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I. INTRODUCTION

Recently, as interest in and demands of augmented and 

virtual reality (AR/VR) have increased significantly, research 

and development of various kinds of near-eye displays 

(NEDs) have been actively pursued [1-5]. The main issues 

of an NED are not only the specification problems such as 

pixel size, resolution, and field of view (FOV) of the device, 

but also methodological topics such as providing natural 

depth sensing. The stereoscopic method was once taken for 

granted as the 3D display method for NEDs. In recent years, 

however, research about 3D display systems that can avoid 

3D nausea caused by vergence-accommodation conflict and 

provide more natural 3D images has progressed [6, 7]. 

Nevertheless, most methods are not suitable for NEDs due 

to bulkiness and complication [8]. Therefore, the develop-

ment of a simple, straightforward 3D display method for 

NEDs is essential for AR/VR display. The depth-fused (DF) 

display, a type of multifocal-plane 3D display satisfying 

accommodation cues, has advantages in realizing an NED 

because it can express continuous depth using only two 

layers, depending on the intensity distribution of layers 

according to the depth-fused effect [9, 10], and yields the 

3D image relatively simply, using only the 2D image and 

depth map. A DF system using a polarization-distributed 

depth-map (PDDM), where each polarization state of the 

pixels is modulated depending on the depth information, 

was proposed; it was constructed using two layers of polari-

zation-dependent diffuser [11]. Research was performed to 

increase the 3D volume by using more than three diffuser 

layers; in this case, however, the reconstructed image was 

severely blurred due to the interference of layers [12, 13]. 

In this paper, we propose a DF method using a birefringent 

lens set, which has two different focal lengths according to 

the incident polarization states. Although studies using 

birefringence have been conducted previously [14-18], we 

formulate the conditions under which the FOVs of the 

near and far virtual images coincide simply as the optical 

matrix. When applied to an NED system, the eyepiece lens 

set made with birefringence can represent two image planes 

without diffuser layers. The PDDM can also be applied to 

the proposed system directly, without any modification. We 

introduce the design rule for the birefringent eyepiece to 

match the images of the far and near planes with the same 

FOV, which makes the two images in the different planes 

appear as a single, overlapped image located somewhere 

between the two layers. The assembled eyepiece consists 

of convex and concave birefringent lenses. This research 

presents the specifications and experimental results for the 

proposed DF-type 3D NED system.
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II. METHODS

The optical design of a NED can be classified into non- 

pupil-forming and pupil-forming types, depending on whether 

an intermediary image is formed. The non-pupil-forming 

system has some advantages, which are the fact that one is 

relatively free to set the pupil position, and a simple design 

with a small form factor. Thus the proposed design rule for 

the birefringent eyepiece is based on the non-pupil-forming 

type.

Figure 1 shows the scheme and design variables of the 

proposed optical system. The bifocal lenses have two 

different image planes, due to the effective focal length, 

which can be calculated using the lens specifications such 

as the radii of curvature and refractive indices, and system 

parameters such as the distances between the lenses. The 

bifocal lenses can be produced using a birefringent material, 

which has different refractive indices depending on the 

polarization state. Among the birefringent materials, calcite 

has the advantage of low chromatic aberration, because it 

has a relatively uniform refractive index for wavelengths 

in the visible-light region. Also, since the Abbe-number 

standard for spectacle lenses produced in South Korea is 

above 31 on average, it can be said that calcite (79.17 for 

extraordinary, 49.91 for ordinary) has fewer problems with 

chromatic aberration.

Table 1 shows the specifications of the bifocal lenses 

used in our proposed system, which are made of calcite. 

Using the specifications of the birefringent lenses in Table 

1, the ray-transfer matrix of the lens system in Fig. 1 can 

be calculated as follows:
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where n is the refractive index, which is either no or ne 

when the optical axes of the birefringent lenses are aligned 

the same, and DL is the distance between the lenses. The 

distance to the image plane DI indicates the locations of the 

virtual images that can be obtained using the ray-transfer 

matrix and the distance to the image source DS. DI depends 

on the refractive index and can be calculated by Eq. (2). 

In the proposed system DI has a negative value, because a 

virtual image must be presented. According to no and ne, 

as shown in Fig. 1, the farther value of DI is DIF, and the 

closer one is DIN.
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The diagonal length of the virtual image WI can be 

obtained using the diagonal length of the image source and 

the distance to the image plane, as in Eq. (3):

FIG. 1. The scheme of the proposed eyepiece using bifocal 

lenses. DL represents the vertex distance between the lenses, 

and DS represents the vertex distance from the first surface of 

the lens set to the image source. DE represents the eye relief, 

the vertex distance from the last surface of the lenses to the 

eye. WS is the diagonal length of the image source.

TABLE 1. Birefringent lens made of calcite

Lens shape BI-Concave Plano-Convex

Center thickness 

(mm)

t1 t2

3.0 12.5

Radius of curvature 

(mm)

R1 R2 R3 R4

-73.3 +73.3 Infinity -73.3

Refractive index

(~590 nm)

no ne no ne

1.6581 1.4860 1.6581 1.4860

Focal length (mm) -55.2 -74.9 +111.3 +150.8
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To realize the DF system, the images in the near and far 

image planes should be matched. The two images do not 

match at the eye position indicated by the dotted outline in 

Fig. 1. In other words, the FOVs of the two image planes 

must be the same, and θIF must equal θIN in Fig. 1. The 

condition for the same FOV is shown in Eq. (4), where 

θDF is half of the FOV of the DF condition:
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The position of the pupil for the DF condition, DE, can 

be calculated using Eq. (5), where DE should have a 

positive value to position the pupil outside of the eyepiece:
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The depth range, which is the space from the near 

image plane to the far image plane, and proper eye relief 

should be considered under the DF condition. Because all 

terms of the transfer matrix in Eq. (1) are functions of DL, 

FOVDF and DE are also functions of DS and DL. The other 

variables, such as the refractive indices and the radii of 

curvature, are fixed or hard to change once the bifocal 

lenses have been made. On the other hand, DS and DL can 

be easily changed and set as designed. Figure 2 shows the 

results of a simulation when constructing the birefringent 

lens set using the two calcite lenses of Table 1. The biref-

ringent lens set is combined with a retrofocus structure to 

have the advantage of eye relief, compared to EFL. The 

horizontal axis of each graph represents DL, and the vertical 

axis indicates Ds.

Figure 2(a) shows the FOVDF conditions represented by 

Eq. (4), when the birefringent lens set with WS of 35.9 

mm present virtual images depending on the DS values. 

Figure 2(b) shows the depth range of the images under the 

DF conditions. The depth range to design the experimental 

setup is set to 1875 mm, as indicated by the solid black 

line in the graph. Figure 2(c) show the values of DE, 

which is set to 90.5 mm (as shown by the solid black 

line) in the proposed system to sufficiently include the 

folding mirror for the AR system. The black dashed lines 

in (a), (b), and (c) show DE set to 90.5 mm and depth 

range set to 1875 mm respectively. At the intersection of 

the two conditional settings, the value of FOVDF is 4.6 

degrees, the value of DS is 166.3 mm, and the value of DL 

is 56.5 mm, which is the designed value for the proposed 

system. However, this method has limitations on the degrees 

of freedom for designing the hardware. For example, when 

the optical components and eye-relief value are specified, 

the FOV is determined according to the chosen depth 

range. In other words, through Fig. 2 it is possible to 

derive the optimum state for the form factor, depth range, 

and position of the image to be implemented within the 

desired system configuration.

III. RESULTS

Figure 3 shows the basic experimental setup and results 

for the DF condition, which is performed to confirm the 

FIG. 2. Paraxial-ray-simulation results for the proposed 

system: (a) shows the FOVDF conditions, (b) shows the depth 

range under the DF conditions, and (c) shows DE under the DF 

conditions.
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polarization characteristics of the birefringent lens set and 

its ability to provide a multifocal image in the proposed 

system. The setup of Fig. 3(a) shows the eyepiece using 

one birefringent convex lens. In this case, the focus and 

FOV of the eyepiece are changed by the incident polari-

zation state, as shown in the results of Fig. 3(b), which are 

double-phase images and not suitable for the DF system. 

In addition, when replacing with a lens having each EFL 

equivalent to the birefringent lens in Fig. 3(a), a flat image 

corresponding to 0 or 90 degrees in Fig. 3(b) is displayed 

depending on the EFL. On the other hand, the designed 

eyepiece using two birefringent lenses shown in Fig. 3(c) 

can change the focus without varying the FOV. Therefore, 

the results shown in Fig. 3(d) present single-phase images 

just defocused depending on the polarization, which verifies 

the DF effect of the proposed eyepiece design.

Figure 4 shows the setup of the proposed system. The 

value of DS is set to 166.3 mm and DL is set to 56.5 mm, 

so that DE and the depth range are 90.5 mm and 1875 

mm respectively, the same as in the simulation. The eye 

relief of the implemented system is 20.5 mm, because a 

beam splitter having a thickness of 70 mm is included to 

display the represented images compare to real objects. The 

dice are placed with equal diopter spacing of 0.4 D (2500 

mm), 1.0 D (1000 mm), and 1.6 D (625 mm), while the 

two image planes of the proposed eyepiece are located 0.4 

D and 1.6 D from the eye respectively.

Table 2 shows the specifications of the display panel 

used as the image source in the proposed system. When the 

values of DS and DL set to DF conditions are fixed, the 

FOVDF varies depending on WS, and the diagonal length of 

the display panel is the same as the simulation condition 

of 35.9 mm.

IV. DISCUSSION

The accommodation range of the human eye is influenced 

by several factors, such as depth of focus depending on 

pupil diameter, luminance, contrast, and spatial frequency 

[19]. In this experiment, the accommodation range of the 

camera is set below ±0.3 D to distinguish the two image 

planes clearly.

FIG. 3. Experiments for the DF condition: (a) and (b) 

respectively show the experimental setup and results using a 

single birefringent lens, while (c) and (d) show the experi-

mental setup and results using the proposed birefringent lens 

set. The degree measures in (b) and (d) are the rotation angle 

of the linear polarizer.

FIG. 4. The proposed DF-type 3D NED system: (a) schematic 

diagram of the experiment, (b) photograph of the experi-

mental setup.

TABLE 2. Display-panel specifications

Pitch

(µm)

Resolution (pixels)

Height × Width

Size

(mm)

Frame rate

(Hz)

20.5 1400 × 1050 28.70 × 21.52 60
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As shown in Fig. 5, the displayed image consists of 

multiple focal planes and is taken when the camera focuses 

on each die. Figure 5(a) is taken when the yellow die is in 

focus; only the letter U, at the same depth as the yellow 

die, appears clearly. In the case of the letter H, the part 

that occurs at 1.6 D is out of the accommodation range of 

the camera, and the other part that occurs at 0.4 D is 

clearly displayed, so it is combined and displayed as slightly 

blurred. Figure 5(b) is taken when the green die is in focus; 

all of the letters appear to be a little blurred, but when the 

accommodation range is expanded to above ±0.3 D, the 

letter H can be predicted to be expressed at an intermediate 

depth by the DF effect. Figure 5(c) is taken when the red 

die is in focus; only the letter K, at the same depth as the 

red die, appears clearly. In the case of the letter H, the 

part that occurs at 0.4 D is out of the accommodation 

range of the camera, and the other part that occurs at 1.6 

D is clearly displayed, so it is combined and displayed as 

slightly blurred.

V. CONCLUSION

The proposed system, a DF-type 3D NED, has advantages 

such as a simple structure; a high-quality, high-resolution 

image resulting from not using time or spatial multiplexing 

schemes; and data depth less than a third of that for RGB 

data. Besides, the depth cues for not only accommodation 

but also vergence are present, for natural 3D image recog-

nition. Therefore, the proposed system can be suitably 

applied for 3D AR/VR systems.
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