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Abstract: Color digital holography (DH) has been researched in various fields such as the holographic
camera and holographic microscope because it acquires a realistic color object wave by measuring
both amplitude and phase. Among the methods for color DH, the phase-shifting DH has an advantage
of obtaining a signal wave of objects without the autocorrelation and conjugate noises. However, this
method usually requires many interferograms to obtain signals for all wavelengths. In addition, the
phase-shift algorithm is sensitive to the phase-shift error caused by the instability or hysteresis of
the phase shifter. In this paper, we propose a new method of color phase-shifting digital holography
with monitoring the phase-shift. The color interferograms are recorded by using a focal plane array
(FPA) with a Bayer color filter. In order to obtain the color signal wave from the interferograms with
unexpected phase-shift values, we devise a generalized phase-shifting DH algorithm. The proposed
method enables the robust measurement in the interferograms. Experimentally, we demonstrate the
proposed algorithm to reconstruct the object image with negligibly small conjugate noises.

Keywords: color holography; digital holography; phase-shift; phase measurement

1. Introduction

Color digital holography (DH) receives great interest since it has the outstanding ad-
vantage to measure and reconstruct realistic color objects [1-3]. This technique is expected
to be useful for many applications such as the holographic microscope, holographic camera,
and holographic inspection system [4-7]. The DH has intrinsic characteristics of measuring
both the phase and amplitude of the signal wave by interference phenomena [8,9]. Basically,
the subtraction operation between two interferograms gets rid of the autocorrelation term
and the amount of the movement of the interference patterns according to the phase-shift
induce the phase information of the signal wave [10]. Therefore, the phase-shift algorithms
give the information of the signal wave without the autocorrelation term and conjugate
noise from more than two interferograms.

Most phase-shift algorithms for color DH require a set of interference patterns for
each wavelength. In these methods, the increase of the number of interferograms is an
important issue. Various methods of applying pixelated filter arrays to focal plane array
(FPA) sensors have been reported [11-14]. T. Kakue proposed the phase-shifting color DH
using an FPA with both the color filter array and polarizer array [15]. With this FPA sensor,
six interferograms are captured in a single shot. These six interferograms consist of three
sets according to wavelengths, each of which has two phase-shifts. However, this method
has the disadvantage that it is hard to measure high spatial frequency because the sampling
positions are different by two or three pixels at the FPA. Compared with the case that the
sampling position of interferograms does not change, this method has a relatively small
spatial bandwidth.

In practice, it is difficult to precisely shift the phase due to the instability or hysteresis of
the phase shifter. To solve this problem, some methods of estimating the phase-shift values
have been studied [16-19]. L. Z. Cai proposed a method to estimate the phase in the special
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case that the phase of the signal is a uniformly distributed random value [20,21]. In another
study, the phase is estimated by using the fact that the conjugate noise becomes dominant
when the phase-shift is incorrectly estimated [22]. However, these methods demand
huge computational resources to calculate the cost function each time during iteration.
Alternatively, the methods directly monitoring the phase change require some complicated
optical configuration, but they have the advantage of reducing the computational burden
and allowing an accurate phase-shift to be measured [23,24].

In this paper, we propose a new method of color digital holography. The interfero-
grams for two wavelengths are simultaneously measured using an FPA sensor with a Bayer
color filter array attached. Due to the color filter array, there is one pixel difference for
different wavelengths in the FPA where signal waves are sampled. Different wavelengths
do not interfere with each other, so there is no loss in spatial bandwidth for reconstructing
the image. Therefore, the signal waves for both wavelengths are measured with four-step
phase-shifting simultaneously. In order to shift the phase, a PZT actuator with a mirror
attached is used. For monitoring, a Mach—Zehnder interferometer is inserted at the signal
arm, and the actual phase-shift value is obtained by measuring the movement of the fringe
pattern. This measurement is usually different from the desired phase-shift, and it is
difficult to apply a phase-shifting DH algorithm with phase-shifts of regular intervals.
Therefore, in this paper, we devise a generalized phase-shifting DH algorithm that is
applicable to the case of an arbitrary phase-shift.

This paper is organized as follows. In Section 2, the setup of the proposed system
is explained, and the numerical reconstruction in the color DH with a Bayer color filter
is discussed. In Section 3, the method of monitoring the phase-shift is explained, and a
generalized phase-shifting algorithm is described. In Section 4, experiment results are
presented and discussed. In Section 5, a conclusion is presented.

2. Color Phase-Shifting Digital Holography with Bayer Color Filter

We use an FPA sensor with a Bayer color filter array to measure the color interfero-
grams. The FPA sensor measures the signals for two wavelengths simultaneously with the
help of the Bayer color filter. Figure 1 shows the schematic diagram of the proposed color
phase-shifting DH system with two wavelengths. The system consists of an interferometer
for color phase-shifting DH and a Mach-Zehnder interferometer for monitoring. Red and
green lasers are used as the light sources. In the interferometer for color phase-shifting DH,
optical waves from two lasers are divided into the reference arm and signal arm. In the
signal arm, the phase of the optical wave is shifted by the PZT actuator with the mirror
attached, and then the light illuminates the objects. The signal wave reflected from the
objects interferes with the reference wave at FPA1, and the color interferogram is obtained.
The Mach-Zehnder interferometer is inserted in the signal arm and the optical wave is
divided into two branches. The optical phase in one branch is shifted by the PZT actuator
and then it is interfered with the optical wave in the other branch at the FPA2. It is noted
that the red optical wave is filtered out by the color filter in front of the FPA2 and that the
fringe pattern of the green optical wave is measured by the FPA2. From the green fringe
pattern, the phase-shifts are computed.

The interferograms of red and green wavelengths are obtained by the FPA1 at the
same time. Figure 2 shows how red and green interferograms are separated from the
raw image. The Bayer color filter array is composed of red, green, and blue color filters
alternatively arranged. In this paper, we use only red and green light sources for verifying
the feasibility of our method. Although the number of pixels in the green filter array is
twice that of the red filter array, only half the number of pixels in the green filter array
is used to make the sampling interval of red and green same. Sampled red and green
interferograms are respectively shown in Figure 2c,d.
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Figure 1. Scheme of the proposed color phase-shifting holographic system (Att.: Attenuator, BS:
Beam splitter, SF: Spatial filter, M: Mirror, DM: Dichroic mirror, L: Lens, CF: Color filter, FPA: Focal
plane array).

(b)

(d)

Figure 2. Color interferogram captured by the FPA1. (a) Raw image, (b) Bayer pattern, (c) green interferogram, and

(d) red interferogram.

Figure 3 shows the difference of the size in object domain when color DH is captured
by the FPA1 with the same sampling interval for red and green. The geometry of color DH
is shown in Figure 3a where the object wave U, (, 17) propagates to the FPA1 plane and
then the signal wave Us(x, y) is captured. The relation between the object wave and the
signal wave is described by Fresnel propagation as follows:

Us(x,y) = 73z exp (32 exp 755 (2 + 7)) F{Uo (&, ) exp 52 (& + %) |} s M

o fr=

Here, A is the wavelength and z is the propagation distance from the object plane to
the FPA1 plane. Since the signal wave is sampled at the FPA1 by the interval (py, py) in x
and y directions, respectively, the reconstructed object wave also is represented as a discrete
function given by

Uo (nzBg, myBy) = 71 exp(—j25F) exp[— jA_7Tz(n§2A§2 + 1y 07) ]

-]
2
XLy Lony Us (mxpa, mypy) exp [—j 1% nx2px® + ny?py?) | exp[—ﬂr[(nxn‘§ + nyn”)}, @)

where the sample spacings of the object function are determined by Az = Az/Nypy and
Ay = Az/Nypy from discrete Fourier transform. Ny and N, mean the numbers of sampling
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in x and y directions, respectively. Thus, the size of the reconstructed object image is limited
by these sampling numbers and the maximum widths in x and y directions are given by

Wy = AzNy = Az (3a)
X
Az

W, = AyN, = ==, (3b)
Py

These widths are equal to the size of the object domain measured by the FPA1 without
an aliasing problem since the propagation distance is sufficiently longer than the size of
the FPA1. Since W, and W, depend on the wavelength, the widths for red and green
wavelengths are related to the ratio of the wavelengths as follows:

A
Wir = )TRWx,G (4a)
G
AR
Wyr = 3 -Wyo (4b)

Therefore, it is obvious that the widths of the reconstructed object image are different
in red and green wavelengths as shown in Figure 3b,c.

Object domain of 633nm

Object domain of 532nm

25mm 25mm

e

SR

532nm 633nm

(a) (b) (c)

Figure 3. Size of object image captured by the FPA1 depending on the wavelength. (a) Geometry of color DH. Numerical

reconstructions from color DH with (b) 532 nm and (c¢) 633 nm.

3. Generalized Phase-Shifting Algorithm with Monitoring Phase-Shift

In our system, the Mach—Zehnder interferometer is inserted to measure actual phase-
shifts. The signal arm is divided into two branches by a beam splitter. Among them, one
is shifted the phase by the PZT actuator. Then, the interference between two beams is
captured at the FPA2 right after the color filter that makes the only green wavelength pass.
It makes a vertical fringe pattern as shown in Figure 4. The fringe pattern moves according
to the phase-shift. Figure 4a shows fringe patterns corresponding to each step and the
graphs in Figure 4b are the average of fringe patterns in vertical directions.
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Figure 4. Movement of fringe pattern according to the phase-shift. (a) Fringe pattern and (b) vertically averaged intensity.

The wave function of the fringe pattern is simply represented by
Ufringe = Afringe explj(a + 2mwmpy / A\)). ®)

Here, A is the period of the fringe resulting from a small difference in the angle
between the two incident waves. p,, is the pixel pitch of the FPA2 and m is the order of the
pixel in a horizontal direction. A ;. is the amplitude distribution of the wave function of
the fringe pattern. It is noted that the fringe pattern is moved with respect to a phase-shift,
«. The phase-shifts can be interpreted as the degree of movement of the acquired fringe
patterns, and here we use the Fourier transform. In the Fourier transform of the fringe
pattern, the phase of the specific frequency corresponding to the period, A is extracted [25].
Then, the phase-shift in the green wavelength is calculated from the ratio of the amount
of the movement to the period. Since the PZT actuator with mirror attached is used as a
phase-shifter, the phase-shift in the red wavelength is obtained from the phase-shift in the
green wavelength as follows:

A
QiR = ilxz’,c- (6)

The actual phase-shifts computed from the fringe pattern in the monitoring interfer-
ometer are different from the desirable phase-shifts of regular intervals. So, a generalized
phase-shifting algorithm is necessary to calculate the signal wave from the interferograms
in the color DH interferometer. A generalized phase-shift algorithm is induced from the
assumption that the phase-shifts are arbitrary values.

The interferogram between the signal wave and the reference waves of the form

Us = Asexp(jbs), (7a)

Uy, = Arexp(ju;) (7b)

is recorded on the FPA1. Here, A; and 6; represent the amplitude and the phase of the
signal wave. A, is the amplitude of the reference wave and g; is the phase-shift by the PZT
actuator. In our experiment, the intensity of the reference wave is priorly measured with
FPA1. Then, the amplitude is obtained by taking the square root of the intensity. It is noted
that the phase of the signal wave is shifted in experiments, but we expressed that the phase
of the reference wave is shifted on the contrary. Then, the intensity of interferogram is
given by

I = |Us + U, j|* = A2 + A2 4 2A, A, cos(fs — a;). 8)



Photonics 2021, 8, 241 6 0of 10

Most phase-shift algorithms are based on the subtraction of two interferograms in
order to delete the autocorrelation term. Two subtractions are obtained from the four
interferograms as follows:

L — I3 =2A;A/[cos(6s — 1) — cos(fs — a3)], (9a)

I — Iy = 2A;A;[cos(8s — ap) — cos(0s — ag)]. (9b)

By using trigonometric formulas, the above simultaneous equations are represented
in the matrix form as follows:

A cos 6\ 1 Ccosqq —cosaz sinaq — sinag - L — I3 (10)
*\ sinfs ) 2A,\ cosap —cosay sinap, —sinay L—1L )

At last, from the Euler’s formula, the signal wave is obtained by

Us = As(cos s + jsinbs). (11)

The conventional four-step phase-shifting DH with 7r/2 interval is the most popular
since the estimated signal wave is insensitive to the errors of the phase-shifts when the
phase-shift difference in the pair of the interferograms is 77. However, if the error is too
large, it is difficult to accurately predict the signal wave. When the phase-shift difference of
the pair of the interferograms is too far from 7, the estimation of a signal wave becomes
very sensitive under the assumption that a small phase-shift error exists [26]. In this
paper, we propose a method of directly measuring the phase-shift using the Mach—-Zehnder
interferometer and the signal wave is obtained using the generalized phase-shifting DH
algorithm for the accurate phase-shifts.

4. Experimental Results

In order to verify our proposed method, we implement a phase-shifting DH with
the Mach-Zehnder interferometer inserted as shown in Figure 5. In our system, a laser
diode with a 532 nm wavelength and a He-Ne laser with a 633 nm wavelength are used
as the light sources. For measuring the color interferogram, Grasshopper GS3-U3-4154C-
C manufactured by Point Grey is used. It has 2016 x 2016 pixels and its pixel pitch is
3.1 um. For monitoring the phase-shift, Grasshopper GS3-U3-41S6C-C is used. It has
2048 x 2048 pixels and pixel pitch is 5.5 pm. The PZT stack actuator of PI is used as a
phase-shifter.

P

Figure 5. Experiment setup of the proposed color DH system with monitoring phase-shift.
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In the first experiment, we make sure that color holography based on the generalized
phase-shift algorithm is feasible by numerical reconstruction with negligible conjugate
noise. For this purpose, an object, a Rubik’s cube, is placed off the optical axis at 1250 mm
away from FPA1. Then, the signal wave reflected from the object is reconstructed numer-
ically on one half side. On the other hand, the conjugate noise may appear on the other
half side if the signal wave is reconstructed with the wrong phase-shift values. When the
PZT actuator is electrically driven, the shifts are not kept constant even at the same driving
voltage. Table 1 presents the monitored phase-shifts according to the driving voltage of
the PZT actuator. In our experiment, the PZT actuator is not operated in a close-loop and
the system is somewhat sensitive to the vibration. The ratio of actual phase-shift to the
targeted value is monitored to fluctuate within about 16 %. The phase-shift of the first
step is set to zero without loss of generality. Here, from the phase-shift of the wavelength
532 nm, the phase-shift of the wavelength 633 nm is computed by Equation (6).

Table 1. Driving voltages of the PZT actuator and monitored phase-shifts in the first experiment.

Step 1st 2nd 3rd 4th

Driving Voltage (V) 1.7 3.4 51 6.8
532 nm (rad) 0 0.56397 1.16177 1.71567t
633 nm (rad) 0 0.47397 0.97637 144187

Figure 6 shows the object for the first experiment and numerical reconstruction images.
The reconstruction image in Figure 6b is computed with four targeted phase-shift values
having a 7r/2 interval. Since these values are different from the actual values, the conjugate
noise appears strongly. On the other hand, the conjugate noise becomes negligible in
Figure 6¢c when the object image is retrieved with the monitored phase-shift values listed
in Table 1.

Conjugate noise

(b) (©)

Figure 6. Object for the first experiment and numerical reconstruction images. (a) Photograph of the object. Numerical

reconstruction images (b) without and (c) with monitoring phase-shift.

In the second experiment, two objects are located at different distances where red and
yellow cars are placed 1250 mm and 1750 mm apart from FPA1, respectively. Here, one
object is placed on the opposite half where the other object is placed. So, the bandwidth
of the signal occupies almost the entire bandwidth of FPA1. Table 2 lists the monitored
phase-shift values according to the driving voltage of the PZT actuator. Figure 7 shows
two objects for the second experiment and numerical reconstruction images. Since two
objects are positioned at different distances, the yellow car looks out of focus when the red
car is focused as shown in Figure 7b. On the other hand, the red car becomes out of focus
when the yellow car is focused as shown in Figure 7c. Two objects are reconstructed clearly
at the expected depths, respectively. In addition, it is obvious that the conjugate noise of
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the signal of one object is small enough not to affect the signal of the other. Therefore, we
confirm the validity of the proposed algorithm successfully.

Table 2. Driving voltages of PZT actuator and monitored phase-shifts in the second experiment.

Step 1st 2nd 3rd 4th
Driving Voltage (V) 1.75 35 5.25 7
532 nm (rad) 0 0.58957 1.16807t 1.73767
633 nm (rad) 0 0.49547 0.98167 1.46047

Focused

45mm

Focused

v

e 50mm
I "l

(b)

Figure 7. Objects for the second experiment and numerical reconstruction images. (a) Photograph of
the object. Numerical reconstruction images focused on (b) the near object and (c) the far object.

5. Discussion

In this paper, we choose the method to acquire the color hologram using an FPA
with a Bayer pattern instead of an alternative method using a conventional pixelated-
polarizer FPA. In this alternative method, four different micro-polarizers are attached to
a monochromatic FPA, and four-step phase-shift interferograms are captured by a single
shot. Then the color of the light source is changed sequentially to obtain a color hologram.
However, this method has some limitation in measuring the high spatial frequency since
the sampling positions correspondent to phase-shifts are different from each other. The
interferograms are displaced by a pixel pitch according to the phase-shift. On the other
hand, our method has an advantage to obtain the hologram with the full spatial bandwidth.

In this paper, we use an FPA with a Bayer pattern as shown in Figure 2b and only one
green color pixel is used in a unit Bayer color pattern to make the sampling intervals of the
interferograms in red and green wavelengths to be the same. In this case, the size of the
reconstruction domain in the green wavelength is smaller than that in the red wavelength
as shown in Figure 3. If we use all green pixels of the Bayer pattern, the reconstruction
domain will be enlarged as shown in Figure 8. Since the green pixels are positioned in
the diagonal of the unit Bayer pattern, the sampling interval of the green pixels is not 2p
but v/2p in the diagonal direction. Therefore, the green reconstruction domain becomes
a square rotated 45 degrees as shown in Figure 8b. Figure 8c shows the overlapped area
from the green and red reconstruction. As a result, its shape is a truncated square.
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Figure 8. Reconstruction domain by the FPA with a Bayer pattern. (a) Bayer pattern and (b) size of
reconstruction domain depending on wavelength and sampling interval. (c) Color reconstruction
domain is enlarged by using all green pixels of the Bayer pattern.

6. Conclusions

In this paper, we present a new method of color phase-shifting DH with monitoring
phase-shift. The four-step phase-shift is performed sequentially and interferograms in
color are measured simultaneously by using a color filter array. Even though our method
is suitable for real-time measurements, we expect that it will be useful for applications
requiring high measurement accuracy since our method has the advantage of obtaining
holograms over the full bandwidth of spatial frequencies. The proposed method is embod-
ied with the combination of two interferometers. One interferometer is used for measuring
the signal wave of objects. In this interferometer, the FPA sensor measures the signal waves
for two wavelengths simultaneously with the help of the Bayer color filter. So, we obtain
color holograms with only four steps. The other is the Mach—-Zehnder interferometer for
monitoring actual phase-shift values that are computed from the movement of the fringe
pattern due to the PZT actuator. Usually, the actual phase-shift values are different from
the expected values because of the instability or hysteresis of the phase shifter. In order to
obtain a color signal wave from interferograms with measured phase-shift values, we de-
vise a generalized phase-shifting DH algorithm that is applicable to the case of an arbitrary
phase-shift. To verify the feasibility of the proposed method, we demonstrate the proposed
algorithm experimentally to reconstruct the object image with negligibly small conjugate
noises. In the future, we plan to realize a color phase-shifting DH system with only one
FPA for both measuring color interferograms and monitoring phase-shift simultaneously.
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