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Abstract: In this paper, a holographic system to suppress the speckle noise is proposed. Two spatial
light modulators (SLMs) are used in the system, one of which is used for beam shaping, and the other
is used for reproducing the image. By calculating the effective viewing angle of the reconstructed
image, the effective hologram and the effective region of the SLM are calculated accordingly. Then,
the size of the diffractive optical element (DOE) is calculated accordingly. The dynamic DOEs and
effective hologram are loaded on the effective regions of the two SLMs, respectively, while the
wasted areas of the two SLMs are performed with zero-padded operations. When the laser passes
through the first SLM, the light can be modulated by the effective DOEs. When the modulated beam
illuminates the second SLM which is loaded with the effective hologram, the image is reconstructed
with better quality and lower speckle noise. Moreover, the calculation time of the hologram is
reduced. Experiments indicate the validity of the proposed system.

Keywords: spatial light modulator; holographic display; hologram

1. Introduction

Recent years have witnessed a massive growth in the display industry, and three-
dimensional (3D) display has gradually become the next generation display technology
that attracts more and more attention [1–3]. Among all the display technologies, computer-
generated holography (CGH) is one of the most promising ones and viewed as the ultimate
goal of the 3D display, because it can reproduce an arbitrary object, whether real or virtual,
with all the depth cues [4,5]. CGH technology usually records the object information by
means of interference, and then reconstructs the object by the principle of diffraction [6,7].
So far, although some progress has been made in holographic display, there are still several
problems that restrict its further development. For example, speckle noise caused by laser
coherence will lead to poor quality and less sharpness of the reconstructed image [8–10].
To reduce the speckle noise, some researchers use the time multiplexing method to re-
construct the multiple holograms [11,12]. However, this method may cause blurring or
flickering of the reconstructed image due to inability of the spatial light modulator (SLM)
to refresh fast enough. An iterative algorithm is also proposed so as to suppress the speckle
noise of the reconstructed image [13,14], while too many iterations will result in a slower
calculation speed. Besides, speckle noise suppression can also be realized by using an
LED light source instead of the lasers [15,16], but at the cost of limited brightness. The
error diffusion method also serves as a valid way to suppress speckle noise [17]. The pixel
separation method suppresses the speckle noise by eliminating the interference between
the adjacent image points [18]. Due to the long calculation time of holograms, it is quite
hard to realize a real-time holographic display [19]. In order to achieve fast calculation of
holograms, a look-up table algorithm is proposed [20]. The wave front recording algorithm
converts most of the diffraction calculation into planar propagation [21,22] and uses the
fast convolution calculation to reduce the calculation time. The novel look-up table method
(NLUT) making full use of the translational characteristics is also proposed in order to

Photonics 2021, 8, 204. https://doi.org/10.3390/photonics8060204 https://www.mdpi.com/journal/photonics

https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://doi.org/10.3390/photonics8060204
https://doi.org/10.3390/photonics8060204
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/photonics8060204
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics8060204?type=check_update&version=2


Photonics 2021, 8, 204 2 of 12

reduce the memory size and improve the calculation speed further [23–25]. By taking
advantage of the translational properties of the holograms, redundant calculations between
different frames of a dynamic video can be reduced. Despite all the efforts, real-time
high-quality holographic display with fast calculation speed is still out of reach at the
present time [26–28].

In this paper, a holographic system based on beam shaping by using two SLMs to
suppress the speckle noise is proposed. One SLM is used in the system for the beam
shaping and the other is used for reproducing the image. After analyzing and calculating
the effective perspective of the reconstructed image, the size of the diffractive optical
elements (DOE) can be calculated. The dynamic DOEs and effective hologram are loaded
on the effective regions of the two SLMs, respectively, while the wasted areas of the SLMs
are performed with zero-padded operations. When the modulated beam illuminates the
effective hologram, the reconstructed image can be displayed with lower speckle noise.
Moreover, the calculation speed of the hologram is improved.

2. Mechanism and Operating Principle

The structure of our proposed system is depicted in Figure 1. It is composed of a
collimated light source, a beam splitter (BS), two SLMs, a 4f filter and a CCD. The collimated
light source is used to provide a plane wave. When the collimated light propagates through
the BS and SLM1, the light can be modulated by the dynamic DOEs loaded on SLM1.
The positions of the two SLMs require precise alignment. Then, the modulated light can
illuminate SLM2 after the reflection of SLM1. To achieve the purpose of speckle noise
suppression, the effective hologram and the effective region of the SLM are calculated,
respectively. The effective hologram and dynamic DOEs are added to the effective regions
of the two SLMs accordingly, while the wasted areas of the SLMs are performed with
zero-padded operations. Finally, the diffracted light will propagate through a 4f filter and
then be detected by CCD.
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Figure 1. Structure of the proposed system.

In order to calculate the effective region in SLM2, which is decisive for the recon-
struction, the effective perspective during observation of the reconstructed image needs
to be analyzed. The principle of the effective perspective is shown in Figure 2. According
to diffraction theory, the size of the CGH is the same as the size of the SLM used in two
essential holographic processes, which are recording the information of the object and
reconstructing the object. A coordinate system is built by using the core of the SLM as the
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origin. D is the breadth of the recorded object, X equals to the diffraction range, H is the
breadth of the SLM, and A and B represent the vertex and the lowest point of the recorded
object, respectively. When recording the information of the object, different diffraction
fringes store the information of each point and build up to the whole hologram plane.
The borders of the diffracted light of point A and point B are expressed as blue and green
dotted curves, respectively. During reproduction, the reproduced image will be clearly
reproduced at the diffraction position of distance Z. Point A’ and point B’ are the vertex and
the lowest point of the reproduced images corresponding to the point A and B, respectively.
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Figure 2. Principle of the effective perspective. (a) Calculation of the effective perspective; (b)
calculation of the diffraction fringe pattern.

When the viewer observes the reproduced images at the location that is R away behind
the SLM, the breadth of the viewing area is recorded as V. According to the diffraction
principle, Va is the blue area where a viewer can observe the reproduced image A’. The area
where viewers can observe the reproduced image B’ is expressed as Vb in green. It is only
in the overlapping area of Va and Vb (area Vu) that the viewer is able to observe the entire
reproduced image. Outside Vu, the viewer can only observe the incomplete reproduced
image, which means this part of information is useless. Therefore, the area Vu is regarded
as the effective perspective and it can be expressed as follows:

Vu = Va + Vb − V (1)

However, the useless information not only takes a lot of time during calculation but
also increases the speckle noise. Then, for the point A’, the corrected diffracted area is
painted in yellow, with dotted curves as the light edges. For the point B’, the area is painted
in pink. According to the geometric relationship, it can be clearly seen that the area of the
wasted information is reduced while the effective area remains the same. To obtain the
corrected diffracted light, we reduce the size of diffraction fringe patterns of object points.
In addition, the width of the diffraction fringe pattern is Ho = H − D. In the proposed
system, the NLUT algorithm is used to calculate the object fringe pattern [25]. Different
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from the conventional NLUT method, the resolution of the pre-calculated principal fringe
pattern (PFP) is smaller compared with the one of the SLM in the traditional method.
Because of the property of shift-invariance, the effective hologram could then be calculated
by shifting and adding PFP. The PFP is regarded as the Fresnel diffraction fringe pattern
and it is precalculated and stored at the center point of the same depth plane. The PFP can
be calculated as follows:

PFP(x, y) = exp(−jk0z)
jko

2πz
exp

[
−jk0

(
x2 + y2)
2z

]
(2)

where x and y denote the coordinates of the object point on the hologram planes. k0 = 2π/λ
represents the wavenumber. z represents the diffraction distance. Then, the effective
hologram of all points can be calculated by the translation and addition operation of the
PFPs.

To achieve the aim of speckle noise suppression and utilize the SLM effectively,
only the information which can be displayed at the area Vu is calculated to generate the
hologram. Then, the effective hologram and effective region of the SLM can be obtained
based on the geometric relationship, which is smaller compared with the initial hologram.
For SLM1, we set the size of the DOEs to be equal to that of the effective hologram. The
random phase distribution is recorded on the DOEs, so the coherence of the laser can
be reduced. By using MATLAB, different random phase grayscales are generated. Then,
different effective DOEs can be generated separately. For SLM2, the effective hologram
is generated. Since the sizes of the effective hologram and DOEs are smaller than those
of the two SLMs, in the wasted area around the effective hologram and DOEs, zero-
padded operations are performed, as shown in Figure 3. The final DOEs are dynamically
loaded on SLM1 and the final hologram is loaded on SLM2. So, the light is modulated
by SLM1 and illuminates on SLM2. When n DOEs are loaded on SLM1, n images can be
reconstructed and form the superimposed image through time multiplexing. The contrast
can be expressed by the following equation:

C =
C0√

n
(3)

where C and C0 represent the speckle noise contrast of the final image and the original
image, respectively. In this way, the reproduced image is shown with less speckle noise
and shorter calculation time.

Photonics 2021, 8, x FOR PEER REVIEW 4 of 12 
 

 

obtain the corrected diffracted light, we reduce the size of diffraction fringe patterns of 

object points. In addition, the width of the diffraction fringe pattern is Ho = H − D. In the 

proposed system, the NLUT algorithm is used to calculate the object fringe pattern [25]. 

Different from the conventional NLUT method, the resolution of the pre-calculated prin-

cipal fringe pattern (PFP) is smaller compared with the one of the SLM in the traditional 

method. Because of the property of shift-invariance, the effective hologram could then be 

calculated by shifting and adding PFP. The PFP is regarded as the Fresnel diffraction 

fringe pattern and it is precalculated and stored at the center point of the same depth plane. 

The PFP can be calculated as follows: 

PFP(x, y) = exp(−𝑗𝑘0𝑧)
𝑗𝑘𝑜

2𝜋𝑧
 exp [

−𝑗𝑘0(𝑥2 + 𝑦2)

2𝑧
] (2) 

where x and y denote the coordinates of the object point on the hologram planes. k0 = 2π/λ 

represents the wavenumber. z represents the diffraction distance. Then, the effective hol-

ogram of all points can be calculated by the translation and addition operation of the PFPs. 

To achieve the aim of speckle noise suppression and utilize the SLM effectively, only 

the information which can be displayed at the area Vu is calculated to generate the holo-

gram. Then, the effective hologram and effective region of the SLM can be obtained based 

on the geometric relationship, which is smaller compared with the initial hologram. For 

SLM1, we set the size of the DOEs to be equal to that of the effective hologram. The ran-

dom phase distribution is recorded on the DOEs, so the coherence of the laser can be re-

duced. By using MATLAB, different random phase grayscales are generated. Then, dif-

ferent effective DOEs can be generated separately. For SLM2, the effective hologram is 

generated. Since the sizes of the effective hologram and DOEs are smaller than those of 

the two SLMs, in the wasted area around the effective hologram and DOEs, zero-padded 

operations are performed, as shown in Figure 3. The final DOEs are dynamically loaded 

on SLM1 and the final hologram is loaded on SLM2. So, the light is modulated by SLM1 

and illuminates on SLM2. When n DOEs are loaded on SLM1, n images can be recon-

structed and form the superimposed image through time multiplexing. The contrast can 

be expressed by the following equation: 

C =
C0

√n
  (3) 

where C and C0 represent the speckle noise contrast of the final image and the original 

image, respectively. In this way, the reproduced image is shown with less speckle noise 

and shorter calculation time.  

 

Figure 3. Process of the DOEs loaded on SLM1 and effective hologram loaded on SLM2. 

  

Figure 3. Process of the DOEs loaded on SLM1 and effective hologram loaded on SLM2.

3. Experiments and Results

In the experiments, the collimated light source has a wavelength of 532 nm. The SLM
has a pixel pitch of 6.4 µm and a resolution of 1920 × 1080. The SLM with an addressable
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gray level of 256 (8 bit) is able to refresh at the rate of 60 Hz and modulate the phase within
the range of [0, 2π]. The two SLMs have the same model. The BS, with a transmission of
80%, has a cube size of 25.4 mm × 25.4 mm × 25.4 mm. The 4f filter contains two solid
lenses and an aperture. The distance between the SLM2 and the CCD is 20 cm.

The resolution of the recorded object and the effective point number are 320 × 240
and 9119, respectively. Before calculating the PFP with a resolution of 1600 × 840, we first
calculate the central point of the object. Figure 4a,b shows the results of the reproduced
image making use of the traditional NLUT algorithm and the algorithm based on effective
perspective computation, respectively. As can be seen from the results, compared with
the traditional NLUT algorithm, the reproduced image can also be obtained with a better
quality by using the algorithm based on our calculation. To better illustrate the merits of
our proposed algorithm, we magnify parts of the reconstructed images to show the details.
It is clear that the image quality using the effective perspective algorithm is as good as the
NLUT algorithm. However, the contrast of the edge image of Figure 4b is better compared
with the edge image of Figure 4a. Besides, the calculation time of the hologram based on
the effective perspective calculation is reduced by 40.94%. So, the algorithm can reduce the
computational time greatly under the premise of ensuring the image quality.
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Figure 4. Results of the reconstructed image of “CA” without loading DOEs. (a) Result by using
the traditional NLUT algorithm; (b) result by using the algorithm based on effective perspective
calculation.

Then, the final hologram with the resolution of 1920 × 1080 is generated, where the
“wasted resolution” of the hologram is 320 × 240. For the wasted area, the DOEs are
generated to suppress the speckle noise. Figure 5 illustrates the simulation result of the
reconstructed image, while Figure 5a corresponds to the result by utilizing the proposed
system, and Figure 5b is the result without loading the DOEs. Besides, the intensities of
the simulation results are given, as illustrated in Figure 6. The result indicates that the
proposed system can suppress the speckle noise.
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Figure 5. Simulation result of the reconstructed image. (a) Result by using the proposed system with
loading DOEs; (b) result without loading the DOEs.
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Figure 6. Side view of the intensities for the entire contents of Figure 5. (a) Intensity of Figure 5a; (b)
intensity of Figure 5b.

The optical experiment is also conducted, and the reconstructed image can be captured
by the CCD, as illustrated in Figure 7. When DOE is not loaded, we only need to turn
off SLM1 in the experiment. At this time, the light is not modulated by SLM1. The light
reflected by SLM1 directly illuminates SLM2. Figure 7a,d corresponds to the results of
loading the full holograms without DOEs. Figure 7b,e corresponds to the results of loading
the effective hologram without DOEs. Figure 7c,f shows the results of loading the effective
hologram with DOEs. For a better observation, we enlarged details of the images. As
can be seen from the results, by using our proposed system, we successfully reduced the
speckle noise. Besides, the 3D object is reproduced by using the proposed system and
the reproduced image is able to be shown on the receiving screen. In the experiment, we
choose the letters “BH” as the 3D object, where “B” and “H” are located at two different
depths. The resolution is 320 × 240 and the depth is 6.4 cm. The horizontal and vertical
resolution of the final hologram are 1920 and 1080, respectively. Results of the reproduced
letters are shown in Figure 8, where Figure 8a is the picture captured when “H” is focused
and Figure 8b is the one when “B” is focused. Since the maximum diffraction angle of the
reconstructed image is limited by the SLM, when the pixel pitch of SLM is 6.4 µm and the
wavelength is 532 nm, the maximum diffraction angle of the reconstructed image is ~2.38◦.
Then, the NA of the system is determined by the maximum diffraction angle accordingly.
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is focused; (b) result when “B” is focused.

In the above experiments, we use the NLUT algorithm for verification and comparison.
To further illustrate the feasibility of our proposed system, the Gerchberg–Saxton (GS)
algorithm is used for verification. In order to achieve near-field diffraction, a solid lens is
placed behind SLM2 and the experimental results are illustrated in Figure 9. Figure 9a is
the result of loading the hologram without DOEs, and Figure 9b is the result of using the
proposed technology. By magnifying the details, it can be clearly seen that there is more
noise in the traditional method. The reproduced image in Figure 9b is relatively uniform.
In addition, the peak signal to noise ratio (PSNR) of the reproduced image is analyzed
when the number of the DOEs is changed. When no DOEs are loaded on SLM1, the PSNR
is ~9.9634. When the number of the DOEs is 3 and 9, the PSNR of the reproduced image is
~11.0349 and ~12.0663. So, the speckleless image could be generated by loading the DOEs
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on SLM1 and the effective hologram on SLM2, respectively. The proposed system also
adapts to other algorithms.
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Figure 9. Results of the reconstructed image by using the proposed system based on the GS algorithm.
(a) Result of loading the hologram without DOEs; (b) result of loading the hologram with DOEs.

4. Discussion

In the process of experiments, the recorded object has a rather low resolution. With
the increase of the resolution of objects, the superiority of the proposed system will become
more visible. Here, the relationship between the effective object points and the calculation
time of the effective hologram is recorded, as shown in Figure 10, where the black triangles
are the calculation time of images with different object points when using the conventional
NLUT algorithm and the red circles are the ones when using the proposed system. When
the number of object points is relatively small, the advantage of the proposed system is
not obvious. Nevertheless, as the number of object points increases, the deviation of the
calculation speed between the two algorithms becomes very obvious. It is clear that our
proposed system has significant merits in the calculation of 3D objects. Speckle noise can
be effectively suppressed by loading the DOEs. When we add more DOEs, we can obtain
reproduced images with better quality. In Figure 11, the relationship between the number
of the DOEs and PSNR is analyzed. As can be seen from the result, when the number of
the DOEs increases, the PSNR increases accordingly.
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In the proposed system, two SLMs are used to suppress the speckle noise. One of
the SLMs is loaded with the DOE and the other is loaded with the effective hologram.
In comparison with the conventional systems, our proposed system has the advantages
of fast calculation speed and reduced speckle noise. However, the system still has some
problems to be solved. In the process of the hologram generation, a zero-padded operation
is performed around the effective hologram. In other words, the wasted area is not being
used. Ideally, we would like to utilize the wasted area and load the DOEs on it to improve
the image quality. Then, only one SLM is needed to achieve the purpose of the system in
this paper, as shown in Figure 12, which is the diagram of the improved system. When the
collimated light travels through the iris, only a small section of the light passes through
the BS and illuminates the wasted region of the SLM. DOEs are added to the wasted area
of the SLM for beam shaping. Then, the “wasted light” is modulated and reflected by the
SLM. After passing through the prism group, the light is expanded and re-reflected to the
effective region in the SLM. The prism group in the improved system needs to have the
functions of both prism expanding beam and reflection, as illustrated in Figure 13.
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Figure 13. Principle and structure of the prism group.

For solid prism groups, this structural design is usually complicated. If the prism
group is processed into a holographic optical element (HOE), the system will be very
simple. We have processed a simple prism and lens by using the HOE to achieve the beam
expansion and reflection, as illustrated in Figure 14. Figure 14a shows the HOE sample,
and Figure 14b shows the result of the beam expansion and reflection by using the HOE. It
is clear that the zero-light of the SLM can be expanded and reflected simultaneously. Due
to the limitations of our processing conditions, we have not yet been able to process more
complex structures. In the future, if this process is combined with the proposed system,
the system will have a larger improvement.
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using the HOE.

In the proposed system, the number of the DOE is limited by the refresh rate of the
SLM, so the speckle suppression is limited. From Figure 11 we can see that the reconstructed
image can have better quality when increasing the number of the DOEs. So, we can use a
high-refresh SLM or other methods to increase the number of the DOEs. In the process of
holographic display, the viewing position is not fixed as we imagine and it may appear in
any position according to the requirement. For example, the holographic near-eye display
is one of the most promising applications. If we can improve the image quality according
to the position of the viewer, it will be better for the application. When further optimizing
the proposed system, the results of the holographic reproduction will be better. In our next
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work, we will carry on advancing our research and wish to contribute to the development
of holographic display.

5. Conclusions

In this paper, we propose a system to reduce the speckle noise and improve the
quality of the holographic reproduced images. By calculating the effective perspective of
reproduced images, the effective hologram calculated by PFP is added to the SLM. At the
same time, the effective DOEs are loaded on the SLM for beam shaping. So, the system
can suppress the speckle noise effectively. Besides, the calculation time is also reduced. We
hope that this system can make a modest contribution to the dynamic holographic display
in the future.
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