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Hybrid Diffractive-refractive 60° Field of View Eyepiece with
Three-layer Diffractive Optical Element
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Abstract .
display (HMD) with a three-layer diffractive optical element (DOE) is designed, and the design

A hybrid diffractive-refractive 60° field of view (FOV) eyepiece for head-mounted

performance is given. The diffraction efficiency of the three-layer diffractive optical element is
larger than 90% at each FOV and wavelength in designed band. so that the utilization rate of
energy and contrast ratio of image can be improved. The system has an 8 mm exit pupil and a 22

mm eye relief, and the feature of 8 g weight and 26. 8 system size guarantee the lightness and

compactness of the structure, which are well to be a eyepiece for HMD.

Key words:

Three-layer diffraction element

0 Introduction

Head-mounted display ( HMD) is a new
technology in modern display areas, which plays an
important role in augmented reality and virtual
reality. In the head-mounted displays, the users
receive images through the visual system in front
of them, which requires high image quality of the
optical system and includes such optical
performances as high resolution, wide field of
view, and large exit pupil diameter, and that

requires the structure of the HMD to be portable

Optical design; Eyepiece for head-mounted display; Hybrid diffractive/refractive;

and compact compared to traditional refractive
HMD,

Up to now, the introduction of diffractive
optical elements into the optical system has been a
significant means for overcoming weaknesses of
traditional refractive HMD. The combination of
diffraction and refraction contributes to lightening
the weight, and simplifying the structurel®*/. At
the same time, the aspheric coefficient of three-
layer diffractive element (DOE) can be used to
balance the higher-order aberrations. On the
contrast, the single-layer DOE only works well at
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the accurate designed wavelength and cannot be
applied to wide waveband imaging of the optical
system. The double-layer DOE can realize the high
efficiency of wide waveband, but it damages the
diffraction efficiency and the imaging quality of the
optical system at the large field of view (FOV)P,
The three-layer DOE replace the air (between the
two microstructures of the double-layer DOE) with
the material with different dispersions and
which make sure 90%
diffraction efficiency in wide waveband and large
FOV. The study of the three-layer DOE broadens

the application scope of the DOE in many optical

refraction efficiency,

systems.

This paper has designed a hybrid diffractive-
refractive 60° FOV eyepiece for head-mounted
display with the three-layer DOE which makes the
high quality of imaging within the wide waveband
and large FOV, and helps to the 3D application for

the purpose of entertainment and virtual reality.

1 Diffraction efficiency of three-layer
DOE
The structure of three-layer DOE is shown in

Fig. 1. It can be seen that the double-layer DOE is
filled with optical plastic , so that the more

Fig. 1 Structure of the three-layer DOE
parameters can be got to control the diffraction
efficiency. The phase retardation of the three-layer
DOE can be written as

or=H,[n,Q)—n, Q)]+ H,[n, () —

n Q) J=mA (D
where H is the height of the relief pattern, n(}) is
the refractive index of the element when the
wavelength is A. Generally, the diffraction order m
is taken as 1. Two equations will be obtained after
selecting three materials with different dispersion
and two wavelengths (A;, A,). The Eq. (2) and

Eq. (3) are the solutions of the equations.
H ={x[nQ)—n,QA) ] [n, (X)) —
n, QA1 AT, ) —n (A I, (X)) —
n, Q)] — [ (A) —n, (A Jn, (X)) —
n (/12)]} (2)
H,={x[n,QA)—n Q) 1= 2. [n, (X)) —
m AD /AL (A —n, A I, (X)) —
n () J— [, (A —m, () I, (X)) —
n,(A,) ]} 3)
The diffraction efficiency of the three-layer DOE is

expressed ast™
7O =sin ¢ {m—{H,[/n; Q) —n] (sin” —
nycos 0]+ H,[ /05 (X)) —ni Q) sin® § —
n () —ni (D)sin® 01} /A} 4

where @ is the incident angle of the three-layer
DOE. The Eq. (4) shows that the diffraction
efficiency of three-layer DOE is determined by

wavelength, height of relief pattern, refractive

index of the materials.
2 [Eyepiece design

2.1 Design specification

The eye imaging system connects to the HMD
eyepiece system directly, and eyepiece pupil is
required to match the user’s eye pupil. Therefore,
the eyepiece must be designed to take full account
of the visual mechanism and physiological feelings
of the user. To widen the FOV, the entrance pupil
of the eye should be placed at the exit pupil of
eyepiece. It means that the eyepiece for HDM
needs a large exit pupil diameter and eye relief.
According to the studying of many visual optical
systems for helmet display, the design
specifications are determined in Table 1.

Table 1 Design specification

Parameter Specification
Wavelength rang Visible
FOV/() 60
Exit pupil diameter/mm 8
Eye relief/mm 22
MTF —=0. 5(axis)
Display mode VGA
Distortion/ (%) <10
Lateral color aberration/pm <15

2.2 Procedure and results of design

For this design of eyepiece, the first layer of
the three-layer DOE is FCDI1, which has a low
and the
second layer is FD6, which has a high refractive

refractive index and high dispersion,

index and low dispersion, and the filler material is
optical plastic named Polystyr (PS), which has

low abbe number. Choose two wavelengths in
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designed waveband which covers visible spectrum
(from 0. 4 pm to 0. 7 um) to make the
corresponding diffraction efficiency attain 100%.
Using Eq. (2) and Eq. (3), the height of the relief
of the three-layer DOE are 19. 57 pm for H, and
11. 26 pm for H,. Fig. 2 illustrates that the
diffraction efficiency versus the wavelength and
FOV using Eq. (4). It shows that the diffraction
efficiency is larger than 90% at wavelength of
0.4 pm when the half FOV is less than 32°. As the
wavelength gets lager, the half FOV corresponded
to the diffraction efficiency of 90% become larger,
and the half FOV attains 56° at wavelength of
0.7 pm. Therefore, it absolutely satisfies the
imaging of the optical system which has the
requirement of large FOV and wide waveband.
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Fig. 2 Diffraction efficiency of MDOE in designed
band versus FOV
We selected one suitable refractive Erfle
before the

80 90

eyepiece as the initial structure

design'™. This eyepiece consists of one biconvex
lens and two cemented doublet lens. The features
of 60° FOV, 140 mm eye relief, 28 mm exit pupil
diameter, 88 g weight and 60 mm total length is
not appropriate for helmet eyepiece, apparently. In
order to simplify the structure, the three-layer
DOE described above is introduced in the system.
The final hybrid

refractive/diffractive optical system is shown in

designed structure of the

Fig. 3 and Table 2, which contains four refractive

L
A1
T

Total axial length:£87664mm

Fig. 3 Layout of the refractive/diffractive eyepiece

system

Table 2  Structural parameters of the refractive/diffractive

eyepiece system

Radius/ Thickness/ Semi-
Surface Glass )
mm mm Diameter/mm
STO Infinity 2. 600 3
2(standard) —8.698 3.100 [LAK33 6
3(standard) —7.657  0.066 6
4(standard) 48,217 2.132  LACL60 6
5(standard) —32.602 0.100 6
6(standard) 19. 859 3. 300 FCD1 8
7(binary2) Infinity 0.001  Polystyr 8
8(binary2) Infinity 3.000 FD6 8
9(standard) 16.861 12.578 8
IMA Infinity — 9.594

lenses and a three-layer DOE, and the effective
focal length of the new structure is 17 mm.

The weight of the eyepiece is only about 8 g,
and the maximum diameter and total size of the
lens are 16 mm and 26. 8 mm, respectively.
Apparently, the structure is compact and small in
comparison with Erfle eyepiece. The features of
60° FOV, 22 mm eye relief and 8 mm exit pupil
diameter provide a complete FOV for the user, so
that they would be hard to feel visual fatigue.
From those curves of the modulation transfer
function (MTF) plotted in Fig. 4, a 25 Ip/mm
spatial frequency is shown that the MTF value at
0° FOV is greater than 0. 58, greater than 0. 38 for
all FOV. This means that the lens can match the
VGA resolution for liquid crystal display (LCD)
which has a format of 480 X640 pixel. As shown in
Fig. 5, the

refractive/diffractive eyepiece system is less than

longitudinal aberration of the
0.43 mm, and it can be seen that the maximum
distortion of the systems is 4. 8%, the field
curvature is 0. 3D (Dioptre of human eye) in
Fig. 6. The lateral color curve shown in Fig. 7

illustrates that the maximum later color is less

than 10 pm.
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Fig.4 MTF of the refractive/diffractive eyepiece
system at each FOV
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Fig. 6 Field curvature and distortion of the designed system
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Fig. 7 Lateral color of the designed eyepiece system

Fig. 8 (a) and (b) show the characteristic
curves of the two binary diffraction surfaces. The
materials are FCD1 for the seventh surface, FD6
for the eighth surface, respectively. The maximum
line frequency is 48 Ip/mm, and the corresponding
width of the minimum period is 21 pm. The
diffraction efficiency of 95% can be obtained when
the number of etching levels is eight. In this way,
the minimum characteristic size of the diffractive
surface is 2. 6 pm, which can be manufactured and

assembled easily using the laser writing technology.

Binary 2 phase and line frequency vs.aperture
Surface number 7
(b) The diffraction surface of FCD6

Fig. 8 Characteristic curves of the binary diffraction surface

3 Conclusion

The light-small hybrid refractive/ diffractive
eyepiece for HMD is designed, which introduces a
three-layer DOE for the first time. This eyepiece
optical system has a 22 mm eye relief and 8mm exit
pupil with 60° FOV. The threelayer DOE
overcomes the difficulties of single-layer DOE and
double-layer DOE using in the optical system, and
improve the image contrast and the performance
significantly due to the diffraction efficiency of the
three-layer DOE is larger than 90% in wide
waveband and large FOV range. The materials of
three-layer DOE are FCD1 for first layer, FD6 for
second layer, PS for the filler layer. Moreover,
the weight of the eyepiece system is only 8 g, and
16mm. The MTF

performance can satisfy the requirement of display

the diameter of lens is

with VGA resolution. Besides, the lateral color
and distortion are 4. 8% and 10pum, respectively.
The properties of the helmet eyepiece system are
excellent,
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