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We propose a speckle reduction technique in electronic holographic display sys-

tems, where digital micro‐mirror array devices are used as spatial light modula-

tors. By adopting a programmable filtration in a general 4‐f optic configuration, it

is shown that the signal spectrum components in the frequency domain of a view-

ing‐window‐based holographic display system can be selectively filtered. Com-

pared to the widely utilized single‐sideband filtration techniques in electronic

holographic display systems, our proposed programmable filtration can be utilized

to effectively reduce the speckles in the reconstruction of point‐cloud‐based
computer‐generated holograms. Experimental results are presented to verify our

proposed concept.
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1 | INTRODUCTION

Speckle is one of the most intrinsic properties of digital
holographic display systems exhibited when coherent light
sources such as lasers are applied in the play back process
of computer‐generated holograms (CGHs) [1–3]. Highly
correlated wave fields of coherent light sources make
unwanted granular patterns, that is, speckle artifacts appear
in general electronic holographic display systems, which

degrade the image quality of the reconstructed holograms.
To reduce or remove speckle patterns, various methods
have been proposed. In fundamental approach, incoherent
or partially coherent light sources are utilized [4,5]. How-
ever, the low power throughput and broad linewidth of the
light sources result in a relatively weak intensity and blur-
ring of the reconstructed three‐dimensional holographic
scenes. Recently, novel works have been proposed for
solving speckle artifacts in capturing objects with digital
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holographic schemes. They can be classified into two cate-
gories, that is, numerical approaches and optical techniques
[6]. Numerical approaches fundamentally refer to image
processing techniques and statistical analysis, and these
schemes have shown good performance in holographic
image denoising [6]. Uzan et al. showed that a nonlocal
means (NLM) filtering method can be applied to speckle
noise reduction in digital holography [7]. Bianco et al.
adopted an enhanced grouping algorithm and a sparsity
enhancement filtering scheme, using which they could
remove the noise factors including speckle artifacts [8].
Leo et al. proposed a technique utilizing the pixel location
of temporally sequential images to suppress speckle pat-
terns [9,10]. Memmolo et al. provided an encoding tech-
nique based on a combination of multiple holograms, and
they proved that it could improve the image quality in
optically reconstructed holograms [11]. Rivenson et al.
applied a compressive sensing scheme in an incoherent
holographic display system and showed that effective
depth range as well as good image quality could be
achieved [12]. In contrast, methods for reducing speckles
from a given three‐dimensional (3D) object dataset have
been reported lately. A spatial interleaving technique that
sequentially displays spatially interleaved subsets of a 3D
scene was reported [13,14]. This technique, however, is
limited only to point‐cloud‐based CGHs, being not applica-
ble to general CGHs. Recently, an angular spectrum inter-
leaving technique for mesh‐based CGHs as well as for
point‐cloud‐based CGHs was proposed [15]. The main
concept is to deliver only the spectral components associ-
ated with a single plane carrier wave to the user's eye at a
time. Consequently, there is no interference between the
different spectral component sets associated with different
plane carrier waves, and thus, the speckle artifacts can be
effectively reduced. The depth of the field broadening
caused by presenting the spectral components associated
with only a single plane carrier wave is reduced by pre-
senting the spectral components associated with different
plane carrier waves sequentially in a time‐multiplexing
manner.

In the implementation of digital holographic displays
with time‐multiplexing, digital micro‐mirror array devices
(DMDs) are usually used for their fast refresh rate. Because
a DMD has a limited modulation property, that is, only
binary amplitude modulation [16–18], single‐sideband
(SSB) filtering is generally applied to allow an appropriate
hologram spectrum in the frequency domain to pass
through [19,20] while blocking the unwanted spectrum
caused by the binary modulation. Nevertheless, previously
reported work on speckle reduction using angular spectrum
interleaving [15] did not clarify the effective region for fil-
tration in a digital holographic display system where
DMDs are used to display binary‐type holograms.

In this paper, we show that the binarization of the ampli-
tude holograms in the numerical process of CGHs can induce
unwanted spectral components in the frequency domain or in
a spatial filter position. In case of utilizing a single plane car-
rier wave technique, it is shown that the effective spectral
zone in the filter domain should be much smaller than the
maximum size allowed for usual SSB holography to block
the unwanted spectral components caused by the binary
modulation. To solve this problem, we propose a pro-
grammable dynamic filtration method to reduce the speckle
artifacts using the angular spectrum interleaving technique in
digital holographic display systems where a DMD is used as
a spatial light modulator (SLM). To achieve dynamic filtra-
tion in the spectrum domain, another DMD is used in the
Fourier plane of a 4‐f optics. Therefore, in our proposed
method, two DMDs are used, that is, one as an SLM and the
other as a programmable filter. In the experiment, we mea-
sure the speckle contrast values in the conventional and pro-
posed systems for quantitative comparison.

2 | FUNDAMENTAL CONCEPTS

In this section, we briefly describe a single‐carrier‐wave
technique for reducing the speckle distribution in point‐
cloud‐based CGHs of viewing‐window‐based holograms.
Considering the use of DMDs as SLMs, a general filtering
method adopting an SSB in the reconstruction of ampli-
tude‐type holograms and the unwanted signals given by
their binarization are described. After describing the bina-
rization of amplitude‐type holograms, the unwanted signal
intervention in the SSB is provided.

2.1 | Angular spectrum interleaving
technique for reducing speckle artifacts in
point‐cloud‐based CGHs

The fundamental concept of the angular spectrum interleav-
ing technique reported in [15] was to deliver the angular
spectrum associated with only a single plane carrier wave to
the user's eye at a time. In [15], it was demonstrated with
mesh‐based CGHs using a simple holographic display set‐
up. This technique can be readily modified to be applied to
point‐cloud‐based CGHs for viewing window‐type holo-
graphic displays. In the viewing window‐type holographic
displays, a point‐cloud‐based CGH is synthesized by [21]

Uðx; yÞ ¼ ∑mam expðjθmÞ
exp j 2πλ rm
� �
rm

; (1)

where am and θm are the amplitude and phase, respectively,
of the object point located at (xm, ym, zm), and λ is the
wavelength. rm in (1) is given by
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rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xmi � xð Þ2 þ ymi � yð Þ2 þ z2mi

q
; (2)

where (xmi, ymi, zmi) is related to the displayed object point
location (xm, ym, zm) in the viewing window‐type holo-
graphic display using a converging lens of focal length f
by

zmi ¼ fzm
f � zm

; xmi ¼ fxm
f � zm

; ymi ¼ fym
f � zm

: (3)

In usual point‐cloud‐based CGHs, phase θm of the object
point is given by a random value. In the angular spectrum
interleaving technique, however, phase θm of the object point
is given for a plane carrier wave having spatial frequency
pair (νxo, νyo) by

θm ¼ 2π νxoxmi þ νyoymi þ zmi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
λ2

� ν2xo � ν2yo

r !
: (4)

Equation (4) structures the phase distribution on the dis-
played 3D object surfaces according to the single plane
carrier wave of spatial frequency pair (νxo, νyo). Therefore,
in the Fourier plane of the hologram, the spectrum of
hologram U(x, y) is centered around plane carrier wave
spatial frequency pair (νxo, νyo) with a width given by the
bandwidth of the 3D object itself. Because the spectrum
is associated only with a single plane carrier wave, there
is no interference between the different plane carrier wave
components, and thus, the speckle artifact is removed at
the expense of the enlarged depth of field of the recon-
struction. In the angular spectrum interleaving technique,
multiple holograms are synthesized with different spatial
frequency pairs of the plane carrier waves. Moreover, they
are presented sequentially, such that the temporal accumu-
lation of the spectrum fills the entire spectral area sup-
ported by the pixel pitch of the SLM, giving speckle‐free
and narrow‐depth‐of‐field 3D holographic images.

2.2 | Multiple spectral components caused by
binary amplitude modulation of DMD

As described in section 2.1, for a speckle‐free reconstruction
using the angular spectrum interleaving technique, the spec-
tral components associated only with a single plane carrier
wave should exist in each frame of the time‐multiplexing.
However, the amplitude binary modulation property of the
DMD generates multiple harmonics in each frame, dissatisfy-
ing this requirement. Let us denote the amplitude and phase
of ideal complex field hologram U(x, y) in (1) as A(x, y) and
ϕ(x, y), respectively, such that U(x, y) = A(x, y)exp[jϕ(x, y)].
Ideal complex field U(x, y) is encoded into a real‐valued pat-
tern by adding its complex conjugate based on the SSB
encoding technique, and then it is binarized by

bðx; yÞ ¼ B Uðx; yÞ þ U�ðx; yÞ½ �
¼ B 2Aðx; yÞ cosϕðx; yÞ½ �

¼ 1; if cosϕðx; yÞ>0

0; otherwise

�
;

(5)

where B[·] represents a binarization operator. This binary
pattern, b(x, y), is loaded to the DMD.The multiple har-
monics in the spectrum of binary pattern b(x, y) is readily
understood by expanding it using a Fourier series with
respect to phase ϕ(x, y). From the last line of (5), it is
evident that b(x, y) is a periodic function of ϕ(x, y) with
fundamental period 2π. Then b(x, y) can be written as

bðx; yÞ ¼ ∑
1

n¼�1
Cn exp jnϕðx; yÞ½ �; (6)

with Fourier coefficient Cn given by

Cn¼ 1
2π

Z π

�π
bðϕÞexp �jnϕ½ �dϕ¼ 1

2π

Z π=2

�π=2
exp �jnϕ½ �dϕ; (7)

where b(x, y) is denoted by b(ϕ) to stress that it depends on
ϕ by (5). After some manipulations, (6) and (7) reduce to

bðx; yÞ ¼ 1
2
þ 2
π
∑
1

n¼1

�1ð Þnþ1

2n� 1
ejð2n�1Þϕðx;yÞ þ e�jð2n�1Þϕðx;yÞ
n o

:

(8)

Equation (8) indicates that binarized pattern b(x, y) contains
not only the desired term, that is, exp[jϕ(x, y)], but also
direct current (DC) term 1/2, conjugate exp[–jϕ(x, y)], and
many other harmonics exp[±j(2n – 1)ϕ(x, y)] (where
n = 2, 3, 4, …). Therefore, even though ideal complex
field hologram U(x, y) is synthesized with a single plane
carrier wave such that its spectrum is concentrated around
single carrier wave spatial frequency pair (νxo, νyo), bina-
rized amplitude pattern b(x, y) has multiple spectral compo-
nents centered at ((2n – 1)νxo, (2n – 1)νyo) (where n =
±1, ±2, ±3, …) and (0, 0). With a viewing window‐type
holographic display with a 4‐f optics filter plane of focal
length f1 as shown in Figure 1A, the spectra of ideal com-
plex field U(x, y) and binarized pattern b(x, y) for a single
plane carrier wave are illustrated in Figures 1B, C, respec-
tively. Here, the pixel pitch of the DMD is denoted by
p. As shown in Figure 1C, inside the usual filtration area
(i.e., aperture area) of the SSB technique, the binary modu-
lation generates multiple harmonics, which interfere with
each other in the reconstruction, generating speckle artifacts
even in the single plane carrier wave case.

3 | PROPOSED METHOD

3.1 | Working principles

As is described in the previous section, an unwanted spec-
trum is generated in the process of binary modulation, and
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this can be added in the filtering zone of conventional SSB.
As a consequence, a single carrier wave spectrum can be
affected by the intrusion of unwanted signal components,
and so, the speckle artifacts can be increased than expected.
Here, we describe a novel filtration scheme to reduce speckle
artifacts in an effective way. The fundamental concept for
our novel filtration technique is presented in Figure 2.

As is presented in Figure 2, the filter size of the con-
ventional SSB is larger than that of the single carrier wave
sets when the speckle artifacts are required to be reduced.

In addition, mixing of the different spectral components of
the single carrier wave sets or enabling temporal multiplex-
ing of several spectral components simultaneously needs to
be achieved. Therefore, it is desirable to implement passing
through the necessary region dynamically and synchronize
the filter region with which the CGH images are displayed
on the SLM DMD. As is described in a previous work, it
is enough to mix four holograms with different carrier
wave sets to provide wide viewing angles and narrow
depths of fields [15]. As a consequence, an effective
method for filtering signal components is required for the
speckle reduction techniques adopting single carrier wave
sets. In other words, the first order in (8) should be filtered
in accordance with the CGH displayed on the SLM DMD,
and four other different sets should be temporally multi-
plexed simultaneously. To achieve those concepts, it is nec-
essary to use a dynamically controllable device, and we
place another DMD in the filter position.

3.2 | Implementation of a programmable
filter

To implement a programmable filtration technique, we use
another DMD as a dynamic filter or a programmable filter.
In particular, in Figure 3, DMD 1 is used to display the
point‐cloud‐based CGHs, whereas DMD 2 is placed at the
back focal plane of lens 1 and applied to reflect a proper
signal spectrum according to DMD 1. Lens 2 is the second
lens in the 4‐f optics configuration, and lens 3 is a field
lens in the viewing‐window‐based holographic display sys-
tem [22,23]. A charge coupled device (CCD) captures the
reconstructed holograms, and the captured images are
utilized to estimate the speckle patterns.

f1 f1 f1 f1

DMD plane
(SLM)

Filter plane
(Fourier domain of SLM)

Viewing window
plane

f2

Re-imaged
SLM plane

Lens 1 Lens 2 Lens 3

z

y0 y1 y2 y3

x0 x1 x2 x3

x1

y1

(f1λνxo, f1λνyo)

Bandwidth of 3D 
object

Filter plane

Filtration area for single sideband
f1λ /p

f1λ /2p

x1

y1

Filter plane

(f1λνxo, f1λνyo)

(3f1λνxo,3f1λνyo)

(5f1λνxo,5f1λνyo)

(0,0)

(-f1λνxo, -f1λνyo)

(-3f1λνxo, -3f1λνyo)

(B)

y0

(A)

(C)

y1 y2 y3

x0 x1 x2 x3

f1

(f1λνxo, f1λνyo)

f1 f1 f1 f2

(f1λνxo, f1λνyo)

(3f1λνxo, 3f1λνyo)

(–f1λνxo, –f1λνyo)

(–3f1λνxo, –3f1λνyo)

(5f1λνxo, 5f1λνyo)

FIGURE 1 (A) is the fundamental configuration for electronic
display systems adopting viewing window and 4‐f optics, (B) shows
the spectrum of ideal complex field U(x, y) associated with a single
plane carrier wave of spatial frequency pair (νxo, νyo) in the filter
plane of the 4‐f optics, and (C) shows the spectrum of binarized
amplitude pattern b(x, y) in the same plane

x1

y1

Filter plane

x1

y1

Filter plane

Dynamic 
filter

Time multiplexing 
with dynamic filtration

Dynamic 
filter

( f1λνxo, f1λνyo)

( f1λνx1, f1λνy1)

FIGURE 2 The proposed method for excluding false
components and for enabling programmable filtration is described
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To use a DMD as a programmable dynamic filter, we
describe the procedure for launching the filtering region on
the filter DMD, as is presented in Figure 4. CGHs are gener-
ally given by the 3D object data, and the inverse Fourier
transform of the CGHs can generate the spectral components
at the filter plane in the first step. Then, the signal spectrum
region for the holograms can be found numerically in the
second step, and the masking of other regions, except for the
signal spectrum, occurs in the third step. As the coordinate in
the numerical process does not match the real coordinate of
filter DMD 2, coordinate transformation should be per-
formed in the last step. Finally, the images for the filter
region are displayed on DMD 2.

4 | EXPERIMENTAL VERIFICATION

4.1 | Experimental set‐up and preparation

In Figure 5A, the schematic of the experimental set‐up is
presented, and its image is shown in Figure 5B.

In the experimental set‐up, a 532 nm laser (SambaTM,
Cobolt Corp.), the maximum optical power of which is
100 mW, is used as a coherent light source, and two
DMDs having 1,024 (horizontal) × 768 (vertical) pixels

are applied. One is used as an SLM to display the binary‐
type CGHs, and the other is used as a programmable filter.
The pixel size of both the DMDs is 13.68 μm, and the
maximum operating speed is approximately 22 kHz (V‐
7000, Vialux GmbH). The focal length of lens 1 and lens
2 is 150 mm, whereas that of lens 4 and lens 5 is
180 mm. To illuminate DMD 1, which is used as the
SLM, a collimator and transmission‐type total internal
reflection (TIR) prism are placed in front of it, whereas a
reflection‐type TIR is placed in front of DMD 2, used as
the programmable dynamic filter. The specific description
of the two different TIR prisms for illuminating DMDs
can be found in [24,25]. Lens 1 is a Fourier lens, and it
converts the optical field emanating from DMD 1 into spa-
tial frequency components, and DMD 2 is placed in the
Fourier plane generated by lens 1 and DMD 1. DMD 2 is
launched at a six‐axis stage, with three axes for translation
and three axes for roll, pitch, and yaw, to align DMD 2 as
fine as possible. One beam splitter, denoted by BS 1 in
Figure 5, separates the beam path into two paths. One
passes through lens 2 and lens 3, and it reaches the CCD,
and the other passes through lens 4 and lens 5. The CCD
(Grasshopper 3, Point Grey Corp.) has a pixel number of
4,240 (horizontal) × 2,848 (vertical) and pixel pitch of
3.45 μm, and it captures images of the reconstructed holo-
grams. In capturing the hologram images, no lens is placed
in front of the CCD, that is, objective measurement for
speckle is applied. Lens 4 and lens 5, constituting another

DMD 1

DMD 2

Lens 1
Lens 2

Lens 3

CCD

f1

f1

f1

f1

(Programmable 
filter)

(SLM)

FIGURE 3 The scheme for the proposed filtration method in
viewing‐window‐based holographic display systems

1. Perform 
inverse Fourier 
transform

2. Find a region 
for spectrum
in the filter plane

4. Match the 
numerical coordinate 
with the real position 
of DMD2

3. Mask other 
regions 

Three-
dimensional
object data

CGH

5. Display the signal 
spectrum region on 
DMD 2

FIGURE 4 Shows the flowchart for generating a filtering region
on the DMD used as a programmable filter
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LENS 5

LENS 4DMD 2

DMD 1

BS 1Collimator

Lens 1

Lens 2

Lens 3 CCD

LENS 5
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DMD 2
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combiner

(A)

(B)

camera

6-axis
stage

6-axis
stage

DSLR camera

FIGURE 5 (A) is the schematic of the experimental set‐up, and
(B) is the corresponding real picture
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4‐f optics, are inserted to ensure DMD 2 identifies the fil-
ter position conveniently. The captured images of the filter
plane, DMD 2, by a DSLR camera (5D MARK III, Canon
Corp.) are presented in Figures 6B, C. Figure 6A shows
the conventional SSB filter, where half the region of the
SSB is implemented for the experiment. The implemented
SSB filter on DMD 2 is shown in Figure 6B, and
the implemented region for the single carrier wave tech-
nique on DMD 2 is shown in Figure 6C. In Figures 6A,
B, the size of the filter region for the SSB is given by
(f1λ/2p) × (f1λ/2p), where f1 = 150 mm, λ = 532 nm, and
p = 13.68 μm. The corresponding pixel numbers displayed
on DMD 2 are 214 × 214. In the experiment for the pro-
grammable filtration, the actual position is changed accord-
ing to the single carrier wave sets. Consequently, the filter
region shown in Figure 6C can be varied and synchronized
with the image displayed on the SLM DMD. The filter
region shown in Figure 6C is given by following the pro-
cess presented in Figure 4, and the estimated pixel num-
bers are 70 (horizontal) × 70 (vertical).

To verify the effectiveness of the proposed pro-
grammable filter in terms of the speckle artifact reduction,
the speckle contrast value is used to quantify the measured
speckles [26,27]. The speckle contrast is given by

SC ¼ σ

Ih i ; (9)

where hIi and σ represent mean values of the intensity and
standard deviation of the captured images, respectively. We
design the test pattern for measuring the speckle distribution,
and the test image pattern referring to the conventional
USAF 1951 is shown in Figure 7, the center of which is
composed of the rectangular region for the calculation of
speckle contrast values. The entire size of the test image is
1,024 × 768 pixels and that of the square at the center is
150 × 150 pixels.

In Figure 8, the CGH images of the four different sets
given by the single carrier wave technique for point‐cloud‐
based holograms are presented. Figures 8A, C, E, and G are
the CGHs of the four different single carrier wave sets, and
they are to be displayed on DMD 1 (SLM). The

corresponding filter images given by referring to the proce-
dure presented in Figure 4 are, respectively, shown in Fig-
ures 8B, D, F, and H, and these are to be uploaded on DMD
2 (programmable filter).

In Figures 8B, D, F, and H, the positions on the DMDs
are 40 pixels away from one another horizontally and verti-
cally because they have different carrier wave sets.

4.2 | Experimental results

In this subsection, experimental results to verify the pro-
posed concept are presented. First, we conduct three types
of experiments depending on the filtering condition. One is
based on the conventional method, which implies that the
conventional SSB is placed in the filter plane and adopts
the SSB filter shown in Figure 6A. Another is to adopt
SSB on DMD 2, as shown in Figure 6B, the case of which
is to include the false spectral components in the SSB
region while using DMD 2 in the filter plane. In these two
experiments, half of the SSB along the horizontal direction
is applied. The other experiment is the programmable filter
test on DMD 2, as presented in Figure 6C, which is the
main experiment for our proposed concept. Results for
these three types of experiments are displayed in Figure 9.
To compare the results easily, they are listed and grouped
in three columns. Four images, Figures 9A, D, G, and J in
the left column of Figure 9 denoted by conventional SSB
show the reconstructed holograms of the conventional SSB

(A) (B) (C)

FIGURE 6 (A) is the image of a conventional SSB filter, the center of which is applied as the filtering area. (B) is the captured image of a
programmed SSB filter on DMD 2, and (C) is the captured image of a programmed filter image for a single carrier wave technique on DMD 2

Region for
speckle contrast
estimation

FIGURE 7 The test pattern for speckle estimation is described
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experiments. Four images, Figures 9B, E, H, and K in the
middle column of Figure 9 denoted by SSB on DMD 2
present the results for the SSB filter on DMD 2. Four
images, Figures 9C, F, I, and l in the right column of Fig-
ure 9 denoted by programmable filter present the experi-
mental results for the proposed concept.

In Figure 9, the estimated speckle contrast values are
inserted in the upper region of each image. The captured
images in the experiments are horizontally flipped because
of the reflection‐type TIR prism for illuminating DMD 2.

Second, the temporal multiplexing experiments for four
different carrier wave CGHs were performed, where the
results were given by temporally multiplexing the CGHs
shown in Figures 8A, C, E, and G. For the conventional
SSB experiment, only DMD 1 is activated, where the filter
presented in Figure 6A is used.

The captured hologram image for the conventional SSB
experiment is shown in Figure 10A. The estimated speckle

distribution for the inset square region is presented in Fig-
ure 10B, and its speckle contrast value is 34.7%. The
experimental result with the SSB on DMD 2 is presented
in Figure 10C. The corresponding speckle contrast value is
30.5%, the speckle distribution of which is presented in
Figure 10D. The result for the programmable filter experi-
ment is presented in Figure 10E. The speckle contrast
value is 20.2%, and the speckle distribution is shown in
Figure 10F. In these temporal‐multiplexing experiments,
the repetition rate of both the DMDs is set as 3,600 Hz,
and they are synchronized for the programmable filter
experiments. In synchronizing and displaying the CGHs on
DMD 1 and DMD 2, commercial software LabVIEW was
applied.

Regarding the resolution confirmation of the proposed
method, we perform an additional experiment. In Fig-
ures 11A, B, the third group in the USAF image is
enlarged and shown in the left side of the corresponding
holograms. In both the magnified images, horizontal and
vertical bars less than the third element in the third group
become indistinguishable. Thus, by comparing the resolu-
tion image of the program filter with that of the SSB filter

(A)

(D)

(G)

(J)

(B)

(E)

(H)

(K)

(C)

(F)

(I)

(L)

FIGURE 9 (A), (B), and (C) are the reconstructed hologram
images of the CGH in Fig. 8(A). (D), (E), and (F) are the
reconstructed hologram images of the CGH in Figure 8(C). (G), (H),
and (I) are the reconstructed hologram images of the CGH in
Figure 8(E). (J), (K), and (L) are the reconstructed hologram images
of the CGH in Figure 8(G)

(A)

(C)

(E)

(G)

(B)

(D)

(F)

(H)

FIGURE 8 (A), (C), (E), and (G) are the CGHs of the test
patterns of the four different sets of the single carrier wave technique,
which are to be uploaded on DMD 1 (SLM). (B), (D), (F), and (H)
are the corresponding images for the programmed filter region to be
displayed on DMD 2
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on DMD 2, it is observed that the use of the programmed
filter does not cause resolution to be lowered.

5 | DISCUSSION

As is seen from the experimental results in Figures 9 and
10, the programmable filter achieved by the use of a DMD
effectively reduces the speckle artifacts. The speckle con-
trast values for the programmable filter case are smaller
than those for the conventional SSB methods, as shown in
Figure 9. In the temporal multiplexing experiments, the
speckle contrast value for the programmable filter is the
lowest of all the experiments. Another characteristic
approach is to synchronize the SLM DMD with the

programmable filter DMD dynamically, which has not been
shown in previous works regarding speckle reduction tech-
niques as well as filtering methods for binary‐type holo-
grams. This feature would be particularly useful if our
proposed method was to be applied in other holographic
research such as synthetic aperture holograms, where
dynamic filters can be applied. However, owing to the rela-
tively small pixel pitch of DMD 2 compared to that of the
spectrum region of the single carrier wave holograms,
replicas of hologram signals are observed in Figures 9 and
10, where DMD 2 is implemented as a programmable
dynamic filter. This is caused by the periodic pixel pitch of
DMD 2 placed in the filter plane. To remove this, the pixel
size should be increased to the size of the signal spectrum.
Although we used a DMD as a filter, fast‐activating

SC = 34.7%

SC = 30.5%

SC = 20.2%

(B)(A)

(D)(C)

(F)(E)

FIGURE 10 (A), (C), and (E) are the
temporally multiplexed results for the four
different single carrier wave sets presented
in Figure 8 (A), (C), (E), and (G). Their
corresponding speckle distributions are,
respectively, shown in (B), (D), and (F)
with the calculated speckle contrast values
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mirrors with a large diameter equal to the spectrum spot
size of the single carrier waves can be applied to solve this
problem. In addition, a horizontal shrinkage is observed in
the captured hologram images when the DMDs are used as
a spatial filter. This is caused by the misalignment of
DMD 2 although we tried to adjust it as possible as we
can. Thus, the image is horizontally distorted. Although the
refresh rate of the DMDs in the temporal multiplexing
experiments was 3,600 Hz for convenience, it could be
dynamically altered in other applications.

6 | SUMMARY AND CONCLUSION

Previously reported works gave a good description for reduc-
ing the speckle artifacts in binary‐type holographic display
systems. However, the conventional approaches did not
provide delicate considerations in the filtering technique. Our
proposed concept features how to effectively filter the

unwanted signal spectra to recover hologram images with
reduced speckle artifacts. In addition, to estimate the speck-
les, we designed a test image pattern and quantified them
with speckle contrast values. Thus, it has been proved
that our proposed programmable filter can effectively reduce
speckle artifacts compared to the conventional filtering
technique.
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