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ABSTRACT
Our digital holographic (DH) approach can be used to study tissue structures both in vitro and in vivo. This
DHM architecture can produce three color microscopic 3D and 4D (video) images. We record 3 color (RGB)
holograms with single exposures, and the perfect compensation of color crosstalk is solved. An in-line holographic
setup and reconstruction algorithms are presented with demonstrative simulations and experimentally captured
and numerically reconstructed images. Comparing the individually reconstructed color images with each other
can provide information both for recognition of diﬀerent types of cells or microorganisms, and for diagnostic
purposes as well. Experimental example is given observing microscopic hydro-biological organisms using a color
digital holographic microscope.
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1. INTRODUCTION
In recent years several journal articles reported the accelerating developments in the ﬁeld of digital holography.
The possibility to obtain volumetric information from a single image using wave ﬁeld propagation algorithms
makes digital holography a promising method to investigate moving biological organisms in ﬂuids. As in ordinary
holography, digital holography is based on capturing the interference pattern of the object and the reference
beams. The diﬀerence here is, that instead of using a high resolution holographic recording medium the digital
holographic system uses an image sensor to acquire the holograms. The reconstruction of this digitally recorded
hologram is done numerically. Digital holography is frequently used to capture 3D information of objects within a
volume1 .2 The recorded holograms are inherently monochromatic, however several multi-wavelength approaches
are known as well, as the color of the object can sometimes carry relevant information. These approaches usually
use time multiplexed recordings, where the illumination of the object is done by only a single wavelength at a given
time, and the captured image is later reassembled algorithmically.3 There are measurements where objects were
simultaneously illuminated by several wavelengths4 and refractive index measurements of phase samples using
multi wavelength illumination.5 To our knowledge there are methods that use only monochromatic,6 two-color,7
or sequentially exposed three color cases,8 where digital holography is used in a digital holographic microscope.
In the case of single shot three-color exposure, color-crosstalk can cause noise by false reconstructions.
Our research focuses on measuring the biological content of water samples by DHM. The essence and novelty
of our method is the way how we can remove the color crosstalk of commercial color cameras, and thus the ability
to capture color digital holograms at video rate. The three color holograms are recorded simultaneously, with
a single shot. Using in-line digital holography for multiple object recognition requires additional segmentation
and twin-image removal tasks. Our applied methods and the ﬁrst results of this research are presented in this
paper.
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2. OPTICAL SETUP
There are two diﬀerent types of optical setups that can be used for holography, the in-line, and the oﬀ-axis. In
the in-line setup the illumination beam also serves as the reference beam, while in the oﬀ-axis case an additional
reference beam is used which intersects with the object beam at a non zero angle on the hologram plane. Oﬀaxis setups have some advantage in easily obtaining better quality images since the twin image is spatially
separated from the object during the reconstruction process, and in multi color cases wavelength separation
can also be done.4 However, the oﬀ-axis architectures can retrieve only approximately 1/3 of the resolution
of the image sensor as the object, and thus it inherently sacriﬁces the majority of the achievable resolution.
Although in-line setups use the full resolution of the image sensor, but due to the overlapping noise terms (twin
image, color-crosstalk) additional data processing steps are needed. Our approach uses the in-line setup, and
can be seen in Fig. 1. We use a multi wavelength laser beam as an illumination source. A ﬂow cell of 0.8mm

Figure 1. The used in-line holographic optical setup.

thickness containing fresh water algae samples is illuminated by this source. We use an Olympus LUCPLFLN20X
microscope objective and an achromatic tube lens with 500mm focal length. The system is assembled in a way
that one plane of the volume containing the ﬂuid is directly imaged to the image sensor, while the diﬀraction of
other planes are recorded also here. We use a conventional Nikon D60 single-lens reﬂex camera as a detector.

2.1 Light source
Digital holography usually assumes that the reference beam is a distortion free single mode Gaussian beam,
where the Rayleigh range of the beam is such that it can be either treated as a plane wave or a spherical
wave when it reaches the detector plane. Traditionally, the nearly perfect spherical wave is created by low-pass
ﬁltering a focused laser beam with a few μm in diameter pinhole. The pinhole can be treated as a point like
light source, but it tends to get blocked by dust or other particles easily. In our case we use the ﬁber end of a
single mode optical cable, which has the mode ﬁeld diameter of 4.5μm, as our reference point source. We have
built an optical system which simultaneously illuminates the sample with red, green, and blue light at the same
time thus sampling the transmission of the sample in all the colors of the RGB color scheme. The simultaneous
illumination allows us to capture moving samples, or even record images at a video rate with a proper detector.
We use pigtailed laser diodes as the red (650nm) and violet (406nm) light source and a ﬁber coupled Nd:YAG
laser as the green (532nm) one. To achieve simultaneous illumination we used ﬁber couplers to guide all the waves
into a single ﬁber. The ﬁber couplers we used are the Thorlabs FC632-50B-FC and are designed for the 632nm
wavelength, thus their performance is far from ideal at the other two wavelengths. Nevertheless, cascading them
as shown in Fig. 2 and properly setting the intensities allows us to create a coherent “white” laser source.

2.2 Detector
Finding the proper detector is very important in color digital holography. Most single chip color cameras use a
Bayer ﬁlter to capture color information. This ﬁlter is a 2D array of color ﬁlters with RGB colors shown in Fig 3a.
The sensors photosensitive elements have similar absorption spectra, but the transmission characteristics of the
superimposed Bayer ﬁlter makes them color sensitive. However, the transmission spectrum (Fig 3b) usually
overlap and thus the obtained image contains considerable color crosstalk. Since the transmission spectrum of
the Nikon D60’s Bayer ﬁlter is not available we ﬁrst measured the transmission of each of the wavelengths we
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Figure 2. The cascaded ﬁber couplers used to create a multi-colored light source used for illuminating the object. a)
532nm (green) light, b) 406nm (violet) light, c) unused end of the ﬁber coupler, d) connection point of the two ﬁber
couplers e) 650nm (red) light, f) the end of the ﬁber coupler used for illumination.

Figure 3. a) Bayer ﬁlter array on the detector surface. b) Usual color sensitivity spectrum of a color CMOS sensor. The
actual data for Nikon D60 is not accessible.

are using (Table 1). Using a detector with a Bayer ﬁlter also causes sampling problems of the wavefront. In
conventional photography the image of these sensors is post processed by the camera itself, using a process called
demosaicing to produce the JPEG output. Since this process transforms the original data assuming the intensity
distribution of the captured image is a smooth function (which is usually true for conventional images) using it in
digital holography can cause considerable blur and quality loss in the ﬁnal reconstructed images. The solution is
to work with the raw image data of the sensor itself. Since the color data is spatially separated, and the built-in
demosaicing algorithm, which uses the neighbors and second neighbors of the missing pixel to interpolate its
value, cannot be used, we simply grouped the 2×2 pixels (2 green, 1 red and 1 blue sensitive pixel) and formed
a virtual pixel. This leads to a considerable resolution loss at the digital hologram by a factor of 4 but allows
us not to introduce uncontrollable calculation errors. The image sensor is basically treated as behaving like a
sensor with double sized multicolor sensitive pixels. This approach also introduces errors, when the width of the
diﬀraction fringes at the hologram are are close to the size of the camera pixels. We would like to note that by
using a Foveon sensor instead of a sensor using Bayer pattern it may be possible to avoid these diﬃculties.
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Illumination wavelength
650nm

Red Filter
1

Green Filter
0.042838

Blue Filter
0.005157

532nm
406nm

0.066383

1

0.032673

0.178884

0.115504

1

Table 1. Normalized transmission of the Bayern pattern’s color ﬁlters at the Nikon D60

3. LIGHT PROPAGATION ALGORITHM
There are three main methods for digital emulation of propagating wave ﬁelds between parallel planes.9 These
methods are the single Fourier transform based Fresnel method, the convolution based Fresnel method, and the
angular spectrum method. They commonly use fast Fourier transform to calculate the propagated electric ﬁeld
distribution. During our measurements we used the angular spectrum method because it works even for small
propagation distances, as does not use paraxial approximations. An extension of this method was recently found
by Matsushima,10 which improves the accuracy of the angular spectrum method for larger distances by proper
sampling.

3.1 The angular spectrum method
In the current algorithm however we use the conventional angular spectrum method, which is the solution
of the Rayliegh-Sommerfeld scalar diﬀraction integral.11 Using E(x, y, 0) as the monochromatic electric ﬁeld
distribution at the hologram plane (z = 0) the electric ﬁeld distribution at a z = 0 plane will be:
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x2 + y 2 + z 2 , Eq. (1) can be rewritten in a convolution form
E(x, y, z) = E(x, y, 0) ∗ h(x, y, z).

(3)

F{E(x, y, z)} = F{E(x, y, 0) ∗ h(x, y, z)} = F{E(x, y, 0)} · F{h(x, y, z)}.

(4)

Fourier transforming Eq. (3) we get

Calculating the Fourier transform of the kernel leads to

F{h(x, y, z)} =
h(x, y, z)e−i2π(ux+vy) dx dy = ei2π·w(u,v)·z ,

(5)

where the symbols u, v, w are the Fourier frequencies in the x,y, and z directions, respectively. However these
frequencies are not independent thus:

1
2
2 if u2 + v 2 ≤ 1
λ2 − u − v
λ2
w(u, v) =
(6)
0
otherwise
Consequently the angular spectrum method calculates the scalar electric ﬁeld in a z distance as follows:

E(x, y, z) = F −1 F{E(x, y, 0)} · ei2π·w(u,v)·z .
This is the core of our light propagation algorithm.
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Figure 4. The schematics of the algorithm.

3.2 Multi-wavelength algorithm
A quick overview of the algorithm can be seen in Fig.(4). We record the digital hologram as a RAW image,
and use the raw data to separate the three superposed holograms of diﬀerent wavelengths, by using the Bayer
pattern on the camera. After we separate the three holographic images we use an algorithm discussed in
Section (4.1) to compensate for the overlap of the Bayer ﬁlter’s transmission spectra. We propagate the three
holograms separately according to the recording beam’s wavelength using the algorithm in Section (3.1), then use
a segmentation and a twin image removal algorithm and ﬁnally add them together to obtain the reconstructed
correct color image of the object.

4. ERROR COMPENSATIONS
4.1 Color crosstalk compensation
For capturing a color digital hologram the sample is illuminated with the combination of three laser beams with
the wavelength of 406nm, 532nm, and 635nm. Each of these waves create their own separate hologram, but the
Nikon D60’s CCD captures it at the same time. The ﬁrst task is to separate these images for further use, since
the holograms are needed to be processed individually because of the wavelength diﬀerence. The task is done
by the camera’s own Bayer ﬁlter. However, CCD and CMOS chips in normal cameras are designed to capture
images that have a wide spectral range (object illuminated by the sun, ﬂuorescent lamp, etc.) and thus the
spectrum of the color ﬁlters overlap. This overlap caused some errors in previous color holographic approaches.5
We found a very simple method to overcome this problem. Using the values in Table 1 we can calculate the
eﬀect of the overlapping ﬁlters. Using
⎡
⎤
1
0.066383 0.178884
1
0.115504 ⎦ ,
T = ⎣ 0.042838
(8)
0.005157 0.032673
1
eﬀect of the overlapping transmission curves can be calculated as:
M
⎞ = ⎡
1
Mred
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⎛

T
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1
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R, ⎞
⎤ · ⎛
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Rblue
1
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(9)

where M is the measured intensity vector and R is the real intensity vector. Here by multiplying Eq.(9) with
 −1
T
from the left we get:
R
⎞
⎛
Rred
⎝ Rgreen ⎠
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=

⎡

1.003502
= ⎣ 0.042551
−0.003784

 −1
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−0.060980
1.006374
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·

M,
⎞
−0.172467
Mred
−0.108628 ⎦ · ⎝ Mgreen ⎠ ,
Mblue
1.004438
⎤

⎛

(10)

Using this simple matrix multiplication we can compensate for the color crosstalk caused by the sensors color
ﬁlters in the holograms. Figure 5 shows the process on a hologram recorded with a single wavelength (406nm).
As mentioned before, here we assume that the light intensity varies so slowly, that the light entering to the

Figure 5. Experimental images of the color crosstalk correction method. a) Original hologram created by a single wavelength (406nm) laser illumination. The intensity values of the b) red, c) green, and d) blue pixels of the original hologram,
respectively. e) Color crosstalk compensated hologram. The intensity values of the f) red, g) green, and h) blue pixels of
the color crosstalk compensated hologram, respectively. Since the green and red pixels register only 11-18% of the blue
light’s intensity value, for visibility reasons, we multiplied b), c), f), and g) by a factor of 4.

neighboring pixels is practically the same. Naturally this introduces some errors into the picture, which works as
a low-pass ﬁlter on the image and removes the high spatial frequency components, thus degrades our resolution.
To estimate, and visualize this error we measured the diﬀerence between the two green neighboring sensitive
pixels (see Fig 6).

4.2 Eﬀects of color crosstalk on the twin-image compensation
By simulations we can make estimates on the color crosstalk caused reconstruction quality loss comparing to
other - in-line architecture caused noises. In Fig. 7 it can be seen that the twin image noise overwhelms that of the
color crosstalk. Color crosstalk was simulated assuming 0.1 crosstalk of the green (532nm) hologram to the red
(650nm) one. Due to the diﬀerent wavelengths a diﬀracted version of the original object contaminates the correct
reconstruction (b). Twin image noise can be estimated by the objects diﬀraction into two times the distance of
its reconstruction. The applied object was a letter ’M’ and the reconstruction distance was set to 13mm. To
eliminate the twin image we need further processing steps which were only partially implemented so far. At ﬁrst,
we segment the recorded hologram according to the objects sub-hologram. This segmentation method use the
support of the reconstructed object and the in-line hologram’s special inner structure (twin image). Figure 9d
shows that the segmentation of the nearby objects can remove their diﬀraction on the resulting reconstructions.
Diﬀraction pattern of the other objects are abolished almost perfectly, and this way a much better quality
reconstruction is achievable. The segmented sub-holograms can be used as input of an appropriate twin image
elimination routine.12 As twin image removal is a deconvolution problem13 color crosstalk compensation is
unavoidable.
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Figure 6. The sampling error of the color compensation method. a) Green of the object image. b) Diﬀerence between the
neighboring green pixels. Image b.) is multiplied by 4 for visualization purposes. These images show, that our sampling
method causes errors in the high spatial frequency (quick varying) parts of the image, as expected.
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Figure 7. Absolute value of the twin image (a) and color crosstalk caused noise (b).

4.3 Optical system aberration compensation
Although the main advantage of digital holography is the ability to reconstruct sharp images at diﬀerent layers
of a volume algorithmically, thus virtually increasing the depth of ﬁeld of a microscope system, there are other
beneﬁts of knowing the whole wavefront. For example, after obtaining the recorded holograms, we can correct
the aberrations of the optical system numerically. Using color holography the most common aberrations are
the lateral and the transversal chromatic aberration.3 Since we used a high end microscope objective, these
chromatic aberrations were not observable, but we would like to note that using a less sophisticated microscope
objective they will cause considerable distortions. In these cases measuring the transfer function of the system for
the whole volume, one can design an inverse transformation method to compensate for chromatic, and possibly
some other type of aberrations, as well.14

5. DISCUSSION
Our main goal is to develop a Color Holographic Video Microscope to measure the biological content in liquid
samples, mainly in water. The introduced color crosstalk compensation makes it possible to use simultaneous
three-color illumination, and this way to capture the volume content with three colors at video frame rate, since
the illuminating colors are not time multiplexed. The color crosstalk usually causes smaller noise then the twin
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image. However, as twin image elimination is a deconvolution task, its success and quality considerably depends
on the noise of the input in-line hologram. This way, without color crosstalk compensation, there is little hope of
good quality twin image removal. The initially relatively small noise, which is caused by the color crosstalk, will
be ampliﬁed. The error caused by the color-crosstalk can be seen in Fig. 8 An overview of the whole concept and

Figure 8. Experimental images of the color crosstalk correction method. a) Compensated color hologram. The intensity
values of the b) red, c) green, and d) blue pixels of the original hologram, respectively. e) The absolute value of the
diﬀerence between the original and the color crosstalk compensated holograms. The intensity values of the f) red, g)
green, and h) blue pixels of the diﬀerence between the original and the color compensated hologram, respectively.

some measurement results can be seen in Fig 9. Our sampling method can cause aliasing, which can be avoided
by appropriate Fourier ﬁltering of the holograms, and this way the occurrence of higher spatial frequencies than
the Nyquist limits of the sensor can be eliminated. The introduced compensation method can be used in the
case of oﬀ axis architectures, where the eﬀect of color crosstalk seems more evident as the twin image noise does
not overlie it.

6. SUMMARY
An in-line three color (RGB) digital holographic microscope setup was presented. We detailed a new color compensation method, which is capable to greatly reduce, the color crosstalk caused by the overlapping transmission
curves of the color ﬁlters in the Bayer pattern of the sensor. This simple method requires only one extra processing step. The performance of our color DHM is shown by experimental results, which visualize reconstructed
images from a volume of ﬂowing water ﬁlled with algae.
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Figure 9. Overview of the color digital holographic microscope process. a) Used optical setup. b) The magniﬁed view
of the ﬂow cell, and the chosen reconstruction depths. c) Cropped reconstruction images of a single color hologram at
various depths. d.) Magniﬁed view of the Scenedesmus and Oocystis objects, and their image after their segmentation.
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