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Single channel in-line multimodal digital holography
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We present a new single channel in-line setup for holographic recording that can properly record various objects

that cannot be recorded by the Gabor holographic method. This configuration allows the recording of holograms
based on several modalities while addressing important issues of the original Gabor setup, including the well-

known twin-image problem and the weak scattering condition.
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Digital holography concerns the recording of a hologram
using a solid-state detector array and the numerical
reconstruction of the recorded object, or scene. Using
a computer, the reconstruction is achieved via the decod-
ing of the recorded hologram. Many methods of digital
holography have been proposed throughout the years
[1]. However, since the introduction of holography by
Gabor [2], a single channel configuration has remained
the most appealing type of hologram recording setup.
In a single channel (in-line) holographic setup, the object
and all other components are positioned on the same
optical axis, enabling the use of low spatial and temporal
coherence illumination sources and reduced stability
requirements (see, e.g., [3]). Furthermore, maximal
space-bandwidth-product can potentially be achieved
[4]. In this Letter, we propose a new, to the best of
our knowledge, single channel interferometer for the
recording of digital holograms. This configuration can be
described using the original Gabor holographic configu-
ration [2]. Gabor originally described an in-line configu-
ration, where the interference occurs between two
wavefronts: one, scattered by the object, and another,
which is unscattered. This principle imposes several re-
strictions on the object, such as the weak scattering con-
dition. Under this condition, alarge enough portion of the
light must be unscattered upon passing through the ob-
ject, so that it can be used as a reference wavefront; thus,
making the Gabor setup impractical for dense samples.
Another element that sets limits on the performance of
the original Gabor holography is the twin image term, evi-
dent in the reconstruction. Throughout the years, several
techniques have been proposed to remedy these prob-
lems. For example, computational techniques were sug-
gested to remove the twin image [5] and bias terms [6].
Other methods have implemented optical and digital
means that together perform an in-line phase-shifting
technique. This was demonstrated for both incoherent
[3,7] and coherent systems [8].

We propose a method by which the in-line hologram is
formed through an interference of object scattered wave-
front and unscattered wavefront, in a similar fashion to
the original Gabor holography. However, the proposed
method is superior to the Gabor working principle in
the following manners: (1) Control over the reference
field to object field intensity ratio is offered; that is, this
ratio is no longer simply object dependent, remedying
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the weak scattering condition; (2) The complex field
amplitude of the object can be extracted, either from a
phase-shifting holography experiment or from a single
shot, in the same manner as in off-axis holography.
The twin-image problem is thus addressed; (3) The
method allows the recording of Fresnel, image and
(potentially) Fourier holograms, with only minor modifi-
cations to the setup, some of which are digitally set, with-
out any mechanical movement of the equipment; and
(4) The setup potentially can be used to perform on-axis
reflection holography.

A schematic sketch of the recording setup is shown in
Fig. 1. The setup contains two polarization dependent
spatial light modulators (SLMs) located between two,
in parallel polarizers, and a digital camera. The SLMs
are placed with their active axes perpendicular to each
other and at a 45° angle to the transmission axis of the
two polarizers. The second polarizer is used to isolate,
from the two orthogonal polarizations, two polarization
components that have the same polarization direction
and can, therefore, interfere [9]. As the input object
is illuminated with a collimated laser beam, each SLM
only phase-modulates components of the incident light
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Fig. 1. Schematic of the JORDI recording setup. Poll and Pol2
are polarizers. The spatial light modulators are SLM1 and SLM2.
The two independent beams are signified by red and blue. This
is only a simplified scheme in the sense that the actual incident
angles of the beams hitting the SLMs in the experimental setup
are less than 10°.
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that have their polarization aligned with its active axis,
while components of perpendicular polarization, aligned
with the nonactive axis of the SLM, are not affected
[9]. This configuration enables separate control over
perpendicular polarization components of the light beam
traveling within the system. We coin our setup joint
object reference digital interferometer (JORDI).

Let us denote the complex field amplitude of an object
located inside a plane at a distance 2z, away from the first
SLM as U(x, y; 2,). This wavefront propagates to the first
SLM, where, due to the first polarizer, it is split into a
modulated beam and unmodulated beam. The first beam,
By, is used as the reference wavefront modulated by a
converging lens function displayed on the SLM, such that
the wavefront impinging on the CCD is:
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where 24, 25, and 2 are the distances indicated on Fig. 1,
J1 is the focal length of the diffractive lens displayed on
the first SLM, Q(s) = exp{jzsi (2 + y?)} is a quadratic
phase term, L[s] = exp{j2zi~'(s,& + s,y)} is a linear
phase term, C, is a constant which accounts for the
propagation constants and for the second polarizer angle
with respect to the first SLM, and exp{j¢;} is a constant
phase, used whenever a phase-shifting procedure is in
order [3]. While the role of the Q(s) function is to pro-
mote lens-like behavior, the role of the L[S] function is
to introduce a tilt to the beam. The second beam, repre-
senting the part of the wavefront that was unmodulated
by the first SLM, is modulated by the second SLM, which
has its polarization axis positioned perpendicular to that
of the first SLM. The second SLM also has a lens function
displayed. The resulting wavefront of the second beam
that impinges on the CCD is given by:
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where f, is the focal length of the diffractive lens
displayed on the second SLM, and Cy, accounts for
propagation and for the exit polarizer angle, such that
92 == 900 - 01.

According to Eq. (1), whenever the function displayed
on the first SLM, Q(-1/f;), is chosen such that
1/f1 =1/z, + 1/(21 + 2), a shifted magnified image of
the input object is formed on the CCD plane. Thus, the
beam B; represents a reference beam that originates
from the collimated laser beam plane wave, and is practi-
cally unscattered by the object. Therefore, upon reaching
the CCD, assuming infinite extended apertures, it can be
evaluated as Cy, Q{1/(21 + 22 - f1)}L{-a1/(21 + 25 —f1)}
[10], where Cy accounts for the constant phase terms
and for Cy . Therefore, this reference wave carries no
information about the object in a similar fashion to the
undiffracted wavefront that is used as a reference beam
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in Gabor holography. The main difference is that here the
beam does not rely on the entire object distribution;
rather, it uses just a magnified patch of the field of view
that is unscattered by the object. This is schematically
illustrated in Fig. 2, where the reference beam is marked
in red. Thus, the resulting interference on the CCD is
given by:
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To demonstrate some of the various capabilities of
JORDI, experimental results from several configurations
are presented. The first experiment demonstrates the re-
cording of a phase-shifting Fresnel hologram of a three-
dimensional object. The input object was composed from
two resolution charts, separated 10 cm apart from each
other (depth-wise), and illuminated with a collimated
He-Ne laser with central wavelength of 1 = 632 nm. The
front resolution chart was placed at z, = 35 cm from the
first SLM (Holoeye PLUTO, 1920 x 1080 pixels, 8 pm pixel
pitch, with phase-only modulation). The other distances
were set as follows: z; = 28 cm and 25 = 20 cm. To cre-
ate an image of the collimated, unscattered by the object,
wavefront on the CCD plane (PixelFly CCD, 1280 x 1024
pixels, 6.7 pm pixel pitch, monochrome), the converging
diffractive lens function on the first SLM was set to a
focal length f; =20 cm. The second diffractive lens
focal length was set to fo = 14 cm to create a Fresnel
hologram of the object. Three holograms were recorded
with ¢, = {0°,120°,240°} and using the phase-shifting
method [3] to eliminate the bias (zero-order) and twin-
image terms. Following the recording, the complex field
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Fig. 2. Schematic of the hologram recorder implemented
using the JORDI configuration. The reference beam, which is
unscattered by the object (red arrows), interferes with the
object wavefront (blue arrows) on the CCD.



amplitude of the object was extracted. A recorded
hologram with ¢, = 0° is shown in Fig. 3(a), while the
magnitude and phase of the resulting hologram, after
applying the phase-shifting procedure, are shown in
Figs. 3(b) and 3(c), respectively. Numerical refocusing
on two of the object planes, using the Fresnel back-
propagation procedure, is shown in Figs. 3(d) and 3(e).

In the second experiment, we demonstrate the capabil-
ity of JORDI to record an image hologram. In this con-
figuration, the first beam is being used as a reference
wavefront, as in the previous experiment. The second
beam is modulated by the second SLM using the function
Q(-1/fs),such that 1/fy = 1/(z5 + 21) 4+ 1/25. Thus, the
second beam forms a magnified wavefront of the object
on the CCD plane, such that the recorded interference
can be approximated by:
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where M is the transverse magnification of the second
imaging system. For reduced notation, it is assumed in
Eq. (4) that the dimensions of the image are small enough
to neglect the quadratic phase term that multiplies the
image term U(*) [11]. However, even if such a quadratic
phase term is considered, it has no effect at all on the
final reconstruction result.

In this experiment, the object we chose to create the
image hologram was the wing of a fly. The object was
positioned at a z, = 35 cm distance in front of the first
SLM. The other distances were set to as: z; = 28 cm and
29 = 92 cm. The function displayed on the first SLM was
Q(-1/f1), such that f1 = 27 cm and, to form an image of
the object on the CCD plane with beam B,, the second
SLM function was set to Q(-1/f5) with f5 = 37 cm; thus,
fulfilling the imaging condition with a magnification of

Fig. 3. Reconstruction of a three-dimensional object from its
acquired Fresnel hologram. (a) Acquired Fresnel hologram for
¢, = 0°. (b) Magnitude and (c) phase of the Fresnel hologram
after applying the phase-shifting procedure with three expo-
sures. (d) Reconstruction of the hologram at the best focus dis-
tance of the 4.0 object. (e) Reconstruction of the hologram at
the best focus distance of the X object, which was positioned
10 cm behind the 4.0 object.
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Fig. 4. Acquisition of an image hologram using JORDI. (a)
Recorded hologram at ¢; = 0°. (b) Amplitude and (c) phase
(wrapped) of the recorded object, after the application of
the phase-shifting procedure.

M = -1.46. The phase-shifting procedure was applied
as in the first experiment. The recorded hologram with
¢, = 0° is shown in Fig. 4(a). The resultant reconstruc-
tion’s magnitude and (wrapped) phase, after applying the
phase-shifting procedure, and after removing from the
complex hologram the linear and the quadratic phase
terms, are shown in Figs. 4(b) and 4(c), respectively.

In the third experiment, we show that, by introducing a
proper linear phase function on the SLMs, we are able to
record a single channel, off-axis Fresnel hologram. The
off-axis holography is made possible by the fact that the
LJs] function on the SLMs promotes a tilt between the ob-
ject and the reference wavefronts. Thus, the recording of
this hologram enables the extraction of the complex field
amplitude in a single shot. To demonstrate this, we have
used the same setup as in the first experiment, only that
this time the object was a two-dimensional resolution
chart positioned at z;, = 35 cm. In addition, we set the
linear phase function on the first SLM to be L[a; /f1], such
that @; = (0.48 cm, 0). Since f; = 20 cm, this yields a tilt
angle of approximately 1.4° between the object and refer-
ence beams. The acquired off-axis hologram is shown in
Fig. 5(a). The magnitude of the plane of focus of the +1
order is shown in Fig. 5(b), indicating the separation
between the +1 orders. The object reconstruction from
the single acquired hologram, using numerical Fresnel
back-propagation, is shown in Fig. 5(c).

In the final experiment we demonstrate the advantages
of the proposed setup over standard single channel,
in-line, Gabor-like, holographic recording. We have
recorded a Fresnel hologram using the JORDI configura-
tion, where the fly’s wing was positioned at a z, = 35 cm
distance in front of the first SLM. The other distances
were set to 2; = 28 cm and 25 = 92 cm. The function dis-
played on the first SLM was Q(-1/f;), with f; = 27 cm.

Fig. 5. Single channel off-axis holography using JORDL
(a) The recorded off-axis hologram. (b) The magnitude of
the hologram at the plane in which the +1 order is focused.
The reconstructed object’s spectrum (41 order) is highlighted
by a dashed square, while the zero and -1 orders are out of
focus. (c) Object reconstruction at best plane of focus.
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Fig. 6. Comparison of JORDI and Gabor for the fly’s wing.
(a), (c) The recorded JORDI and Gabor Fresnel holograms,
respectively. (b), (d) The corresponding reconstructions in
the best plane of focus of (a) and (c), respectively.
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A Fresnel hologram was formed by setting the second
SLM function to Q(-1/f>) with f5 = 38 cm. The recorded
hologram with ¢, = 0° is shown in Fig. 6(a). Again, the
complex field amplitude at the CCD plane was extracted
using the phase-shifting procedure. The reconstructed
image in the best plane of focus is shown in Fig. 6(b).
Then, by setting the second SLM to act like a mirror,
we formed a traditional in-line Gabor hologram on the
CCD. The recorded hologram is shown in Fig. 6(c), while
the best focus image is shown in Fig. 6(d). On examina-
tion, the fringes in Fig. 6(c) are much weaker than those
in Fig. 6(a) and, therefore, the reconstructed image in
Fig. 6(d) is almost unrecognizable. This poor result of
Fig. 6(d) is an indication that the nonscattered wave from
the fly wing itself is too weak to be used as a reference for
the Gabor hologram. Comparing the results shows a clear
advantage of the proposed method in scattering samples.

In conclusion, we have proposed and demonstrated a
new method to record digital holograms. While still main-
taining a single channel configuration, we have recorded
Fresnel and image holograms, and apply phase-shifting
and off-axis holography encoding. In the proposed setup,
the reference to object beam intensity ratio can be
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controlled easily by slightly rotating one of the polarizers
from the state of equal beam division (45°); thus, the
weak scattering condition is eliminated, allowing holo-
graphic recording of scattering samples. This is achieved
by the ability of JORDI to provide independent control
of the object and reference beams, while maintaining
a single channel setup. As a single channel (in-line)
configuration, which fundamentally provides high stabil-
ity and space-bandwidth-product, we believe that this
setup will prove suitable for microscopy and nanoscopy
applications.
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