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In this paper, we propose a holographic near-eye 3D display method based on large-size
computer-generated hologram (CGH). The reconstructed image with a large viewing angle
is obtained by using a time multiplexing and spatial tiling system. The large-size CGHs are
generated and they record the information of the 3D object from different angles. The
CGHs are reproduced at different moments. For a certain reconstructed moment, three
spatial light modulators (SLMs) spatially spliced into a linear structure are used to load a
single CGH. The diffraction boundary angle of the reconstructed light forming each image
point is equal to the maximum diffraction angle of the SLM, so the viewing angle of the
image generated by the CGH is enlarged. For different CGHs, the incident angle of
reconstructed light is changed. Through time multiplexing, the reconstructed images of the
CGHs are combined into a reconstructed image whose viewing angle is further enlarged.
Due to the large viewing angle of the reconstructed image, the proposed method has
unigue advantages in near-eye display. The feasibility of the proposed method is proved by
experimental results.

Keywords: holographic display, viewing angle, time multiplexing, spatial tiling, 3D display

INTRODUCTION

Holographic near-eye display technology is based on the user’s observation of the real world, and can
continuously provide virtual holographic image information for the user, to realize the function of
real-time interaction between the real and the virtual environment (Azuma, 1997; Chen and Chu,
2015; Lee et al,, 2019). It is widely used in many fields such as military, medical, education and
entertainment (Choi et al.,, 2021; Wang et al., 2021). Recently, due to the realistic effect of the
computer-generated holographic near-eye display, a series of researches on this technology have
been implemented. However, this technology has some problems hindering its further development.
Among them, the maximum diffraction angle of the reproduced light is only a few degrees (Senoh
etal,2011; Lietal, 2020; Liu et al., 2020; Wang et al., 2020). This is because the pixel size of currently
available spatial light modulators (SLMs) is on the micron level, which is an order of magnitude
larger than the light wavelength. Accordingly, the viewing angle of the holographic image is narrow
and not suited for binocular observation. Therefore, in order to increase the practicality of the
holographic display, some methods to improve this problem have been proposed. For example, the
viewing angle is expanded through time multiplexing to combine the high-order reconstructed
beams temporally (Mishina et al., 2002). In the equivalent-curved-SLM-array method, the viewing
angle can be increased to 13.5° by superimposing different linear phase factors on one phase SLM
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FIGURE 1 | Schematic diagram of the proposed method.

sequentially (Liu et al., 2013). In the resolution redistribution y
method, the horizontal resolution of the SLM is increased several )
times through a 4f imaging system (Takaki and Hayashi, 2008; Object y L

Takaki and Tanemoto, 2010; Takaki and Nakamura, 2011). The
multi-channel scanning method uses multiple projection systems
and a planar scanner to obtain a large size and large viewing angle
reconstruction (Takaki et al., 2015; Takaki and Nakaoka, 2016).
The convex parabolic mirror method obtains a reconstructed
image with a horizontal viewing angle of 180° (Sando et al., 2018).
The reconstructed system of the above methods is relatively
simple, and a single SLM is used to load the computer-
generated hologram (CGH). However, in order to expand the
viewing angle, they may put a higher demand on the refresh rate
of the SLM, or reduce other performance of the reconstructed
image. In addition, some methods of using multiple SLMs to
expand the viewing angle of the image are proposed. In the
curved-SLM-array method, some SLMs with a curved
arrangement structure are used to increase the numerical
aperture of the optical system, thereby expanding the viewing
angle (Hahn et al,, 2008; Yaras et al., 2011; Kozacki et al., 2012a;
Zeng et al., 2017). Through the analysis of the Wigner
distribution function, the viewing angle is increased using six
SLMs (Kozacki et al, 2012b). The viewing angle of the
reconstructed image can be increased to 12.8° by using a 4f
concave mirror system and two SLMs (Zeng et al, 2017).
These methods can obtain reconstructed images with large
viewing angles, but the optical systems are relatively complex.
Therefore, they are difficult to operate and high cost, which are
not conducive to practical applications.

In this paper, we propose a method to enlarge the viewing
angle of the holographic image. The information of different
angles of the object is recorded as CGHs. The size of each CGH is
increased. In the process of holographic reconstruction, three
SLMs arranged in a linear structure are used to load the CGHs.
After the spatial splicing effect of the SLMs and the time
multiplexing of the reconstructed images in different
directions, the viewer finally obtains a large viewing angle
holographic reconstructed image. The method is simple and

Ry

FIGURE 2 | Light distribution of the reconstructed image.

easy to operate, and can be applied to near-eye display
technology.

PRINCIPLE

The schematic diagram of the proposed method is shown in
Figure 1. The viewing angle of the reconstructed image is
enlarged based on the large-size CGHs. The CGHs record the
information of the 3D object from different angles. In the
holographic  reconstruction, three SLMs in a linear
configuration are used to load the CGHs. Moreover, it ensures
that the incident angle of the reproduced light varies with the
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FIGURE 3 | Generation of the CGHs at different angles of the proposed method. (A) Reference light (left). (B) Reference light (center). (C) Reference light (right).

CGH. Finally, the reconstructed image is obtained through time
multiplexing. Next, we will introduce the theory of the proposed
method in detail.

First of all, the information of three different angles of the
object is recorded as a large-size CGH. We assume that the origin
of the coordinate is at the center of the CGH. The size of the
recorded object is D. The distance between the object and the
CGH is L. The size of the SLM is H and its pixel size is p. For any
object point I(xy, L), its information is recorded as an
interferogram. The size of the interferogram in the traditional
method is equal to the size of the SLM. The CGH is generated by
superimposing all the interferograms. During reproduction, a
single SLM is used to load the CGH. The light distribution of the
reconstructed image can be seen in Figure 2. Based on the
property of the field of view (FOV), the FOV is the
overlapping area of the light distribution of the leftmost image
point A; and the rightmost image point A,, and the
corresponding angle is the viewing angle. The light with the
diffraction angle range of [-a, ¢] reconstructs the image point A,
and the light with the diffraction angle range of [-¢, «]
reconstructs the image point A,. According to the geometric
relationship, « and ¢ can be calculated as follows:

. arctan[(H/z —D/2>/L
o= arctan[(H/2+D/2>/L

where ¢ is the allowable maximum diffraction angle of the CGH.
If the wavelength of the reconstructed light is denoted as A, the
diffraction angle ¢ is expressed as follows:

@ =sin™' (A/2p).

’ 1)

’ 2)

3)

It can be seen from Figure 2 and Eqs 1, 2 that the diffraction
boundary angle forming any image point cannot reach ¢ at the
same time. Therefore, the viewing angle of the phenomenon is
relatively small, which satisfies Eq. 4:

[J’O:Za:(H—D)/L. 4)

The width of the FOV at the viewing distance R can be

calculated according to Eq. 5:

e

: y
Object,, i ¢
A ',/4’ Y {:12 r'y

FIGURE 4 | Light distribution of the reconstructed image by the
proposed method.

W = [H(R-L) —DR]/L. (5)

The three recording angles of the object are denoted as
left, center, and right angles in the proposed method. In the
process of CGHs generation with different angles, the
incident angle of the reference light will also change
accordingly, as shown in Figure 3. For the sake of simplicity,
we take the center recording angle as an example to introduce. The
size of the interferogram of any object point is increased. The
horizontal coordinates of the image points A; and A, are denoted
as x; and x; , respectively, which satisfy the following equations:

X) =%+ Ltan g = xo + H/2 + DJ/2, (6)
X, =%y — Ltang = xo — (H/2 + D/2). (7)

The size of the interferogram H; satisfies Eq. 8:
lexl—X2:H+D. (8)

Then, we add up all the interferograms to generate the CGH.
The size of the CGH Hcgy is calculated according to Eq. 9:
HCGH =H+2D. (9)

It can be seen from Eq. 9 that the size of the CGH is increased,
which is larger than that of a single SLM and less than the sum
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FIGURE 5 | Structure of the reconstructed system.

size of three SLMs. Therefore, a total of three large-size CGHs are
generated from three different recording angles, denoted as the
left CGH, the center CGH and the right CGH.

Next, the holographic reconstruction is implemented. In the
optical system, three SLMs are arranged in a linear configuration.
They are used to load the large-size CGHs. In order to accurately
load the CGH onto the SLM, the zero padding is performed on
both sides of each CGH. It ensures that the size of the CGH is
equal to that of the three SLMs. The CGHs are loaded sequentially
for reconstruction. Based on the principle of holographic
technology, the direction of reconstructed light is consistent
with that of reference light in the CGH. In Figure 4, the light
distribution of the reconstructed image is shown. The
generation and reproduction of the center CGH are shown
in the blue area. According to Eqs 6, 7 and the geometric
relationship in the reconstructed system, the angle range of the
diffraction light generated by any interferogram is [-¢, ¢].
Therefore, the light distribution size of each image point is
increased accordingly. At the viewing distance R, the viewing
angle and the FOV of the image are calculated according to Eqs
10, 11, respectively:

=29~ (H+D)[L, (10)

W= [R(D+H)—L(H+2D)]/L. (11)

Compared with Egs 4, 5, it shows that the viewing angle and
the FOV of the proposed method are obviously enlarged.

In order to ensure the continuity of the FOV of the
reconstructed image at different moments, the inclination
angles of the reconstructed light of the left CGH and the right
CGH are —2¢ and 2¢, respectively. In the process of generating
the left and right CGHs as shown in Figure 3, the inclination
angles of the reference light are also —2¢ and 2¢ respectively. In
Figure 4, the viewing zones generated by the CGHs reconstructed
at three different moments are denoted as T, T,, and T;. After
time multiplexing, the viewer can obtain a reconstructed image
with continuously distributed viewing angle, where the viewing
angle y satisfies:

Holographic Display

w:3ﬁ’:6(p:3(H+D)/L. (12)

Therefore, we expands the viewing angle of the reconstructed
image in one direction by generating the large-size CGH and
using the spatial multiplexing of three SLMs. In addition, through
time multiplexing, the reconstructed images in three directions
are combined into the image with continuous viewing angle, and
finally the viewing angle is further expanded to three times.

EXPERIMENTS AND RESULTS

The feasibility of the proposed method is proved by conducting a
series of experiments. The optical reconstructed system is shown
in Figure 5. The green laser is used as the reconstructed light, and
its wavelength is 532 nm. A collimating system consisting of the
laser, filter and lens generates the uniform plane wave. The
galvano mirror generates multiple reproduced lights with
different incident angles by changing the tilt angle of the
mirror. Beam splitter; divides the reconstructed light into two
beams. Among them, the reflected light illuminates SLM, as the
reconstructed light, and the transmitted light continues to
propagate forward through beam splitter, and is also divided
into two beams. They are used as the reconstructed light of SLM,
and SLM; respectively. The three diffracted beams modulated by
the SLMs are seamlessly spliced after passing through beam
splitter;. Finally, the reconstructed image is obtained on the
receiving screen. Three reflective phase-only SLMs provided by
Xi’an Institute of Optics and Precision Mechanics have the same
parameters. The resolution and size of the SLM are 1,920 x 1,080
and 6.4 um, respectively. The frame rate is 60 Hz. The phase
modulation range is [0, 27t]. In the horizontal direction, the size of
the object D and the active area size of the SLM H are 6 and
12.23 mm. Based on Eq. 3, the maximum diffraction angle of the
SLM is 2.4°. We record the object’s information into the CGH from
the left, center, and right angles respectively. The recorded distance
L is set to 220 mm. In order to achieve the continuity of the viewing
angle of the reconstructed image, the corresponding incident
angles of the reference light are —4.8°, 0° and 4.8°. In each
recording direction, according to Eqs 6, 9, the size of the
interferogram and the CGH are 18.23 and 24.23 mm, respectively.

First, we study the reconstructed image of the CGH in one
direction. Taking the reproduction of the right CGH as an
example, In order to load the CGH accurately, the zero
padding and division operations are carried out. In the first
step, we perform zero padding operation with the same
resolution on the left and right sides of the CGH to make its
size equal to the total size of three SLMs. In the second step, the
CGH is divided into three parts in the horizontal direction, and
the resolution of each part is 1,920 x 1,080. In the third step,
according to the arrangement sequence, the three parts of the
CGH are respectively loaded onto the SLM for reconstruction.
The galvano mirror in the reconstructed system is kept stationary,
ensuring that the inclination angle of the mirror is 2.4°, and the
incident angle of the reconstructed light is 4.8°. The reconstructed
images obtained from two different viewpoints can be seen in
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FIGURE 6 | Optical reconstructed images obtained from (A-B) the left and right viewpoint of the proposed method, respectively, (C-D) the left and right viewpoint
of the traditional method, respectively.
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FIGURE 7 | Light intensity distribution of the leftmost and rightmost image points of (A) the proposed method at R = 500 mm, (B) the traditional method at R =
500 mm, (C) the proposed method at R = 800 mm and (D) the traditional method at R = 800 mm.

Figures 6A,B, respectively. The viewing angle interval between  Figures 6C,D, respectively. The experimental results show that
the left and right viewpoints is about 3°. Moreover, in order to  the complete images with parallax can be obtained at different
conduct comparative analysis of the experiment, the traditional ~ viewpoints in the proposed method. However, in the traditional
method using a single SLM is implemented. The reconstructed ~ method, only a part of the reconstructed image is obtained from
images obtained from the left and right viewpoints are shown in  the right viewpoint. These results indicate that the viewing angle
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FIGURE 8 | Reconstructed images are obtained from (A) left —7° direction, (B) left —4° direction, (C) center O° direction, (D) right 4° direction and (E) right 7°

of the reconstructed image in one direction is expanded through
the generation of the large-size CGH and the spatial splicing of
the SLMs.

Furthermore, we implement simulation experiments with
MATLAB software to record the light distribution of the
image points, so as to analyze the FOV of the reconstructed
image in one direction, as shown in Figure 7. The light
distribution of the leftmost and rightmost image points are
represented by the blue and red lines, respectively. In the
proposed method, the width of the FOV is 17.2mm at the
viewing distance of R = 500 mm(Figure 7A). The width of the
FOV is 1.9mm in the traditional method (Figure 7B). In
contrast, the FOV of the proposed method is enlarged by 8
times. At the viewing distance R= 800 mm, the light
distribution are shown in Figure 7C and Figure 7D. Using
the proposed method, the width of the FOV is increased by 3
times. The experimental results verify the theoretical values
within the allowable error range (Eqs 5, 11). It proves that the
proposed method significantly expands the FOV, and as the
viewing distance increases, the increase rate of the FOV
slows down.

Then, the left, center and right CGHs are reconstructed in time
sequence. The incident angle of the reconstructed light is changed
by the reflection of the galvano mirror. In the experiment, when
the tilt angle of the galvano mirror is set to —2.4°, 0" and 2.4° at
different moments, three reconstructed lights with different
incident angles are generated correspondingly, which are —4.8",
0° and 4.8", respectively. The changing frequency of the CGH and
the galvano mirror is kept synchronized to ensure that the
incident angle of the reconstructed light is the same as the

angle of the reference light in the CGH. The images in the
left, middle and right directions are reconstructed at different
moments. Within the persistence effect of the human eye, the
reconstructed image with a continuous viewing angle is obtained.
Viewed from different angles, the reconstructed images can be
seen in Figure 8. The complete images from the directions of —7°,
—-4°, 0°, 4°, and 7° are obtained. Therefore, through time
multiplexing of the images in different directions, the
reconstructed image with a continuous viewing angle of about
14° is obtained. Compared with the reproduced image in one
direction, the viewing angle has been enlarged three times.

The proposed method obtains the reconstructed image with a
large viewing angle through a simple optical system, so it can be
applied to near-eye display technology. The following
experiment is implemented for verification. In the
holographic near-eye display system, a beam splitter is used
to replace the receiving screen. The reconstructed image is
reflected when it passes through the beam splitter. In
addition, a little toy is placed aside as a real reference. The
distance between the toy and the beam splitter is 500 mm. The
beam splitter realizes the fusion of the real object and
holographic image. The reconstructed images captured by the
camera from different angles are shown in Figure 9. In the left
direction (Figure 9A), the left surface of the toy and the
reconstructed image has a larger size. In the center viewpoint
(Figure 9B), the left and right surfaces have a similar size. In the
right viewpoint (Figure 9C), the right surface becomes has a
larger size. These results indicate the holographic near-eye
display realize a good reproduction effect due to the viewing
angle enlargement by using the proposed method.

A

FIGURE 9 | Reconstructed images in the holographic near-eye display obtained from (A) left —7° direction, (B) center O° direction and (C) right 7° direction.
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The above experiments confirm that the advantages of the
proposed method are outstanding. Based on the generation of
the large-size CGHs, combined with the use of time
multiplexing and spatial tiling system, the viewing angle of
the reconstructed image in the holographic near-eye display
has been significantly increased. The optical system of the
proposed method is simple and easy to operate, so it has
practical application value. However, the proposed method
still has some unsolved issues. For example, there is speckle
noise caused by laser coherence in the reconstructed image. The
denoising algorithms will be studied to improve the image
quality without increasing the system’s complexity. In
addition, the proposed method only generates reconstructed
images with monochrome information. We will use time
multiplexing method to obtain the color image. In addition,
we record the information of the object in three different
directions. The viewing angle of the reconstructed image is
increased to about 14°, which is not enough for the free viewing
of multiple people. In the proposed method, the viewing angle
increases as the number of CGHs increases. So, in the following
work, we can increase the recording direction of the object to
ensure that the number of generated CGHs is less than the refresh
frequency of the SLM. During the reproduction process, within the
persistence effect of human eyes, the reconstructed images of
different CGHs are combined into one image, and the viewing
angle of the image is further increased.

CONCLUSION

In this paper, we propose a holographic near-eye display method
in which the viewing angle is enlarged. The viewing angle of the
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