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Abstract

Neareye displaysvith wide field of
view using anisotropic optical elements

JongYoung Hong
Departmenbf Electrical EngineeringandComputerScience
College of Engineering

Seoul National University

Neareye display is considered aspaomising display technique to
realize augmented realityy virtue ofits high sense oimmersion and user
friendly interface. Among the important performasioé neareye dispay, a
field of view is the most crucial factofor providing a seamless and
immersive experiencefor augmented reality.In this dissertation, a
transmissive eyepiece is devised instead of aarttinnal reflective eyepiece
and it isdiscused how to widenthe field of view without loss of additional
system performanceln order to realizethe transmissive eyepiece, the
eyepiece should operate lens to virtual information and glassatevorld
scene. Polarization multiplexing technique is used to implerteninulti-
functional optical element, and anisotropic optical elements are used as
material formulti-functional optical element

To demonstrate thproposed ideaan indexmatched anisotropic crystal
lenshas been presentéuht react differently depeding on polarizationwith

the combination of isotropic material and anisotropic crydta, index



matched anisotropic crystnscan be the transmissive eyepiece and achieve
the large field of view.

Despite the large field of viely theindexmatchedanisotropic crystal
lens,many problems including form factor still remain to be solNedrder
to overcome the limitations of conventional optiasnetasurface isdopted
to the augmented reality application. With a stunning optical performance of
the metasurface, a s¢brough metasurface lens is proposed and designed for
implementing wide field of view neaaye display.

The proposediovel eyepiece areexpected to be an initiativeudy not
only improvingthe specification of thexistingneareye dsplay but opening

the way for a next generatioeareye display

Keywords: Neareye display, augmented reality, mixed realégjsotropic
crystal metasurfacemetasurface len$olographic displayight field display
Student Numbe: 2013-20910
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Chapter 1 Introduction

1.1 Near-eye displays foraugmented reality

Augmented reality (AR) refers tenhanced eality by superimposing
computer generated information across the human senses including visual,
auditory and haptic sense. It is often compatible with mixed reality or
computer mediated reality according to the dominance of virtuality and
mediality [1].

Among the various senses, the most important stimuli for AR
perception is visual stimulil] 2], so there have beelots of display
techniques to realize AR. From the stereoscopic display, autostereoscopic
display andnow to handheld mobile AR devicegrious techniques have
taken the path to realize AR-L2]. However,erstwhile displays suffer from
difficulties in reducing heterogeneity between virtual information and the
reatworld owing to narrow field of view (FOV) bulky form factor andow
resolution

For providing realistic virtual information, a negye display has been
actively studied for special purposssch agnartial useandmedical usen
the past few decaded]]. The neareye display provides thredimensional
(3D) information to both eyewith a spectacleThe difference between the
neareye display and the conventional stereoscopic display is the position of
the display. In the stereoscopic display, the display is logatddtantand

polarizzd- or shutterglasses are used tisplay different images to the two



eyes[13]. On the other hand#he neareye displayusestwo displaydocated
right in front of eacheyeand displag the image ito theboth eyesThus, t
is the feature of the neaye displayto usean eyepiecdor floating the
image to the desired depth.

However,the erstwhileneareye display isnappropriatéo be used as a
display for realizingAR due to the structural limitations of the display itself.
Especiallythe eyepiecand opaque displdgcated in front of the eydistort
the information of theealworld sceneThus,astructure that does not distort
the realworld scene should be devised while succeeding thevarious
advantages of the neaye display. In addition, sineceareye display foAR
requires interactin with various reactions in theealworld, the device itself
should be mixed into reality. In other words, every technical problem such as
compact form factor, interaction technique, battery problems, and calculation
load should be solved to be a sobjahcceptable device. Therefore, there

have been a lot of challenges to realize the-agardisplay foAR.

1.2 Optical performancesof near-eyedisplay

Ideal near-eye display forAR requiresa high resolutionand a wide
FOV for reducing thesense of hetegeneitywith the realworld, and it
should provide a focus cue for natuoakerlapwith real objectsin addition
a compact and lightweight form factor is essentiakiieruser to wear over a
duration of time and a wide eyebox shoulzk formed robustly for pupil
sweepingHowever, all thesg@erformance are in full of tradeff relation,

andoneis increasd by sacrificingthe othemperformanceFor example, there



areways to sacrificetheform factor to obtairthe wide FOV, or toobtain the
wide eyeboxby reduéng the FOV. Therefore, it is necessary &mcurately
evaluate performance of neaye displays andevise a way to improve the

performance without sacrificing othenes.

Unit angle
Cycles/degreg
Human eye Eyepiece Display

Floatedmage

Figurel.1 Resolution othe neareye display

As shown in Fig.1.1, the resolution can be defined as the number of
pixels per unit anglevhose unit is cycles per degree (cp8ince the human
eye theoretically has a fine maximum resolution of 30 to 50 cpd, the
resolution of thepanel should be increased within this liation [14]. In a
practical situation, a neaye display with &0V of 60 degrees woullave
horizontal resolutionof 16 cpd with 1920 pixels (FHD) but a neaeye
displaywith a FOVof 90 degreesiith same panelould only provideabout
11 cpd Thus,the resolutiorof the neateye display is closely related to the
FOV of the system and the resolution of the panel

However, no matter hoviigh-resolution panels are used, there is a

limitation of the image quality d@e to the aberration and diffraction limit of



the optical system. Therefore, thmodulation transfer functignwhich
considers the contrast and frequeneguld be used as an indicator of the
resolution of the display

To increasethe resolutionof neareye display thereare two waysa
method of increasing the amount of information such as time multiplexing
and a method of efficientlglistributing information Especially,the method
of efficiently distributing a limited amount of informatios called foveated
rendering 15, 16] The foveated rendering distributes the pixels of display in
accordance with the distribution of a human optic nerve by projecting more

information to the paracentral area and less information to the peripheral area.

Human eye

'\

Floatedmage

AR view from narrow FOV AR view from wide FOV



Figurel.2 FOV of theneareye display(a) illustration of FOV and (P)R
view according to the FQV

Field of view is one of the most important Eafor immersive AR
realization There are various definitions of FKOn neareye display, but in
this dissertation, the FOV is defined by the angle between the floated image
andaneye as shown in Fig. 1.2(a). Figure 1.24bdws the effect of FOV for
AR view. Human visual system has about FOV16fr for an eyd17]. Thus,
it is extremely difficult to covefull FOV of humaneye, sothe minimum
criterion for immersive neagye display has been studigth]. In general,
the minimumFOV of neareye displayfor immersive virtual reality is about
80 degreesvherethe stereo mdow is vanisted The fereowindow is the
boundary of the floated images corresponding to the left eye and right eye in
the neareye display. If the boundary is observed, the sense of immersion is
deterioratedTherefore, it is necessary to provitie FOV of 80° or more in
order torealizetheimmersive neaeye display.

However, he FOV is alsoon thetradeoff relationwith variousoptical
performancesFor examplethereis a neareye display with widd-OV over
90° using bulky optical elemesitvhile a neareye display witltcompactorm
factor of a few millimeterbasFOV of less than 40

Since the FOV is the most essentigderformancefor realizing AR
through neaeye display, various attempts have been made to enlarge the
FOV. Especially, i has bep studied to break the traddf relation between
FOV and otherones with the development of eyepiecand display

techniques
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Human eye Human eye

Without focus cue With focus cue

(b)

Figurel.3 Focus cuen neareye display: (ablur effect with focus cuand

(b) comparison between with and without focus.cue

Figure 1.3(a) shows the importance of the focus cue in realizing AR.
The depth of field of human eye is about 0.6 diopter ¢bjects or images at
different depths are blurred differently19]. Therefore, le virtual
information should be blurred differently dependorgts depth information.
However,without focus cudn neareye displayvirtual image is floated on
fixed plane, so it hinders the virtual information to be overlapped ne@h
world objectslocated in various deptas shown in Figl.3(b) Besides the
affection of focus cue for sense of immersion, availability of giving focus
cue in neaeye display is related to an eye fatig2@,[21. There are four
physiological cuegor human to perce& the depthand itis widely known

thatthe accommodation anthe convergence do not matchanconventional



3D display. These accommodativargence conflict hetbeen considered as
a cause of eye fatigue and various methods havegseposedo mitigateit.
Especially, in neaeye display, it is more important to gitlee focus cue on
the display because élraccommodatioivergenceconflict can causenore
severeeye fatigue because virtual informatishouldcover a wide range of
depth.

Therefore, the ea-eye display uses various methods sucta asper
multi-view, a layereddisplay anda scanning methoahich gives focus cue
in existing 3D displayln addition,a holographic neagye displaycapable of
providing a full wavefrontgives complete focus cyeso it isconsideredas
the next move of the neaeye display despite various obstacles in

holographic display.

Human eye

Floatedmage

Figurel.4 Eyebox of the neagye display



An eyebox isanareawhereanintact imagecanbe observedwithin the
radiance of the light formedith the neareye displayas shown in Fig. 1.4A
wide eyebox provide a comfortable AR experienceregardless ofthe
interocular distancelhus it is ideal to provide an eyebox of about 15 mm or
more, bu it is quite difficult to constitute such avide eyebox Therefore
many applicationduild an eyebox similarto the size of the pupil wherein
the user manually adjusthe neaeye display foiinterocular distance2p)].
Moreover, some systenegenusedynamic pupiltrackng systemfor pupil
swim [23].

The eyebox is closely related to FOWhen the pupil swims within the
eyeboxthe FOV corresponding to the eyebimdefined aghecommon area
of the image across the eyebdkus,if the size of theommonareareduces
the size of the eyebarcreasesvhile the FOV decreaseConversely, if the
size of the imagéncreasesthe eyeboxeduceswhile the FOV isincreased
The relationship between these two paramegeksiownasan etendue.The
etendue is suiable for comparing the FOV anthe eyebox of various
systems because it represdighbt spreadn areaand angle. In generaijnce
the etendue is conserved in an optical systerefféctively describes the

relation between the FOV and the eyebox.



Human eye Human eye

(b)

Figurel.5 Effect of the eyebox on focus cuéa) large eyebox and (b) small

eyebox

Besidesthe etendue between the FOV and #ebox, the eyebox is
alsoclosely related to the focus cukhe focus cue is lated with how fine
the depth can be expressed with the display. Since the depth of field is
inversely related to the size of the apertuhe size of light entering the
human eyehrough the eyeboxlecides thdocus cue In other words, e
large eyeboxausesa fine depth resolution analsogives strong focus cues
and vice versas shown in Figs. 1.5(a) and .(b)

The eyebox is an important parameter that not only provides a user with
a comfortable AR viewing environmeibiut is also closely related to
optical performance of virtuahformationsuch aghefocus cue anthe FOV.

It is important to set each parameter appropriately for the purpase of
neareye display becauseparameters aren the full tradeoff relation.

Thereforeg it is necessary tetudy the innovative neaye display structure



for overconing this tradeoff relation

1.3 State-of-the-arts of near-eye display

FromtheWh eat st one 6s snouatededisday @pI@) hash e a d
beenconstantly developetbr many differentpurposesuch asmedicaluse
martial useand educatioal use[11]. Derived froma simple toy with two
still pictures, the era of lightweight and compact stalthe HMD has
finally arrived[22, 2426]. Attempts have been made to provide widaV
and natural 3D images eft first HMD products have failed to
commercialize due to the shortcomings of narfe@V and inconvenient
user interfacesin order to overcome these drawbacks, test wave of
commercialization comes with the development of neaye display
technology userfriendly interface and interactive featuf@®, 2. However,
the form factor and the wide FOV still have room for improvement.

The optical building block of the neaeye displayare divided into
three partsaneyepieceanoptical combiner and display partTheeyepiece
is an optic that allows a displaganel locatednear the eye to be well
augmentedvith therealworld sceneThe optical combiner combines virtual
information fromthe display withthe realworld scene andelaysit to the
eyepiee.

Also, various display techniques are adopted to the HMD such as
simple 2D panel, projection and even holographfiese three optical
building blocks of tle neareye display are tightly connected to one another

and should be combined properlin order to maximize the optical

1C



performance.

:‘Display panel i
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Figurel.6 Configuration of conventional neaye display for virtual reality

The conventional neaaye display for virtual reality uses a convex lens
asthe eyepieceto float the display to a desired depth as shown in ER)
However, aslescribedabove, this structure is not suitable for use in realizing
AR due tothe opaque display anthe convex lensin order to resolve said
problems, mst systems placihe display on the side of the system to solve
this problem and employ a s#eough optical ombiner which combines

the display on the side and the rearld scene.
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Display

Human eye

Beam splitter Half concave mirror

Figurel.7 Principle ofthebird bathtype nea-eye display

The most prominent method ithe bird bath systermusing a half
concave mirror and &deam splitteras shown in Figl.7. The display is
located on the side of the system anthe beam splittertransparently
combines the display and the r@adrld scene. Thedif concave mirror is
used for transparent eyepieit®@t functions a thin slab structure to the light
from reatworld while a concave mirror to the virtual information.

Because of its simple structure and robust system characteribécs,
bird bathsystem isadoptedn many commercial systemig7-30]. Moreover,
the bird bath systefmas the advantage of providing relatively wil@V and
eyebox. However, since tlieam splitteis used ashe optical combiner, it is
difficult to implement ompact system. To solve these drawbacks, various
methods such assingoff-axis halfconcavemirror or free form optic have
been devised, butlue to the aberrations problem and the difficulty in
fabrication, there still is10 clear solution in using thertdibath systenji29,

30].
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Waveguide
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Human eye

Figurel1.8 Principle oftheneareye display usingdiffractive optical elements

and waveguide

Recently, acombinationusing diffractive optical elemesitf{DOEs)and
waveguide hs been proposed for realizing a compact eyardisplay P2,
31, 33. The basic configuration of neaye display using DOEs and
waveguide is shown in Fid..8 The ight from the projectohas different
directions for each pixel bgn in-coupled DOE and the directionality is
preserved by the waveguide. The transmitted virtual information is
reproduced by an oubupledDOE. Due to the beam expanding effect of
DOEs, he systenis equipped with avide eyebox andx highly compact
form factor of few millimetes. Despite great advantagehe total internal
reflection condition of the waveguidinits the FOVto less thar40°, and
the chromatic aberration @OEs rendeit difficult to actually implement
Thus,it is still premature to say that this is the misitesolution to thenear

eye display

13



Studies using holographic optical eleméHtOE) have been recently
reportedas a kind of nextgeneration neagye display[33-35]. A volume
gratingis recorded for implementing HOBy interfering the wavefronof
desred optical elementand reference waven the photoreactive medium.
Due to high transparency atitinnessof photopolymersnainly usedas the
photoreactive medium, HOE is highly applicabldleseyepiece for nesgye
display. Along with thefine medium poperties, it is advantageous
improving various performance of threeareye.

However, despite these advantages,since the photopolymer is
vulnerable to humidity and temperature, atgbhas a noruniform medium
characteristic depending on the recordamyironmentfurther development
onthe materialpropertieds required.

There are various display techniques foe nearye display A 2D
panel is floated t@ distanceso that the3D imagecan beperceived by the
binocular disparit This is a simple and effective wayof minimizing the
computational load and optical bilkss but it fails to provide the
accommodation cue, dhe focus cue, which can lead to eye fatigue when
worn for aduration oftime. Moreover, without the focus effectjrtual
informationfails to seamlessly overlap with thealworld scene.

Therefore,in order to provide focus cuearious display techniques
including light field display, retinal direction projectionand holography

have beemdopted to the neaye display

14



Focused point

Human eye

Lens array Display

(@)

Human eye

DispIaS/ bisplay
(b)
Figure 1.9 Principle of thdight field display (a) lenticular lens display and
(b) multi-layered display

Figure 1.9 depictshow thelight field displaymakes a point in the air
The representativdight field display mainly used in neaeye displaysis
integral imagingandlayered displayin lenticular lens displayfocuscuecan
be providedn a supemulti-view conditionwheretwo or more viewpoints
enter the pupisimultaneoushas shown in Figl.9a). However, in order to

implement suchsuper multiview condition, it is necessary to implement

15



multiple viewpoints using single panel, so it causes severe resolution
reduction[36, 37.

A layered displayas shown in Figl.9b), it physically providesthe
focus cuewith various layeed display and the images on each layered
display are processed with various algorithms such as -fiegld display
and light field compressive displagg-41].

In particular, a light field compressive display can reduce infboma
loss of the display by compressing the information so #haingle pixel
shares information of several raysontrary to theconventional display
where a pixel correspondgith only one rayHowever, in practice, muk
layered display requires time mltiplexing or multiple display, which

aggravatsthe computational loadr bulkiness of the system.

16



Eyepiece

Human eye

Figure1.10 Concept of retinal direct projection

Figure 1.10shows the retinal direction projection tined.In contrast to
the general imagingaseslike Figs. 1.8 and 1.9%he ray ha one to one
correspondence with one point in the retifus, itprovidesa clear image
invariant with the human eye lens.

The retinal direct projection system does nowjate the focus cue itself,
but as an alin-focus system, hathe potential to give a virtual focus cue
through proper image processing and eye tracking system. Hovikeger,
eyebox is extremely limited due to the neednake the rayrrespective of
the ey lens,;soanadditional dynamic eyaox steering technique is required

to solve this problerf23].
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Human eye

Coherent light

Ccoooog)

SLM

Figurel1.11 Principle of holography

Holography, which is considerexb an ultimate display, neroduceghe
full wavefront of an object. Figurel.11 shows the basic principle of
holographic displayIhe holographic displays based orthe interferenceof
light, as itreproduce the wavefront of an object using coherent light and a
spatial light modulator a®wn in Fig. 1.11The light diffracted by the SLM
createsa hologram imageso the typical holographic displagan float the
image without eyepieceHowever, since the diffraction angle of the
diffracted light is determined by the pixel pitch of the SLMth even the
most stateof-the-art SLMs comprising apixel pitch of a few micrometers,
the FOV of thetypical holographic display is narrow. Therefose,eyepiece
is required to adophe holographic display in a neaye display where FOV

is verycrucid.

1.4 Motivation and contribution of this dissertation
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Table 11 Comparison of current neawe display for augmented reality with
their characteristicsBS is beam splitter, CM is curved mirror, DHOE is
diffuser holographic optical element, and LHOE issldolographic optical

element.

Name Combiner Eyepiece  FOV Eyebox Transparency Efficiency
Google glass BS CM Small Moderate Moderate Moderate
Meta 2 Curved mirror Large Large Moderate Large
Hololens Waveguide  DOE Small Large High Small
Free-form Freeform prism Small Moderate =~ Moderate Moderate

Retinal 3D

Projection = LHOE  Moderate Small High Moderate
(Jang)
Holographic

Projection  LHOE Large Small High Moderate
(Maimone)
IMACL

DHOE IMACL Moderate Large High Moderate
(Ch. 3)
Metalens

BS Metalens Large Large Low Small
(Ch. 4)

The display technique optical eyepiece, and combiners have various
combinations depending on the purpose of use and the target specifications.
However, neither the bird bath type nor the DOE method has become a game
changer thatlominates the market, asd, variousresearchsareunder way
to overcome the shortcomings of eastem Among the variousurrent
bottlenecks, his dissertation focuses on the implementimgeareye display
with wide FOV.Large FOV is an essential i@aneter in providing a more
immersive AR with neaeye display. The FOV should be at lea6f &
vanish the stereo window buven themost cuttingedgeneareye displag

rarely satisfy this criterionThus increasing the FOV without sacrificing
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other opical parameters such g eyeboxtheform factor andeye relief is
important inrealizng a more realistic AR.

Table 1.1 summarizes theexisting commercial neareye display
productsand acadengistudiesBesideghe conventional neagye display for
educationaland matial purposes,Google glasshad been releasetbr
commercial purpose on early stag27]. Due to various efforts on
commercializatiorfrom the Google glasvarious neaeye display for AR
have beemepresentednd various studies arerdgouing from bird bath type
products tacombination betweewaveguide and DOE products as discussed
in Ch. 1[22, 2426]. As shown in Tabld.1, these products are in a traofé
relationship with various elements such as F&¥box, transparency, and
efficiency as well as form factor and resolution. Various studies have been
conducted to overcome the disadvantagethefsystemsvhile maintaining
their merits. In academia, antégral imaging and frerm opticshas been
adoptedto provide a highlresoldion with low aberratiorthreedimensional
imageand mitigate the bulkiness problem dghe beam splitter and concave
mirror with a freeform optic[29-30]. Therehavealso beerightweight near
eye displays using HOE which adopt light field display anddaiphic
display[23, 33. Most commercial and acadenstudies make progress in
providing a focus cue and implementing lightweight system, respectively,
but have difficulty in providing a FOV of more than 80° in the horizontal
direction.

In this dissertdon, a neaeye display with a wide field of view over
80° is presentedAs a way to realize wide FOV, a concept of transmissive

eyepiecds devised inCh. 2. In Ch. 2, the concept and advantages on FOV
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due to the transmissive eyepiece is presented. Bfgeit is shown that the
transmissive eyepiece can increase the FOV witkaatificing the other
performance of the existing system.

In the Ch. 3 and Ch. 4proposed optical elements are introduced for
transmissive eyepiece. In this dissertatiopplrizationmultiplexed optical
elementis usedfor realizingthe transmissive eyepiec€hapter3 analyzes
the indexmatched aniropic crystal lencomprisingan anisotropic crystal
and presents neareye displaycomprising the indexnatched anisotropic
crystal lensThe feasibility of the transmissive eyepiecevésified through
the implemented indematched anisotropic crystinsand various optical
combinerds combined with the eyepiece
Chapter4 describegshe metasurface dbe transmissive eyepcein order to
solve the lownumerical apertureNA) of the indexmatched anisotropic
crystal due to the small index difference of the anisotropic cry@fih
stunningoptical characteristics of metasurface lens which incorporates large
NA (over 0.6)and thinness, e neareye display of super wide FOWver
90°) is realized. In addition, aberrations of the metasurface lens is
compensated with the holographic display.

With the proposed opticalelements such as indexatched anisotropic
crystal and sedhrough metasurface leng, is shown that FOV over 80°
which is considered bottleneck in existing nege display can be realized
and it does not affect other performance such as form factor and eyebox
compared to existing system. Finallyis discusgdthe disadvantageshich

are lowefficiency and transparen@ue tooptical properties of anisotropic

crystal and metasurface adidcussedvays to solve them.
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Chapter 2 Transmissive eyepiece for

wide field of view neareye display

2.1 Transmissive eyepiece for neaeye display

Observer _ Observer
Eyepiece Eyepiecé
Image
Image J
Long distance Shortdistance
(a) (b)

Figure2.1 Comparison between the reflective eyepiece and the transmissive
eyepiece regarding the FOVa) reflective eyepiece and (bjransmissive

eyepiece
Figure 2.1 outlinesthe comparison between the reflee eyepiece and

the transmissive eyepiece in termstbé FOV. For thesake ofsimplicity in

the explanation, the optical combiness beeromitted. Since the reflective
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eyepiece has londistance between the human eye and the eyepieee
FOV is narrowas shown in Fig. 2.1(aOn thecontrary the transmissive
eyepiecehas short distance between the human eye and the eyepiece because
the eyepiece is located right in front of human,epe FOV is relatively
wider as shown in Fig. 2.1(bJn other words,neareye displays using
reflective eyepieces, whenethe optical combiners and displagse located
betweenthe eyepiece andhe human eye, hava smaller FOV due tothe
structural characteristics.

However, in the reflective eyepiece system, the direstib light from
real world andlight from virtual information is different, so thin slab
concave mirror or reflective optical element can operate differently to the
lights. However, the eyepiece is located right in front of the human eye, the
lens distors the light from the reakorld scene while floating the virtual
information. Therefore, transmissive eyepiece requires futtional
optical element that operate transparent glasses to theaddl scene and
floating lens to the virtual information.

Since thebasic principle of thaeystem using the reflective eyepiece and
the transmissive eyepiece igentical except for the distance between the
human eye and the eyepiece, the display system subb OV, the eyebox,

andtheform factor can be angtedat the same timas shown in Fig2.2.
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2l Floated image

Human eye
Figure2.2 Parameters and performances of ree display
The desired floating depthd{), lens aperture &), and intended eyebox

(ae) are fixed variables in neaye displayThe FOV, required display size
(a), and thickness of the systdd) is describedelow:

_ ad,

d =2, (2.1)
a-a

af = ae(dc +dde +df) ’ (22)

C

whered. means the convging point, andg is the sizeof floated image,
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= , 2.3
Ta e (2.3)
_a’q, (2.4)

d;
FOV=2tar%—é 3 (2.5)
g e+df g

whereén thef is thefocal length of the eyepiece

Figure 2.3 visualizzsthe various relations between the parameters such
as eye relief, eyeboXens aperture anBOV based on the equatioabove
The simulation parameter is assumed to lefieating distance of 2000 mm,
lens aperture 085 mm, and eyebox o5 mm. Eye rekf is assumed to 10
mm and distance between the image and eyepiece is addedeletrelief

in case of reflective eyepiece.
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Figure2.3 Relation between the neaye display system parameters: (a)
FOV along the focal lengtbf the eyepiece. (ljistance between image and

eyepiece which is called thickness of the sysemd(c) required display
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size along the focal length of eyepietée display size is limited by

interocular distance not to interfdaiee othemisplay forthe othereye.The

green line represents the display limit.
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The key factors ofthe performance of theeareye displayunder fixed
target parameter@rethe distance between the human eye and eyepigce (
and the focal length of eyepiecAs shown in Fg§. 2.3(a), the FOV of
transmissive eyepiece is much larger than the one of reflective eyepiece. In
certain case, the FOV of transmissive eyepiece is 3 times more than the FOV
of the reflective eyepiece. Figure 2.3(b) and (c) shows form factor of the
system thickness and display size. The thickness is defined by the distance
between eyepiece and image which is key parameter to determine the
thickness of neagye display. In Fig. 2.3(c), the displays for each eye cannot
be larger than the interocular distancf human eye not to interfere each
other. Thus, the display limit is set to the 65 mm and it limits the FOV of the
system as shown in Fig. 2.3(a). In other worille FOV of transmissive
eyepiece system is limited because it cannot fully utilize itsiredjaisplay
size due to the display limit.

Nevertheless, the transmissive eyepggsemprovides at most 3 times
wider FOV than the reflectiveyepiece system by virtue of its structural

advantages.
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Figure 24 Field ofview according to various eyebox and eye relief along the

different numerical aperture. The lens aperture is assumed to 35 mm. The

numerical aperture is (a) 0.2, (b) 0.4, (c) 0.6, and (d) 0.8.

Figure 2.4 shows the FOV according to tarious eyebox anéye

relief conditionin differentNA. In the neaeye display, the aperture size of

the eyepiece is hard to adjust due to convenient user experience, so the focal

lengthof eyepiece decides the FOV of the system. As shown in tise £R)

and 2.4, the shorfocal length, or large NA induces the large FOV under

same condition.
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Therefore,in orderto realize the desired wide FOV in this dissertation,
two optical properties are needed. The first is to use a structural advantage of
a transmissive eyepiece bewuising a multfunctional optical element that
responds differently to real world scenes and virtual informalboated
rightin front of the eye.

The second is to implement an eyepiece with large NA, or short focal
length, to maximize the wide FOV praties of this transmissiveyepiece.

In next chapter, it idiscused how to implement these mufiinctional
optical elements and how to extend the NA of rdultictional optical

element

29



Chapter 3 Near-eye display using

index-matched anisotropic crystallens

3.1 Introduction

In this chapter the novel optical combiner, inderatched anisotropic
crystal lens (IMACL)is proposedand the neaeye displaywith IMACL
capable of providing large FOV is presentéthe lens made of the
anisotropic crystal is envgled with the isotropic material having same
curvature of the anisotropic crystal lens. When the refractive index of the
isotropic material is same for a certain polarization state of the anisotropic
crystal lens, the IMACL functions as a transparent ghaiss lens according
to the polarization state of the incident light. Using this rfultictional
property of the IMACL, the practical neaye display using the IMACIs
demonstratedThe virtual image is polarized to the polarization state of lens
mode inIMACL and therealworld image is polarized to the polarization
state of the glass mode in IMACL.

There have been various researches utilizing the anisotropic crystal to
improve the ability of the thredimensional (3D) display or HMDAp-44).

In addition there have also been studies to utilize the polarization selectivity
by matching the refractive index of certain polarization §&. However,

it is the first time to utilize the indematched anisotropic crystal lens to
realize the sethrough neaeye display. Theneareye displayusing IMACL

has the significance not only because it is an initiative study with the novel
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structure but also because the FOV and the form factor can be enhanced by
the proposed system compared with the conventional-ayeadisplay.
Especially, the system using the IMACL has the structure similar to the near
eye display for virtual reality, so the proposed system has the possibility of
large FOV. Furthermore, the system using IMACL can be a promising
candidate with the del@ment of transparent flat panel like transparent
OLED because of the similarity of the structure with rileareye display for
virtual reality
The proposedeyepiece can be applied not only to simple bird bath

systems but also to lightguide systémreduce system bulkiness. A direct
projection can also be implemented with a transparent screen to drastically
reduce the system bulkiness and weigthte specific contributiancovered
in thischapterare

Design method of indematched anisotropic crystang

Analysis of aberrations of IMACL

Analysis ofdisplay performance of neaye display with IMACL

Implementing the neasye display with various optical combiner

including beam splitter, light guide, and direct projection

Flat panel type neagye displayusing IMACL

Practical esigrs and implementatiomf transparent screen with

diffuser holographic optical element
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3.2Index-matched anisotropic crystal lens

3.2.1 Principle of the index-matched anisotropic crystal lens

} : Extraordinary polarized ligh
@ : Ordinary polarized light

R, R, Isotropic material Anisotropic crystal
-o—
al E
-o—

Crystal axis

(@) (b) (©)

Figure3.1 Badc concept of indexmatched anisotropic crystal lens

The IMACL is proposed as the muftinction optical element working
as glass and lens at the same time. The basic concept of the IMACL is
presented in Fig3.1. The anisotropic crystal lens is enveldpith the
isotropic material which has the same curvature of the anisotropic crystal
lens. The refractive index of the isotropic material is matched with the
smaller value of the refractive indices of the anisotropic crystal. In case of
the positive anidoopic crystal, the isotropic material should have the same
refractive index with the ordinary refractive index of the anisotropic crystal,
and in case of the negative anisotropic crystal, the isotropic material should
have the same refractive index wittetextraordinary refractive index of the

anisotropic crystalFigure 3.1(a) represents the basic structure of the IMACL.
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The negative anisotropic crystal is assumed andRhand R, are the
curvature radii of the anisotropic crystal lens and the apgure size of the
anisotropic crystal lens. To show the functionality of the IMACL, the
incident light is assumed as parallel rays. The extraordipalgrized
incident rays go through the IMACL without refraction as shown in Fig.
3.1(b) because the refri@ee indices of isotropic and anisotropic material are
same in the extraordinapolarized light. Meanwhile, the IMACL operates
as a lens to the ordinapplarized incident rays, so the incident rays are
focused at the focal plane of the IMACL as showrrig. 3.1(c). When the
positive anisotropic crystal is used as lens, the basic functionality is same
with the Fig.3.1, but the polarization state of the incident light is reversed
compared with the case of the F&jl. In fabrication step of the anisotiiop
crystal lens, orientation of crystal axis decides the refractive index of each
polarization state of anisotropic crystal. The optical axis of the anisotropic
crystal should be perpendicular to the primary direction of the incident light
so that the birgingent property of the IMACL is maximized.

The focal length of IMACL is decided by lens curvature and the index

difference as follows:

o

1_pén, , 08 1 (n-n)d 3.1
% TRER aRR &

wheren, andn; are refractive indices of the anisotropic crystal irslemode
and refractive index of the isotropic medium, respectively, drid the

thickness of the lens. As presented in BdL), focal length of the IMACL is
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decided by the index difference between the two polarization states of the
anisotropic crystal. fAerefore, anisotropic crystal having large index
difference is recommended to make short focal length of IMACL, because

the short focal length of lens guarantees the small form factor

3.2.2 Aberration analysis of indexmatched anisotropic crystal

lens

Since tle neareye displayusing IMACL merges the virtual information
with realworld scene in line, there is little aberratioompared withthe off-
axis configuration. However, since the IMACL is made of the anisotropic
crystal, aberration is caused by the amigwy. Especially, in case of the
birefringent crystal, refractive index is different according to the angle
between the crystal axis and the coordinate, so the astigmatism is the
dominant aberration fact¢46]. The refractive index of anisotropic matéria
is generally indicated by index ellipsoid, it is well known that the
extraordinary refractive index varies depending on the direction of light,
while the ordinary refractive index has the same refractive index regardless
of the direction of the light. Tis, when the crystal axis of the anisotropic
crystal lens is set to thedirection, the focal length in thedirection and the
focal length in the/-direction become different. There have been studies that
show the index deviation induces the astigmatidrthe anisotropic crystal
lens[47]. The astigmatism due to index deviation in extraordinary refractive
index is represented in different types in IMACL according to the kind of

anisotropic crystal. The IMACL with positive anisotropic crystal uses
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extragdinary-polarized state as lens, so the distortion is represented in lens
imaging relation. On the other hands, the IMACL with negative anisotropic
crystal uses extraordinapolarized state as transparent glass, so the
distortion is represented in sgeough mode. To analyze the aberrations in

IMACL, the IMACL is simulated with th&Code V[4§].
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Figure3.2 Analysis of astigmatism in IMACL(a) PSF of the IMACL with
positive anisotropic crystal in lens mode, (b) PSF ofM&CL with
negative anisotropic crystal in seough mode, and (c) PSF of the IMACL

with negative anisotropic crystal in lens mode.
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