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Outline

1) The coming of age for wearable displays: a bit of history
2) Today’'s HMD/smart glasses market fragmentation

3) Optical architectures for see-through wearable displays
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HMDs? Not new!

1968 — The Sword of Damocles 1980 — WearComp 1

Joqiequeq @

1999 - EyeTap Digital Eye Glass 2005 - Vuzix V920
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There are two main optical architectures for wearable

display optics:

1) Pupil forming architecture
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2) Non pupil forming architecture (magnifier)
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A decade ago, the HMD market was split between low cost gadget occlusion HMDs
(low resolution video players, no sensors, no connectivity)
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A decade ago, the HMD market was split between low cost gadget occlusion HMDs
(low resolution video players, no sensors, no connectivity) and high cost see through
defense HMDs (high FOV - high resolution, sensors packed)
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A decade ago, the HMD market was split between low cost gadget occlusion HMDs
(low resolution video players, no sensors, no connectivity) and high cost see through
defense HMDs (high FOV - high resolution, sensors packed)

Today, thanks to the development of smart phones and associated chips, sensors
and apps, new markets are emerging, targeted towards different market segments.
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Today’s segmented

Yesterday’s
HDM
markets

market landscape

Connected glasses
(no display)

Occlusion display
smart glasses

Defense
HMDs

Professional
HMDs

See through smart
glasses

Gaming
HMDs
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Requirements for the various HMD market segments

Smart glasses Gaming headsets Industrial HMDs Defense HMDs

Power ++++ - ot )
consumption

Weight/Size +++ + ++ +
(forgettable) (Helmet mounted)

Rx glasses +++ - 4+ -
integration (combo /monolithic) (dial in) (NA)
- (<=15 deg) ++++ (>90 deg) ++ (>30 deg) ++++ (>100 deg)
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Connected glasses
(no or minimal display)

SID Bay Area chapter — April 30t, 2014



Google

lon Smart Glasses
Single LED alert light
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Mita Mamma eyewear

Geco eyewear
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Fun-lki eyewear

Weight : 38.5g Audio : Built in speaker
Wireless : Bluetooth 4.0 wireless technology Sensors : Accelerometer / Ambient light sensor
Battery : Built-in rechargeable lithium-ion battery Charging via USB to Button : One mechanical push button

power adapter
Light : Six Full colour LED light
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STAR 1200

Augmented Reality System

— — vuzIX

View the Future®

Vuzix Corp. Star 1200
Synthetic see-through via front facing camera
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( /: YUZIX“

w the Future

Vuzix Corp. M100
Conventional optical combiner, similar to MyVu Crystal, (non see through)
Good eye box since lens in front of eye
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Kopin Corp.
Repositionable occlusion combiners
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Olympus Ltd. Japan
Tapered opaque light guide with 45 degrees mirror
(makes it “see through” since taper is smaller than eye pupil diameter <4mm)
Small eye box but can be relocated up or down since arm is flexible
(can also be stowed away)
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Kopin Corp.
Example of integration of a tapered lightguide in
prescription glasses
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Telepathy One
Connected glasses, with tapered lightguide
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Recon Instruments Corp.
Integration of occlusion display in sky goggles and
sport shades

DUAL CORE CPU

BLUETOOTH
WIFI
ANT+

WITH ON BOARD GYROSCOPE,
ACCELEROMETER, MAGNETOMETER,
ALTIMETER AND THERMOMETER

B HIGH RESOLUTION DISPLAY

WITH AVIRTUAL 14" IMAGE AT SFT AWAY




Google

Gaming headsets
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Oculus rift
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Although Occulus rift optics are very simple, considerable efforts has been produced in various
software algorithms for optical aberrations compensations such as distortion, color spread, etc...
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What's next?




Google

AV =GAINER

Interesting concept from Glyph
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Sony’'s HMZ T2 3D glasses




Google

See-through smart glasses
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See through optical combiner architectures

See through optics
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See through optics

Free space
architectures

SID Bay Area chapter — April 30t, 2014



Google

See through optics

Free space
architectures

v

Light guide architectures
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See through optics

Free space
architectures

Waveguide
architectures

v

Light guide architectures
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Classification of optical combiners
1- Free space and guided space architectures

Free space optical
combiner technology

Free form TIR

Flat on axis combiners combiners

Arrayed or cascaded

Curved off-axis combiners .
combiners
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Half tone mirror

<

Beam splitter

<

Free space optical
combiner technology

Flat on axis combiners

Free form TIR
combiners

Curved off-axis combiners

Arrayed or cascaded
combiners

SID Bay Area chapter — April 30t, 2014



Google

See through combiners using light
guide and on-axis optics
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Google Glass V1:
45 degrees flat
combiner in
horizontal
direction
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Glass V1 copy-cats




Chip Sip, Taiwan.
Identical to Glass, but larger resolution LCOS display
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Rock Chip, Taiwan.
Uses same Chip Sip tech.
Sells glasses $500

<
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Omnivision Santa Clara
Similar performance than Glass, higher resolution but pixels not resolved by optics.
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Elvision Technologies, Taiwan.
Vertical Glass architecture, uses HD OLED panel
Large FOV from large OLED microdisplay,
Large eye box from large prism / lens combiner
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So much that classical light guide based optical display
engines for HMDs are now becoming commodities
much like any other consumer product
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ITRI Taiwan. ITRI
Developing and selling optical engines based on f vt o T vy

Besearcs et 0

reflective lens lightguide combiner and LCOS displays.
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Bug-Eye reflector

Curved hybrid reflector

Free space optical
combiner technology

Flat on axis combiners

Free form TIR
combiners

Curved off-axis combiners

Arrayed or cascaded
combiners
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The notion of « Bug Eye » in HMD optics
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Implementing the off-axis imaging task— aspheric profiles
Cx 4C.y
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« Bug-eye » reflective combiner — ODA Labs

Positions:
clearance for 40mm dia. spectacle lens, FULL SCALE ORA  02-Jul-09
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Vertical 45 degrees wide FOV combiner example (Laster)
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« Bug-eye » reflective combiner — Laster

&
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Epson Moverio first gen light guide tilted mirror combiner




Epson Corp, Moverio BT200 (second generation)
3 collimation lenses, one prism injector, 6 TIR bounces and one curved 50/50 mirror combiner (hard coat on
entire surface)
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Mu-display Collimator lenses (3) 6 TIR bounces
Prism injector Combiner lens
\

Epson Moverio BT200 (2" gen) is as thick as Glass, but multiple times the lateral size
3 lens collimator assembly and prism injector
Eye box large, FOV large, good resolution, heavy on nose pads
... but Epson Moverio becoming the workhorse for special application developers
(engineering, research, medical, gaming...)
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Arrayed reflectors

(Example: TTP Ltd )

Free space optical
combiner technology

Flat on axis combiners

Free form TIR
combiners

Curved off-axis combiners

Arrayed or cascaded
combiners
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TIR free form surfaces with see through corrector

Free space optical

\@/ combiner technology

Flat on axis combiners

Free form TIR
combiners

Curved off-axis combiners

Arrayed or cascaded
combiners
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Example of TIR / free-form surfaces combiner

NIR Sensor

NIR LED
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Fraunhofer binocular OLED combiner based on TIR prism
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Verizon/Kopin’s Golden-i, Motorola HC1 and Canon’s
implementations examples of TIR free-form optical combiners
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Classification of optical combiners along functionalities
2- Guided wave architectures

Guided wave optical
combiner technology

Cascaded mirrors

- Dynamic extractors
combiners

Diffractive extractors Holographic extractors
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Micro-mirrors array

ANy d

Guided wave optical
combiner technology

Cascaded mirrors

- Dynamic extractors
combiners

Diffractive extractors Holographic extractors
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Lumus Ltd , DK40
2.0mm thick lightguide
24 degrees FOV, VGA, decent eye box, decent see through, large injection port
Polarizing optics, all glass optics, difficult to produce in volume
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Injection port

Some world side leakage, mirrors seen under angle, injection port on the side,
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Internal architecture — Lumus see through combiner
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Optinvent SARL, France
Prism array TIR lightguide (single piece injection molded in plastic for volume production)
Injection port uses 3 collimation lenses and a prism injector
Relocation of VGA LCD display from up to down
See through quality similar to Lumus
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Samsung




Google
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Leaky gratings Incoupling grating

Guided wave optical
combiner technology

Cascaded mirrors

Dynamic extractors

combiners
Diffractive coupler / Holographic coupler /
extractors extractors
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Incoupling TIR hologram Leaky transmission holograms Leaky reflective holograms IncouplingTIR hologram

Guided wave optical
combiner technology

Cascaded mirrors Dynamic extractors

combiners
Diffractive coupler / Holographic coupler /
extractors extractors
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Holographic and diffractive optical elements

[ I 1 1 1101
NENRNRERNRIRNN
Holographic optical elements (HOEs) Diffractive optical elements (DOEs)
Sanwiched “goop” with index modulation Surface relief modulation
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Holographic and diffractive optical elements

N I I I e
FENRNRNRNRNRNN
Holographic optical elements (HOESs) Diffractive optical elements (DOEs)
Sanwiched “goop” with index modulation Surface relief modulation
% Gratmg / Beam redirection i CGH

Beam splitter | Engineered diffusers
| (custom pattern projection)

________________________________________________________________________________________________________________________________

> = A\J%ﬁ

DOE / aspheric lenses M’Cl’ o lens arrays (MLAs) : Beam shaping / beam homogenizing

ANNNNNNNN
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Spectral and angular Bragg selectivity in reflective and
transmission volume Holograms
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GOOSICW Kogelnik model for Bragg selectivity in volume holograms
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Digilens / SBG Labs examples of curved reflector or planar
holographic combiners

Digilens’

Cupont
RGE

reflaective

HOE

Image formed
at retina

or laser —— RGE

illumination Di%&Lens'
package ‘ ‘ ] SIL
Ny /‘ ' l
' Fold

32'?:2‘2‘3!52 '3?’ Relay Ie/ses Mirror

transmissive)
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Vuzix / Nokia Waveguide diffractive combiner (with laser pico projector)

In-coming light
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Example of Exit Pupil Expander in 2 directions
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Vuzix Inc. M2000AR
Waveguide diffractive combiner with two exit pupil expanders (diffractive also)
Large injection port but large eye box thanks to EPEs,
“full” color (lots of color spread), uses laser sources (pico projector)
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Edges of hologram
(invisible)
Edges of 1.5mm glass

(nearly invisible) Ghosts (higher orders)

..and as tested (CES 2013 top jand CES 2014 bottom)
showing severe color spread/color distortion but remarkable eye box and see through
Diffractive slanted structures needs air|interface (not for TIR though)
and are therefore sandwiched in betweén glass
suspect direct glass etch, not replicated f//m -> high price tag ($6K)
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Last year

Maybe one day...

Glass -

Now

Free-space diffractives
Italian flair with “Glass up”
Ultra small eye box, singe color
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i

Composyt Labs Lausanne (CH)
Volume reflective hologram (Bayer photopolymer material)
recorded directly on curved base surface of Rx lens
Unlike Sony, free space hologram does not require air interface (no TIR)
But Hologram is directly on inner surface, not protected from scratches, environment, efc...
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Example of SONY reflective holographic combiner

Out-coupling hologram In-coupling hologram

VAATL. IS LASSS LSS, SONNNNDNONN NN
AR i bk LUNNNNTan NN

=
\

Collimator
Optical engine

Uses guided space and super-imposed RGB reflective volume holograms.
Horizontal design.

SID Bay Area chapter — April 30t, 2014



Google

SmartEyeglass

cdar viewr) with no mechanical duitment required
Taripareet leerses with 90% Soht transmitance
Super thin Yerwm lentes

Hh brghtnets Image for amy 100m envircament

-
T TIINE T

e “ .

Collimation lenses (3)
- 4
~

/.i > 4
Sandwictisd a4

NS SR Injection port (prism)
holographic B G

~

media 2 Y e . .
3 7 N L o

Sony Ltd. Japan
Holographic waveguide combiner (DNP Photopolymer)
Single color, sandwiched in between glass plates
Marketed by Sony only as subtitle glasses to be used indoor
(problem with environmental sensitivity of holographic goop? - temp, UV, humidity...)
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mac M’M’l x3 :

L

Monocolor, relatively small eye box

SR

Parasitic world side light leakag
oy

Low resolution, single color, small eye box but large FOV, some world side leakage, relies on TIR
thus requires air gaps if inserted in prescription lenses
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Example of KONICA/MINOLTA volume holographic combiner

External light

I g
.

External light reaching eyes

== Display light

N
~
External light lost by HOE

Uses guided space and single reflective hologram with multiple RGB
exposure. Vertical design.
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... and a few odd balls which cannot be classified
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NVIDIA Research, Santa Clara
Light Field Near to Eye Display

- g
Implemented in binocular mode, by viewing an OLED microdisplay, depicting interlaced
perspectives, through a microlens array.

Addressing accommodation, convergence, and binocular disparity depth cues
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“Perceived” Image

nVidia . Santa Clara
Light Field Near to Eye Display

Bare Microdisplay Near-Eye Light Field Display
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Innovega Corp., WA.
2 product architectures each using a combo contact lens + glasses hardware
- First uses contact lens (with microlens) to collimate OLED located on glasses (non see through)
-Second uses contact lens (with microlens) to collimate image formed by laser scanner picos
located on temple side, image is retro-diffused by reflective hologram located on inner surface
of glasses (hologram creates retrodiffusion in ON-Bragg and see through in OFF-Bragg)
Complex R&D effort with DARPA financing using US and Swiss University, initiated by Microvision execs
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Innovega Corp., WA.
2 product architectures each using a combo contact
lens + glasses hardware

A AN/ ..~:§,{é'°
Standard OLED or B . \e -;;-,';".;P Filter
..... LCD Display Panel i\l

Ly, "
. : W/ ¥ Center Filter &
VideojAudio IC (U TR Display Lens

Contact Lens With
Embedded Optics

Eveglasses

.
L

Optical Filter
Condtions Display Light
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The holly grail of Smart Glasses:

Rx glass integration
« make technology disappear »
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Combo Rx lens + optical combiner: a challenge

If display and optical combiner are located AFTER prescription lenses, vision correction is effective for both
digital and real scenes, and requires only generic combiner optics

Although optimum on a vision correction point of view and practical when updating Rx prescription,
this is not ideal since:
1) dual optics in front of eye
2) increases eye relief thus reduces eye box
3) technology not disappearing
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Potential combo Rx / Combiner architectures

1) Rxlens UNDER combiner
a) combiner independent of Rx lens
b) combiner shares outer shape of Rx lens

Generic uncompensated combiner

1.a)

2) Rx lens OVER combiner
a) combiner independent of Rx lens
b) combiner shares inner shape of Rx lens

Combiner to be compensated for Rx

3) Combiner INSIDE Rx lens
a) flat or curved combiner requiring TIR and
injection port
b) flat or curved combiner not requiring TIR and
injection port
Compensated combiner optics
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Rx integration example from Essilor

3 noﬂos informatives

7o

R
eranis GSSiLormhl-cm

O‘e o/ descartesconsortium

mirkcamens systéme optique « PC uitra portable

e pro@clion 5
uﬁv et oecblbcdwt
) gr Qu J
+ Trallement dimoge en
. 4

image virtuale t »
projetas sy la reares Mcro-écran -;ta:mmnt, umrhance,
ONaste, oM, sofyration

CONfOUYE...

Purpose: Correcting Age-related Macular Degeneration (AMD)
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Essilor AMD product: Camera is on right side (user side), and display is on left side.
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Microdisplays technologies for

wearable displays
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Reflective LCOS type

Requires either glass PBS cube or front light edge lit assembly.
Low efficiency.
Polarized light field.
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Transmissive LCD type

Low efficiency, requires LED edge lit backlight or conventional LED
collimator. High efficiency when using single color LED without color filter.
Polarized light field.

SID Bay Area chapter — April 30t, 2014



Google

OLED type

Emissive display, higher efficiency than LCOS or LCD, but Lambertian emission.
Silicon backplane, pixels down to 4 microns.
Current development aims at getting rid of color filters (direct color OLED patterning).
Unpolarized light field.
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MEMS laser scanners

R G & Luens MEMS : embedded PicoP

Single or dual MEMS mirrors
Low power consumption
Adaptable FOV - far field image projectors
Laser light, despeckeling required.
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Fraunhoffer's combiner based on bidirectional OLED

Interesting for HMD eye gesture sensing in the display plane
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Another challenge REMAINS for next

generation smart glasses :
The interation mechanism
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Another challenge remains: The data entry interface.

HMD industry already has integrated:
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Another challenge remains: The data entry interface.

HMD industry already has integrated:

- Voice command
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Another challenge remains: The data entry interface.
HMD industry already has integrated:

- Voice command
- Head motion tracking (magnetometer, gyro, accelerometer)
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Another challenge remains: The data entry interface.

HMD industry already has integrated:

- Voice command
- Head motion tracking (magnetometer, gyro, accelerometer)

- Trackpad interface
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Another challenge remains: The data entry interface.

HMD industry already has integrated:

- Voice command

- Head motion tracking (magnetometer, gyro, accelerometer)
- Trackpad interface

- Gaze tracking, eye gesture sensing, wink sensor, etc...
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Another challenge remains: The data entry interface.

HMD industry already has integrated:

- Voice command

- Head motion tracking (magnetometer, gyro, accelerometer)

- Trackpad interface

- Gaze tracking, eye gesture sensing, wink sensor, etc...

- Gesture sensing through front facing camera and structured
illumination

SID Bay Area chapter — April 30t, 2014



Google

Recent happy marriages in this field
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Examples of gesture sensing using structured
illumination and/or time of flight
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Canesta develops structured illumination for virtual interfaces and uses

Time Of Flight to sense finger positions
(however, it was IBM who invented the virtual keyboard in the first place).

-
-

'Magic Cube'
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Celluon develops similar technology based on Canesta IP.
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Light Blue Optics device incorporates a holographic LCOS diffractive
projector for virtual interfaces, and a camera for gesture sensing.
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Leap Motion does not use structured light, instead uses flood IR illumination
and uses two cameras to acquire shadows.
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So, how to integrate such technologies
iIn head mounted displays...

—
\_—/’
——
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... to look less like this...

N




... and a little more like this
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Active
techniques

Today’s 3D optical sensing available arsenal

-

/’

Projection (single spot)

Projection techniques <
(triangulation)

Fringe projection

Projection (light sheet)

Passive
techniques

Time delay (speed of light
& laser coherence) <

NG

Time of flight (TOF)

Interferometry (optically
coherent detection)

Silhouettes

Shape from shading

Stereopsis: binocular vision

Stereo photogrammetry

Focus / defocus

/

Projection Moiré

Color coded projection

Far field pattern projection

p

Phase shifting fringe proj.

)

Pulsed (Lidar)

Continuous modulation

AY

Multiwavelength

Holographic

Speckle or white light based
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Principle of structured illumination for 3D maping

CMOS camera

Digital projector

Target Object(s)
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Traditional weaponery used for 3D scanning
via structured illumination using multiple fringe projection

Projector
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Diffractive projectors are small and cheap
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... with more complex structured illumination...

Projected code pattern

Zoom on patterns / non-repeating 3x3 codes

CGH structures as
under microscope
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Primesense KINECT: Two cameras (visible and IR) and a diffractive
projector

Temp sensor and Peltier cooler
IR camera Visible camera

e e s T g - -t

Laser + diffractives assembly
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How does it work?

Kinect uses pixel offsets from a calibrated reference image (stored in memory) to transfrom an infrared

image (@820nm) of the structured light pattern into a depth map.
Kinect can compute pixel offsets to 1/8 subpixel accuracy using a 9x9 pixel correlation window on a 2x2

downsampled image from the infrared camera.
The associated relationship between depth and pixel offset is given by:

8bf
°T disparity offset — Kinect| pixel]disparity

... Where b is the camera-projector baseline separation and f the infrared camera’s focal length.

@ Reference .O Q O®
> O
o @ ® C’

O IR light
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Dual diffractives package assembly
-> producing optical convolution between a CGH and a crossed grating
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Pattern generator CGH microscope pictures.
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Single tile pattern projection from CGH element

Spot pattern on scene

Zero order

(seaibap 08| Ag pelejod) sulened jods swes



Google

Two examples of Epson Moverio binocular see through displays linked to
- Kinect Primsense gesture sensor (presented at AWE 2013)




Google

the

-

assist system

EYES-ON*
GLASSES

Scope Assist. APX Skylight and Evena
Use Epson Moverio hardware
for engineering and medical YOur.‘VVOFKﬁfN’C@ can:
professional applications Recognize codes, markers,
faces and objects

—
’,skyhght
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is the most relevant platform for the future of computing.
-- Steve Mann, father of wearable computing

META Glasses (Space Glasses)
Integration of Epson Moverio HMD (15t and 2" gen)
with Kinect gesture sensor (1t and 2" gen also)
Not a hardware company, but rather AR software
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Not a hardware company, but rather AR software



IS the most relevant platform for the future of computing.
-- Steve Mann, father of wearable computing

Tomorrow

Day after tomorrow

@T MetaPro

META Glasses (Space Glasses)
Integration of Epson Moverio HMD (15t and 2" gen)
with Kinect gesture sensor (1t and 2" gen also)
Not a hardware company, but rather AR software




First generation Primesense Kinect sensor

Second generation Primesense sensor

& &

Target size of wearable projector / sensor
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How small can one make the projector elements?

Example of micro-projector
optics etched in glass

"’
v~
[ 3D remote micro-sensor S
v based On SWULtUrT IR Murmin
asegomrstruc?

On this 3x3mm quartz window there are 8 different structured light projectors
(for sensing and virtual interfaces), as well as an EDOF IR camera objective lens.



Google

Surface topology scan over structured light pattern generator
etched in quartz window




Google

Example of virtual interface projection with simple structured illumination
from previous piece of quartz.

RGB camera

T ..3‘
B .
e
g v e
-
J" ; S & o
1 % - N

IR camera
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The key is to produce smarter optics and as a result reduce signal
processing requirements
- smaller, faster, cooler, cheaper -

SID Bay Area chapter — April 30t, 2014



Google

The key is to produce smarter optics and as a result reduce signal
processing requirements
- smaller, faster, cooler, cheaper -

LeapMotion S|gna| processing Optics
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The key is to produce smarter optics and as a result reduce signal
processing requirements
- smaller, faster, cooler, cheaper -

LeapMotion S|gna| processing Optics
Signal processing Optics

Canesta TOF
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The key is to produce smarter optics and as a result reduce signal
processing requirements
- smaller, faster, cooler, cheaper -

LeapMotion S|gna| processing Optics

Canesta TOF

¥

Primesense
Kinect

Signal processing Optics

Signal processing Smart Optics
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The key is to produce smarter optics and as a result reduce signal
processing requirements
- smaller, faster, cooler, cheaper -

LeapMotion Signal processing

“aia

Canesta TOF Signal processing

Primesense
Kinect

- 1

What is needed N | _ :
PSRTTYTSN Sional pocessing ¢ Smarter » Optics

Signal processing Smart Optics
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Go:gle
Conclusion.

We have reviewed the various optical technologies developed in industry to
implement see through HMDs.
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Conclusion.
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However, the perfect see through optical technology for consumer market
has yet to be discovered, which would provide at the same time:

- Large eye box
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Conclusion.
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However, the perfect see through optical technology for consumer market
has yet to be discovered, which would provide at the same time:

- Large eye box
- Optical combiner integrated within prescription lenses
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We have reviewed the various optical technologies developed in industry to
implement see through HMDs.
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has yet to be discovered, which would provide at the same time:

- Large eye box
- Optical combiner integrated within prescription lenses
- High resolution and large FOV over full color operation
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Go:gle‘
Conclusion.

We have reviewed the various optical technologies developed in industry to
implement see through HMDs.

However, the perfect see through optical technology for consumer market
has yet to be discovered, which would provide at the same time:

- Large eye box

- Optical combiner integrated within prescription lenses

- High resolution and large FOV over full color operation

- ... and seamless integration of virtual interfaces and gesture/eye

sensing
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