled thereto 

10 and disposed at the lateral position, the second DOE configured to diffract image light in a 

second wavelength range centered at a second wavelength longer than the first wavelength; 

a third planar waveguide positioned in a third lateral plane adjacent the second 

lateral plane, wherein the third waveguide comprises a third DOE coupled thereto and 

disposed at the lateral position, the third DOE configured to diffract image light in a third 

15 wavelength range centered at a third wavelength longer than the second wavelength; 

a first optical filter positioned between the first waveguide and the second 

waveguide at the lateral position, wherein the first optical filter is configured to have: 

a first transmittance value at the first wavelength range; 

a second transmittance value at the second wavelength range and the 

20 third wavelength range that is greater than the first transmittance value; and 

a first reflectance value at the first wavelength range that is greater 

than about 90%; and 

a second optical filter positioned between the second waveguide and the third 

waveguide at the lateral position, wherein the second optical filter is configured to have: 

25 a third transmittance value at the first wavelength range and the second 

wavelength range; 

a fourth transmittance value at the third wavelength range that is 

greater than the third transmittance value; and 

a second reflectance value at the second wavelength range that is 

30 greater than about 90%.  

2. The eyepiece of claim 1 wherein each of the first DOE, the second 

DOE, and the third DOE comprises an incoupling grating.  

23



3. The eyepiece of claim 1 or 2 wherein each of the first transmittance 

value and the third transmittance value is less than about 10%, and each of the second 

transmittance value and the fourth transmittance value is greater than about 90%.  

4. The eyepiece of claim 3 wherein the first optical filter is configured to 

5 have the first transmittance value and the second transmittance value for angles of incidence 

ranging from about zero degree to about 45 degrees, and the second optical filter is 

configured to have the third transmittance value and the fourth transmittance value for angles 

of incidence ranging from about zero degree to about 45 degrees.  

5. The eyepiece of any one of claims 1 to 4 wherein the first wavelength 

10 range is centered substantially at 462 nm, the second wavelength range is centered 

substantially at 528 nm, and the third wavelength range is centered substantially at 635 nm.  

6. The eyepiece of any one of claims 1 to 5 further comprising an optical 

reflector positioned in a fourth lateral plane adjacent the third lateral plane at the lateral 

position and configured to reflect image light transmitted through the third waveguide.  

15 7. The eyepiece of any one of claims I to 6 further comprising: 

a first short-pass filter optically coupled to a second lateral region of the first 

waveguide offset from the lateral position and configured to absorb image light in the second 

wavelength range; and 

a second short-pass filter optically coupled to a second lateral region of the 

20 second waveguide offset from the lateral position and configured to absorb image light in the 

third wavelength range.  

8. The eyepiece of claim 7 wherein the first short-pass filter is disposed 

inside the second lateral region of the first waveguide, and the second short-pass filter is 

disposed inside the second lateral region of the second waveguide.  

25 9. The eyepiece of claim 7 wherein the first short-pass filter is disposed in 

a cavity inside the second lateral region of the first waveguide, and the second short-pass 

filter is disposed in a cavity inside the second lateral region of the second waveguide.  

10. The eyepiece of claim 7 wherein the first short-pass filter is disposed 

on a first lateral surface of the second lateral region of the first waveguide, and the second 
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short-pass filter is disposed on a first lateral surface of the second lateral region of the second 

waveguide.  
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