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Abstract: In the point-based method, the aliasing phenomenon in the hologram plane is
usually considered as a harmful phenomenon because it will degrade the reconstructed
image quality. In this paper, the advantage of the aliasing phenomenon is employed to
improve the reconstructed image quality of the phase-only hologram. Through analysis of
the principle of this phenomenon, we proposed a method to improve the reconstructed
image quality of the phase-only hologram. By controlling the strength of the aliasing, the
amplitude distribution in the hologram plane can be turned into a nearly uniform distribution.
It is helpful to generate an optimized phase-only hologram, which results in higher quality
of the reconstructed image because the effect of lost information caused by abandon the
amplitude part can be diminished. Moreover, a holographic see-through display system is
designed to demonstrate the effectiveness of the proposed method.

Index Terms: Computer holography, holographic display, augmented reality.

1. Introduction

Augmented reality (AR) technology can mix visual signal into real-world scenes, which allow the
user to see both real scenes and visual signals at the same time. This new technology gives us
a chance to observing the world from a different perspective and can be applied in various fields,
such as navigation, medicine, entertainment, and national defense [1]-[3]. Among the existing AR
systems, the see-through head-mounted display plays an essential role. However, in the traditional
see-through head-mounted display, one of the issues is the accommodation-vergence conflict
problem, which will cause some side effects to the viewer (eye fatigue, eye irritation, headache, etc)
[4]-[8]. Holography is regarded as a promise technology for 3D display, which is able to provide all
the information observers need, therefore, it’s pretty suited for AR display system [9]-[12].
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In holography display, one of the major problems of the holography for dynamic 3D display is the
calculation speed of computer-generated holograms (CGHs), many methods have been proposed
to solve the problem [13], [14]. The look-up table (LUT) method [15]-[19] considers that the point
light source consists of the object, and all of the point fringe patterns are pre-calculated. Since
the hologram can be calculated by adding together all the fringe patterns, the calculation speed
can be dramatically improved. Another problem of holography display is the degradation of the
reconstructed image quality because of the phase or amplitude information is lost. By adding
an initial random phase to the object, the phase-only hologram can preserve most amplitude
information of the object [20]. Nevertheless, the speckle noise is appeared in the reconstructed
image due to the interference among points, which reduces the image quality. Therefore, many
methods have been proposed to improve the image quality in phase-only hologram reconstruction,
such as the iterative CGH algorithm [21], [22], time-integrating method [23], [24], multi-random
phase method [25], error diffusion method [26], [27] and down-sampling method [28]. However,
there are still some problems, which include a long calculation time and the need for a spatial light
modulator (SLM) with a high frame rate. The limitations of those methods will influence its application
for the dynamic and high-quality AR display. The aliasing phenomenon is considered as another
factor which can degrade the image quality [29]. In the point-based model, the aliasing phenomenon
usually appears in the hologram plane and degrades the reconstructed image quality, which will
cause the overlapped phenomenon when in defocus reconstruction [30]-[32]. However, further
analysis of it has not yet be explained explicitly. The aliasing phenomenon usually is considered as
harmful to the holographic display, while this phenomenon will not consume additional calculation
time. Whether it is possible that the aliasing could be used to improve the holographic display quality
is worth discussing.

In this paper, we analyze the reason of the aliasing phenomenon in the point-based model and
propose a novel and simple method to improve the reconstructed image quality in phase-only holo-
gram by taking the advantage of this phenomenon. Through change the sampling interval of the
object, we can control the strength of the aliasing in the hologram plane. With the proposed method,
the diffraction field in the hologram plane will be overlapped, and the amplitude distribution of it will
become a nearly uniform distribution, which diminishes the effect of lost amplitude information. Ad-
ditionally, the overlapped phenomenon in reconstructed image can be replaced by the defocus blur
phenomenon, and the larger sampling interval will suppress the speckle noise in the reconstructed
image. Therefore, the reconstructed image quality can be improved with the proposed method.
Moreover, we designed a holographic see-through display system to demonstrate the effectiveness
of the proposed method in high-quality AR display.

2. Point-Based Model

In the point-based method, a 3D object can be considered as a collection of self-luminous points of
light, each point has a wavefront in the hologram plane. Assume the object point and the hologram
plane position are at (x;, y;, z)) and z= 0, respectively. And each point is assumed to have an
associated amplitude and phase of a;, ¢;. Then, the complex amplitude U(x, y) in the hologram
plane can be obtained by superposing all of the wavefronts, as expressed by Eq. (1):

Na .
Ux.y) = 3 ECe )T expLilkri + )] (1)

i=1

where k = 27/ is the wave number, A is the wavelength of light and N4 represents the number
of all points of the 3D object. E(x, y) is an envelope function which is used to limit the region of
contribution for a point light source. This function will limit the spatial frequency of the hologram
fringe pattern to avoid the aliasing in the reconstructed image, in other words, this function will limit
the divergence angle of the point light source [15]. r; represents the distance between the object
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point and the points (x, y, 0) on the hologram plane, which is given by:

=0 — 02 + (i — y)2 + 2. (2)

In Eq. (1), the computation complexity is high and the calculation is time-consuming. The LUT
method can accelerate the calculation time by pre-calculated the fringe patterns and stored in
memory, the expression of the fringe patterns is given as follow:

exp [j(kri + ¢i)]
I ’

Pi(xi.yi, zi) = 3)
The wavefront U(x, y) in the hologram plane can be obtained by add together all the fringe patterns
and the phase-only hologram can be generated by removing the amplitude part of the wavefront
U(x, y). However, because of the amplitude distribution in the hologram is not uniformity, directly
remove the amplitude part will lose the most information of the object. When the object is larger than
the hologram plane, the larger part cannot recover from the hologram [33]. Adding random phase
to the input image can solve the problems, but the method will cause the speckle noise problem
in the reconstruction cause of the interference among points [34], [35]. In the following part, those
problems should be solved by the proposed method.

3. Proposed Method Based on Aliasing Reuse
3.1 Principle

Except for the aliasing in the reconstructed image, there has another aliasing phenomenon which
appears in the hologram plane. The proposed method takes advantage of the aliasing phenomenon
to enhance the reconstructed image quality, and the principle of the proposed method is shown in
Fig. 1. The resolution and sampling interval of the input object are My x No and pyo, pyo, respec-
tively. And the resolution and sampling interval of the enlarged object are M1 x Ny and py1, py1,
respectively. Firstly, we enlarge the sampling interval of the object to obtain larger physical size, the
relations between the input object and the enlarged object are given by:

My = Mo, N1 = No,
Px1 =8-Pxo.Py1 =1-Pyo. (4)

where the s, t represent the scaling factors in x, y dimensions, respectively, and s = t. Secondly,
the diffraction field in the hologram plane is calculated by using the point-based method. Thirdly,
the phase-only hologram can be obtained by extract the phase component of the diffraction field.
Here, this is not the only way to generate the phase-only hologram, we can also combine with other
encoding methods such as double-phase method [36] to obtain the phase-only hologram. After
the first two operations, the diffraction field of the object in the hologram plane will be duplicated
in two-dimension and overlapped, which is also a kind of aliasing phenomenon. Fig. 2 shows the
overlapped and duplicated diffraction field of the object in the hologram plane. In the previous
studies [29]-[32], this phenomenon is considered as aliasing problem and will degrade the image
quality. However, we also can take advantage of this phenomenon because it can be used to
smooth the amplitude distribution in the hologram plane. In other words, this phenomenon will
reduce the effect of lost amplitude information. In order to enhance the reconstructed image quality
from the phase-only hologram, we need to control the number of the overlapped diffraction field
in the hologram plane. There are three reasons to increase the number of it: (1) the overlapped
diffraction field will turn the amplitude distribution into a nearly uniform distribution to decrease
the effect of lost amplitude information in phase-only hologram, (2) the increased diffraction field
in the hologram plane means the more information of the object can be recorded in hologram,
(3) the overlapped diffraction field in the hologram plane will enhance the human visual quality
of defocusing the reconstructed image since the blurring phenomenon replaced the overlapped
phenomenon (detailed explain in Figs. 5(e) and 5(f)).
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Fig. 1. The scheme of the proposed method.

Fig. 2. Diffraction field in hologram plane with interval enlargement operation.

The number of the diffraction field is related to the wavelength, diffraction distance, and the object
sampling interval. This phenomenon can be explained clearly by the principle of interference and
the grating equation. We consider an object is composed of only two points, and these two points
are at z = dq plane with interval Axy = pyq, Ay; = 0in x, y dimension, respectively. The interference
fringe interval € in the hologram plane which is determined by:

€= d1A/Px1. (5)
Although the object is composed of many points, the interval of the diffraction field in the hologram
plane still can be approximately obtained by Eq. (4). According to Eq. (4), the intervals between two

diffraction field in Fig. 2 are given by:

€Ex = d1)\/AX1,
€ = d1)\/Ay1. (6)

The number of the diffraction field in hologram plane can be increased by enlarging the object sam-
pling interval, and the numbers of the diffraction field in the x, y dimensional can be approximately
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obtained by:
Nox =M - Ax/ey,
N =N - Ay/ey, (7)

where M, N and Ax, Ay represent the resolution and the sampling interval of the hologram in
horizontal and vertical directions, respectively. As the sampling interval is increased, the interval
of the overlapped diffraction field in the hologram plane will be reduced according to Eq. (6). It
results in the aliasing phenomenon appearing in the hologram plane, and occurring conditions of
the aliasing are determined by:

M- Ax+ My - Axq

2 9
N-Ay+Nq- Ayy
. 8

. ®

When the number of overlapped diffraction field in the hologram plane increased, the amplitude
distribution can be smooth. However, the overlapped diffraction field will cause the structural noise
contained in the phase-only hologram. An initial random phase should be added to the input image
to smooth the diffraction field furthermore and to eliminate the noise. And in order to avoid strong
interference among points, we need to consider the relationship between Airy disk diameter d, and
the sampling interval Axy, the relation is given as follows:

1.22)
d, = 2dqtan < ) ,

€x <

€y <

AXx-M
AXq > da. (9)

The sampling interval of the object Axy should larger than d, to avoid the strong speckle noise.
Except for the Eq. (9) limit the Ax;, the sampling interval Ax4 also limited by the spatial bandwidth
product of the SLM and the resolving power of the human eye, these relations are given by:

Ax1-M1 < dytan[sin™" (1/AX)], (10)
1.220
AXq < do . (11)
De

where D, represent the pupil diameter and d, is the observer distance. In summary, the sampling
interval of the object is limited by three reasons: (1) the diameter of the Airy disk, (2) the spatial
bandwidth product of the SLM, (3) the resolving power of the human eye. By simultaneously solving
the Egs. (9), (10) and (11), we can obtain the limitations of M 1, which are expressed as:

d1D etan[sin='(1/Ax)] M tan[sin=—"(x/ AX)]
1.22d,1 = 2tan(1.221/(Ax - M)

The Egs. (9), (11) and (12) indicate a way to choose the suitable parameters of the object to obtain
an acceptable image quality in phase-only hologram reconstruction.

(12)

3.2 Holographic See-Through Display System

The designed holographic see-through display system is shown in Fig. 3. The input light source
firstly passes through a collimating and beam expanding system. After the modulation of SLM,
we set a barrier to filter the other-order light and only pass through the needed information. An
ocular lens is set to enable virtual objects to be imaged in the retina and extend the system field of
view (FOV), and a mirror and a beam splitter are set to mix the visual signals into real scenes. dg
represents the distance between SLM and barrier, dgo represents the distance between the barrier
and the ocular lens, and dpgs represents the path length between the ocular lens and the beam
splitter (BS).
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Fig. 3. Holographic see-through display system.

TABLE 1
Numerical Reconstruction Conditions

Case1l Case2
CGH resolution M x N 1920%x 1080 1920x 1080
Object resolution M1 x N1 3072x3072 3072x3072
CGH pixel pitch Az 8.0 um 8.0 um
Object pixel pitch Azy 8.0 um 8.0 um
Wavelength A 532.0 nm 532.0 nm
Diffraction distance d 0.50 m 0.50 m
Number of object slices n 256 256
Depth step Az 3x0.104 mm 3%x0.104 mm
Initial phase ¢; uniform phase  random phase

4. Results
4.1 Numerical Simulation Results

The numerical reconstruction conditions of Fig. 4 are given in Table 1. Fig. 4(a) is the original
image with depth information and Fig. 4(b) shows the amplitude distribution in the hologram plane.
Figs. 4(c) and 4(d) show the reconstructed image from the phase-only hologram by removing
the amplitude information without random phase and with random phase, respectively. We can see
from Fig. 4(c) that directly remove the amplitude information will dramatic degrade the reconstructed
image quality and the hologram is hard to recover the object which is larger than hologram plane.
Although by adding a random phase to the original image can solve the problem, the speckle noise
appears in the reconstructed image and degrades the image quality as shown in Fig. 4(d).

Figure 5 shows the numerical results with the proposed method, the main numerical conditions
are given in Table 2. Figs. 5(a), 5(b) and 5(c) show the amplitude distribution in the hologram and the
reconstructed image from the diffraction field and phase-only hologram, respectively. The resolution
and the sampling interval of the object are 256 x 256 and 96.0 um, respectively. The size of the
object is larger than the hologram. However, as we can see from Figs. 5(b), 5(c), the large part
can recover from the hologram, and the quality of the reconstructed image from the phase-only
hologram is nearly equal to the quality from complex amplitude. Fig. 5(d) shows the reconstructed
image from the phase-only hologram with random phase. As shown in the red box in Figs. 5(b),
5(c) and 5(d), because the sampling interval is enlarged, the interference among points are weak
and compared with Fig. 4(d) the influence of the speckle noise is reduced.

Figures 5(e) and 5(f) show the reconstructed result at Ax; = 96.0 um and Ax; = 40.0 um when
defocus the reconstructed image, respectively. The overlapped reconstructed image phenomenon
in Fig. 5(f) is replaced by the blurred image shown in Fig. 5(e) when increasing the sampling
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(© (d)

Fig. 4. Numerical results: (a) original image with depth channel, (b) diffraction field in hologram plane;
(c) reconstructed image from phase-only hologram without random phase, and (d) with random phase.

(a) (b)
(c) (d)

(e) ()

Fig. 5. Numerical results of the proposed method: (a) diffraction field in hologram plane, (b) reconstructed
image from complex amplitude, (c) phase-only hologram, and (d) phase-only hologram with random
phase; (e) defocus the reconstructed image at Axy = 96.0 um, (f) Axq =40.0 um.

interval of the object. The overlapped reconstructed image phenomenon [30]-[32] can be solved
with the proposed method, when the number of the diffraction field increased in the hologram, the
overlapped image will be replaced by the blurred image, which is more acceptable by the human
eye.

Vol. 11, No. 3, June 2019 7000711



TABLE 2
Numerical Reconstruction Conditions

CGH resolution M x N 1920%x 1080
Object resolution M1 x N1 256 x 256
CGH pixel pitch Az 8.0 um
Object pixel pitch Az 12 x 8.0 um
Wavelength A\ 532.0 nm
Diffraction distance d; 0.50 m
Number of object slices n 256
Depth step Az 3x0.104 mm
60~
Methods

~e~ Noise add method
~+- Proposed method with RP [0,n]
24 =+~ Proposed method without RP

Contrast:C

Number of the diffraction field
N NoxX Nay 5

40 80 120 160

10 20 30 s o
Object size(mm) Sampling interval (um)
(a) (b)
2-
Methods =
~o~ Noise add method
20- = Proposed method with RP [0,n]

== Proposed method without RP

PSNR (dB)

16 -

10 20 30
Object size(mm)

(©

Fig. 6. Numerical result: (a) relationship between the object size and contrast, (b) the sampling interval
and number of the overlapped diffraction field, and (c) the object size and reconstructed image quality.

In order to measure the effect of the lost amplitude information in the phase-only hologram, the
contrast C is used to represent the amplitude uniformity in the hologram plane, lower value means
the much less information lost, and the expression is defined by:

C=—, (13)

o
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Fig. 7. Optical experiment system.
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Fig. 8. Optical results: (a) input image1 with depth channel, (b) camera focused on the image1.

where o and p are the standard deviation and the mean value of the amplitude distribution in the
hologram plane, respectively. We use Fig. 4(a) with constant depth information as input object and
the resolution is 256 x 256, the diffraction distance is set to d; = 0.5 m. For the purpose of test the
image quality of the reconstructed image, we resampling the reconstructed image to the resolution
of 256 x 256, and we use the PSNR (Peak signal-to-noise ratio) to measure the reconstructed
image quality.

Figure 6(a) shows the relationship between object size and the contrast of the diffraction field in
the hologram plane, Fig. 6(b) shows the relationship between the sampling interval and the number
of the diffraction field and Fig. 6(c) shows the relationship between object size and image quality. As
shown in Figs. 6(a) and 6(b), the proposed method can reduce the contrast in the hologram plane
and the increase the recorded information of the object in the phase-only hologram. In Fig. 6(c),
we can see the reconstructed image quality of the proposed method is increased by enlarging the
sampling interval, and the quality of the proposed method is better than that of the random phase
method [20]. Moreover, as the size of the object is increased, the calculation time of the random
phase method is increased, and the PSNR of the reconstructed is nearly unchanged. Compared
with the random phase method, the proposed method gains unchanged and shorter calculation
time but the better reconstructed image quality when the size of the object increases.

4.2 Optical Experiment Results

The optical experiment system is shown in Fig. 7, The resolution and the pixel pitch of the SLM are
3840 x 2160 and 3.74 um, respectively. We use a red laser with 671.0 nm wavelength as input
light source. The dg, dgo and dpgs are setto 17.0 cm, 17.0 cm, and 8.0 cm, respectively. And the
focal length of the ocular lens is 150.0 mm. We use a camera (Nikon D810 with a 50.0 mm lens) to
capture the image.

Vol. 11, No. 3, June 2019 7000711



IEEE Photonics Journal Generation of Phase-Only Holograms

* % %
* %

Sunday

(c)

Fig. 9. Optical results: (a) input image2 with depth channel, (b) camera focused on “Sunday” and
(c) focused on “Monday” (see Visualization1).

Figure 8 shows the display results with the proposed method. Fig. 8(a) shows the input image1
with depth channel. The resolution of the images are 256 x 256, and the sampling interval of the
input images are set to 24 x 3.74 um. And the diffraction distance is set to 0.20 m. Because of
the influences of the ocular lens, the reconstructed image is larger than the physical size of the
original image, and the focus distance is also changed. Fig. 8(b) shows the captured image when
the camera focus at 0.50 m. Fig. 9 shows the reconstructed result when the camera focus on the
different plane, Fig. 9(a) shows the input image2 with depth channel. Figs. 9(b) and 9(c) show the
captured images when the camera focused at 0.68 m and 0.49 m, respectively.

5. Conclusion

In this study, we have analyzed the reason of aliasing which is the overlapped diffraction field
phenomenon in the point-based method firstly. Then, we take advantage of this phenomenon and
propose a simple method based on aliasing reuse to enhance the reconstructed image quality.
Moreover, we have indicated a way to choose the suitable parameters of the object by analyzing
the relationship between the sampling interval and the image quality. Based on this method, the
speckle noise and the amplitude information loss problem can be improved, and the calculated
time is reduced at the same time. In addition, we have designed a holographic see-through display
system to demonstrate the effectiveness of the proposed method. We believe that our method has
potential applications in the field of AR.
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