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Abstract 

 

Near-eye displays with wide field of 

view using anisotropic optical elements  
 

Jong-Young Hong 

Department of Electrical Engineering and Computer Science 

College of Engineering 

Seoul National University 
 

Near-eye display is considered as a promising display technique to 

realize augmented reality by virtue of its high sense of immersion and user-

friendly interface. Among the important performances of near-eye display, a 

field of view is the most crucial factor for providing a seamless and 

immersive experience for augmented reality. In this dissertation, a 

transmissive eyepiece is devised instead of a conventional reflective eyepiece 

and it is discussed how to widen the field of view without loss of additional 

system performance. In order to realize the transmissive eyepiece, the 

eyepiece should operate lens to virtual information and glass to real-world 

scene. Polarization multiplexing technique is used to implement the multi-

functional optical element, and anisotropic optical elements are used as 

material for multi-functional optical element.  

To demonstrate the proposed idea, an index-matched anisotropic crystal 

lens has been presented that reacts differently depending on polarization. With 

the combination of isotropic material and anisotropic crystal, the index-
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matched anisotropic crystal lens can be the transmissive eyepiece and achieve 

the large field of view.  

Despite the large field of view by the index-matched anisotropic crystal 

lens, many problems including form factor still remain to be solved. In order 

to overcome the limitations of conventional optics, a metasurface is adopted 

to the augmented reality application. With a stunning optical performance of 

the metasurface, a see-through metasurface lens is proposed and designed for 

implementing wide field of view near-eye display.  

The proposed novel eyepieces are expected to be an initiative study not 

only improving the specification of the existing near-eye display but opening 

the way for a next generation near-eye display. 
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Chapter 1 Int roduction 

 

1.1 Near-eye displays for augmented reality 

 

Augmented reality (AR) refers to enhanced reality 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 stimuli [1, 2], so there have been lots of display 

techniques to realize AR. From the stereoscopic display, autostereoscopic 

display and now to handheld mobile AR devices, various techniques have 

taken the path to realize AR [3-12]. However, erstwhile displays suffer from 

difficulties in reducing heterogeneity between virtual information and the 

real-world owing to narrow field of view (FOV), bulky form factor and low 

resolution. 

For providing realistic virtual information, a near-eye display has been 

actively studied for special purposes such as martial use and medical uses in 

the past few decades [11]. The near-eye display provides three-dimensional 

(3D) information to both eyes with a spectacle. The difference between the 

near-eye display and the conventional stereoscopic display is the position of 

the display. In the stereoscopic display, the display is located in distant and 

polarized- or shutter glasses are used to display different images to the two 
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eyes [13]. On the other hands, the near-eye display uses two displays located 

right in front of each eye and displays the image into the both eyes. Thus, it 

is the feature of the near-eye display to use an eyepiece for floating the 

image to the desired depth. 

However, the erstwhile near-eye display is inappropriate to be used as a 

display for realizing AR due to the structural limitations of the display itself. 

Especially, the eyepiece and opaque display located in front of the eye distort 

the information of the real-world scene. Thus, a structure that does not distort 

the real-world scene should be devised while succeeding the various 

advantages of the near-eye display. In addition, since near-eye display for AR 

requires interaction with various reactions in the real-world, 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 socially acceptable device. Therefore, there 

have been a lot of challenges to realize the near-eye display for AR.  

 

1.2 Optical performances of near-eye display 

 

Ideal near-eye display for AR requires a high resolution and a wide 

FOV for reducing the sense of heterogeneity with the real-world, and it 

should provide a focus cue for natural overlap with real objects. In addition, 

a compact and lightweight form factor is essential for the user to wear over a 

duration of time, and a wide eyebox should be formed robustly for pupil 

sweeping. However, all these performances are in full of trade-off relation, 

and one is increased by sacrificing the other performance. For example, there 
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are ways to sacrifice the form factor to obtain the wide FOV, or to obtain the 

wide eyebox by reducing the FOV. Therefore, it is necessary to accurately 

evaluate performance of near-eye displays and devise a way to improve the 

performance without sacrificing other ones. 

 

Unit angle

Cycles/degree

Human eye

Floatedimage

DisplayEyepiece

 

Figure 1.1 Resolution of the near-eye display. 

 

As shown in Fig. 1.1, the resolution can be defined as the number of 

pixels per unit angle whose unit is cycles per degree (cpd). Since the human 

eye theoretically has a fine maximum resolution of 30 to 50 cpd, the 

resolution of the panel should be increased within this limitation [14]. In a 

practical situation, a near-eye display with a FOV of 60 degrees would have 

horizontal resolution of 16 cpd with 1920 pixels (FHD) but a near-eye 

display with a FOV of 90 degrees with same panel would only provide about 

11 cpd. Thus, the resolution of the near-eye display is closely related to the 

FOV of the system and the resolution of the panel.  

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

limitation of the image quality due to the aberration and diffraction limit of 
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the optical system. Therefore, the modulation transfer function, which 

considers the contrast and frequency, would be used as an indicator of the 

resolution of the display.  

To increase the resolution of near-eye display, there are two ways: a 

method of increasing the amount of information such as time multiplexing 

and a method of efficiently distributing information. Especially, the method 

of efficiently distributing a limited amount of information is 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. 

 

 

FOV

Human eye

Floatedimage

DisplayEyepiece

(a)

(b)
 



 

  

 

5 

Figure 1.2 FOV of the near-eye display: (a) illustration of FOV and (b) AR 

view according to the FOV. 

 

Field of view is one of the most important parts for immersive AR 

realization. There are various definitions of FOV in near-eye display, but in 

this dissertation, the FOV is defined by the angle between the floated image 

and an eye as shown in Fig. 1.2(a). Figure 1.2(b) shows the effect of FOV for 

AR view. Human visual system has about FOV of 160° for an eye [17]. Thus, 

it is extremely difficult to cover full FOV of human eye, so the minimum 

criterion for immersive near-eye display has been studied [18]. In general, 

the minimum FOV of near-eye display for immersive virtual reality is about 

80 degrees where the stereo window is vanished. The stereo window is the 

boundary of the floated images corresponding to the left eye and right eye in 

the near-eye display. If the boundary is observed, the sense of immersion is 

deteriorated. Therefore, it is necessary to provide the FOV of 80° or more in 

order to realize the immersive near-eye display.  

However, the FOV is also on the trade-off relation with various optical 

performances. For example, there is a near-eye display with wide FOV over 

90° using bulky optical elements while a near-eye display with compact form 

factor of a few millimeters has FOV of less than 40°. 

Since the FOV is the most essential performance for realizing AR 

through near-eye display, various attempts have been made to enlarge the 

FOV. Especially, it has been studied to break the trade-off relation between 

FOV and other ones with the development of eyepiece and display 

techniques.  
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Without focus cue With focus cue

Blurred

Same depth

Focused

(a)

(b)

Human eye Human eye

Figure 1.3 Focus cue in near-eye display: (a) blur effect with focus cue and 

(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 (D), objects or images at 

different depths are blurred differently [19]. Therefore, the virtual 

information should be blurred differently depending on its depth information. 

However, without focus cue in near-eye display, virtual image is floated on 

fixed plane, so it hinders the virtual information to be overlapped with real-

world objects located in various depth as shown in Fig. 1.3(b). Besides the 

affection of focus cue for sense of immersion, availability of giving focus 

cue in near-eye display is related to an eye fatigue [20, 21]. There are four 

physiological cues for human to perceive the depth, and it is widely known 

that the accommodation and the convergence do not match in a conventional 
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3D display. These accommodation-vergence conflict has been considered as 

a cause of eye fatigue and various methods have been proposed to mitigate it. 

Especially, in near-eye display, it is more important to give the focus cue on 

the display because the accommodation-vergence conflict can cause more 

severe eye fatigue because virtual information should cover a wide range of 

depth. 

Therefore, the near-eye display uses various methods such as a super 

multi-view, a layered display, and a scanning method which gives focus cue 

in existing 3D display. In addition, a holographic near-eye display capable of 

providing a full wavefront gives complete focus cue, so it is considered as 

the next move of the near-eye display despite various obstacles in 

holographic display.  

 

Eyebox

Human eye

Floatedimage

 

Figure 1.4 Eyebox of the near-eye display. 
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An eyebox is an area where an intact image can be observed within the 

radiance of the light formed with the near-eye display as shown in Fig. 1.4. A 

wide eyebox provides a comfortable AR experience regardless of the 

interocular distance. Thus, it is ideal to provide an eyebox of about 15 mm or 

more, but it is quite difficult to constitute such a wide eyebox. Therefore, 

many applications build an eyebox similar to the size of the pupil wherein 

the user manually adjusts the near-eye display for interocular distance [22]. 

Moreover, some systems even use dynamic pupil tracking system for pupil 

swim [23]. 

The eyebox is closely related to FOV. When the pupil swims within the 

eyebox, the FOV corresponding to the eyebox is defined as the common area 

of the image across the eyebox. Thus, if the size of the common area reduces, 

the size of the eyebox increases while the FOV decreases. Conversely, if the 

size of the image increases, the eyebox reduces while the FOV is increased. 

The relationship between these two parameters is known as an etendue. The 

etendue is suitable for comparing the FOV and the eyebox of various 

systems because it represents light spread in area and angle. In general, since 

the etendue is conserved in an optical system, it effectively describes the 

relation between the FOV and the eyebox.  
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Human eye

(a)

Human eye

(b)

Figure 1.5 Effect of the eyebox on focus cue: (a) large eyebox and (b) small 

eyebox. 

 

Besides the etendue between the FOV and the eyebox, the eyebox is 

also closely related to the focus cue. The focus cue is related with how fine 

the depth can be expressed with the display. Since the depth of field is 

inversely related to the size of the aperture, the size of light entering the 

human eye through the eyebox decides the focus cue. In other words, the 

large eyebox causes a fine depth resolution and also gives strong focus cues 

and vice versa as 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 environment but is also closely related to the 

optical performance of virtual information such as the focus cue and the FOV.  

It is important to set each parameter appropriately for the purpose of a 

near-eye display because parameters are in the full trade-off relation. 

Therefore, it is necessary to study the innovative near-eye display structure 
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for overcoming this trade-off relation. 

 

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

 

From the Wheatstoneôs stereoscope, head-mounted display (HMD) has 

been constantly developed for many different purposes such as medical use, 

martial use and educational use [11]. Derived from a simple toy with two 

still pictures, the era of lightweight and compact stand-alone HMD has 

finally arrived [22, 24-26]. Attempts have been made to provide wide FOV 

and natural 3D images after first HMD products have failed to 

commercialize due to the shortcomings of narrow FOV and inconvenient 

user interfaces. In order to overcome these drawbacks, the next wave of 

commercialization comes with the development of near-eye display 

technology, user-friendly interface and interactive features [22, 26]. However, 

the form factor and the wide FOV still have room for improvement.  

The optical building blocks of the near-eye display are divided into 

three parts: an eyepiece, an optical combiner and a display part. The eyepiece 

is an optic that allows a display panel located near the eye to be well 

augmented with the real-world scene. The optical combiner combines virtual 

information from the display with the real-world scene and relays it to the 

eyepiece.  

Also, various display techniques are adopted to the HMD such as 

simple 2D panel, projection and even holography. These three optical 

building blocks of the near-eye display are tightly connected to one another 

and should be combined properly in order to maximize the optical 
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performance. 

 

Human eye

Floated image

Display panel

Eyepiece

 

Figure 1.6 Configuration of conventional near-eye display for virtual reality. 

 

The conventional near-eye display for virtual reality uses a convex lens 

as the eyepiece to float the display to a desired depth as shown in Fig. 1.6. 

However, as described above, this structure is not suitable for use in realizing 

AR due to the opaque display and the convex lens. In order to resolve said 

problems, most systems place the display on the side of the system to solve 

this problem and employ a see-through optical combiner, which combines 

the display on the side and the real-world scene. 
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Human eye

Display

Beam splitter Half concave mirror
 

Figure 1.7 Principle of the bird bath type near-eye display. 

 

The most prominent method is the bird bath system using a half 

concave mirror and a beam splitter as shown in Fig. 1.7. The display is 

located on the side of the system and the beam splitter transparently 

combines the display and the real-world scene. The half concave mirror is 

used for transparent eyepiece that functions a thin slab structure to the light 

from real-world while a concave mirror to the virtual information.  

Because of its simple structure and robust system characteristics, the 

bird bath system is adopted in many commercial systems [27-30]. Moreover, 

the bird bath system has the advantage of providing relatively wide FOV and 

eyebox. However, since the beam splitter is used as the optical combiner, it is 

difficult to implement compact system. To solve these drawbacks, various 

methods such as using off-axis half concave mirror or free form optic have 

been devised, but due to the aberrations problem and the difficulty in 

fabrication, there still is no clear solution in using the bird bath system [29, 

30]. 
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. 

DOE (in-coupler)

Waveguide

DOE (out-coupler)

Floated point

Human eye

Projector

 

Figure 1.8 Principle of the near-eye display using diffractive optical elements 

and waveguide. 

 

Recently, a combination using diffractive optical elements (DOEs) and 

waveguide has been proposed for realizing a compact near-eye display [22, 

31, 32]. The basic configuration of near-eye display using DOEs and 

waveguide is shown in Fig. 1.8. The light from the projector has different 

directions for each pixel by an in-coupled DOE and the directionality is 

preserved by the waveguide. The transmitted virtual information is 

reproduced by an out-coupled DOE. Due to the beam expanding effect of 

DOEs, the system is equipped with a wide eyebox and a highly compact 

form factor of few millimeters. Despite great advantages, the total internal 

reflection condition of the waveguide limits the FOV to less than 40°, and 

the chromatic aberration of DOEs render it difficult to actually implement. 

Thus, it is still premature to say that this is the ultimate solution to the near-

eye display. 
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Studies using holographic optical element (HOE) have been recently 

reported as a kind of next-generation near-eye display [33-35]. A volume 

grating is recorded for implementing HOE by interfering the wavefront of 

desired optical elements and reference wave on the photoreactive medium. 

Due to high transparency and thinness of photopolymers mainly used as the 

photoreactive medium, HOE is highly applicable as the eyepiece for near-eye 

display. Along with the fine medium properties, it is advantageous in 

improving various performance of the near-eye. 

However, despite these advantages, since the photopolymer is 

vulnerable to humidity and temperature, and also has a non-uniform medium 

characteristic depending on the recording environment, further development 

on the material properties is required. 

There are various display techniques for the near-eye display. A 2D 

panel is floated to a distance so that the 3D image can be perceived by the 

binocular disparity. This is a simple and effective way of minimizing the 

computational load and optical bulkiness, but it fails to provide the 

accommodation cue, or the focus cue, which can lead to eye fatigue when 

worn for a duration of time. Moreover, without the focus effect, virtual 

information fails to seamlessly overlap with the real-world scene.  

Therefore, in order to provide focus cue, various display techniques 

including light field display, retinal direction projection, and holography 

have been adopted to the near-eye display. 
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Figure 1.9 Principle of the light field display: (a) lenticular lens display and 

(b) multi-layered display. 

 

Figure 1.9 depicts how the light field display makes a point in the air. 

The representative light field display, mainly used in near-eye displays, is 

integral imaging and layered display. In lenticular lens display, focus cue can 

be provided in a super-multi-view condition where two or more viewpoints 

enter the pupil simultaneously as shown in Fig. 1.9(a). However, in order to 

implement such super multi-view condition, it is necessary to implement 
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multiple viewpoints using single panel, so it causes severe resolution 

reduction [36, 37]. 

A layered display as shown in Fig. 1.9(b), it physically provides the 

focus cue with various layered display, and the images on each layered 

display are processed with various algorithms such as depth-fused display 

and light field compressive display [38-41]. 

In particular, a light field compressive display can reduce information 

loss of the display by compressing the information so that a single pixel 

shares information of several rays, contrary to the conventional display 

where a pixel corresponds with only one ray. However, in practice, multi-

layered display requires time multiplexing or multiple display, which 

aggravates the computational load or bulkiness of the system. 
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Human eye

Eyepiece

 

Figure 1.10 Concept of retinal direct projection. 

 

Figure 1.10 shows the retinal direction projection method. In contrast to 

the general imaging cases like Figs. 1.8 and 1.9, the ray has one to one 

correspondence with one point in the retina. Thus, it provides a clear image 

invariant with the human eye lens.  

The retinal direct projection system does not provide the focus cue itself, 

but as an all-in-focus system, has the potential to give a virtual focus cue 

through proper image processing and eye tracking system. However, the 

eyebox is extremely limited due to the need to make the ray irrespective of 

the eye lens, so an additional dynamic eyebox steering technique is required 

to solve this problem [23].  
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Human eye

Coherent light

SLM
 

Figure 1.11 Principle of holography. 

 

Holography, which is considered as an ultimate display, reproduces the 

full wavefront of an object. Figure 1.11 shows the basic principle of 

holographic display. The holographic display is based on the interference of 

light, as it reproduces the wavefront of an object using coherent light and a 

spatial light modulator a shown in Fig. 1.11. The light diffracted by the SLM 

creates a hologram image, so the typical holographic display can float the 

image without eyepiece. However, since the diffraction angle of the 

diffracted light is determined by the pixel pitch of the SLM, with even the 

most state-of-the-art SLMs comprising a pixel pitch of a few micrometers, 

the FOV of the typical holographic display is narrow. Therefore, an eyepiece 

is required to adopt the holographic display in a near-eye display where FOV 

is very crucial. 

 

1.4 Motivation and contribution of this dissertation 
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Table 1.1 Comparison of current near-eye display for augmented reality with 

their characteristics. BS is beam splitter, CM is curved mirror, DHOE is 

diffuser holographic optical element, and LHOE is lens holographic 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 Free-form prism Small Moderate Moderate Moderate 

Retinal 3D 

(Jang) 
Projection LHOE Moderate Small High Moderate 

Holographic 

(Maimone) 
Projection LHOE Large Small High Moderate 

IMACL   

(Ch. 3) 
DHOE IMACL Moderate Large High Moderate 

Metalens  

(Ch. 4) 
BS Metalens Large Large Low Small 

 

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 that dominates the market, and so, various researches are under way 

to overcome the shortcomings of each system. Among the various current 

bottlenecks, this dissertation focuses on the implementing a near-eye display 

with wide FOV. Large FOV is an essential parameter in providing a more 

immersive AR with near-eye display. The FOV should be at least 80° to 

vanish the stereo window but even the most cutting-edge near-eye displays 

rarely satisfy this criterion. Thus, increasing the FOV without sacrificing 
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other optical parameters such as the eyebox, the form factor, and eye relief is 

important in realizing a more realistic AR.  

Table 1.1 summarizes the existing commercial near-eye display 

products and academic studies. Besides the conventional near-eye display for 

educational and martial purposes, Google glass had been released for 

commercial purpose on early stage [27]. Due to various efforts on 

commercialization from the Google glass, various near-eye display for AR 

have been represented and various studies are continuing from bird bath type 

products to combination between waveguide and DOE products as discussed 

in Ch. 1 [22, 24-26]. As shown in Table 1.1, these products are in a trade-off 

relationship with various elements such as FOV, eyebox, transparency, and 

efficiency as well as form factor and resolution. Various studies have been 

conducted to overcome the disadvantages of the systems while maintaining 

their merits. In academia, an integral imaging and free-form optics has been 

adopted to provide a high-resolution with low aberration three-dimensional 

image and mitigate the bulkiness problem of the beam splitter and concave 

mirror with a free-form optic [29-30]. There have also been lightweight near-

eye displays using HOE which adopt light field display and holographic 

display [23, 33]. Most commercial and academia studies 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 dissertation, a near-eye display with a wide field of view over 

80° is presented. As a way to realize wide FOV, a concept of transmissive 

eyepiece is devised in Ch. 2. In Ch. 2, the concept and advantages on FOV 
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due to the transmissive eyepiece is presented. Especially, it is shown that the 

transmissive eyepiece can increase the FOV without sacrificing the other 

performance of the existing system. 

In the Ch. 3 and Ch. 4, proposed optical elements are introduced for 

transmissive eyepiece. In this dissertation, a polarization-multiplexed optical 

element is used for realizing the transmissive eyepiece. Chapter 3 analyzes 

the index-matched anisotropic crystal lens comprising an anisotropic crystal 

and presents a near-eye display comprising the index-matched anisotropic 

crystal lens. The feasibility of the transmissive eyepiece is verified through 

the implemented index-matched anisotropic crystal lens and various optical 

combiners is combined with the eyepiece. 

Chapter 4 describes the metasurface as the transmissive eyepiece in order to 

solve the low numerical aperture (NA) of the index-matched anisotropic 

crystal due to the small index difference of the anisotropic crystal. With 

stunning optical characteristics of metasurface lens which incorporates large 

NA (over 0.6) and thinness, the near-eye display of super wide FOV (over 

90°) is realized. In addition, aberrations of the metasurface lens is 

compensated with the holographic display. 

With the proposed optical elements such as index-matched anisotropic 

crystal and see-through metasurface lens, it is shown that FOV over 80° 

which is considered bottleneck in existing near-eye display can be realized 

and it does not affect other performance such as form factor and eyebox 

compared to existing system. Finally, it is discussed the disadvantages which 

are low efficiency and transparency due to optical properties of anisotropic 

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

wide field of view near-eye display 

 

2.1 Transmissive eyepiece for near-eye display 

 

Observer

Image

Eyepiece

Short distance

(b)

Observer

Image

Eyepiece

Long distance

(a)
 

Figure 2.1 Comparison between the reflective eyepiece and the transmissive 

eyepiece regarding the FOV: (a) reflective eyepiece and (b) transmissive 

eyepiece. 

 

Figure 2.1 outlines the comparison between the reflective eyepiece and 

the transmissive eyepiece in terms of the FOV. For the sake of simplicity in 

the explanation, the optical combiner has been omitted. Since the reflective 
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eyepiece has long distance between the human eye and the eyepiece, the 

FOV is narrow as shown in Fig. 2.1(a). On the contrary, the transmissive 

eyepiece has short distance between the human eye and the eyepiece because 

the eyepiece is located right in front of human eye, the FOV is relatively 

wider as shown in Fig. 2.1(b). In other words, near-eye displays using 

reflective eyepieces, wherein the optical combiners and displays are located 

between the eyepiece and the human eye, have a smaller FOV due to the 

structural characteristics.  

However, in the reflective eyepiece system, the directions of light from 

real world and light 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 distorts the light from the real-world scene while floating the virtual 

information. Therefore, transmissive eyepiece requires multi-functional 

optical element that operate transparent glasses to the real-world scene and 

floating lens to the virtual information. 

Since the basic principle of the system using the reflective eyepiece and 

the transmissive eyepiece is identical except for the distance between the 

human eye and the eyepiece, the display system such as the FOV, the eyebox, 

and the form factor can be analyzed at the same time as shown in Fig. 2.2. 
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Figure 2.2 Parameters and performances of near-eye display. 

 

The desired floating depth (df), lens aperture (al), and intended eyebox 

(ae) are fixed variables in near-eye display. The FOV, required display size 

(ai), and thickness of the system (di) is described below: 
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where dc means the converging point, and af is the size of floated image, 

 



 

  

 

25 

,
f

i

f

fd
d

d f
=

+
                       (2.3) 

,
f i

i

f

a d
a

d
=                          (2.4) 

2tan ,
f

e f

a
FOV

d d

å õ
= æ öæ ö+ç ÷

                   (2.5)  

wherein the f is the focal length of the eyepiece. 

Figure 2.3 visualizes the various relations between the parameters such 

as eye relief, eyebox, lens aperture and FOV based on the equations above. 

The simulation parameter is assumed to have a floating distance of 2000 mm, 

lens aperture of 35 mm, and eyebox of 5 mm. Eye relief is assumed to 10 

mm and distance between the image and eyepiece is added to the eye relief 

in case of reflective eyepiece.  
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(a)

(b)

(c)

Display limit
65

Figure 2.3 Relation between the near-eye display system parameters: (a) 

FOV along the focal length of the eyepiece. (b) distance between image and 

eyepiece which is called thickness of the system, and (c) required display 

size along the focal length of eyepiece. The display size is limited by 

interocular distance not to interfere the other display for the other eye. The 

green line represents the display limit. 
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The key factors of the performance of the near-eye display under fixed 

target parameters are the distance between the human eye and eyepiece (de), 

and the focal length of eyepiece. As shown in Fig. 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 near-eye display. In Fig. 2.3(c), the displays for each eye cannot 

be larger than the interocular distance of 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 words, the FOV of transmissive 

eyepiece system is limited because it cannot fully utilize its required display 

size due to the display limit.  

Nevertheless, the transmissive eyepiece system provides at most 3 times 

wider FOV than the reflective eyepiece system by virtue of its structural 

advantages.  
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(a) (b)

(d)(c)

42Á 74Á

96Á 112Á

FOV FOV

FOVFOV

Figure 2.4 Field of view 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 the various eyebox and eye 

relief condition in different NA. In the near-eye display, the aperture size of 

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

length of eyepiece decides the FOV of the system. As shown in the Figs. 2.3 

and 2.4, the short focal length, or large NA induces the large FOV under 

same condition.  



 

  

 

29 

Therefore, in order to 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 by devising a multi-functional optical element that 

responds differently to real world scenes and virtual information located 

right in front of the eye. 

The second is to implement an eyepiece with large NA, or short focal 

length, to maximize the wide FOV properties of this transmissive eyepiece. 

In next chapter, it is discussed how to implement these multi-functional 

optical elements and how to extend the NA of multi-functional optical 

element. 
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Chapter 3 Near-eye display using 

index-matched anisotropic crystal lens 

3.1 Introduction   

 

In this chapter, the novel optical combiner, index-matched anisotropic 

crystal lens (IMACL) is proposed and the near-eye display with IMACL 

capable of providing large FOV is presented. The lens made of the 

anisotropic crystal is enveloped 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 glass or a lens according 

to the polarization state of the incident light. Using this multi-functional 

property of the IMACL, the practical near-eye display using the IMACL is 

demonstrated. The virtual image is polarized to the polarization state of lens 

mode in IMACL and the real-world 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 three-dimensional (3D) display or HMD [42-44]. 

In addition, there have also been studies to utilize the polarization selectivity 

by matching the refractive index of certain polarization axis [45]. However, 

it is the first time to utilize the index-matched anisotropic crystal lens to 

realize the see-through near-eye display. The near-eye display using 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 near-eye display. 

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 development of transparent flat panel like transparent 

OLED because of the similarity of the structure with the near-eye display for 

virtual reality. 

The proposed eyepiece can be applied not only to simple bird bath 

systems but also to lightguide system to reduce system bulkiness. A direct 

projection can also be implemented with a transparent screen to drastically 

reduce the system bulkiness and weight. The specific contributions covered 

in this chapter are: 

· Design method of index-matched anisotropic crystal lens 

· Analysis of aberrations of IMACL 

· Analysis of display performance of near-eye display with IMACL 

· Implementing the near-eye display with various optical combiner 

including beam splitter, light guide, and direct projection 

· Flat panel type near-eye display using IMACL 

· Practical designs and implementation of transparent screen with 

diffuser holographic optical element 
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3.2 Index-matched anisotropic crystal lens 

3.2.1 Principle of the index-matched anisotropic crystal lens 

 

Crystal axis

R2R1

al

(a) (c)

Anisotropic crystal

: Extraordinary polarized light

: Ordinary polarized light

(b)

Isotropic material

 

Figure 3.1 Basic concept of index-matched anisotropic crystal lens. 

 

The IMACL is proposed as the multi-function optical element working 

as glass and lens at the same time. The basic concept of the IMACL is 

presented in Fig. 3.1. The anisotropic crystal lens is enveloped with 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 anisotropic 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 with the extraordinary refractive index of the 

anisotropic crystal. Figure 3.1(a) represents the basic structure of the IMACL. 
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The negative anisotropic crystal is assumed and the R1 and R2 are the 

curvature radii of the anisotropic crystal lens and al is the aperture size of the 

anisotropic crystal lens. To show the functionality of the IMACL, the 

incident light is assumed as parallel rays. The extraordinary-polarized 

incident rays go through the IMACL without refraction as shown in Fig. 

3.1(b) because the refractive indices of isotropic and anisotropic material are 

same in the extraordinary-polarized light. Meanwhile, the IMACL operates 

as a lens to the ordinary-polarized incident rays, so the incident rays are 

focused at the focal plane of the IMACL as shown in Fig. 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 Fig. 3.1. In fabrication step of the anisotropic 

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 birefringent property of the IMACL is maximized.  

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

difference as follows: 

 

1 2 1 2
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           (3.1) 

 

where na and ni are refractive indices of the anisotropic crystal in lens mode 

and refractive index of the isotropic medium, respectively, and d is the 

thickness of the lens. As presented in Eq. (3.1), focal length of the IMACL is 
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decided by the index difference between the two polarization states of the 

anisotropic crystal. Therefore, 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 index-matched anisotropic crystal 

lens 

Since the near-eye display using IMACL merges the virtual information 

with real-world scene in line, there is little aberration compared with the off-

axis configuration. However, since the IMACL is made of the anisotropic 

crystal, aberration is caused by the anisotropy. 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 factor [46]. The refractive index of anisotropic material 

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. Thus, when the crystal axis of the anisotropic 

crystal lens is set to the y-direction, the focal length in the x-direction and the 

focal length in the y-direction become different. There have been studies that 

show the index deviation induces the astigmatism of the 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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extraordinary-polarized state as lens, so the distortion is represented in lens 

imaging relation. On the other hands, the IMACL with negative anisotropic 

crystal uses extraordinary-polarized state as transparent glass, so the 

distortion is represented in see-through mode. To analyze the aberrations in 

IMACL, the IMACL is simulated with the Code V [48].  
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Figure 3.2 Analysis of astigmatism in IMACL: (a) PSF of the IMACL with 

positive anisotropic crystal in lens mode, (b) PSF of the IMACL with 

negative anisotropic crystal in see-through mode, and (c) PSF of the IMACL 

with negative anisotropic crystal in lens mode. 

 








































































































































