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Phase-Shifting Gabor Holographic Microscopy
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Abstract—A new lensless microscopy method able to recover
the complex wavefront diffracted by a sample from a set of in-
line recorded holograms is presented. It is based on a modified
Gabor-like setup where a condenser lens and a spatial light
modulator (SLM) are inserted in a classical Gabor configuration.
The condenser lens provides the sample’s spectrum at the system
Fourier plane while the SLM allows phase shifting modulation
of the central spot (DC term) of the sample’s spectrum. As con-
sequence, the proposed imaging system recovers the complex
amplitude distribution of the diffracted sample wavefront without
an additional reference beam. Experimental results validate the
proposed method and expand the Gabor method applicability
beyond cases of weak diffraction assumption.

Index Terms—Holography, microscopy, optical image pro-
cessing, spatial light modulators (SLMs).

I. INTRODUCTION

ENSLESS microscopy started as early as Dennis Gabor
L proposed a new method to achieve imaging in electron
microscopy working without lenses [1]. In its basic architec-
ture, Gabor’s setup proposed an in-line configuration where
two waves interfere at the output plane: the imaging wave
caused by diffraction at the sample’s plane and the reference
wave incoming from the non-diffracted light passing through
the sample. Using this in-line configuration, it is possible to
recover the object’s complex wavefront by means of classical
holographic tools with proper reconstruction process. However,
this procedure is restricted to weak diffractive samples, that
is, the process must be ruled by holography. Only under this
assumption, the sample’s diffracted light can be considered
as a perturbation of the reference beam and the underlying
Gabor’s principle becomes true. Otherwise, the sample exces-
sively blocks the reference beam and diffraction dominates
the process preventing the accurate recovery of the sample’s
complex wavefront.

This dichotomy can be easily removed by inserting an ex-
ternal reference beam at the recording plane. Thus, holography
dominates the process independently if the sample should or
should not be considered as a weak diffractive one. In this case,
the sample information is placed in one interferometric beam
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and the reference beam in a different one and both are brought
together to produce an interference pattern. One can find dif-
ferent ways to reinsert the reference beam. Thus, Leith and Up-
atnieks reported on different schemes based on an off-line holo-
graphic architecture and, thus, avoided the distortion caused
by overlapping, in the observation direction, of the three holo-
graphic terms incoming from the in-line scheme [2]-[4]. On the
other hand, Yamaguchi et al. [5], [6] proposed an in-line ar-
chitecture where the reference beam is phase-shifted in order
to remove the image distortion incoming from the twin image
while optimizing the space-bandwidth product of the detector
due to the absence of carrier fringes in the recorded hologram
in the off-line configuration. Many other applications of digital
holography have been proposed, including object recognition,
microscopy, and identification of microorganisms [7], [8].

Nowadays, digital lensless in-line holographic microscopy
(the original idea proposed by Gabor with digital capabilities)
combines an optical implementation and a digital reconstruc-
tion incoming from the development of modern solid-state
image sensors with numerical processing capabilities provided
by computers. Several applications have risen up from this kind
of microscopy allowing three-dimensional (3D) imaging with
micrometer resolution. Some examples include underwater
observations, tracking of moving objects and particles, iden-
tification of microorganisms, as well as the study of erosion
processes in coastal sediments [8]-[19]. But many approaches
are restricted to weak diffraction assumptions as the original
Gabor’s concept was. Otherwise, the reconstructed images
will undergo higher or lower distortion depending on both the
density and the profile depth of the sample’s volume under
study [20]. In that sense and in a similar direction as Leith and
Upatnieks pointed out, digital in-line holography considering
an external reference beam has been also reported extensively
in the literature [21], [22]. Another way to provide a reference
beam in the interferometric recording is based on a lensless
Fourier transform holographic architecture where the sample
and the reference beams are generated from the same plane
following a common path until reaching the charge-coupled
device (CCD) [23], [24].

In this paper, we present a new method capable of recovering
the complex amplitude wavefront diffracted by the sample in
a digital in-line holographic architecture without the need to
add an external reference beam and by removing the Gabor’s
limitation concerning weak diffractive samples. It is based on a
Gabor-like setup but having two additional elements. The first
one is a condenser lens added between the input sample and
the CCD to provide focusing of the illumination beam at an in-
termediate plane (Fourier plane). The second one is an SLM
placed just at the Fourier plane to perform phase-shifting pro-
cedure. Since the DC term of the sample’s spectrum is related
with the light non-diffracted by the sample, a phase-shift can
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be introduced in the reference beam by modulating the SLM
pixels corresponding with the DC term. Although we propose
here the use of an SLM, a single optical element able to mod-
ulate the DC term of the focused spectrum can also be consid-
ered instead of an array of N x N pixels. This kind of mod-
ulation is a known method widely used for wavefront sensing
and aberration compensation in imaging systems [25]-[32] and
some examples of such single optical element can be found in
[31] and [32]. Now, we apply it to the field of digital holo-
graphic microscopy where several advantages are derived from
the use of the phase-shifting method. On one hand, both ze-
roth-order and twin image terms become removed in the recon-
struction process. Since the holographic nature of the method
allows sample imaging at different depths by digital propaga-
tion algorithms, the reconstructed images will present a better
signal-to-noise ratio. Also, due to phase distribution recovery,
there is no need to perform coordinate transformation for high
numerical apertures (NAs) and magnifications because the com-
plex amplitude distribution can precisely be propagated. More-
over, since magnification in an in-line hologram is related to the
distance between the illumination pinhole and the sample, the
smaller the distance the higher the magnification. As high mag-
nifications are pursued in microscopy, the separation between
twin and real images of the reconstructed hologram becomes
small because both of them are also related with the distance
from the source to the sample. The proximity of the twin image
will severely affect the quality of the reconstructed image. In our
method, we are avoiding the twin image, and the reconstruction
will not be distorted by it.

II. SYSTEM DESCRIPTION

The proposed experimental setup is depicted in Fig. 1, and
can be implemented in both transmissive and reflective con-
figurations. Basically, a collimated laser beam is focused by a
condenser lens at its image focal plane. As the input object is
placed between the condenser lens and the image focal plane,
the lens will provide the Fourier transformation of the object’s
complex amplitude distribution (object’s spectrum) at its image
focal plane. We place the SLM just at this plane. Finally, a CCD
records the Fresnel pattern that is propagated at short distance
from the SLM. In addition, a beam splitter is needed to allow
recording of the in-line diffracted patterns in the reflective case.

The motivation of such a configuration is the following. Since
the central part of the object’s spectrum is responsible for the
DC term of the image, or in other words, for the non-diffracted
light (reference beam) in the Gabor’s concept, it is possible to
record a sequence of Fresnel patterns in which the background
is shifted with respect to the diffracted components. That is, it is
possible to phase-shift the recorded in-line hologram in time se-
quence by modulating the SLM pixel which spatially coincides
with the DC term. The only restriction is that the pixel size of the
SLM will be smaller than the central lobe of the object’s spec-
trum, which is given by the object extent and its distance to the
CCD [31]. Thus, conventional phase-shifting algorithms can be
applied by previously calibrating the SLM in order to know the
phase-step to be introduced by the SLM for each modulation.
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Fig. 1. Two different possibilities to experimentally validate the proposed
method: (a) transmissive and (b) reflective configurations.

The proposed method can be applied without the need for
weak diffraction assumption as required for conventional Gabor
holograms and provided that there is a DC term in its spec-
trum. Thus, an in-line hologram is recorded by the CCD and
stored in the computer’s memory for each of the phase-steps
originated at the SLM. Once the whole process is performed,
the set of recorded images is processed using a conventional
phase-shifting algorithm [22]. In essence, if the arriving ampli-
tude distribution at the CCD can be considered as the addition
between a reference beam (incoming from the DC term) and an
imaging beam (incoming from the diffracted light at the object’s
plane), the intensity distribution recorded by the CCD at a given
instant ¢ is

)+ R(z,y; 1)
)

k
z,y) + Ro exp {i—(xZ + yz)}
22’0

2

ICCD(:L':y;t) = |O(377y

X exp {i[vﬁn(w, y)+ ¢(t)]} ey

O(z,y) and R(z,y;t) being the amplitude distributions rep-
resentative of the imaging and reference beams respectively, &k
is the wavenumber, zq is the distance between the SLM and
the CCD (see Fig. 1), Ry is the amplitude of the reference
beam, ¢(t) is a linear phase variable in time according to the
phase-shifting procedure, and ¢, (z,y) is the initial phase dif-
ference between imaging and reference beams. The spherical
phase factor is due to the divergence of the reference beam.
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Assuming that the time dependence of the different recorded
intensities is a function of the intensity image number p multi-
plied by the phase step between two consecutive images ($(t) =
pdK ), (1) can be rewritten as follows, when capturing the dif-
ferent intensity images in time sequence:

Icep(z,y;t) = |0(x,y)|* + B3 + 2Ro
24,2
x Re {O(m,y) exp {—zkw}]

220
X cos[ppr + ¢n(z,y)]. (2)

where Re takes the real part of the term between square brackets.
Now, the phase-shift algorithm computes the different intensity
distributions stored in time sequence by the CCD and recovers
the phase distribution of the diffracted wavefront [22]. Naming
m as the number of images that integrate a full phase-shifting
cycle, the applied algorithm permits the recovering of the initial
phase distribution according to

- 221 Ii(w,y) sin [ZET(Z - 1)]
S Li(z,y) cos [?ﬂ—” (i — 1)] '

This phase distribution can be combined with the amplitude
distribution (square root of one of the captured intensity images)
to recover full complex amplitude distribution of the diffracted
wavefront. Notice that this reconstructed wavefront excludes the
part of the DC term that is used for phase modulation. This
missing component can be neglected if the size of the modu-
lated pixel is small as compared to the DC lobe size or can be
simply added digitally.

Once the phase-shifting method is applied, the recovered
complex amplitude distribution is digitally propagated, until
the object plane, using the convolution method applied to the
diffraction Rayleigh—Sommerfeld integral [22]. In this way the
diffraction integral is numerically computed exactly by using
three Fourier transformations through the convolution theorem,
that is,

¢n(x,y) = arctan 3)

RS(z,y;d) =FT{FT{U(z,y)R(z,y)}FT{h(z,y;d)}}
“4)

where RS(x,y) being the propagated wave field, U(z,y)
is the processed amplitude distribution resulting from the
phase-shifting algorithm, R(x, y) is the reference wave, h(z,y)
is the impulse response, (z,y) are the spatial coordinates,
FT is the numerical Fourier transform operation realized
with the FFT algorithm, and d is the propagation distance.
Since we directly define the Fourier transformation of the
impulse response as H(u,v;d) = FT{h(z,y;d)}, with the
spatial-frequency coordinates (u,v), the calculation of the
propagated wave field to an arbitrary distance d is simplified
to RS(z,y;d) = FT™YU (u,v)H (u,v;d)}, where U(u, v) is
the Fourier transformation of U(z, y).

III. EXPERIMENTAL IMPLEMENTATION

A reflective configuration has been selected for experi-
mental validation. A doublet lens (80-mm focal length) focuses
the laser beam (532-nm wavelength) onto a reflective SLM
(Holoeye HEO 1080 P, 1920x 1080 pixel resolution, 8§ pm
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Fig. 2. Low transmittance object case: (a) obtained images under Gabor
approach and (b) obtained images using the proposed method.

pixel pitch). The SLM is connected to a computer where the
modulation is controlled by changing the gray level of the cen-
tral pixel of the image that is transferred to the SLM. Finally, a
beam splitter cube (20x 20 mm size) is used to reflect the light
onto a CCD camera (Basler A312f, 582x 782 pixels, 8.3 um
pixel size, 12 bits/pixel). After calibration, the SLM provides
64 phase levels covering the required full 27 range for the
phase-shifting process.

In the experimental validation, we have studied two different
types of objects: synthetic resolution tests and leukocytes
biosample. In all the cases, the results provided by our ap-
proach are compared with those ones obtained when assuming
Gabor’s approach. Notice that the weak diffraction assumption
needed for Gabor’s holography is defined by the transmittance
degree and leukocytes concentration for the resolution test and
biosample cases, respectively.

Fig. 2 shows the case of a negative USAF test target. This
case corresponds with an object that blocks a high amount of
light and, thus, violates the Gabor’s condition. In Fig. 2(a) we
can see the image obtained when considering the Gabor’s con-
cept, that is, recording of one hologram and digital back prop-
agation to the input plane. This image must be compared with
the image obtained using the proposed approach that is depicted
in Fig. 2(b).

We can see that the imaging under the classical Gabor in-line
holographic approach is not successful because the object is
highly non-transmissive. But, also in the case that the input ob-
ject should be considered as a Gabor-like object, the proposed
method provides better image quality. To highlight this fact,
Fig. 3 depicts the cases of the central part of a positive USAF test
and a biosample composed by leukocytes in low concentration.
Now, the objects are essentially transparent and will block only
a small part of the transmitted light. So, Gabor’s approach can
be assumed. However, we can still see that the images obtained
using the proposed method [Fig. 3(b) and (d)] have a more
uniform background (less noise and better contrast) than those
ones obtained assuming Gabor’s principle [Fig. 3(a) and (c)].
This fact is because the twin image and zeroth-order term are
removed by the phase-shifting process applied in our approach.

Obviously, the lower the transmittance of the objects is, the
worst the image quality we will obtain. Fig. 4 depicts the case
of a spoke test target and an area of the leukocytes biosample
having higher concentration. Now, we are in an intermediate
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Fig. 3. High transmittance object cases: (a)—(c) images obtained without using
the reported method for a positive USAF test and a leukocytes biosample; and
(b)—(d) images obtained with using the reported method for a positive USAF
test and a leukocytes biosample.

Fig.4. Medium density object cases: (a)—(c) images obtained without using the
reported method for a spoke test target and a leukocyte biosample; and (b)—(d)
images obtained with using the reported method for a spoke test target and a
leukocyte biosample.

case between objects presented in Figs. 2 and 3, and we can
see as imaging capabilities come uniquely from the use of the
proposed method. Once again, (a)-(c) and (b)-(d) are the ob-
tained images without and with using the proposed method,
respectively.

Finally, since the proposed method recovers the complex
amplitude distribution of the diffracted wavefront, we can use it
to digital post-process the image. Just as example, Fig. 5 depicts
the case of another area of the leukocytes biosample. Images
depicted in Fig. 5(a)—(b) corresponds with the cases where
the proposed approach is not and is considered, respectively.
Cases Fig. 5(c)—(d) depicts the phase unwrapped distribution
of images presented in Fig. 5(a)-(b), respectively, and cases
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Fig. 5. (a)-(b) Recovered images without and with, respectively, using the re-
ported method. (c)—(d) Phase-unwrapped images of (a) and (b), respectively.
(e)—(f) 3D representation of the solid and dashed white line rectangles depicted
in cases (a) and (b), respectively. Scale bars in gray level represent optical phase
in radians.

Fig. 5(e)—(f) shows a 3-D representation of the solid and dashed
white line rectangles of cases Fig. 5(c)—(d), respectively. Once
again, not only imaging but also phase quantification is only
possible from the use of the proposed method.

IV. CONCLUSION

We have implemented and experimentally validated a novel
procedure in the field of lensless digital in-line holography
that improves the capabilities and extends the applicability of
the Gabor-based configuration in microscopy. The proposed
method is based on the phase-shift produced in the non-dif-
fracted light (DC term) of the object’s wavefront by using a
single pixel of an SLM. This modulation can also be performed
by simpler optical elements involving a single pin-hole ar-
chitecture plate [31], [32]. The whole procedure implies the
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recovery of the wavefront’s complex amplitude (both phase and
amplitude distributions) and allows the digital backpropagation
into the object’s plane using numerically computed algorithms.
Several different objects have been presented validating the
proposed method.

The reported method is similar to the phase modulation
implemented in point-diffraction interferometry for wave-
front sensing and aberration compensation [25]-[32] but now
it is expanded to digital in-line holographic microscopy with
imaging purposes. The proposed method has unique advantages
coming from the in-line configuration (simplicity, robustness
and optimization of the space-bandwidth product adaptation
of the CCD), from the phase-shifting method (image without
distortions due to the twin image removal and applicability to
strongly diffracting objects), and from its holographic nature
(the recovery of the phase distribution enables additional digital
image processing tools).
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