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A new optical system for an augmented reality (AR) display is proposed in this paper. The optical system mainly
includes a ray deflector, coupling input grating, optical waveguide, and coupling output grating. Both the ray deflector and
the coupling input grating are designed based on the diffraction characteristics of the polarization grating, and the coupling
output grating is the Bragg reflection grating. Compared with other AR schemes, this AR optical system not only reduces
the number of projections from two to one, but also improves the efficiency of light coupling into the optical waveguides.
The energy loss is reduced by utilizing the single-order diffraction characteristics of the polarization grating in its coupling
input structure. The light deflector uses the polarization selectivity of the polarization grating and the characteristics of the
rotating light of the twisted nematic liquid crystal layer to realize beam deflection. The working principle of the optical

system is experimentally and theoretically demonstrated.

Keywords: augmented reality, polarization grating, azo liquid crystal

PACS: 42.40.Eq, 42.40.Ht, 42.40.My

1. Introduction

Augmented reality (AR) technology, as a current research
hot spot, has attracted many researchers’ attention.!!>! It uses
a specially designed optical system to project the calculated
image to the human eye so that the observer can see the vir-
tual image generated by the computer while observing real
things, thus enhancing the human visual experience. By con-
necting the real world with the virtual world, AR technology
has a lot of remarkable application prospects in many fields,
such as medical treatment, communication, maintenance, and
entertainment. %] At present, this technology generally ex-
ists in the form of a wearable helmet or smart glasses.!®’]
Scientists have come up with many hardware solutions and
designed various optical systems to bring this technology

e.[10-15] Thege include reflection prisms, free-form

into practic
surfaces, holographic grating waveguides,!'®! pointing light
sources,!!7! optical field technology, and so on.!'®1°1 For ex-
ample, a color transparent screen using planar glass combined
with a lens array holographic optical element was proposed
Liu er al.®" for a two-dimensional image transparent display.
An optical see-through head-mounted display with free-form
surface elements, with a diagonal field of view of 50°, was
proposed by Wang et al.’!'! Gao et al.!*?! proposed and de-
veloped a true see-through three-dimensional head mount dis-
play system based on the wave-front modulation with a holo-
graphic grating filter. Kim et al.!*3! developed a multi-focus
three-dimensional display that gives full parallax monocular
depth cues, and omni-directional focus was developed with
the least parallax images. The key factor of this display sys-
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tem is a slanted array of the light-emitting diode light source.
These schemes have many common bottlenecks to overcome,
such as a small viewing angle, low brightness of the image
in the field of vision, non-zoom of the image, and too short
of a standby time. To improve the coupling efficiency, Lee
et al. developed a compact and lightweight optical system
for AR displays with depth information using Pancharatnam—
Berry optical elements as a deflector or as a lens.**! In order
to solve the contradiction between low brightness and short
standby time caused by the low optical coupling efficiency
of the AR optical system, we proposed an AR optical sys-
tem based on a polarization grating. The system can greatly
improve the coupling efficiency of light entering the optical
waveguide. At the same time, the number of micro projec-
tions can be reduced from two to one by using the time divi-
sion multiplexing principle, which can significantly reduce the
energy consumption in the use of see-through glasses. The re-
search on polarization gratings has a history of 30 or 40 years.
Due to the photoisomerization of azo materials, polarization
gratings mainly use azo materials as substrates. Many stud-
ies about their various physical and chemical properties have
been carried out.[>>-3!1 Polarization gratings have been widely
used in optical logic calculations, optical switches, and opti-
cal information storage.>>-3¢! These applications are basically
attributed to their diffraction characteristics. In this paper, an
optical system based on the polarization grating was proposed.
The working principle of the optical system was experimen-
tally and theoretically demonstrated. The polarization grating
was recorded and its diffraction mode was studied. In order
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to ensure the feasibility of this optical system in practice, the
relationship between the incident angle and the diffraction an-
gle, and that between the incident angle and the diffraction
efficiency, were also investigated.

2. Principle of the optical system

The polarization grating is recorded by orthogonal polar-
ization interference, and is generally divided into the orthogo-
nal linear polarization grating and the orthogonal circular po-
larization grating. The polarization grating used in this paper
is an orthogonal circular polarization grating, which records
the interference light field of left and right circular polariza-
tions. The grating will have different diffraction modes ac-
cording to the polarization of the incident light. The schematic
diagram of its diffraction principle is shown in Fig. 1.

It can be seen that there are three kinds of diffraction
modes according to the polarization state of the incident light.
When the incident light is S-linearly or P-linearly polarized,
there are diffractions of the —1 order and +1 order, as shown
in Figs. 1(a) and 1(b). When the incident light is left-handed
circularly polarized, there is only the diffraction of the —1 or-
der, as shown in Fig. 1(c). Furthermore, in Fig. 1(d), when the
incident light is right-handed circularly polarized, there is only
the diffraction of the +1 order. If the thickness of the grating
film L, its optical anisotropy An and the wavelength A of the

incident light meet the half-wave condition LAn = 4 /2, and
the diffraction efficiency can reach 100% in theory.

(a) O (b) @)
! -

(c) (d)
O

O O

O

Fig. 1. Diagram of diffraction characteristics of the orthogonal circular
polarization grating. The incident light is (a) S-linearly polarized, (b)
P-linearly polarized, (c) left-handed circularly polarized, and (d) right-
handed circularly polarized.

Based on the diffraction characteristics of polarization
gratings and the characteristics of the rotating light of the
twisted nematic liquid crystals, a new AR optical system is
proposed. The schematic diagram of the optical system struc-
ture is shown in Fig. 2.

PG2
PG3
SiOq
SiOq
Si
PG4
PC1 ‘ output light
achromatic quarter SiO
——_ wave plate -—— :
AW liquid crystal cell NI

incident light

Fig. 2. Schematic diagram of the optical system structure. PG1, PG2, PG3, and PG4 represent four polarization gratings with different

grating periods and film thicknesses.

The AR optical system is based on the principle of time
division multiplexing, and therefore only one microprojection
is needed. We assume that the projected light from the micro-
projection is S-linearly polarized, and it will first pass through
the twisted nematic liquid crystal cell of the system. The up-
per and lower sides of the liquid crystal cell are covered with
transparent electrode layers, which can form a vertical electric
field in the liquid crystal cell by adding a voltage. When no
voltage is applied to the transparent electrode layers, there is

no electric field in the cell. When light passes through the cell,

its linear polarization will be rotated by 90°, that is, it changes
from S-linear polarization to P-linear polarization. The P-
linearly polarized light passes through an achromatic quarter-
wave plate and turns into a left-handed circularly polarized
light. The left-handed circularly polarized light incident on
the polarization grating (PG1) produces the —1 order diffrac-
tion. Because the diffraction angle of the polarization grating
is related to the wavelength, the white light will be diffracted
into three beams of red, green, and blue. Since the beams have

different diffraction angles, they incident on the correspond-
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ing polarization gratings (PG4, PG3, PG2) of different optical
waveguides. Each beam of light enters its own optical waveg-
uide diffracted by the corresponding polarization grating. The
three beams of light propagate forward in the optical waveg-
uides by total reflection. Finally, they are emitted from the
optical waveguides through the corresponding coupled output
gratings, and then projected to the left eye of the person. If
voltage is applied to the transparent electrode layer, there is a
vertical electric field in the cell, and the long axis of the liquid
crystal molecules in the cell will be arranged parallel to the
electric field. At this time, the characteristics of the rotating
light of the twisted nematic liquid crystals will be lost, and
the linear polarization of light will not be changed when light
passes through it, that is, the S-linearly polarized light will still
be S-linearly polarized after it passes through the liquid crys-
tal cell. Then the S-linearly polarized light passes through the
achromatic quarter-wave plate and turns into right-handed cir-
cularly polarized light. The right-handed circularly polarized
light incident on the polarization grating PG1 produces the +1
order diffraction. Similarly, because the diffraction angle of
the polarization grating is related to the wavelength, the white
light incident on the polarization grating will be divided into
three beams of red, green, and blue. Light travels in the same
way as described above, and finally enters the right eye.

When the voltage is not applied to the transparent elec-
trode layer, the image of the left view of the object should be
loaded into the projector. When the voltage is applied to the
transparent electrode layer, the image of the right view of the
object should be loaded into the projector. By controlling the
voltage switch of the twisted nematic liquid crystals cell, the
direction of image output can be controlled to realize three-
dimensional display.

3. Experiments and theory
3.1. Polarization grating recording and study

In order to verify the working principle of the optical sys-
tem, the polarization grating was written. We chose an azo
polymer liquid crystal film as the substrate of our grating, and
the thickness of the film was about 20 um. It had good stability
and could keep the recorded grating for a long time. A polar-
ization grating actually records the interference light field of
the polarized light. In order to facilitate the subsequent grating
writing, first, the relationship between the photoinduced bire-
fringence of the azo liquid crystal and the time of the pumping
light was investigated, as shown in Fig. 3.

From Fig. 3, we can see that when the pump light is turned
on, the photoinduced birefringence of the azo liquid crystal
increases rapidly. It reaches the maximum value and remains
stable after a few minutes. When the pump light is turned
off, the birefringence decreases slightly and tends to stabilize
immediately. From the data, it can be seen that the azo liquid

crystal polymer has obvious photoinduced birefringence and is
suitable for recording gratings. The experimental optical paths
of recording the grating and detecting the diffraction light of
the grating are shown in Fig. 4.
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Fig. 3. Photoinduced birefringence curve of azo liquid crystals. The
power of the pump light is 30 mW.
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Fig. 4. The experimental optical paths of (a) recording the grating and
(b) detecting the diffraction light of the grating. BS is a spectroscopic
prism; My, M», and M3 are reflective mirrors; QWP is a quarter-wave
plate; HWP is a half-wave plate; and ALCP is the azo liquid crystal
polymer film.

A 532 nm laser is used as the recording light. Firstly, the
532 nm laser is divided into two beams by using a spectro-
scopic prism. At this time, both beams have S-linear polar-
ization. Then, one of the beams passes through a half-wave
plate and becomes P-linearly polarized. Then, both beams
pass through a quarter-wave plate; the S-linearly polarized
light turns into right-handed circularly polarized light, and the
P-linearly polarized light turns into left-handed circularly po-
larized light. Finally, two orthogonal circularly polarized light
beams interfere on the azo liquid crystal film. The interference
light field is recorded, and the orthogonal circular polarization
grating is obtained.

In order to verify the function of the polarization grating
as a beam deflector, a polarization state measure instrument
was used to detect the polarization states of the detection light
and diffraction light. The results are shown in Fig. 5.
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®),

Fig. 5. (a) Diffraction patterns of polarization grating. (b) Polarization patterns of detection and diffraction light.

A 632.8 nm laser was used as as the detection light. From
Fig. 5, we can see that when the detection light is P-linearly
polarized, there are diffractions of —1 and +1 orders; more-
over, the diffraction light of the —1 order is right-handed cir-
cularly polarized while the diffraction light of the +1 order is
left-handed circularly polarized. When the detection light is
S-linearly polarized, the diffraction mode is the same as that
of the P-linearly polarized case. When the detection light is
left-handed circularly polarized, the energy of the diffraction
light is concentrated at the —1 order, and the —1 order diffrac-
tion light is left-handed circularly polarized. When the detec-
tion light is right-handed circularly polarized, the energy of
the diffraction light concentrates at the order of +1, and the
+1 diffraction light is left-handed circularly polarized. In the
figure, it can be seen that when the detection lights of differ-
ent polarizations incidents on the polarization grating, there is
always a zeroth-order diffraction light. This is mainly because
the thickness of the film does not exactly meet the half-wave
condition of the wavelength. If this condition is satisfied, the
zeroth-order diffraction light will disappear and the diffraction
efficiency of the —1 or +1 order will reach 100% theoretically.

3.2. Coupling input structure of optical waveguide

The optical waveguide used in this design is a silicon-
based optical wave. The structure of the system coupling input
terminal is shown in Fig. 6.

In Fig. 6, the light incidents from the air layer of refractive
index ng = 1, and is then diffracted by the azo liquid crystal
polymer layer (refractive index ny = 1.7). The diffraction light
refracts into the SiO; layer, whose refractive index is n, = 1.5.
Finally, the light incidents on the interface of the SiO; and Si
layers and refracts into the Si layer (refractive index n3 = 3.5).
To ensure total reflection of light in the silicon layer, the criti-

cal value of the angle 6 is
6 = arcsin (ny /n3) . (D

Therefore, the diffraction angle & of light passing through the
polarization grating needs to satisfy

o > arcsin (np sin (/2 — @) /ny), 2)

where
¢ = arcsin (n3sin (/2 — 0) /ny). 3)

Because the designed optical system needs to consider the dif-
ferent diffraction angles of light with different wavelengths in-
cident on the polarization gratings, we studied the relationship
between the diffraction angle and the incident angle. The ex-
perimental results are shown in Fig. 7.

Si02 :
P
SiO, :;' Si
0
ALCPA Si0;

Fig. 6. Diagram of the coupling input structure of optical waveguide.

In Fig. 7, the red, green, and blue curves represent three
incident lights of different wavelengths. It can be seen that
the diffraction angle is linearly dependent on the incident an-
gle. At the same incident angle, the diffraction angle of the
red light with the longest wavelength is about 10° larger than
that of the blue light with the shortest wavelength. The rela-
tionship between the diffraction angle and the wavelength can
be expressed as

Asin O = mAq. )
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For a certain grating, the grating period A is fixed. We only
study the —1 and +1 order diffractions of the polarization grat-
ing, and therefore m = £1. The grating period can be changed
by changing the angle between the two recording beams, and
finally the diffraction angle is changed. The relationship be-
tween the grating period and the angle between the two record-
ing beams can be expressed as

A =Ay/2sinf, o)

where A, is the wavelength of the recording light and 3 is the
angle between the two recording beams. Taking the 632.8 nm
red light as an example, the relationship between the diffrac-
tion efficiency and the incident angle is studied in Fig. 8.

60 T T T T T T T T T
o 40t .
~
9
o 20F E
=]
<
50 -
2
Q
s —20f §
= —— 447 nm
A 532 nm
R —40r —+632.8 nm]
—00=T T 0 20 40

Incident angle/(°)

Fig. 7. Relationship between the incident angle and the diffraction angle.

Figure 8 shows a normalized curve of the diffraction ef-
ficiency of red light. When the incident angle is about —6°,
the diffraction efficiency reaches the maximum. This is proba-
bly due to the recording optical path. When the incident angle
changes from —6° to 3°, the diffraction efficiency decreases to
80% of the maximum value. Therefore, in practical applica-
tion, the light should be incident at a small angle. When the
incident angle changes from —6° to 15°, the diffraction effi-
ciency decreases to 50% of the maximum value, and therefore
the effective field of view of this system is about 30° in theory.

1.0 —e— 632.8 nm

0.8F

0.4

Diffraction efficiency

0.2 -

-30 —-20 —-10 O 10 20 30
Incident angle/(°)

Fig. 8. Relationship between the incident angle and the diffraction effi-
ciency.

4. Conclusion

A new optical system based on a polarization grating for
AR display is proposed in this paper. The system utilizes the
polarization selectivity of the polarization grating, and only
one microprojector is needed to show different images to peo-
ple’s left and right eyes. At the same time, three polariza-
tion gratings are used at the coupling input structure of the
optical waveguide. The efficiency of light coupling into the
optical waveguide can be significantly improved by utilizing
the single-order diffraction characteristics of the polarization
grating. The thickness of the grating should meet the half-
wave condition of the corresponding wavelength to realize
high diffraction efficiency. In order to satisfy the total reflec-
tion condition 6 = arcsin (nz/n3), the diffraction angle of the
polarization grating also needs to satisfy certain conditions:

o > arcsin (ny sin(n/2 — @) /ny),

where @ = arcsin (n3sin (/2 —0)/ny).

The polarization grating was recorded and its diffraction
mode was studied. The relationship between the incident an-
gle and the diffraction angle, and that between the incident
angle and the diffraction efficiency, were also investigated to
ensure the feasibility of this optical system in practice.
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