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Abstract: We implemented an interferometric configura-
tion capable of following a phase variation in time. By
using a pixelated polarization camera, the system is able
to retrieve the phase information instantaneously avoid-
ing the usage of moving components and the necessity
of an extra replication method attached at the output of
the interferometer. Taking into account the temporal sta-
bility obtained from the system, a spatial-temporal phase
demodulation algorithm can be implemented on fre-
quency domain for the dynamic phase measurement. Spa-
tial resolution is analyzed experimentally using a USAF
pattern, and dynamic phase measurements were done on
air and water medium variations due to a jet flame and a
living fish as a biological sample, respectively.

Keywords: interferometry; polarization camera; polari-
zation phase-shifting technique; quantitative phase
imaging.

1 Introduction

Optical measurement techniques have become indispen-
sable tools in many areas of science and engineering. The
contactless and highly accurate measurement capabili-
ties are among the principal features of these techniques.
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These techniques encode the sample information in the
phase of a two-dimensional (2-D) fringe pattern; several
phase-shifted replicas of this fringe pattern are used to
retrieve information about the sample. The main purpose
of dynamic phase-shifting interferometry (DPSI) is to
collect all the phase-shifted data in a single exposure in
order to minimize time-varying environmental effects. As
the data are collected instantaneously, external vibrations
and turbulence are greatly reduced.

The use of phase shifting modulated by polarization
has the advantage of not requiring mechanical compo-
nents, such as a piezoelectric transducer (PZT), to obtain
the phase shifts. A common optical system uses linear
polarizing filters and quarter-wave plates to achieve mod-
ulation [1, 2]. Another property of a single-shot interferom-
eter is the capability to obtain the necessary information
to retrieve the phase information in a single capture. These
systems are commonly based on replication methods like
amplitude/phase gratings [3], adding extra components
for getting replicas of the interferograms [4, 5], or using a
pixelated polarizing camera [6, 7]. Each of these systems
has its own properties that need to be taken into account
at the moment of the phase demodulation process.

A pixelated polarizing camera presents the character-
istic of having a special mask aligned with the CCD sensor.
This mask is composed of a special pattern where a linear
polarizer at different angles is associated within each pixel
on the CCD sensor. By taking into account this intrinsic
characteristic, phase demodulation algorithms [8-10] and
interferometric systems [7, 11] have been proposed with
the final purpose of retrieving the phase information of
the sample in a single capture in a more focused manner.

Commercial systems can be encountered on the lit-
erature using similar techniques [12, 13]. For example, a
microscopic dynamic interferometer was developed for
biological purposes [7, 14-16]. The system uses a Linnik
interference microscope employing a Kohler-type illumina-
tion. The authors tailored the temporal and spatial coher-
ence property of the system using a diode laser system
with spectral bandwidth of ~ 1.5 nm focused on a rotating
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diffuser and then coupled into a multimode optical fiber of
1000 um. In addition, a background filtering data process-
ing was developed based on a low-order Zernike polyno-
mial function on the measured phase [15, 16].

In our case, our implementation is not focused on a
microscopic measurement, and by the combination of the
commercial speckle reducer system (Optotune LSR-3005,
Optotune, Dietikon, Switzerland) and the spatial filter,
we were able to use a green laser beam at a wavelength of
532 nm (Photop DPGL-2100F, Photop, Shanghai, China). In
addition, the phase demodulation algorithm is based on a
3-D Fourier transform that takes into account the temporal
variation and the spatial carrier obtained by the pixelated
polarizing camera directly.

The implemented systems combine polarization and
speckle reduction techniques in order to provide a stable
phase measurement in time allowing an extra filtering
process on the phase demodulation algorithm. As a proof
of implementation, the system was tested on moving
samples showing the feasibility of the implementation.
The paper is divided mainly into three parts: the experi-
mental setup characteristics, temporal-spatial phase
demodulation implementation, and experimental results.

2 Polarization Michelson
interferometer using a pixelated
polarizing camera

The implemented configuration is based on a polarization
Michelson interferometer (PMI) using a pixelated polarizing
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Figure 1: Polarization Michelson interferometer using a pixelated
camera.
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camera in order to obtain the phase information in a single
capture (Figure 1). Using a laser as a source at A=532 nm,
linearly polarized light at 45° is divided by the polarizing
beam splitter (PBS). On the object and reference arms of the
PMI, linear polarization states are 0° and 90°, respectively.
The back propagation interferogram was imaged on the CCD
sensor by the imaging system and the first beam splitter
(BS). A quarter-wave plate (QWP) at 45° was used to obtain
circularly polarized beams in the opposite direction and
later interfered by the pixelated camera. In order to fulfill the
polarization phase-shifting condition, the back propagated
interferogram is imaged by the first BS and the imaging
system (L, L) on the CCD sensor. Because we are imaging
directly on the CCD sensor, a speckle reduction system was
implemented at the entrance of the interferometer. The
speckle reducer is composed by an in-plane vibrating dif-
fuser at 300 Hz provided by Optotune [17] placed on the fre-
quency plane of a 4-f system. It is important to note that the
speckle reduction part reduces the coherence length of the
measurement, and the Michelson arrangement was aligned
to work at zero path difference for have a high-contrast
fringe pattern. A commercially available pixelated polariz-
ing camera provided by Photonics Lattice (PI-100) (Photon-
ics, Sendai City, Japan) was used [18]. The polarizing mask
is based on photonic crystal arrangements having a working
wavelength at 533 nm, and the polarizer array is composed
of a superpixel of four orientations replicated across the
CCD sensor. The pixelated polarizing camera employs a
USB camera having a spatial resolution of 1024 x 1360 pixels
with a pixel size of 6 um and an acquisition rate of 10 fps.
An advantage of this system is the reduction of moving parts.
The only components that need to be aligned are the linear
polarizer and the quarter wave plate at the output.

3 Spatial-temporal demodulation
of phase dynamic measurement

Owing to the properties of the pixelated polarizing
camera, a spatial distributed phase shift is introduced
on the interferogram that can be taken into account for
the phase demodulation process [8-11, 19]. The pixelated
interferogram can be represented with a spatially distrib-
uted carrier, pm(x,y), introduced by the pixelated polar-
izer mask aligned on the CCD sensor [10].

A common way of introducing a controllable spatial
carrier on the interferograms is by using beam displacers
or tilting a mirror in one of the arms of the interferom-
eter [20]. In our case, we take into account the polariza-
tion properties of the pixelated camera, more exactly the
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orientation variation of the polarizer array at each posi-
tion. Because the implemented system is based on polari-
zation phase-shifting techniques, the object and reference
beams have circular polarization states in the opposite
direction, and they are interfered by a polarizer at a spe-
cific orientation. The polarizer will introduce a controlla-
ble phase shift on the interferogram twice its orientation.
Because the polarizer mask (placed on the CCD sensor) is
composed by linear polarizers at known orientations and
positions, the detected intensity by the pixelated camera
could be seen as an interferogram with a known spatial
dependence carrier used for demodulation.

The implemented system permits a stable acquisition
in time presenting the advantage of introducing a filtering
process on the temporal variation. The intensity detected
by the CCD sensor can be represented as:

10x,y,0) = A, y,0)+ Bx,y,00Cos p(x,y,0)+ pm(x,) |, (1)

where A(x,y,t) and B(x,y,t) are the bias and amplitude
modulation terms, and ¢(x,y,t) is the desired dynamic
phase term. By a Fourier filtering process, the information
corresponding to the phase and amplitude modulation
can be retrieved as

C(X’y’t) = %B(X,y’t)ei'l’(’(.y,t)
=F" {F[I(X,y,t)e-ipm(x,y)]H(wx,wy,wt)}, )

where F[-] represents the 3-D Fourier transform operation
to retrieve the spatial and temporal response of the infor-
mation to be low-pass filtered by H(w ,® 0 ). In our case,
we used a Gaussian function with a controlled variable
width. The process achieved by eqn. (2) retrieves the phase
dynamic measurement in a single filtering step, and it can
be conveniently applied on a real-time measurement by an
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analogous low-pass filtering process in a space domain.
In addition, information from the amplitude modula-
tion B(x,y,t) can be used for system alignment purposes,
masking, or unwrapping process.

3.1 Experimental results

In order to analyze the spatial resolution properties of the
implementation, a USAF resolution test target was placed
on the object arm of the interferometer (Figure 2). Two
regions were selected on the measurement to show the
minimum resolvable groups of the USAF pattern (Region
I) and line profile analysis (Region II). By the demodula-
tion algorithm implemented, an analysis on the amplitude
modulation channel was done. Line profiles are provided
by the Group 0 Element 1 corresponding to a line width of
500 um giving an experimental pixel separation of 14 um
on the object plane. Information on the inner elements of
groups 2 and 3 that was used for proper alignment of the
imaging system in real time is provided.

Dynamic phase measurements were done on a high-
temperature torch model PT-XT distributed by SOTO. The
jet flame generated by the sample can reach temperatures
ranging up to 1300°C [21]. The combustion generated by
the jet flame changes the refractive index of the air that
can be sensed by the implementation. The measurement
corresponds to the change of the light passing through the
jet flame combustion varying in time (Figure 3). It can be
observed in Figure 3A that there is an inner profile dis-
tribution corresponding to the jet flame combustion and
how the refractive index is changing surrounding it. The
amplitude modulation term shows a specific distribution
on the borders of the refractive changes giving informa-
tion possibly on the beam deflection on this region. The
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Figure 2: USAF Pattern as a sample for analyzing spatial resolution properties of the implementation. (A) The corresponding amplitude
modulation and phase term and (B) two selected regions to analyze spatial properties of the measurement. Region | refers to the minimum
resolvable groups, and Region Il addresses the amplitude modulation variation on a selected profile giving an experimental pixel separation

of 14 um experimentally after a subpixel approach.
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jet flame was followed by 37.2 seg corresponding to 372
frames shown in media 1, and Figure 3B shows four dif-
ferent frames on the measurement. Goldstein branch cut
algorithm [22] was used for the unwrapped process.

By placing a container in each of the arm of the inter-
ferometer, for OPD matching conditions, a quantitative
phase measurement can be done on the variation of the
water as a medium caused by a living sample. In this case,
we placed Palaemonetes paludosus commonly called
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ghost shrimp [23], and the system is capable of measur-
ing the refractive index variation by the movement of the
sample (Figure 4). Figure 4A shows the amplitude modu-
lation and phase term of the measurement. It is worth
mentioning that there is a static spatial distribution
obtained due to the container used, and it was removed
by taking the last frame as a reference. Temporal varia-
tions of amplitude modulation and wrapped phase are
provided in media 2 and unwrapped phase in media 3.
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Figure 3: High-temperature torch varying in time was used as dynamic phase sample. (A) The corresponding pixelated interferogram, ampli-
tude, and phase modulation term of a single frame and (B) characteristic frames of the temporal measurement shown in media 1.

B(x, y) Wlex, yil P(x, ¥)
A 50 3 15
2 40 2
{ 1 0.
= Wes z :
£ off 20 £ ° £ °
LI > -1 = =0.5
8f 10 -2 -1
10l 0 =] %
2 4 6 8 10
x {mm) x {mm)
B ramemmsercie Famenumbersiz _ Framenumber2t  _Framenmber=3t  Famenmber-sd | Frmenmbersst Fomemmber-st
2 n
t 4 / 0.5
£, o0
> | -0.5
8l | & L | ! -1
10, i . P | o E s e 1.5
2 4 6 8 10

x (mm)

2 4 6 8 10
x (mm})

Figure 4: A living sample was placed on one of the arm of the interferometer, and medium variation can be observed due to its movement.
(A) The corresponding amplitude and phase modulation term and (B) three frames of the temporal measurement shown in media 3.
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4 Conclusions

By combining the interferometer, pixelated polarizing
camera, phase demodulation algorithm, and speckle
reduction system, the implementation itself shows the
capability of following phase dynamic changes in a stable
manner. Some of the limitations of the implementation
can be encountered in the characteristics of the pixe-
lated camera, fix number of elements on the mask, and
imaging system selected. The phase variation was treated
as a pure phase sample with no polarization changes. In
the case of polarization variation, extra calibration pro-
cedures can be done in order to maintain the polarization
phase-shifting conditions on the object and reference
beam.

The system presents capabilities to be used in high-
temperature condition samples and also by analyzing
temporal variation occurring in living samples in another
medium different from air.
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