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This Letter proposes a new optical architecture based on
a double-sideband filter, simultaneously applied at the
Fourier plane, for inline digital holography. The proposed
architecture not only allows removal of the conjugate im-
ages in the reconstruction process but also reduces the dis-
tortions that usually appear when using a single-sideband
filter. We first introduce the mathematical model that ex-
plains the method and then describe the optical setup used
for the implementation. The optical system includes a par-
allel aligned liquid crystal display placed at the Fourier
plane that simultaneously filters positive and negative
frequencies, when properly combined with linear polar-
izers. This feature makes the device useful to register
dynamic processes. Finally, we tested the setup by register-
ing a holographic movie of microscopic moving objects
placed at different planes. © 2015 Optical Society of America
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Holograms are intensity or phase distributions that arise from
the interference between the light transmitted (or reflected) by
an object with a given reference beam. In the reconstruction
process, reconstruction beams coherently illuminate the holo-
grams, and the optical field diffracted by the hologram is
formed by three different field contributions: a direct wave
(proportional to the reference beam), an object conjugate wave
(real image of the object), and an optical field proportional to
the object wave (virtual image of the object). Depending on the
optical arrangement used for registration and reconstruction
of holograms, the visualization of object virtual images may
be degraded by defocused images related to the object conju-
gate wave.

Current advances achieved in optoelectronic devices, such as
spatial light modulators and detectors (CCD, CMOS), make
digital holography a technique widely used in a large number
of applications [1,2]. In digital holography, the interference

between the object and the reference wave fronts is recorded
onto a pixelated optoelectronic sensor. Afterward, this recorded
image is used for the reconstruction of the object wave by using
numerical methods [3,4]. Two main optical arrangements are
used for digital holography: off-axis (OA) holography [5] and
inline (IL) holography [6]. In OA holography, proposed by
Leith and Upatnieks, the reference and the object beams have
a relative angle at the registration plane. In this way, the object,
the conjugate, and the reconstruction waves propagate along
different directions and can be observed separately in the
reconstruction. Thus, the real image can be selected by spatially
filtering the reconstructed planes [7,8].

However, OA configurations require a recording media with
high spatial resolution, and they are more sensitive to vibrations
and air flows than IL configurations. When dealing with IL
configurations in the reconstruction process, the object virtual
image (related to the object wave) and the object real image
(related to the object conjugate image) overlap, so they usually
cannot be observed separately.

Several techniques have been proposed to remove the un-
wanted conjugate image in hologram reconstruction. For in-
stance, a spatial filtering of reconstruction planes of digital
holograms was proposed in [9]. To achieve this goal, the de-
sired digitally reconstructed image is isolated from its surround-
ing pixels, but the selected area still contains noise from the
undesired conjugate image. Another method to remove the in-
fluence of conjugate images was proposed in [10], where the
hologram was recorded in the far field of the object. In such
a situation, when the hologram is reconstructed, the object im-
age is focused but the conjugate image appears strongly defo-
cused, which makes it appear as background noise.

Reference [11] proposes another interesting approach that is
based on the phase-shifting technique. In this approach, a CCD
camera captures a set of interferograms obtained by illuminat-
ing the object with different reference waves related to different
phase shifts. These phase shifts are in general performed
through small displacements of a mirror on a piezoelectric
device. Although this is a very suitable technique to be applied
in IL applications, due to the time-sequential acquisition re-
quired to capture the diverse interferograms, it is difficult to
implement in dynamic processes. In addition, the configuration
used in this technique is sensitive to vibrations and air flows.
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An alternative technique, known as single-sideband (SSB)
holography, was originally proposed by Bryngdahl and
Lohmann [12]. Due to its simplicity, it also can be applied
to dynamical objects. The method stops half of the spatial
frequency spectrum at the Fourier plane during the recording
of the hologram. Then the other sideband of the spectrum is
blocked during the reconstruction step. The original technique
was improved and adapted to digital holography [13,14] and
has already been experimentally tested for fluid velocimetry
[15]. To this end, a collimated beam illuminates the particles
and their distribution is imaged onto a CCD using convergent
lens. At the focal plane of the lens, half of the spectrum is
blocked by a knife edge. Consequently, a slight deformation
of the image is observed in the reconstruction process because
not all of the information of the wavefront was registered.

In this work, we propose a digital IL holographic method
that offers reconstructed images free of distortions and uncor-
rupted by the conjugate ones. The technique exploits the idea
of compensating deformations originated by a single-sideband
filter by simultaneously using double-sideband (DSB) filtering.
After providing the DSB filtering proof of concept, a particular
experimental setup, based on a liquid crystal on silicon (LCoS)
display, was implemented and tested to track particles placed
at different planes.

First we will describe the technique by analyzing light
propagation through the IL configuration shown in Fig. 1.

Figure 1 shows two different particles placed at two different
planes labeled as P1 and P2, respectively. The system is illumi-
nated by a plane wave that is diffracted by the particles and the
Fourier spectrum is obtained at the focal plane of the conver-
gent lens L1 [i.e., solid lines in Fig. 1]. In addition, L1 is also
imaging an intermediate plane Pint onto the CCD camera
[dashed lines in Fig. 1]. Let us denote as Uo�x; y� the complex
value of the electric field at the CCD camera if there were no
filter at the Fourier plane.

By assuming that we are dealing with an almost transparent
object we can write:

U 0�x; y� � 1� ΔU 0�x; y�; (1)

where ΔU 0 represents the contribution of the light diffracted
by the particles. In this situation, you can calculate the ampli-
tude distribution at the Fourier plane by the Fourier transform-
ing Eq. (1), which leads to

Ũ o�μ; ν� � δ�μ; ν� � ΔŨ o�μ; ν�; (2)

where δ denotes the Dirac delta function.
In turn, if a single-sideband filter is introduced at the

Fourier plane to block frequencies μ < 0, the amplitude distri-
bution at the CCD plane becomes
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where the asterisk � denotes complex conjugation. Note that
the fourth term of the modulus square can be neglected because
of the assumption of quasi-transparent object.

Whereas the second term (A�) in Eq. (4) only contains
frequencies μ ≥ 0, the third term (B�) only contains frequen-
cies μ ≤ 0. Afterward, the Fourier transform of the intensity
registered at the CCD [Eq. (4)] can be digitally calculated
and frequencies μ ≤ 0 removed, which allows us to eliminate
the (B�) term (i.e., the unwanted conjugate term). In this sit-
uation Eq. (4) becomes
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ΔŨ o�μ; ν�ei2π�μx�νy�dν; (5)

where the subscript (−) indicates that frequencies μ ≤ 0 have
been digitally removed. At this point, a second single-sideband
filter is placed at the Fourier plane, but this time, it is intended
to block frequencies μ > 0.

By performing this action, we obtain an expression similar
to Eq. (5):
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where the subscript (+) indicates that frequencies μ ≥ 0 have
been digitally removed.

Finally, by adding Eqs. (5) and (6) we obtain
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In this way the full complex amplitude, without the contri-
bution of unwanted conjugate waves, is obtained. From this
information, the wavefront can be reconstructed in any arbi-
trary position by using a Rayleigh–Sommerfeld diffraction
integral equation [16].

To implement the DSB filtering stated above, we have pro-
posed the optical architecture shown in Fig. 2(a). This setup
allowed us to apply the two sideband filters simultaneously,
which is a very interesting feature in dynamic applications.
In this architecture a laser beam, spatially filtered and then col-

Fig. 1. Inline configuration used to illustrate the technique based
on sideband filters.
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limated by the convergent lens L1, is used as light source. A
linear polarizer LP1 is used to properly choose the polarization
angle of the incident beam. After LP1, the object under study
is placed, represented by P1 and P2 planes. The Fourier plane is
placed at the back focal plane of a second convergent lens L2
[solid lines in Fig. 2(a)], that simultaneously images an inter-
mediate plane Pint, which is situated between the P1 and P2
planes, over two different CCD cameras [dashed lines in
Fig. 2(a)]. A beam-splitter (BS) is used to properly image
Pint onto CCD1 and CCD2 planes.

Since one of the goals of the proposed method is to be used
to record holograms of dynamic processes, the DSB filtering
must be performed simultaneously. Some suitable devices to
perform this operation include phase plates, ferroelectric crys-
tals (FECs), and liquid crystal displays (LCDs). In this case, we
used the optical device shown in Fig. 2(b), which is formed by a
parallel aligned liquid crystal display (PA-LCD) in combination
with linear polarizers.

Next we will describe the device performance. The linear
polarizer LP1 was set to illuminate the PA-LCD with a linearly
polarized beam at 45° of the laboratory vertical. The PA-LCD
can be modeled as a linear variable phase plate oriented at 0° and
whose retardance depends on the addressed voltage [17]. The
voltage amplitude and the spatial distribution is selected in such
a way that one half of the display has a δ1 � 0° retardance and
the other half δ2 � 180° [see Fig. 2(b)]. Thus, whereas the in-
cident linear polarization is not modified when it passes through
the first PA-LCD half (δ1 � 0°), the light passing through the
second half (δ2 � 180°) is rotated 90°, so its linear polarization
becomes oriented at 135° [Fig. 2(b)]. Afterward, the wavefront
divided at the BS is projected, respectively, onto the linear ana-
lyzers LP2 and LP3. These two analyzers are orthogonally ori-
ented to each other, namely, at 45° and at 135°, respectively. In
this configuration, the linear analyzers LP2 and LP3 act as upper
and lower sideband filters and thus the intensity registered at the
CCD1 and CCD2 cameras corresponds to those described in
Eqs. (5) and (6), respectively. Therefore, these complementary
intensity images are simultaneously achieved. By computing
Eq. (7), the full complex amplitude without the contribution
of unwanted conjugate waves is obtained in real time.

The optical architecture proposed in Fig. 2(a) was
experimentally implemented as shown in Fig. 3. A linearly
polarized laser (Research Electro-optics, Model R-30995,

wavelength 633 nm, output power 17 mW) was used as the
light source. The laser beam was expanded and filtered by a
spatial filter. Lenses L1 (f 0 � 250 mm, D � 50 mm) and
L2 (f 0 � 300 mm, D � 50 mm) were used to collimate the
beam and to image a plane Pint onto CCDs, respectively. In
the focal plane of L2, as spatial light modulator, we used a
parallel aligned electrically controlled birefringence LCOS dis-
play distributed by HOLOEYE, so the setup is adapted to op-
erate in reflection. The display, named PLUTO, is an active
matrix reflective device with 1920 × 1080 pixels and 0.7 0 0

diagonal. The pixel pitch is of 8.0 μm and the display has a
fill factor of 87%. We used CCD cameras (Basler, Model PIA
1000-60 gm), with a Truesense Imaging KAI-1020 CCD sen-
sor, which delivers 60 frames per second at 1 MP resolution.

The proposed technique and setup were tested with an ob-
ject conformed by a fixed micrometric reticle, placed at P1, and
a thin glass with 100 μm microspheres randomly distributed
on one of its faces. The thin glass is mounted on a rotation
stage placed on P2 plane and in this way constitutes the dy-
namic object. The distance between both planes is 100 mm.

The plane Pint, set between the microspheres diffractive par-
ticles and the reticle object, it is located to 50 mm from P2 and
to 690 mm (object distance, s) from L2. CCD1 and CCD2
image the plane Pint, simultaneously recording complementary
holograms (Fig. 4). Note that the spots corresponding to de-
focused particles are deformed because of the single-sideband
filter applied to obtain each hologram [upper Fig. 4(a) and
lower Fig. 4(b), respectively].

The digital Fourier transform of both holograms is com-
puted and the corresponding half frequency plane is blocked,
as detailed in the mathematical fundamentals. After that,
the inverse Fourier transform is applied to get the complex

Fig. 2. (a) Optical architecture proposed to implement the tech-
nique based on double-sideband filters and (b) sketch of the optical
arrangement used to implement the double-sideband filter.

Fig. 3. Experimental setup.

Fig. 4. (a) Upper and (b) lower sideband holograms acquired by
CCD cameras.
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amplitudes. By adding both distributions, the compensated
complex amplitude Uo�x; y� of the object is obtained.

Next, the complex amplitude Uo�x; y� was digitally propa-
gated through z-axis using the Rayleigh–Sommerfeld diffrac-
tion integral equation. In this case, z � 0 mm corresponds to
reconstruction of Pint in the image plane. The reconstruction of
the micrometric reticle image in Fig. 5(a) shows that its con-
jugate image is removed and the microspheres are defocused.
Analogously, when the particles are focused the conjugate im-
age is not visible and the reticle is now defocused [Fig. 5(b)].
Unlike the holograms shown in Fig. 4, the images displayed in
Fig. 5 are free of distortions because of the double-sideband
filter used.

The movie in (Fig. 6) shows the capability of the method
and the setup to record holograms of dynamic objects. The first
part illustrates only a refocusing process (i.e., for a fixed time
a scanning from Pint until the microsphere plane, along the
z axis is performed). Next, for a fixed z distance, the focused
microspheres are spatially rotated in the x–y plane. Finally, the
refocusing process is applied to scan the z axis in the reverse
direction but meanwhile the microspheres are in motion. The
refocusing process ends when micrometric reticle is focused.

For a proper experimental implementation of the technique,
an accurate alignment of the optical elements in the setup, with
special attention to the two CCD cameras, must be provided.
This is because simultaneous intensity images of the same
object region with the same magnification must be recorded.
This can be achieved by using a single convergent lens [L2
in Fig. 2(a)] properly placed before the beam-splitter element.
To ensure that both cameras are properly set in the setup, we
conducted some experimental calibration strategy (e.g., using
an object test with some specific marks to guide the pixel-
to-pixel alignment), which allowed us to place the CCDs at
the best focal plane and imaging the same object region.
Misalignments present between CCD cameras will to certain
extent lead to a decrease of the final reconstructed hologram
efficiency. In addition, faint differences between the sensors
(that may occur in industrial fabrication processes) may also
influence the results. In spite of this situation, as provided
by the experimental tests conducted, performing an accurate
alignment of the system makes the proposed setup robust
enough to provide satisfactory results.

To summarize, this Letter presents what we believe is a new
IL holographic technique based on double-sideband filtering.
It allows the distortion-free removal of spurious conjugate im-
ages, and is suitable for capturing dynamic processes. After pro-

viding the mathematical foundations of the double-sideband
based technique, we have presented an optical architecture, able
to perform simultaneously the filtering for negative and positive
frequencies. In addition, an experimental implementation is
conducted, where the double-sideband filtering is achieved us-
ing a PA-LCD combined with properly oriented linear polar-
izers. Finally, the proposed method and the optical setup were
tested with a dynamic object. A movie shows the ability of the
technique to scan along the optical axis objects placed at differ-
ent planes, an operation that is possible to perform for each
frame of the movie. This feature makes the technique of inter-
est to be used for tracking microscopic objects at frame rates
limited only by the speed of the detection device.
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Fig. 5. Reconstruction of focused image of (a) the micrometric re-
ticle (z � −30 mm) and (b) microspheres (z � 31 mm). Fig. 6. Reconstruction of a holographic movie of a dynamic object

(see Visualization 1).
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