
US 20070171328A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2007/0171328 A1 

Freeman et al. (43) Pub. Date: Jul. 26, 2007 

(54) SUBSTRATE-GUIDED DISPLAY Related U.S. Application Data 

(76) Inventors: Mark O. Freeman, Snohomish, WA (60) Provisional application No. 60/738,484, ?led on Nov. 
(US); Karlton D. Powell, Lake 21, 2005. 
Stevens, WA (US); Christopher A. 
Wiklof, Everett, WA (US) Publication Classi?cation 

Correspondence Address: (51) Int. Cl. 
GRAYBEAL, JACKSON, HALEY LLP G02F 1/1335 (2006.01) 
155 _ 108TH AVENUE NE (52) U.S. Cl. .............................................................. .. 349/65 

SUITE 350 
BELLEVUE, WA 98004-5901 (US) (57) ABSTRACT 

(21) App1_ NO; 11/603,942 A display system includes structures operable to provide an 
image guided substrate con?guration adapted to an applica 

(22) Filed: Nov. 21, 2006 tion. 

‘e 30-100mm (as re uired) —‘ 
i" q 7/- Substrale slab 



Patent Application Publication Jul. 26, 2007 Sheet 1 0f 10 US 2007/0171328 A1 

03% 

mo: :55 

_ \‘ _ 

_ 

9% 2225 .\~M\A CD232 5 2202.8 V 

w .GE 

m3} 0 

. . NE 

a <<..\. A Z 3 J; Y § 1 

J. 55.7 

" EN: 
_ A 25:32 5 2509.3 

aw: 

______-.____________________¢ — ___ ________- 



Patent Application Publication Jul. 26, 2007 Sheet 2 0f 10 US 2007/0171328 A1 

\/ J \\ mo: 38 

2K w .GI 
J. N22 // W4 2% My (MJ\\ 

6N: CNS 
sm\\ <m .O_.|._ 



US 2007/0171328 A1 

FIG. 6B 

308 

FIG. 3B 

306 

312 

6 1 3 ..\ 
8 1 

a m 

\L 4 / 

2 2 //\ 

0 2 3 

2 3 J // 
3 / 

I 

\ l l I I I I I l l I l I I I l f II 

III‘ |‘ / 

x , 

- - - - m \ 

I l I l I I I l I I I l l l l l I I I LHH 3 

\ 
\\ 

\ \\ \f 
4 0 3 

Patent Application Publication Jul. 26, 2007 Sheet 3 0f 10 



Patent Application Publication Jul. 26, 2007 Sheet 4 0f 10 US 2007/0171328 A1 

NE/ 

Now 
+ _ , 852% 



US 2007/0171328 A1 

+ 
,, 85% / gigs 

NQ/ * 

s@\\ 65 .0E 

232 
.6 momjwm r ||||||||||||| ||._ 

Patent Application Publication Jul. 26, 2007 Sheet 5 0f 10 



Patent Application Publication Jul. 26, 2007 Sheet 6 0f 10 US 2007/0171328 A1 

Exaggerated mirror 
size to show 
the compound 

tilt angle 

~ 18mm 110 

___l,_ l/ j \"r 
MEMS 

Distributed folds fo_r / 102 302 f scanner 
creating and expanding 
the horizontal pupil 



Patent Application Publication Jul. 26, 2007 Sheet 7 0f 10 US 2007/0171328 A1 

EEK 
KY3“ 
YBKYX 

+ , 85% , EVE; _ 

/ 

“N: g: 0N: 8: 0N: 

mm .OE 



f / w? A 4 <\ x \m 
mi 

2: 

mi .QE > 

v: |\\ / mocusm? 

, _ 

N: N: M m 

_ 

o? \_ m 

2“ \ _ 

8; N _ 3 

, .... ll \ < 

o: 

m2 3%: 5 

§ C 
H H NW5 N: E as g . 

\\ g 2 E mm 

5“ 

Patent Application Publication Jul. 26, 2007 Sheet 8 0f 10 



Patent Application Publication Jul. 26, 2007 Sheet 9 0f 10 US 2007/0171328 A1 

1001 FIG. 10 
1002 102 / 

l 
\/ DISPLAY 
114 ENGINE 

FIG. 12 1201 "6 104, 

112 112 
)7 (R )7 1202 

/ I I / I I 

FIG. 13 / 1201 
102 1202 

114 —V— 

102 

302 < K 
104, 116 

FIG. 14 1401 

\ 102 
E1 114 

11s 

1402 



Patent Application Publication Jul. 26, 2007 Sheet 10 0f 10 US 2007/0171328 A1 

1520 F ______________ __? 

1502 1514 1 I 

I 1504 i 305 G 1308 
F'" "'-'_ _ — _ _ _ _ _ “f _ _ _ _ _ _ -_1| l 

i LIGHT ;' R B :310 
1508] DATA Mp SOURCE H 322 “75318 

‘i 10 
I 
I 
I 
l 
l 

1002 



US 2007/0171328 A1 

SUBSTRATE-GUIDED DISPLAY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application claims priority bene?t 
from and incorporates by reference herein US. Provisional 
Patent Application No. 60/738,484, entitled DISPLAY 
WITH IMAGE-GUIDING SUBSTRATE, ?led Nov. 21, 
2005. The present application is related to co-pending patent 
application attorney docket number 1788-062-03, entitled 
DISPLAY WITH IMAGE-GUIDING SUBSTRATE, ?led 
Nov. 21, 2006, and attorney docket number 1788-062-05, 
entitled SUBSTRATE-GUIDED DISPLAY WITH 
IMPROVED IMAGE QUALITY, ?led Nov. 21, 2006. 

TECHNICAL FIELD 

[0002] The present disclosure relates to displays, and 
especially to scanned beam displays that use an image 
guiding substrate optical element. 

BACKGROUND 

[0003] In the ?eld of substrate-guided optical image 
relays, re?ective or di?‘ractive elements may cooperate With 
the surfaces of a relatively thin substrate to guide image rays 
along the substrate to produce a vieWing region. This may be 
used for example to couple an image produced by a display 
source to the eye of a vieWer in a near-to-eye display and/or 
to provide a thin form-factor such as a ?at panel display. 

OVERVIEW 

[0004] One aspect according to an embodiment relates to 
apparatuses and methods for transmitting an angle-mapped 
input image along an image-guiding substrate to a vieWing 
region Where the image is output in a manner that maintains 
the angle-mapping of the image. According to various 
embodiments, re?ective and/or di?‘ractive (holographic) 
optical elements may be used, individually or mixed, in an 
image-guiding substrate. 

[0005] According to another embodiment, an angle 
mapped image generation engine may be integrated With an 
image-guiding substrate. The angle-mapped image genera 
tion engine may, for example, include a scanned beam 
display engine. 

[0006] According to another embodiment, incidence 
angle-selective coatings may be applied to re?ecting sur 
faces such as output re?ectors in the image-guiding sub 
strate. Such angle-selective coatings may be used, for 
example, to improve system e?iciency by reducing or elimi 
nating the launching of rays that fall outside a vieWing 
region. 

[0007] According to another embodiment, polarization 
selective coatings and polarization modifying devices such 
as polarization rotators may be used to provide re?ection 
selectivity to re?ecting surfaces such as output re?ectors in 
the image-guiding substrate. According to some embodi 
ments, polariZation rotators may comprise Wave retarders or 
Faraday rotators. Such an approach may be used for example 
to improve system e?iciency, broaden design constraints, 
improve output image quality, improve output image appar 
ent brightness uniformity, etc. 
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[0008] According to another embodiment, a progression 
of partial re?ector re?ectivities may be used in input and/or 
output re?ectors to improve output poWer density unifor 
mity. 

[0009] According to another embodiment, polarization 
sensitivity of re?ecting surfaces may be con?gured to sort 
rays that have been re?ected an odd number of times from 
rays that have been re?ected an even number of times. Such 
an approach may be used for example to avoid inducing 
symmetries in the output image caused by mixing odd- and 
even-numbered re?ected rays. 

[0010] According to another embodiment, Wavelength 
selective output re?ectors may be used to sort input Wave 
lengths. 
[0011] According to another embodiment, compound 
angle input re?ectors may be used in an image-guiding 
substrate. 

[0012] According to another embodiment a scanned beam 
display engine may be con?gured to provide an adjustable or 
variable accommodation and/or apparent image distance to 
the vieWing region. The scanned beam may be selected to 
provide a preferred beam shape expressed as an amount of 
convergence, parallelism, or divergence depending upon 
user preferences. The angle-preserving embodiment of the 
image-guiding substrate maintains the selected beam shape 
and delivers the selected shape to the image vieWing region. 
According to another embodiment a scanned beam display 
engine is con?gured to provide a variable beam shape 
depending upon three-dimensional (3D) information pro 
vided in an image. Such an embodiment provides a variable 
accommodation image having a 3D effect at the vieWing 
region. 
[0013] According to another aspect, an image guiding 
substrate may include a degree of occlusion operative to 
reduce at least a portion of ambient scene brightness. In 
some embodiments, the ambient scene may be fully 
occluded. In some embodiments, the brightness of an ambi 
ent scene may be attenuated. In some embodiments, the 
brightness of an ambient scene may be variably attenuated, 
for example depending upon the magnitude of ambient 
scene brightness, the poWer output of a synthetic image 
source, the relative importance of the ambient information 
and the synthetic information, etc. In some embodiments, 
variable attenuation may be provided by photo-chromic 
materials deployed on or in the image guiding substrate. In 
other embodiments, variable attenuation may be provided by 
active attenuation, such as by a controller circuit that con 
trols a liquid crystal or electro-chromic variable attenuator 
based upon an ambient illumination signal from a light 
detector aligned to receive ambient illumination. 

[0014] According to another embodiment, an image-guid 
ing substrate may include one or more folds. The folds may 
be useful, for example, to form the image-guiding substrate 
into a preferred package siZe or con?guration. 

[0015] According to some embodiments, a display using 
an image-guiding substrate may be con?gured as a near-to 
eye display. According to other embodiments, a display 
using an image-guiding substrate may be con?gured to be 
vieWed at a distance. Such an approach may be used for 
example to provide a heads-up display (HUD) or a desktop 
or portable computer monitor. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a schematic diagram of an image-guiding 
substrate display With re?ective elements that uses a loca 
tion-mapped display engine such as a ?at panel display or a 
scanned intermediate image plane as an image source 
according to an embodiment. 

[0017] FIG. 2 is a schematic diagram of an image-guiding 
substrate display With di?fractive elements that uses a loca 
tion-mapped display engine such as a ?at panel display or a 
scanned intermediate image plane as an image source 
according to an embodiment. 

[0018] FIG. 3A is schematic diagram of an image-guiding 
substrate display using re?ective optics that transmits an 
image from an angle-mapped input image source to a 
vieWing region according to an embodiment. 

[0019] FIG. 3B is a detailed diagram of the principle 
optical components of a scanned beam display engine that 
may be used as an angle-mapped display engine according 
to an embodiment. 

[0020] FIG. 4 is a schematic diagram of an image-guiding 
substrate display using di?fractive optics that transmits an 
integrated scanned-beam display engine angle-mapped input 
image source to a vieWing region according to an embodi 
ment. 

[0021] FIG. 5 is a schematic diagram of an image-guiding 
substrate display using incidence angle-selective coatings 
applied to re?ecting surfaces in the image-guiding substrate 
according to an embodiment. 

[0022] FIG. 6A is a schematic diagram of an image 
guiding substrate display that uses polarization-selective 
coatings and polarization rotators on re?ecting surfaces 
according to an embodiment. 

[0023] FIG. 6B is a detail vieW of the vieWing region 
re?ectors of FIG. 6A according to an embodiment. 

[0024] FIG. 6C is a detail vieW of a layered re?ector 
comprising a discrete angle-selective re?ector and polariZa 
tion-selective re?ector according to an embodiment. 

[0025] FIG. 6D is a detail vieW of the layered re?ector of 
FIG. 6C but shoWing the behavior of a light beam having a 
non-preferred angle according to an embodiment. 

[0026] FIG. 6E is a schematic diagram of an image 
guiding substrate display that includes variable-re?ectance 
output mirrors according to an embodiment. 

[0027] FIG. 7A is a schematic diagram of a display having 
an image-guiding substrate display that includes polariZa 
tion rotators on substrate surfaces in combination With 
polarization-selective output re?ectors according to an 
embodiment. 

[0028] FIG. 7B is a detailed vieW of the surface of an 
image-guiding substrate according to an embodiment. 

[0029] FIG. 8 is a perspective vieW of an image-guiding 
substrate display than includes compound-angle input 
re?ectors according to an embodiment. 

[0030] FIG. 9 is a schematic diagram of a scanned beam 
display engine con?gured to provide an adjustable or vari 
able accommodation beam into an image-guiding substrate 
according to an embodiment. 
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[0031] FIG. 10 is a schematic diagram of an image guiding 
substrate display that includes an ambient occlusion member 
according to an embodiment. 

[0032] FIG. 11 is a schematic diagram of an image 
guiding substrate display that includes an actively controlled 
ambient occlusion member according to an embodiment. 

[0033] FIG. 12 is a perspective diagram of an image 
guiding substrate display that includes a fold according to an 
embodiment. 

[0034] FIG. 13 is a top vieW of the image-guiding sub 
strate display having a fold of FIG. 12 according to an 
embodiment. 

[0035] FIG. 14 is a side vieW of an image-guiding sub 
strate display con?gured as a desk-top or head-up display 
according to an embodiment. 

[0036] FIG. 15 is a block diagram of a display having a 
scanned beam display engine and an image-guiding sub 
strate according to an embodiment. 

[0037] FIG. 16 is a depiction of a portable electronic 
device having a display With a fold-out image-guiding 
substrate. 

DETAILED DESCRIPTION 

[0038] FIG. 1 is a schematic diagram of a display system 
101 using an image-guiding substrate 102 With re?ective 
elements that uses a location-mapped display engine 104 
such as a ?at panel display or a scanned intermediate image 
plane as an image source according to an embodiment. To 
translate the location-mapped pixels of the display into 
angle-mapped pixels appropriate for transmission doWn the 
substrate 102, an ocular lens 106 is used to produce a 
converging fan of substantially collimated rays that pass 
through a ?rst pupil 108 at or near Where the rays enter the 
image-guiding substrate 102. The angle of each of the 
substantially collimated rays may correspond to light com 
ing from a particular location on the image plane of the 
location-mapped display engine 104. The input rays are 
re?ected by an input re?ector 110 that directs the rays 
generally along the axis of the image-guiding substrate 102. 
When rays are incident upon an edge of the substrate 102, 
they are re?ected at an equal and opposite angle and 
continue doWn the substrate. After the rays have transited a 
transfer distance along the substrate, they are incident upon 
a series of partial re?ectors 112 that direct the rays toWard 
a vieWing region 114 Where they can be perceived by the eye 
of a vieWer 116. The vieWing region 114 may be de?ned by 
an exit pupil Wherein substantially the entirety of the image 
may be perceived. The distribution of the partial re?ectors 
112 along the length of the substrate 102 expands the exit 
pupil such that the extent of the exit pupil 114 is larger than 
the extent of the ?rst pupil 108. It may be noted that the 
distribution of the re?ectors 112 may result in an exit pupil 
114 that is substantially greater in dimension than the 
thickness of the substrate. According to some embodiments 
the overall length of the substrate may be approximately 
30-100 millimeters and its thickness may be approximately 
l-5 millimeters, although many other lengths and thick 
nesses are possible. 

[0039] The function of the re?ectors in the substrate 102 
of the display 101 may alternatively be provided by di?frac 
tive (i.e. holographic) optical elements, 
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[0040] such as those shown schematically in FIG. 2. The 
image-guiding substrate 102 of FIG. 2 includes an input 
di?‘ractive optical element 110' and an output di?‘ractive 
optical element 112' that respectively provide the functions 
corresponding to the input re?ector 110 and the output 
partial re?ectors 112 in the image-guiding substrate 102 of 
FIG. 1. The diffractive elements 110' and 112' may alterna 
tively be referred to as holographic optical elements or 
simply as holographic elements. As With the display 101 of 
FIG. 1, the display 201 of FIG. 2 may use a location-mapped 
display engine such as a ?at panel display or a scanned 
intermediate image plane as a location-mapped image 
source 104. The image from the image source is focused by 
an ocular lens (or alternatively, an ocular di?‘ractive element 
or an ocular re?ective element) 106 onto the input di?‘ractive 
optical element 110'. 

[0041] The input di?‘ractive optical element 110' is con 
?gured to direct the input rays generally toWard the vieWing 
end of the image-guiding substrate 102, as indicated by the 
illustrative ray 202. The illustrative ray 202 may be succes 
sively re?ected by the Walls of the image guiding substrate 
102 until it is incident upon the output di?‘ractive element 
112'. As may be appreciated, image rays emerging from the 
location-mapped display engine 104 are converted to cor 
responding angles by the ocular lens 106 and enter the input 
di?‘ractive optical element 110' at the corresponding angles. 
The input di?‘ractive optical element 110' may launch 
respective rays into the substrate 102 along selected paths, 
depending upon the corresponding input ray angle and/or 
location. The output di?‘ractive optical element 112' is 
con?gured to receive the launched rays, after the rays have 
re?ected o? the Walls of the substrate 102 one or more times, 
and couple (i.e. launch) them out into the exit pupil 114 for 
vieWing by a vieWer 116. 

[0042] In contrast to the location-mapped display engines 
used in embodiments of FIGS. 1 and 2, an angle-mapped 
display engine may be used to create an image for launching 
doWn an image-guiding substrate. FIG. 3A is schematic 
diagram of a display embodiment 301 having an image 
guiding substrate 102 that transmits an image from an 
angle-mapped input image source 302 to a vieWing region 
114. The input re?ective element 110 receives angle-mapped 
rays 304 directly from the angle-mapped display engine 302 
and directs them along the substrate 102. Because there is no 
ocular lens betWeen the output of the angle-mapped display 
engine 302 and the input re?ective element 110, there is no 
?rst pupil and because there is no location-mapped display 
input, there is no image plane in the system (other than in the 
vieWer’s eye). The output re?ectors 112 receive the angle 
mapped rays containing the image and couple it out to the 
vieWing area 114. The exit pupil of the vieWing area 114 is, 
according to some embodiments, the only exit pupil in the 
system. 

[0043] According to an embodiment, the angle-mapped 
display engine 302 is a scanned beam display engine. FIG. 
3B is a detailed diagram of the principle optical components 
of the scanned beam display engine 302 of FIG. 3A. 

[0044] An input video signal drives a controller (not 
shoWn) that sequentially drives light sources 306, 308, and 
310 to produce respective beams oflight 312, 314, and 316. 
The light sources 306, 308, and 319 are driven to respective 
output poWers corresponding to pixel values in the input 
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video signal. As illustrated, light source 306 corresponds to 
a red light source, light source 308 corresponds to a green 
light source, and light source 310 corresponds to a blue light 
source. Thus the light source 306 is driven to an output 
poWer corresponding to the red value of a pixel While the 
light sources 308 and 310 are driven to respective output 
poWers corresponding to green and blue values of the same 
pixel. When the next pixel is clocked in, the output poWers 
of the light sources may be modulated corresponding to the 
brightness and hue of the next pixel. The respective modu 
lated input beams 312, 314, and 316 are launched into a 
beam combiner 308 that combines them and produces a 
modulated output beam shoWn by its principle ray 320. The 
output beam 320 may be shaped by a beam shaping optical 
element 322 that may, for example, comprise a collimating 
lens. The shaped output beam 324 is incident upon a beam 
scanner 326. The controller (not shoWn) drives the beam 
scanner 326 (or alternatively, is driven by the beam scanner) 
to sequentially scan the modulated and shaped input beam 
324 across a ?eld of vieW as a scanned beam 304 synchro 
nously With the modulation of the light sources 306, 308, 
and 310. To create an angle-mapped image, the light sources 
are sequentially modulated to a poWer proportional to the 
brightness of an input video image pixel. In this Way, an 
angle-mapped image is produced in the scanned beam 304. 

[0045] The light sources may include multiple emitters 
such as, for instance, light emitting diodes (LEDs) such as 
surface-emitting or edge emitting LEDs, lasers, thermal 
sources, arc sources, ?uorescent sources, gas discharge 
sources, or other types of illuminators. In one embodiment, 
a monochrome display may be produced by using one or 
more red laser diodes having a Wavelength of approximately 
635 to 670 nanometers (nm). In the case Where a single light 
source is used, the beam combiner 318 may be omitted. 

[0046] In another embodiment, three lasers are used as 
light sources 306, 308, and 310; respectively a red diode 
laser, a green diode-pumped solid state (DPSS) laser, and a 
blue DPSS laser at approximately 635 nm, 532 nm, and 473 
nm. While some lasers may be directly modulated, other 
lasers, such as DPSS lasers for example, may require 
external modulation such as an acousto-optic modulator 
(AOM) for instance. In the case Where an external modulator 
is used, it is considered part of a light source for the present 
disclosure. 

[0047] As illustrated, in the case of multiple emitters a 
beam combiner 318 may be used to combine the beams from 
some or all of the emitters into a single beam. The beam 
combiner (When used) may be of a number of types such as 
an “x-cube” in addition to the “slab combiner” shoWn. The 
operation of the slab beam combiner 318 may be more fully 
appreciated by reference to US. Pat. application Ser. No. 
10/828,876, entitled APPARATUS AND METHOD FOR 
COMBINING MULTIPLE ELECTROMAGNETIC 
BEAMS INTO A COMPOSITE BEAM, invented by Wat 
son et al., ?led Apr. 20, 2004, and hereby incorporated by 
reference. 

[0048] The beam-shaping optical element 322 may, for 
example, include one or more collimating lenses and/or 
apertures. Additionally, While the Wavelengths described in 
the previous embodiments have been in the optically visible 
range, other Wavelengths may be Within the scope of the 
invention. Light beam 324, While illustrated as a single 
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beam, may comprise a plurality of beams incident on a 
single scanner 326 or onto separate scanners. 

[0049] Scanner 326 may be formed using many known 
technologies such as, for instance, a rotating mirrored poly 
gon, a mirror on a voice-coil as is used in miniature bar code 
scanners such as used in the Symbol Technologies SE 900 
scan engine, a mirror a?ixed to a high speed motor or a 
mirror on a bimorph beam as described in US. Pat. No. 
4,387,297 entitled PORTABLE LASER SCANNING SYS 
TEM AND SCANNING METHODS, an in-line or “axial” 
gyrating, or “axial” scan element such as is described by 
US. Pat. No. 6,390,370 entitled LIGHT BEAM SCAN 
NING PEN, SCAN MODULE FOR THE DEVICE AND 
METHOD OF UTILIZATION, a non-poWered scanning 
assembly such as is described in US. patent appplication 
No. 10/007,784, SCANNER AND METHOD FOR 
SWEEPING A BEAM ACROSS A TARGET, commonly 
assigned hereWith, a MEMS scanner, or other type. All of the 
patents and applications referenced in this paragraph are 
hereby incorporated by reference 

[0050] A MEMS scanner may be of a type described in 
US. Pat. No. 6,140,979, entitled SCANNED DISPLAY 
WITH PINCH, TIMING, AND DISTORTION CORREC 
TION; US. Pat. No. 6,245,590, entitled FREQUENCY 
TUNABLE RESONANT SCANNER AND METHOD OF 
MAKING; US. Pat. No. 6,285,489, entitled FREQUENCY 
TUNABLE RESONANT SCANNER WITH AUXILIARY 
ARMS; US. Pat. No. 6,331,909, entitled FREQUENCY 
TUNABLE RESONANT SCANNER; US. Pat. No. 6,362, 
912, entitled SCANNED IMAGING APPARATUS WITH 
SWITCHED FEEDS; US. Pat. No. 6,384,406, entitled 
ACTIVE TUNING OF A TORSIONAL RESONANT 
STRUCTURE; US. Pat. No. 6,433,907, entitled 
SCANNED DISPLAY WITH PLURALITY OF SCAN 
NING ASSEMBLIES; US. Pat. No. 6,512,622, entitled 
ACTIVE TUNING OF A TORSIONAL RESONANT 
STRUCTURE; US. Pat. No. 6,515,278, entitled FRE 
QUENCY TUNABLE RESONANT SCANNER AND 
METHOD OF MAKING; 6,515,781, entitled SCANNED 
IMAGING APPARATUS WITH SWITCHED FEEDS; 
6,525,310, entitled FREQUENCY TUNABLE RESONANT 
SCANNER; and/or US. patent application Ser. No. 10/984, 
327, entitled MEMS DEVICE HAVING SIMPLIFIED 
DRIVE; for example; all incorporated by reference herein. 

[0051] In the case of a 1D scanner, the scanner is driven 
to scan output beam 304 along a single axis and a second 
scanner is driven to scan the output beam in a second axis. 
In such a system, both scanners are referred to as scanner 

326. In the case of a 2D scanner, scanner 326 is driven to 
scan output beam 304 along a plurality of axes so as to 
sequentially illuminate angle mapped pixels in tWo dimen 
s1ons. 

[0052] In some display systems 301, a MEMS scanner 
may be preferred, oWing to the high frequency, durability, 
repeatability, and/or energy e?iciency of such devices. A 
bulk micro-machined or surface micro-machined silicon 
MEMS scanner may be preferred for some applications 
depending upon the particular performance, environment or 
con?guration. Other embodiments may be preferred for 
other applications. 

[0053] A 2D MEMS scanner 326 scans one or more light 
beams at high speed in a pattern of angles that corresponds 
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to an entire image or a selected region of an image Within a 
frame period. A typical frame rate may be 60 HZ, for 
example. Often, it is advantageous to run one or both scan 
axes resonantly. In one embodiment, one axis is run reso 
nantly at about 19 KHZ While the other axis is run non 
resonantly in a saWtooth pattern to create a progressive scan 
pattern. A progressively scanned bi-directional approach 
With a single beam, scanning horiZontally at scan frequency 
of approximately 19 KHZ and scanning vertically in saW 
tooth pattern at 60 HZ can approximate an SVGA resolution. 
In one such system, the horiZontal scan motion is driven 
electrostatically and the vertical scan motion is driven 
magnetically. Alternatively, both the horiZontal scan may be 
driven magnetically or capacitively. Electrostatic driving 
may include electrostatic plates, comb drives or similar 
approaches. In various embodiments, both axes may be 
driven sinusoidally or resonantly. 

[0054] The display 301 may be embodied as monochrome, 
as full-color, or hyper-spectral. In some embodiments, it 
may also be desirable to add color channels betWeen the 
conventional RGB channels used for many color displays. 
Herein, the term grayscale and related discussion shall be 
understood to refer to each of these embodiments as Well as 
other methods or applications Within the scope of the 
invention. In the control apparatus and methods described 
beloW, pixel gray levels may comprise a single value in the 
case of a monochrome system, or may comprise an RGB 
triad or greater in the case of color or hyperspectral systems. 
Control may be applied individually to the output poWer of 
particular channels (for instance red, green, and blue chan 
nels) or may be applied universally to all channels, for 
instance as luminance modulation. 

[0055] Returning to FIG. 3A, there is illustrated a method 
of improving the optical e?iciency of the display 301. The 
input re?ector 110 may, for example be a polarization 
selective re?ector. In this case, only the polariZation content 
of the input beam 324 corresponding to the transmitted 
polarity of the input re?ector passes through. A polariZation 
rotator 328, e.g., such as a quarter-Wave plate, may circu 
larly polariZe the input beam prior to the beam impinging 
upon the beam scanner 326. The scanned beam 304 passes 
back through the polariZation rotator 328, again rotating the 
polariZation in the same direction, resulting in a scanned 
beam 304 that has a linear polariZation 90 degrees from that 
of the input beam 324. A polariZation 90 degrees from that 
of the polariZation of the input beam 324 corresponds to the 
re?ecting polariZation of the polarization-selective re?ector 
110. This may result in a relatively larger portion up to 
substantially all of the poWer of the scanned beam being 
launched along the axis of the image-guiding substrate 102. 

[0056] To the extent that rotation in a quarter-Wave plate 
is Wavelength-sensitive, someWhat less than all of the 
scanned beam poWer may be directed doWn the image 
guiding substrate 102 by the polarization-selective input 
re?ector 110, depending upon Wavelength. Where, for 
example, green light is re?ected at near 100% e?iciency, red 
light and blue light may appear someWhat dimmer When 
vieWed by the vieWer, if no accommodation is made. In such 
cases, it may be advantageous to increase the relative poWer 
of the red and blue light sources to properly White-balance 
the image delivered to the vieWer. 

[0057] It may be noted that the con?guration apparently 
shoWn in FIG. 3Amay result in half of the illumination beam 
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power being lost in the ?rst pass through the polarization 
selective re?ector 110. However, according to some embodi 
ments, this is no more loss than if the input re?ector 110 is 
con?gured as a 50% re?ector, and the subsequent 50% loss 
of poWer in the scanned beam is improved upon. To improve 
e?iciency further, the input beam may be plane-polarized 
prior to its ?rst pass through the input re?ector 110. This 
may be done for example using a recycled polarization 
apparatus such as a re?ective polarizer combined With 
polarization rotators. Alternatively or additionally, the natu 
ral elliptical polarization of many light sources, especially 
laser diodes, may be used to advantage by aligning the major 
axis of polarization With the transmission polarization of the 
polarization-selective re?ector 110. 

[0058] It may be noted that in the embodiment of FIGS. 
3A and 3B, the scanned beam display engine 302 may be 
integrated With the image guiding substrate 102, such as 
With the latter providing structural support and alignment. 

[0059] FIG. 4 is a schematic diagram of an image-guiding 
substrate using di?fractive optics that transmits an image 
produced by an integrated scanned-beam display engine 302 
to a vieWing region 114. The scanned beam display engine 
302 as illustrated in FIG. 4 is an alternative embodiment to 
the scanned beam display engine 302 of FIGS. 3A and 3B. 
The components operate similarly to the manner described 
above. In the embodiment of FIG. 4, the display engine 302 
produces an angle-mapped image. According to an embodi 
ment, the composite modulated beam 324 output from the 
beam combiner 318 is launched onto the scanner 326 at a 36 
degree angle, the MEMS scanner is positioned With its 
center aligned With the comer of the image guiding substrate 
Where a ?rst input mirror intersects With the comer, and the 
MEMS scanner is positioned With its re?ective surface 4 
millimeters from the entrance face of the image-guiding 
substrate. 

[0060] FIG. 5 is a schematic diagram of display 501 
including an image-guiding substrate 102 that includes 
incidence angle-selective coatings applied to re?ecting sur 
faces 112 according to an embodiment. The partially re?ec 
tive coatings on re?ectors 112 are selected to favor re?ecting 
light arriving at angles that Will contribute poWer to the 
vieWing region 114. As may be seen, the vieWing region or 
“eyebox”114 of FIG. 5 is shoWn as having a depth, the depth 
being depicted on the vertical axis of the ?gure. While the 
depth extent of the eyebox is ?rst shoWn in FIG. 5, such a 
vieWing volume similarly exists in other embodiments, but 
has been omitted for clarity. The term vieWing region may 
refer to the volumetric eyebox as Well as to simpli?cations 
thereof. 

[0061] As may be seen, a certain range of rays re?ected by 
any one re?ector 112 (or alternatively by a di?fractive 
element 112') may contribute to a full image Within the 
vieWing region. By comparing the embodiment of FIG. 5 to 
the embodiment of FIG. 3A, it may be seen that leftWard 
directed rays emerging from the left side of the vieWing 
region do not contribute to the image because, While they 
depict the right side of the image, there are no superimposed 
rightWard directed rays to depict the left side of the image. 
Similarly, looking at the right side of the vieWing region in 
FIG. 3A, one can see rightWard directed rays that carry 
information corresponding to the left side of the displayed 
image. Such rightWard directed rays are similarly of limited 
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value because there are no superimposed leftWard directed 
rays to carry information related to the right side of the 
displayed image. 
[0062] The embodiment of FIG. 5 may improve system 
e?iciency by concentrating re?ected energy in locations of 
the vieWing region 114 Where they are of the most use and 
most likely to reach the vieWer’s eye 116. In particular, the 
rightWard directed rays 502, Which carry information related 
to the left side of the image, are produced primarily in the 
left and central portions of the vieWing region 114. LeftWard 
directed rays 504, Which carry information related to the 
right side of the image, are produced primarily in the right 
and central portions of the vieWing region 114. The preferred 
vieWing region 114 thus contains information related the full 
extent of the image and regions that do not contain infor 
mation related to substantially the full extent of the image 
substantially do not receive light energy because such light 
energy Would not typically reach the vieWer’s eye 116 and 
Would be Wasted. 

[0063] Angle-selective partially re?ecting coatings, Which 
are knoWn to the art, are selectively applied to the re?ectors 
112 to create the selective production of rays. Angle-map 
ping produced by the angle-mapped display engine 302, or 
alternatively by the ocular lens of a location-mapped display 
engine, de?nes pixel locations by the angles of the rays 
transmitted along the image-guiding substrate 102. Thus, at 
any given point along the image-guiding substrate 102 each 
column of pixels in the image is represented by a column of 
rays at a common angle. Depending upon Whether the 
column of rays has undergone an even number or an odd 
number of re?ections from the Walls of the image-guiding 
substrate 102, the rays corresponding to a given column Will 
generally be at one of tWo angles, either doWnWard directed, 
having just re?ected off the top surface or upWard directed, 
having just re?ected off the bottom surface of the image 
guiding substrate. While only tWo angles are depicted in the 
?gures, it Will be understood that a near-continuum of angles 
of rays may be present in an entire image as the rays are 
propagated doWn the image-guiding substrate 102. The 
particular re?ection angles selected for partial re?ection by 
each individual re?ector 112 of course depends upon geo 
metric considerations including the number of Wall re?ec 
tions given rays undergo While transiting the length of the 
image-guiding substrate 102. It may be noted that in one 
embodiment, rays not contributing to the vieWing region 114 
are not discarded, but rather are selectively re?ected. Thus, 
light source poWer may be concentrated Where it is most 
useful. 

[0064] It Will be understood that While the foregoing 
description refers to a re?ector-based embodiment of the 
image-guiding substrate 102, angle-selective properties may 
similarly be implemented in a di?fractive element-based 
embodiment. 

[0065] FIG. 6A is a schematic diagram of display embodi 
ment 601 having an image-guiding substrate 102 that uses 
polarization-selective coatings and polarization control lay 
ers, such as for example Wave retarders, Faraday rotators, or 
half-Wave plates, on at least some of the re?ecting surfaces 
112. FIG. 6B is a detail vieW of some re?ecting surfaces 112 
shoWing a layered structure according to an embodiment. 

[0066] In display 601, the display engine 302, optionally 
in cooperation With a polarization selective input re?ector 
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110 or input diffraction element 110', is con?gured to launch 
rays having selected polarization into the image-guiding 
substrate 102. The selected polarization may comprise lin 
ear, elliptical, or circular polarization Referring to FIG. 6B, 
a ray 602 having a ?rst polarization is received and partially 
re?ected as launched ray 604 by re?ector 112C, re?ector 
112C being con?gured to at least partially re?ect light 
having a selected polarization component present in 
received ray 602. Anon-re?ected portion of received ray 602 
is transmitted through the re?ector 1120 as ray 606. As ray 
606 passes through the polarization altering element or 
polarization control layer 608, Which may for example be a 
half-Wave plate, Faraday rotator, or arbitrary Wave retarder; 
the ray’s polarization state is changed. According to an 
embodiment, the polarization state of ray 606 is changed by 
the polarization control layer 608 by an amount selected to 
at least partially re?ect a desired portion of light from the 
subsequent re?ector 112d. Ray 606 then is incident upon 
re?ector 112d Which, in turn, launches a re?ected ray 610 
directed out the face of the image-guiding substrate 102, and 
transmits a non-re?ected portion 612. 

[0067] According to some embodiments, the combination 
of re?ectors 112 and polarization control layers 608 may be 
used to selectively distribute launched poWer across the 
output region of the image-guiding substrate. This approach 
Will be discussed more completely in conjunction With 
description of FIG. 6E beloW, it being understood that 
selection of the polarization state of incoming ray 602, the 
polarization selectivity of the re?ectors 112 and the polar 
ization rotation of the polarization control layers 608 may 
provide for a selected percentage of re?ection and launch by 
each of the plurality of output mirrors 112. Such an approach 
may be useful for distributing the poWer corresponding to a 
given image ray over a selected subset of the output region 
of the image guiding substrate. 

[0068] According to some embodiments, the combination 
of polarization-selective re?ectors 112 and polarization con 
trol layers 608 may be used to prevent multiple re?ections 
of launched rays off the output re?ectors. In contrast, for 
other embodiments using closely packed re?ectors 112, a 
launched ray 610 that is launched at an angle Where it 
intersects another re?ector may re?ect off the back of the 
neighboring re?ector and cause aberration, as indicated by 
ray 611. Such an aberration may for example result in 
decreased poWer density in stripes corresponding to the 
output mirror overlap locations. In an exemplary embodi 
ment, hoWever, the polarization control layers 608 and 
polarization selective re?ectors 112 may be con?gured to 
alloW passage through a re?ector 1120 of rays that have 
tWice passed through the polarization control layer 608. 
Alternatively, the layers may be arranged to absorb tWice 
re?ected rays. In either case, the ray is substantially not 
double re?ected to cause an aberration, such as a poWer 

density aberration, chromatic aberration, and/ or interference 
effects. 

[0069] As indicated in FIG. 6A, the re?ective coatings 112 
may also be con?gured to preferentially re?ect rays at a 
particular range of angles. This may be produced by mono 
lithic re?ection layers that include both polarization prefer 
ence and angle preference, or alternatively separate angle 
preferential and polarization preferential partial re?ective 
layers may be used, each layer contributing a portion of the 
re?ected energy. FIG. 6C illustrates a layered re?ector 
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comprising a separate angle-selective re?ector 1120' and 
polarization-selective re?ector 1120 along With a polariza 
tion rotator 608. According to some embodiments, the 
polarizationiand angle-selective re?ective properties may 
be combined in single layers. For a tWo-layer system, a 
received beam 602 having both a ?rst polarization and a ?rst 
angle is received by a re?ector 112. A ?rst angle-selective 
re?ector 112c' partially re?ects the received beam 602 as 
launched beam 604' because the angle of incoming beam 
602 corresponds to the angle preference of the re?ector 
1120'. Energy not re?ected passes through re?ector 1120' 
and is incident upon the polarization-selective re?ector 
1120. The polarization-selective re?ector 112c re?ects a 
portion of the energy as launched beam 604 because the 
polarization of the received beam 602 (the portion not 
already re?ected by the angle-selective re?ector 112c') cor 
responds to the preferred polarization of re?ector 1120. A 
non-re?ected portion continues through re?ector 1120, is 
rotated by the polarization rotator 608 and continues as 
transmitted beam 606. Although launched beams 604 and 
604' are not necessarily superimposed, but rather side-by 
side, they convey corresponding image information because 
they are parallel. Depending upon the spacing of rays 604 
and 604', they may enter a vieWer’s pupil simultaneously at 
a common angle to provide light energy corresponding to a 
single pixel. As a user’s eye moves relative to the eyebox, 
ray 604' may fall outside the vieWer’s pupil but be replaced 
by another corresponding ray 604' at a common angle to 
maintain pixel brightness. 

[0070] FIG. 6D depicts an embodiment Where a beam 604 
is received at an angle that is not preferred by the angle 
selective re?ector 1120' but Where the beam 604 has a 
polarization that is preferred by the polarization-selective 
re?ector 1120. As may be seen, beam 614 passes through 
angle-selective re?ective layer 1120' but is partially re?ected 
by the polarization-selective re?ective layer 1120 to produce 
launched beam 616. Transmitted beam 606 thus contains 
additional energy compared to the case of FIG. 6C because 
it Was not partially re?ected tWice. Similarly, launched beam 
616 contains less energy than the sum of launched beams 
604 and 604' of FIG. 6C. Thus, re?ectors With combined 
polarization sensitivity and angle sensitivity may be used. 

[0071] As Will be apparent, the order and the nature of the 
layers 608, 112, and 112' may be changed While remaining 
Within the scope of the claims. 

[0072] According do another embodiment, plural Wave 
lengths per color channel may be generated by additional 
light emitters. According to some embodiments, the output 
re?ectors 112 (and/or output di?fractive element 112') may 
be con?gured to be Wavelength-selective. For example, tWo 
red-channel sources may include a red laser diode at 635 
nanometers Wavelength and a red laser diode at 650 nanom 
eters Wavelength. Alternate mirrors 112 may selectively 
re?ect the tWo Wavelengths. That is the ?rst, third, ?fth, etc. 
mirrors may be con?gured to re?ect 635 nanometer light but 
pass 650 nanometer light, and the second, fourth, sixth, etc. 
mirrors may be con?gured to re?ect 650 nanometer light and 
pass 635 nanometer light. A ray of 635 nanometer light 
re?ected by the third mirror Would thus pass through the 
second mirror Without being re?ected a second time. Mirrors 
may thus be closely packed Without rays being double 
re?ected by neighboring output mirrors 112. The relative 
intensities of the plural Wavelengths per channel may be 
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adjusted for White point or color balance differences to 
maintain common pixel hue and brightness. 

[0073] FIG. 6E illustrates an embodiment 613 Wherein 
output mirrors in the image-guiding substrate 102 are con 
?gured to have monotonically increasing re?ectivity to 
distribute output poWer substantially evenly across the vieW 
ing region 114. The graded re?ectivity of the output mirrors 
112a, 112b, 1120, 112d, and 112e helps to achieve improved 
uniformity in output intensity of beams launched into the 
vieWing region 114. As indicated, in one embodiment the 
re?ectivity is varied as 20%, 25%, 33%, 50%, and 100% 
(0.20, 0.25, 0.33, 0.50, and 1.00), respectively, for mirrors 
112a- 112e. The re?ective coatings used on the output 
mirrors 112 may be characterized as broadband partially 
re?ective, according to an embodiment. Such coatings are 
Widely available. 

[0074] Of course different numbers of output re?ectors 
may be used. For example, a 21-output mirror display may 
use nominal partial re?ectivities of 4.7% (for the ?rst 
mirror), 5%, 5.3%, 5.6%, 5.9%, 6.3%, 6.7%, 7.1%, 7.7%, 
8.3%, 9.1%, 10%, 11.1%, 12.5%, 14.3%, 16.7%, 20%, 25%, 
33%, 50%, and 100% (for the last mirror), respectively. 
These re?ectivities correspond to the series 1/21, 1/20, 1/ 19, 
. . . , 1/3, 1/2, 1. A generaliZed approach for determining 
nominal partial re?ectivity of an output re?ector may be 
Re?ectivity =1/Y*1/(X+1), Wherein X is the number of 
mirrors remaining to be traversed by a portion of a ray not 
launched by the mirror and l/Y is an occlusion (described 
beloW). For a fully occluded display (no background image 
seen through the output structure) the ?rst term simpli?es to 
unity. 

[0075] Generally speaking, a re?ectivity tolerance of 11% 
is relatively easily achievable in partial broadband re?ectors. 
Improved tolerance may be achieved by improving inspec 
tion, process control, process equipment design, etc. Some 
variation off the nominal re?ectivities may be permissible 
depending upon application and sensitivity of human vision. 
According to one embodiment, batches of re?ector slabs 
may be sorted after application of the re?ective coatings to 
achieve more smoothly varying re?ectivities. For example, 
a re?ectivity that is a little less than nominal may be grouped 
With like other re?ectivities a little less than nominal and a 
re?ectivity a little higher than nominal may be similarly 
grouped With other re?ectivities a little higher than nominal. 
Such a procedure may help to reduce the incidence of a 
re?ector at a high end of tolerance from being placed 
adjacent a re?ector at a loW end of tolerance, thus helping to 
reduce the degree to Which artifacts are visible. 

[0076] According to an embodiment, a polarization-selec 
tive re?ector and polariZation control element may be com 
bined With a partial broadband re?ector. For example, the 
partial broadband re?ector may be selected to re?ect at a 
someWhat loWer than desired re?ectivity. A polarization 
selective re?ector may augment the partial broadband re?ec 
tor to bring the overall re?ectivity (and hence the percentage 
of launched ray poWer) up to the desired value for the 
combined element. For example, an amount of polariZation 
rotation from the preceding mirror or mirror combination 
may be selected by the polariZation control element. 
Depending on the relative polariZation state of the incoming 
beam, the polariZation control element, and the polarization 
selective re?ector, a selected additional amount of re?ectiv 
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ity may be realiZed to “tune” the combined broadband 
partial re?ector and polariZation-selective re?ector to launch 
a desired percentage of beam energy into the vieWing region. 
For embodiments using plane polarization, for example, a 
Wave-plate may be rotated relative to the incoming beam 
polariZation to achieve a desired output beam rotation, and 
thus determine the amount of augmentation re?ectivity of 
the polariZation-selective re?ector as a function of its polar 
iZation angle. 

[0077] According to some embodiments, higher re?ec 
tance partial re?ectors may be formed using one process, 
such as a partial broadband re?ector, and loWer re?ectance 
partial re?ectors may be formed using another process, such 
as selected polariZation rotation or partial broadband aug 
mented by selected polariZation rotation. A cost balance may 
be used to inform the choice of What approach to use for a 
given output re?ector. 

[0078] The progression of re?ectivities illustrated in FIG. 
6E and described above may be especially appropriate for an 
occluded display, Where the desire is for the user to see only 
the displayed image. In some applications, it may be desir 
able to construct a see-through display using the approach of 
FIG. 6E. For example, for a 50% see-through display, the 
values of the re?ectivities shoWn in FIG. 6E or described 
above may be divided by tWo. For a 75% see-through 
display, the values may be divided by four. 

[0079] Input re?ectors may be similarly con?gured With a 
progression of re?ectivities to help in maintaining uniform 
brightness. 
[0080] As an alternative to (or in combination With) pro 
viding broadband re?ectors at a progression of re?ectivities, 
polarization-based re?ectors 112 may be used in combina 
tion With polariZation control layers 608 as shoWn in FIG. 
6B to achieve a progression of re?ectivity as illustrated in 
FIG. 6E. The percentage of light re?ected by each output 
mirror 112 may thus be controlled by selecting the polar 
iZation to Which incident light is transformed (relative to the 
polariZation selectivity of the mirror) prior to impinging on 
a particular polarization-selective mirror 112. 

[0081] Additionally, angle-sensitive re?ectors having a 
progression of re?ectivities or angle-sensitive re?ectors in 
combination With progressive re?ectors may be used, for 
example to improve system e?iciency. 

[0082] According to an embodiment, layers betWeen out 
put re?ectors, polariZation control elements, etc. may be 
formed from one or more non-linear optical materials in one 
or more layers, such as a material actuatable to modulate 
index of refraction. According to an approach, the material 
layers may be energiZed to change the apparent angle of the 
re?ectors relative to the mean ray delivery axis. The index 
modulation layers may be formed from electro-optic mate 
rials, thermo-optic materials; liquid crystal materials, struc 
tures including combinations, etc. A controller may provide 
a drive signal arbitrarily. For example, periodic changes in 
index may be used to create a periodic scanning e?fect. 
According to another example, the indices may be (directly 
or indirectly) controlled by a user or program, for example 
to make the image pan, Zoom, change (re?ectivity of the 
output re?ectors such as to provide) variable occlusion, 
reveal hidden indicia or image portions, change the back 
scattered image, etc. Drive inputs may be combined to 
produce composite elfects. 
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[0083] FIG. 7A is a schematic diagram of a display 701 
having an image-guiding substrate 102 that uses polarization 
rotators 702 on the surfaces of the substrate and polariza 
tion-selective re?ectors 112. One effect of the embodiment 
701 is to sort odd-bounce rays from even-bounce rays, thus 
providing preferred launching of rays into the vieWing 
region 114. One effect of the embodiment of FIG. 7 is to 
increase system e?iciency as described above in conjunction 
With FIG. 5. The approach may also be used to improve 
design freedom and alloW more geometric choices for the 
image-guiding substrate 102. 

[0084] The display engine 302, here depicted as an angle 
mapped scanned beam display engine, optionally in combi 
nation With input re?ector 110 or di?fractive element 110', 
launches polarized rays into the image-guiding substrate 
102. The angle-mapping of the image rays provides a 
launched ray 704 corresponding to the right portion of the 
displayed image at a ?rst angle and a launched ray 706 
corresponding to the left portion of the displayed image at a 
second angle, as shoWn. Of course there may be many 
additional angles of rays corresponding to different regions 
of the displayed image, but tWo launched angles are shoWn 
for clarity. As indicated, the launched rays 704 and 706 share 
a common ?rst polarization indicated by the double-ended 
arroWs. The launched ray 704 is launched at a relatively 
shalloW angle and re?ects off the Wall of the image-guiding 
substrate 102 at the point 708. The Walls of the image 
guiding substrate 102 include a polarization rotator such as 
an achromatic quarter-Wave retarder (that acts as a half 
Wave retarder providing a 90 degree polarization rotation 
With a double pass). The polarization rotator rotates the 
polarization of the received ray 704 and produces a re?ected 
ray 710 having a rotated polarization, such as a 90 degree 
rotation as indicated by the concentric circles. The output 
re?ectors 112 are con?gured to preferentially partially 
re?ect rays having a polarization corresponding to the ray 
710. Thus, the output re?ectors 112 partially re?ect the ray 
710 into the vieWing region 114 as output rays 712. Ray 710 
continues through the series of re?ectors 112, being partially 
re?ected at each re?ector. Eventually, its poWer drops sub 
stantially and little poWer is launched into areas not corre 
sponding to the vieWing region 114. 

[0085] Returning to launched ray 706, corresponding to 
the left portion of the displayed image, it is launched at a 
someWhat more acute angle than ray 704 and is re?ected at 
a point 714 to produce a re?ected ray 716 having a rotated 
polarization. Re?ected ray 716 propagates doWn the image 
guiding substrate 102 until it is re?ected at a point 718 to 
produce a tWice-re?ected ray 720, again having a rotated 
polarization, for example corresponding to the polarization 
of ray 706. Because tWice-re?ected ray 720 has a polariza 
tion that is not preferentially re?ected by the polarization 
selective partial re?ectors 112, it passes through the ?rst feW 
re?ectors, substantially una?fected. TWice re?ected ray 720 
is then re?ected by the Wall of the image-guiding substrate 
102 at a point 722, Where its polarization is again rotated to 
produce thrice re?ected ray 724. Thrice re?ected ray 724 has 
a polarization that corresponds to the preferred polarization 
of the partially re?ective polarization-selective re?ectors 
112. Thus at each re?ector 112, thrice re?ected ray 724 is 
partially re?ected as launched ray 726 into the vieWing 
region 114. 
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[0086] It may be noted that since tWice re?ected ray 720 
Was substantially not re?ected by re?ectors 112, energy 
corresponding to the left side of the displayed image Was not 
launched into a region to the right of the vieWing region 114 
Where it Would have been Wasted. Instead, the energy 
corresponding to the left side of the image remained inside 
the image-guiding substrate 102 until it reached the central 
or left portion of the vieWing region 114. Similarly, once 
re?ected ray 710 corresponding to the right portion of the 
image Was re?ected preferentially in the right and central 
portions of the vieWing region 114 to produce usable energy 
corresponding to the right portion of the displayed image in 
the vieWing region. 

[0087] While the example shoWn provides for launching 
of energy into the vieWing region from rays that had been 
re?ected from the Walls 702 an odd number of times, it is 
similarly possible and may be preferable to launch rays that 
had been re?ected an even number of times, depending upon 
the geometry of the image-guiding substrate 102 and/or 
other considerations. 

[0088] FIG. 7B is a detailed vieW of a polarization 
rotating Wall of an image-guiding substrate 102 shoWing the 
polarization rotation of an illustrative ray. According to the 
example, incoming ray 706 has a vertical polarization as it 
travels through the bulk material 728 of the image guiding 
substrate 102, as indicated by the double-arroW. The bulk 
material 728 may for example be polycarbonate or other 
suitable material transparent to the Wavelength of the trans 
mitted rays. The incoming ray 706 enters a polarization 
rotating layer 702, possibly being refracted someWhat as 
indicated according to the indices of refraction of the bulk 
material 728 and the rotating layer. In the example, the ray 
passes through the polarization rotating layer 702 having 
been rotated, for example to be come a circularly-rotated ray, 
and enters an optional hard coating layer 730, Which may for 
example be polycarbonate or other suitable material, again 
perhaps undergoing some amount of refraction. At a point 
714 the ray encounters an interface betWeen the hard coating 
730 and the surrounding air 732 and is re?ected at an equal 
and opposite angle. The re?ection at ray re?ection point 714 
may correspond to a mechanism typically referred to as total 
internal re?ection (TIR). The re?ection typically arises from 
the acute angle of the beam and the contrast in indices of 
refraction betWeen the surface of material 730 and the 
surrounding air 732. Alternatively, the surface of layer 730 
may include a mirror surface. 

[0089] After re?ection the beam again passes through the 
hard coating material 730 and the polarization rotator 702. 
The polarization rotator 702 again rotates the beam, for 
example from circularly polarized to horizontally polarized 
as indicated by the concentric circles on the re?ected beam 
716. Alternatively, the hard coating layer 730 may be 
omitted and the double pass through the layer 702 may 
simply provide 90 degree rotation of the incoming beam 706 
to produce a re?ected beam 716. Alternatively, the re?ection 
may be produced at the surface of the bulk material 728 and 
the surface may be treated to rotate the polarization, such as 
by applying a polarization rotating holographic element. 
Thus at each re?ection from the Walls of the image-guiding 
substrate 102, the polarization of the guided rays may be 
rotated. 

[0090] FIG. 8 is a perspective vieW of an image-guiding 
substrate than includes compound-angle input re?ectors 10. 
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The compound angle of the input re?ectors 110 are here 
shown as plural re?ectors. The compound angle may be used 
for example to add a bias to the launched rays to ensure none 
are launched straight doWn the substrate 102 With no re?ec 
tions. Additionally or alternatively, the plural re?ectors or 
one or more input re?ectors With poWer may expand the 
vertical exit pupil. The function of the compound-angle 
input re?ectors 110 may alternatively be performed by an 
input di?fractive element 110'. 

[0091] FIG. 9 is a schematic diagram of a display 901 
including a scanned beam display engine 302 con?gured to 
provide an adjustable or variable accommodation scanned 
beam 304' into an image-guiding substrate. Light sources 
306, 308, and 310 may be combined by a beam combiner 
318, as previously described in conjunction With FIG. 3B, to 
produce a combined modulated beam 320. A variable col 
limation or variable focusing optical element 322' produces 
a variably shaped beam 324' that is scanned by the scanning 
mirror 326 as variably shaped scanned beam 304', Which is 
launched doWn the image-guiding substrate 102 by the input 
mirror 110. 

[0092] The variable collimation optical element 322' may 
be con?gured to produce a variable divergence or conver 
gence angle (including, for example Zero convergence or 
fully-collimated) of the beam 324', and hence the scanned 
beam 304'. According to some embodiments, the variable 
collimation optical element 322' may be set to a preferred 
amount of collimation that may be used for example to select 
an apparent image distance to from vieWer or for example to 
adjust for diopter preferences of a user. This may be used, for 
example, to correct for vision imperfections such as near 
sightedness, far-sightedness, or presbyopia. For such quasi 
?xed beam shape embodiments, the variable collimation 
optical element 322' may optionally be of a type that is 
manually adjusted, such as by a thumb screW or by sliding 
in various lenses, or alternatively may be of a type that is 
electrically adjusted, such as by an electronic actuator con 
trolled by the display controller for example (not shoWn). 

[0093] Alternatively or additionally, the variable collima 
tion optical element 322' may be embodied as a device for 
providing pixel-selective beam shape. Various approaches 
may be used to provide fast variation. Thus, in a pixel 
selective beam shape embodiment, 3D information may be 
displayed using accommodation cues to represent the dis 
tance of various displayed elements. 

[0094] FIG. 10 is a schematic diagram ofa display 1001 
having an image guiding substrate 102 that includes an 
ambient occlusion member 1002 con?gured for example on 
the opposite side of the image-guiding substrate 102 from 
the vieWing region 114. According to one embodiment, the 
ambient occlusion member may be substantially opaque to 
reject ambient light behind the image projected to the 
vieWer’s eye 116. According to another embodiment, the 
ambient occlusion member 1002 may be a ?xed attenuator 
such as a neutral density ?lter, sunglass lens, or polariZing 
lens to reduce the amount of ambient light in the vieWing 
region 114 that might otherWise distract the vieWer 116 or 
make the displayed image more di?icult to see. According to 
another embodiment, the ambient occlusion member may be 
a variable attenuator to adapt to ambient lighting conditions. 
For example, the ambient occlusion member may comprise 
a photochromic material that darkens in bright conditions 
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and lightens in darker conditions, thus maintaining desirable 
image vieWing conditions over a range of ambient condi 
tions. According to some embodiments the ambient occlu 
sion member 1002 may be added or removed from the 
display 1001 as preferred by the vieWer, such as by con 
?guration as a snap-in or screW-on lens, etc. According to 
other embodiments, the member 1002 may be con?gured as 
a safety lens that may or may not include some amount of 
ambient light attenuation, according to the application pref 
erences. 

[0095] FIG. 11 is a schematic diagram of display 1101 
including an image-guiding substrate 102 With an actively 
controlled ambient occlusion member 1002. The actively 
controlled ambient occlusion member 1002 may be of many 
types including for example an LCD panel, an electrochro 
mic panel, etc. The ambient occlusion member 1002 may be 
driven by an occlusion controller 1102 that is responsive to 
an ambient light sensor 1104 and/or a manual control 1106. 
The occlusion controller 1102 may for example drive the 
ambient occlusion member 1002 via conventional dedicated 
leads, a bus, a Wireless interface, etc., as indicated by the line 
1108 in FIG. 11. 

[0096] Several types of detectors 1104 may be appropri 
ate, depending upon the application or con?guration. For 
example, in one embodiment, the detector may include a 
PIN photodiode connected to an ampli?er and digitiZer. In 
one alternate embodiment, the detector 816 may comprise 
splitting and ?ltering to separate the ambient light into its 
component parts prior to detection. Depending upon the 
ratios of detected Wavelengths, the controller 1102 may be 
programmed to infer certain environmental attributes such 
as “outdoor” or “indoor” lighting conditions. Such inferred 
attributes may optionally be used to determine an optimum 
amount of variable occlusion to Which the variable occlusion 
member 1002 is driven. 

[0097] As alternatives to PIN photodiodes, avalanche pho 
todiodes (APDs) or photomultiplier tubes (PMTs) may be 
preferred for certain applications, particularly loW light 
applications. In various approaches, photodetectors such as 
PIN photodiodes, APDs, and PMTs may be arranged to 
detect a large ambient region or alternatively to detect a 
smaller portion of the ambient region, such as a region 
corresponding to the (non-occluded) ?eld-of-vieW of the 
vieWer 116. In some embodiments, the photodetector 816 
collects light through ?lters to eliminate any stray displayed 
image rays scattered from the image-guiding substrate 102. 

[0098] Alternatively or additionally, the detector 1104 and 
controller 1106 may be used to adjust the brightness of the 
displayed image responsive to the ambient environment. For 
example, after detecting a high ambient brightness, the 
controller 1102, Which may be integrated With the display 
engine controller, may send a command to the display 
engine to increase the image brightness to maintain read 
ability. Similarly, in a loW ambient brightness area, the 
displayed image brightness may be decreased to maintain a 
comfortable contrast betWeen the projected image and the 
ambient illumination. 

[0099] According to some embodiments, the user may 
manually toggle or select a brightness level and/or occlusion 
level using the user control 1106. Alternatively, image 
content may be used to determine an appropriate brightness/ 
occlusion relationship. According to some embodiments, 










