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Abstract: Generation of digital phase-only Fresnel holograms is an important research area in digital
holography, as it leads to a substantial simplification of a holographic display system. However,
the quality of the reconstructed image of a hologram without the magnitude component is heavily
degraded. The problem can be reduced by down-sampling the intensity of an image prior to
generating the hologram. The method, referred to as “sampled phase-only hologram” (SPOH)
generation, results in reconstructed images that are masked with the pattern of the down-sampling
lattice. This paper reports a novel, low complexity method to alleviate this problem through the
concept of comb filtering. Results reveal prominent enhancement on the reconstructed image of
a SPOH.

Keywords: phase-only hologram; sampled phase-only hologram; grid-cross down-sampling; comb
filtering; time-division comb filtering

1. Introduction

A three-dimensional (3-D) digital object image, or a computer graphic model, can be represented
by a two-dimensional (2-D) digital complex-valued hologram that is comprised of a pair of components
(e.g., a magnitude component and a phase component). To date, there are many modern methods
for generating digital holograms, a process that is commonly referred to as computer generated
holography (CGH). A good review on the state-of-the-art can be found in [1,2]. To reconstruct the 3-D
image of a digital hologram to an observer, each component is displayed with a spatial light modulator
(SLM) through a meticulous optical setup [3,4]. It has been demonstrated that a single SLM can be
used to display the pair of hologram components [5,6]. Despite the success, the optical setup is rather
complicated. A more practical approach is to convert a complex-valued hologram into a phase-only
hologram, so that it can be displayed with a single phase-only SLM.

Digital Fresnel phase-only hologram has two major advantages over a complex-valued hologram.
First, it can be displayed directly with a single phase-only spatial light modulator, leading to significant
simplification in the optical setup. Second, the optical efficiency is higher, resulting in brighter
reconstructed images. However, when a phase-only hologram is obtained simply by removing the
magnitude component of a complex-valued hologram, the quality of the reconstructed image will be
heavily degraded. In the past 2 decades there are numerous solutions to address this problem. The
Gerchberg Saxton algorithm (GSA) [7] is one of the earliest and popular frameworks for generating
a phase-only hologram. Based on the GSA, the iterative Fourier transform and the iterative Fresnel
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transform algorithms [8,9] (both methods also referred to as IFTA) have been developed to generate
Fourier and Fresnel phase-only holograms. Starting from a hologram with random phase values,
repetitive rounds of iterations are conducted to adjust the phase of the hologram pixels so that the
reconstructed image will be rendered towards a target image. Reconstructed image of a hologram
generated with IFTA is generally similar in appearance to the target, but contaminated with considerable
amount of noise. The computation loading is also intensive as multiple rounds of iterations are needed to
obtain the hologram. Although the noise problem can be reduced through averaging the reconstructed
images of multiple holograms, or the mixed region methods [10], the computation time will be further
increased. Another iterative approach, known as direct binary search (DBS) [11,12], works on similar
principles as the GSA. In comparison with the latter, DBS results in reconstructed images of higher
quality, but the computational efficiency is substantially lowered.

Non-iterative methods have also been developed to reduce the time for generating phase-only
holograms. The complex amplitude modulation (CAM) [13,14] and the double phase methods [15-17]
are effective for generating phase-only holograms. However, both methods required some kind of
optical filtering to remove unwanted signals from the reconstructed images. A less complicated way,
known as noise addition method, adds random phase noise to the intensity image of a three-dimensional
(3-D) object. The random noise acts like a diffuser, so that the diffracted waves of the object are close to
homogeneous on the hologram plane. The magnitude component, therefore, can be approximated
as a constant throughout the entire hologram. Similar to IFTA, reconstructed images of phase-only
holograms generated with this method are heavily masked with random noise. Although the
degradation of the lines and edges can be improved by restricting the noise addition to the smooth
regions of the intensity image [18], the noise level of the shaded areas are still significant. A method to
suppress the noise in the reconstructed image, known as one step phase retrieval (OSPR), is proposed
in [19,20]. Multiple phase-only sub-holograms are generated, each based on the addition of a different
set of random phase noise to the intensity image of the source object are generated. The sub-holograms
are displayed at high speed on a SLM, so that their reconstructed images are averaged out with the
persistence of vision of human perception, resulting in attenuation of the random noise. As multiple
sub-holograms have to be generated in OSPR, the computation time is increased. In view of this,
periodic noise blocks are added to the intensity image instead of random noise in generating the
phase-only hologram. A hologram generated with this method is referred to as a patterned phase-only
hologram (PPOH) [21]. Reconstructed image of a PPOH is not contaminated with random noise as in
the case of the noise addition method, but is imposed with a blocky appearance. Similar approaches
with enhancement on the quality of the reconstructed images have been attempted in [22]. Another
method to simulate the effect of a diffuser is through down-sampling the intensity component of the
object prior to generating the hologram. Similar to the noise addition method, the down-sampling
the intensity image also results in a hologram with roughly homogeneous magnitude distribution.
A hologram generated with this method is known as a sampled phase-only hologram (SPOH) [23].
Later the method has been extended to the generation of binary phase-only hologram [24]. It has
also been demonstrated in [25] that a SPOH is also capable of representing multiple images with
the incorporation of the Arnold transform. The visual quality of reconstructed images of SPOHs
are generally favorable, and not as noisy as the ones associated with IFTA or noise addition. On
the downside, the reconstructed images are masked with the down-sampling pattern with lots of
empty voids (corresponding to the non-sampled pixels), resulting in a dim and pixelated outlook. In
addition, continuous lines and curves are fragmented heavily. A solution to address this shortcoming
has been proposed in [26]. Two or more SPOHs, each associated with a down-sampling lattice that
is complementary to the others, are generated. The appearance of the reconstructed image can be
improved by displaying the set of SPOHs at sufficiently high frame rate, so that the voids in one image
can be filled by the rest of the images. However, the computation time is increased as more holograms
have to be generated for a single hologram frame.
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In this paper, a low complexity method referred to as time-division comb filtering (TDCF) is
propose to overcome the problem of SPOH. We shall demonstrate that TDCF is effective in enhancing
the quality of the reconstructed images of a SPOH. Organization of the paper is given as follows. After
the introduction, in Section 2, the principles of SPOH are outlined. The proposed enhanced SPOH
method is described in Section 3. Experimental results and conclusion are provided in Sections 4
and 5, respectively.

2. Sampled Phase-Only Hologram (SPOH)

2.1. Generating a Phase-Only Hologram with Direct Magnitude Removal

Generating a digital hologram from a three-dimensional (3-D) object is commonly referred to as
computer generated holography (CGH). The process of generating a digital Fresnel hologram is briefly
outlined as follows. There are polygon-based [27] and point-based [28] methods. In this paper, we
deal with the point-based method. In point-based CGH, the object space is a set of object points. Each
point emits a spherical wave with an intensity proportional to its irradiance. The phase of all the object
points are assumed to be zero. The hologram is a planar surface located at certain distance along the z
(axial) direction from the object space. The value of each pixel in the hologram is the accumulative
sum of the waves from all the object points. For an object space comprising a single image layer I(m, n)
(m and n being the horizontal and vertical coordinate axes) that is parallel to, and at an axial distance
zo from the hologram plane, its hologram can be obtained with Fresnel diffraction as given by

H(m,n) = I(m,n) * f(m,n;zo), f(m,n;z0) = exp(izTn \m262 + 262 4 202) )

where “+” denotes convolution, is the free space impulse response [1], with A and 6 being the wavelength
of the optical beam, and the sampling interval. Equation (1) can also be expressed in the frequency
space. Let ﬁ(wm,wn),f(wm,wn), and?(wm, wy;zg) denote the Fourier transform of H(m,n), I(m,n),
and f(m,n; zp), respectively, we have

H(wm, wn) = Lwm, wn) X f(wm, 0n; 20)- ()

If the object space contains multiple image layers, the hologram is simply the superposition
of the hologram of each image. For simplicity of explanation, we hereafter assume that the object
space to be a single image layer, but it can be easily extended to multiple image layers based on the
superposition principle. The 3-D image represented by a hologram can be reconstructed with a pair of
spatial light modulators (SLM), each displaying one of the two components (magnitude and phase,
or the real and imaginary parts). This setup requires precise integration of the SLMs and associated
optical components, which is complicated, bulky, and difficult to implement in practice. In a simplified
optical reconstruction method, either the phase or amplitude of the hologram is displayed with a single
SLM. Displaying the phase component is preferred to the amplitude as higher optical efficiency can
be achieved. Although, a phase-only hologram can be obtained by simply discarding the magnitude
component, as we shall show later, the reconstructed image suffers degradation.

2.2. Generating a Sampled Phase-Only Hologram

The above mentioned problem can be overcome by down-sampling the intensity of the object with
a grid-cross lattice prior to generation of the hologram. A grid cross lattice is comprising of regular
spaced sampling lines along the horizontal, vertical, and diagonal directions. Down-sampling the
intensity image effectuates an optical diffuser, resulting in a hologram with roughly homogeneous
magnitude distribution that can be discarded without causing too much degradation to the reconstructed
image. The grid-cross lattice is a two-dimensional binary image D(m, n) with ‘0" and ‘1’ representing
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non-sampling and sampling points. Let 7 and mod(A, B) denote the sampling interval, and the
remainder of A/B. The following parameters are defined as
The down-sampling grid-cross lattice is given by

Ci(m) = mod(m, ), (3a)

Ca(n) = mod(n, 7) (3b)

C3(m,n) = C1(m) — Co(n) (3e)

Cy(m,n) = C1(m) — [t = Ca(n)] (3d)

D, m) = {1 if C1(m) x Co(n) x C(m, n) X C4(m,n) = 0 @
otherwise

An example of the grid-cross lattice for 7 = 8, and m, n = [0, 8] is shown in Figure 1.

S = N W A LN

0012345678

Figure 1. An example of the grid-cross down-sampling lattice for 7 = 8, and m, n = [0, 8]. The cells in
white and black, represent sampling and non-sampling points, respectively.

The down-sampled image Ip(m, n) is
Ip(m,n) = I(m,n) x D(m,n) (5)

Ip(m,n) comprises pixels of the original image that are sampled at uniformly spaced interval
along the horizontal, vertical, and diagonal directions.

Next a Fresnel hologram Hp(m, n) of the down-sampled image Ip(m, n) is generated, and the
phase component of Hp (1, 1) is extracted to be the sampled phase-only hologram (SPOH) Hp(m, 1),
as given by

Hp(m,n) = arg{F " [Ip(wm, @n) X flwm, wn;20) |} ()
where F71[.] is the inverse Fourier transform operation, arg{i)} represents the phase component of
the complex variable 1, and Ip(wm, wy) is the frequency spectrum of Ip(m, n). From the phase-only
hologram Hp(m,n) an image I7,(m,n), can be reconstructed from the SPOH. Denoting the conjugate of
flwm, wn; o) as fr (wm, wn; o), the intensity of the reconstructed image is given by

Iy (m, ) = |FHHp (@, @) % fH (@, 0020)| @)

where H p(@Wm, wy) is the Foruier transform of Hp(m, n), and |A| is the magnitude of the complex-valued
function A. In general the reconstructed image I, (1m, ) is similar to the down-sampled image Ip (1, 7).
, which is also masked with the pattern of the down-sampling lattice. As an example, the plane image
in Figure 2a is converted to a phase-only hologram with the optical settings in Table 1. Equation (1) is
first applied to generate a Fresnel hologram directly from the original image, and the phase component
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is retained as the phase-only hologram. The reconstructed image, as shown in Figure 2b, is mostly
invisible with most of the contents removed but with slight edge information. Figure 2c—e are the
reconstructed images of the SPOH with down-sampling factor 7 = 8, 12, and 16. The dynamic range of
the intensity is normalized to [0, 1], with 0 and 1 representing the smallest and the largest intensity
in the image. A greyscale bar is associated with each image to reflect the relative intensity. It can be
seen that the shaded region is preserved in all the 3 cases. For a small down-sampling factor of T = §,
the intensity distribution is non-uniform with obvious patches that are brighter in appearance. The
intensity becomes more uniform with larger down-sampling factor, however the number of sampled
points is decreased, leading to larger amount of empty voids and dimmer appearance. In general, a
good compromise between the uniformity of intensity distribution, and the number of sampled points
is attained with down-sampling factor 7 = 16. In the next section, we shall illustrate the changes in the
frequency spectrum caused by down-sampling, and how its effect can be reduced.

Table 1. Optical settings for generating the Fresnel hologram.

Wavelength of light (1) 532 nm

Pixel size of hologram and image (6) 6.4 um

Axial distance between hologram and image 0.16 m
Down-sampling factor t 8,12,and 16

2.3. Effect of Down-Sampling in the Frequency Space

Consider an arbitrary row of image I(m) comprising of M pixels, and its down-sampled version
Ip(m). The Fourier spectrum of Ip(m) is represented byTD (w). The frequency axis is bounded within
the range [0,27) radians, and discretized into M samples uniformly spaced at ZM” radians. In other
words, w = where k is an integer. After down-sampled by a factor 7, its frequency spectrum
is given by

2_nk|
M lo<k<M’

=1
— ~ ) 2nq
Ip(w)=Y 1 =
ple) =, @en|io- 1)) ®
where g is an integer. The above equation shows that after down-sampling, the frequency spectrum

contains 7 replicas of the baseband signal I(w), which are uniformly distributed along the frequency
2nq

. . The separation between adjacent replicas is 27” radians. We assume

axis at locations w; = o
<g<t

that the bandwidth of the signal is limited to within 27” radians, so that the replicas are non-overlapping
with each other. If this is not the case, a low-pass filter can be used to band-limit the signal before
down-sampling. The result of down-sampling is illustrated with the spectrum of the one-dimensional,
band-limited signal in Figure 3a. After down-sampled by two times (i.e., g = [0, 1]), the new signal
spectrum is shown in Figure 3b. We observe that the spectrum of the down-sampled signal with 7 = 2
is comprising of two copies of the base-band spectrum at w = 0, and 7 radians. For down-sampling
factor of four, there are four replicas at w =0, %, 7, and 37” radians, as shown in Figure 3c.

The above analysis can be directly applied to down-sampling of a 2-D image I(m, n) along the
horizontal, and vertical directions. From Figure 3, it can be seen that the sparsity of a down-sampled
signal can be decreased by reducing the number of replicas spectrum, which is equivalent to lowering
the down-sampling factor.
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Figure 2. (a) Source image, (b) reconstructed image with the phase component of the hologram of the
source image, mostly invisible with most of the contents removed but with slight edge information,
(c—e) reconstructed images of the sampled phase-only hologram (SPOH) of the source image with
down-sampling factor 7 = 8, 12, and 16, respectively.

Spectrum of original signal

(a)

Figure 3. Frequency spectrum of signal I(m): (a) without down-sampling, (b) after down-sampled by
2 times, (c) after down-sampled by 4 times.

Spectrum of down-sampled signal

(b)

Spectrum of down-sampled signal

(c)

3. Proposed Method to Generate an Enhanced SPOH with Time-Division Comb Filtering

Based on the analysis in Section 2, a method to enhance the reconstructed image of a SPOH is

presented. Our proposed method is shown in Figure 4.

A SPOH of a source image I(m, n) is generated according to the steps discussed in Sections 2.1
and 2.2. The reconstructed image of the SPOH is then processed by two-dimensional (2-D)
time-division comb filtering (TDCF) to suppress half of the replica spectrums, resulting in decreasing
the down-sampling factor by 2 times. TDCF is similar to classical comb filtering, with the exception
that filtering is realized in the time domain instead of through numerical computation. In the following
subsections, the principles of comb filtering, and our proposed method for enhancing the reconstructed

image of SPOH with TDCEF, are described.
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Applied Eq. (6) to Ip(m, n)
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Hp(m,n) Time division
comb filtering

T=1/2 4‘{

Figure 4. Proposed method for enhancing the reconstructed image of a SPOH with time-division

Y

Phase-only SLM

comb filtering.

3.1. Comb Filtering

The transfer function of a comb filter takes the form of periodic band-pass and band-stop sections.
Due to the simplicity of comb filter (which is easy to implement with hardware circuits or software) and
effectiveness of attenuating signals at regular intervals on the frequency spectrum, it has been adopted
in a lot of signal processing applications. Referring to Figure 3, it can be inferred that comb filter can
be applied to reduce the replica frequency bands resulted from down-sampling. The principles of
comb filtering, and its application in reducing the replica frequency bands, are explained as follows.
For a one-dimensional signal ] (1), comb filtering is realized by summing the signal and its delayed
version as

Je(m) = 0.5% [J(m) + ] (m —T)] ©)

where T is the delay. In the frequency space, we have

Jeo(w) = 0.5 xJ(w) X [1 + exp(—=iwT)] (10)

The transfer function is given by

Clw) = <9 _ o551+ exp(—ieoT)] (11)
Jw) ’
The magnitude of the transfer function in Equation (11) takes the form of a periodic band-stop
filter, with notches (i.e., frequencies at which C(w) = 0) at frequencies @ = (CRIL o<icT" By setting
<j<

the delay T to be half of the down-sampling factor (i.e., T = 5), the comb filter can be used to suppress
the odd replicas in the spectrum of a down-sampled signal. To illustrate this, the spectrum of a four
times down-sampled sequence (i.e., T = 4), and the transfer function of a comb filter with T = % =2,1is
shown with the continuous line and the dotted line in Figure 5a, respectively. It can be seen that the
notches of the filter transfer function are aligned with the first and the third replica spectrum. The
result of filtering the down-sampling signal with the comb filter is shown in Figure 5b. After filtering,
the number of replica spectrum is reduced to 2, and the spectrum is similar to a signal that has been
down-sampled by two times, i.e., half of the original down-sampling factor.
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(b)

Figure 5. (a) Frequency spectrum of a signal in Figure 2a being down-sampled by 7 = 4 times (solid

line), and the transfer function of a comb filter with delay T = 7 = 2 (dotted line), (b) frequency
spectrum of the down-sampled signal after filtering with the comb filter.

The above principle can be extended to a 2-D signal. For a 2-D down-sampled signal J(m,n),
comb filtering is first applied to each row of pixels to reduce the down-sampling factor along the
horizontal direction, i.e.,

Jox(m,n) =0.5% [J(m,n) + J(m—T,n)] (12)

Subsequently, comb filtering is applied on Jcx(m, 1) along the vertical direction as
Jexy(m,n) = 05X [Jex(m,n) + Jex(m,n—T)] (13)
Equation (13) can be rewritten as
Jexy(m,n) =025 x [J(m,n) +J(m —T,n) + J(m,n—T) 4+ J(m~T,n~T)] (14)

Equation (14) shows that the output of the comb filter is the sum of four components. The first
component is the original signal (1, ). The remaining three components are translation of the original
signal along the horizontal, vertical, and diagonal directions.

3.2. Enhancing the Reconstructed Image of a SPOH with Time-Division Comb Filtering

Mathematically, the comb filtering expressed in Equation (14) can be applied directly to reduce
the down-sampling factor of the reconstructed image I},(m,n). However, this cannot be realized
in optical reconstruction. The reason is that when the phase-only hologram Hp(m,n) is shown
on a SLM, the reconstructed image I},(m, 1) is displayed as an optical image. It is not possible to
apply numerical computation on the optical image directly. To apply comb filtering, we propose the
TDCF method shown in Figure 6, and described as follows. First, a phase-only sampled phase-only
hologram, H p(m,n),is generated. Next, three spatially translated versions of the phase-only hologram,
Hp(m—T,n),Hp(m,n—T),and Hp(m —T,n—T), with T = % are obtained. Finally, these four versions
of phase-only holograms are sequentially displayed at sufficiently high frame rate on the SLM. Each
hologram shows a reconstructed image that is being translated by the same displacement as that of
the hologram. This results in the SLM displaying four reconstructed images: I7,(m,n), I;,(m = T,n),
I (m,n~T), and Ij,(m —T,n - T) in rapid succession. These images will be summed into a single
image Iy (m, n) due to persistence of vision of the human perception system. The observed image, as
given by

Iy (m,n) = 0.25 X [Ty (m, n) + Iy (m = T,n) + Iy (m,n = T) + Iy (m = T,n = T)] (15)
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results in a reconstructed image with the down-sampling factor reduces by two times.

SPOH
Hp(m,n) '} B
Hp(m —T,n) g
>I Delay unit I a /
? Phase-only
Hp(m,n —T) | SLM
»  Delay unit £ o
W,
Hom —-T,n—-T
»  Delay unit Ll ) O
T=1t/2 T

Figure 6. Two-dimensional time-division comb filtering (TDCF) for enhancing the reconstructed image
of a SPOH.

4. Experimental Results

To demonstrate our proposed method, a SPOH of the source image in Figure 2a is generated with
the optical setting in Table 1. Downsampling factor T = 16 is adopted as it leads to a reconstructed
image with better uniformity in intensity distribution. The correlation score between the source image,
and the reconstructed image of the SPOH (shown in Figure 2e) is 0.6387, reflecting that the 2 images
are similar. TDCF is applied to the numerical reconstructed image in Figure 2e. The average of four
shifted versions of the image, based on Equation (14), is computed and the result is shown in Figure 7a.
Similar to Figure 2e, the image intensity is normalized to [0, 1] and the dynamic range is shown with a
greyscale bar. It can be seen that the sparsity of the reconstructed image has been reduced considerably
after applying TDCF. The correlation score between the source image, and the reconstructed image of
the phase-only hologram obtained with the incorporation of TDCF is 0.7231, which is higher than the
reconstructed image of the SPOH.

Next, we employ a phase-only SLM to display the holograms. The SLM is made by Jasper Display
Corp. and the model number is JD955B. The resolution is 1920 x 1080, the pixel pitch is 6.4 micron, and
the maximum frame rate is 60Hz. The SLM is reflective, and has 27 phase modulation (256 levels) at
532 nm. No calibration is made before the experiment. A diode-pumped solid state (DPSS) laser with
wavelength A = 532 nm is expanded and used to illuminate the SLM, and the reconstructed image is
recorded with a Canon (m6 mark II) with 6960x4640 resolution and pixel pitch 3.19 micron. The four
shifted version of the SPOH representing the source image is sequentially displayed in a repetitive
manner. As the reconstructed image is contributed by sequentially displaying the 4 holograms on
the SLM, the maximum frame rate is reduced to one quarter of that of the SLM, i.e., 60/4 = 15 frames
per second. The four reconstructed images, each corresponding to a shifted version of the SPOH,
is captured by the camera. The mean of the four reconstructed images is obtained to simulate the
persistence of vision property of human eyes. Optical reconstruction of the SPOH before and after
TDCEF are shown in Figure 7b,c, respectively. The dynamic range of the image intensity is normalized
to [0, 1], with 0 and 1 representing the smallest and the largest intensity in the image. A green-scale bar
is associated with each image to reflect the relative intensity. Due to imperfection of the optical system,
the optical reconstruction is not as good as the numerical reconstruction. However, we observe that
with the incorporation of TDCF, the quality of the optical reconstructed image is superior to that of
the original SPOH, which is in line with the results obtained in numerical reconstruction. Notably, in
Figure 7c, the empty voids that are caused by the down-sampling are reduced, resulting in a more
solid and smooth appearance.
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Figure 7. (a) Numerical reconstructed of the SPOH of the source image, based on down-sampling
factor 7 = 16, in Figure 1a after applying TDCF, (b) optical reconstructed image of the SPOH, (c) optical
reconstructed image of the SPOH after applying TDCF.

To further illustrate the effect of TDCEF, refer to a row of the source image, highlighted in grey, in
Figure 8a. The intensity variation of this row of pixel for the source image, the reconstructed images of
the SPOH before and after applying our proposed method, are shown in Figure 8b—d, respectively. It
can be seen that both reconstructed images in Figure 8c,d are down-sampled versions of the source
image. However, the sampling interval of the reconstructed image corresponding to our proposed
method in Figure 8d is smaller than that of the SPOH in Figure 8c.
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Figure 8. (a) A row in the source image, highlighted in grey, (b) intensity variation of the row of pixels

in highlighted in (a), (c) intensity variations of the row of pixels of the reconstructed image of the SPOH
with down-sampling factor 7 = 16, (d) intensity variations of the row of pixels of the reconstructed
image of the SPOH after applying our proposed TDCE.

Analysis on the same row of pixels is conducted on the optical reconstructed images. Due to the
speckle noise of the laser beam, and the imperfection of the optical system, the reconstructed images
are contaminated with noise and not as good as the numerical reconstructed images. To lower the
noise, the average intensity variations of multiple rows of pixels above and below the row of pixel of
interest are computed and shown. This is equivalent to apply low-pass-filtering along the vertical
direction to attenuate the high frequency noise signal. The average intensity variations or the row of
pixels corresponding to the SPOH before and after applying TDCF are shown in Figure 9a,b. Similar
to the results in Figure 8c,d, the sampling interval of the reconstructed image corresponding to our
proposed method is smaller than that of the SPOH.
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Figure 9. (a) Average intensity variations of multiple rows of pixels above and below the row of interest
of the optical reconstructed image of the SPOH, generated based on down-sampling factor 7 = 16,
(b) average intensity variations of multiple rows of pixels of the reconstructed images of the SPOH
after applying our proposed TDCF method.

5. Conclusions

Past research has demonstrated that a sampled phase-only hologram (SPOH) can be used to
represent an image with acceptable visual quality. However, the reconstructed image is masked
with the down-sampling pattern, resulting in a sparse appearance with numerous empty voids. In
this paper, we have proposed a method to enhance the quality of the reconstructed image of SPOH.
Time-division comb filtering (TDCF) is applied to merge, through the persistence of vision of human
perception, four shifted versions of a single SPOH that are sequentially displayed at sufficiently high
frame rate with an SLM. The reconstructed image is more solid and smooth as compared with the
one obtained with the SPOH alone. As the shifted versions of the SPOH can be obtained with only
negligible amount of computation, the complexity of our proposed method is practically identical to
the generation of the SPOH itself. This is an obvious advantage over existing methods, such as the
generation of complementary sampled phase-only hologram, that require computation of multiple
holograms for reducing the sparsity in the reconstructed image.
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