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Abstract

We developed simultaneous phase-shifting system based on a Mach–Zehnder interferometer and a replicating system inte-
grated by a Michelson configuration and a cube beam splitter. The system is capable to obtain four simultaneous interfero-
grams in a single capture, and the phase shifts are controlled by placing a linear polarizer in each replica obtained. The system 
retrieves four interferograms with a relative phase shift of π/2 and the optical phase map is calculated using the four-step 
algorithm. In addition, the configuration presents potential capabilities for generating spiral interference patterns. To show 
the advantage of the technique, experimental results are presented for static and dynamic samples.

Keywords Interferometry · Phase shift · Optical metrology

1 Introduction

The development of phase-shifting interferometry (PSI) 
started in the decade of the 1960s with the research devel-
oped by Carré and Crate [1, 2]; later, Bruning, Wyant, 
Hardy, and Moore implemented these techniques for digital 
wavefront measuring, fringe scanning interferometry, and 
real-time phase correction of optical imaging systems [3–6]. 
Conventionally, the PSI technique generates phase shifts by 
stages, that is, n images are obtained in n captures of the 
camera. By means of the generated interferograms, the opti-
cal phase can be calculated to be associated later with the 
physical parameters of the sample under study.

However, the occurrence of vibrations or temporal 
vibrations limits the measurement system in the sequential 
capture. Currently, PSI techniques have been developed 
allowing the study of static [7–9] and dynamic events by 
employing polarization techniques and precision optics such 
as pixelated masks and holographic or diffractive elements. 
Using these components coupled to detection systems like 
cameras, or 4-f systems to the main interferometer [10–16], 
these systems allow the capture of several interferograms 
simultaneously retrieving optical phase variation instanta-
neously [15–23]. In the previous reports, several coupled 
interferometric systems have been used for the generation 
of simultaneous patterns; however, some of them are only 
capable of obtaining the phase derivative and, due to their 
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base interferometer, they only have out-of-plane sensitivity. 
In these cases, the alignment procedures are limited for the 
paraxial range of the images [11–23].

For these reasons, the implementation of a simultaneous 
phase-shifting technique is proposed.

Our proposal is composed by the combinations of three 
systems: a polarizer Mach–Zehnder interferometer (MZI), 
which allows generating two beams at its output with orthog-
onally linearly polarization states; a Michelson interferom-
eter (MI), which generates two replicas at its output, and a 
replication system composed by a beam splitter and mirror. 
As a result, eight beams are generated at its output and by 
alignment procedures, four interference patterns coming 
from the MZI are obtained and captured simultaneously. 
Our purpose is the development of phase dynamic inter-
ferometric configurations capable to analyze phase variation 
in time. Since we are not employing a micropolarizing array 
or diffractive elements to retrieve the necessary interfero-
gram replicas to achieve the measurements, the system uses 
polarization as a phase-shifting technique on each of the 
replicas by controlling a polarizer [23–29].

For this configuration, the environment’s vibra-
tions mainly affect the interference generated by the 
Mach–Zehnder interferometer. In the case that the vibration 
occurs on the replication system, the interference pattern 
registration will be affected and re-alignment procedures 
need to be done. Due to the use of a cubic beam splitter and 
a mirror, the four images are aligned with the optical axis, 
so there is no need to make corrections to compensate for 
distortions that could be produced in the images. To show 
the novelty and usage of the developed system, we present 
the experimental results for static and dynamic variations of 
several phase objects.

2  Experimental setup

The diagram of the experimental setup is shown in Fig. 1. A 
635 nm laser with 30 mW output is used as light source. A 
spatial filter system (SFS) and a collimating lens  L0 generate 
a plane wave front that passes through a linear polarizer  (P45) 
with fast axis orientation at 45°. The output of the MZI gen-
erates two beams with orthogonal linear polarization states. 
After the output of the MZI, two replication systems are 
used: (1) a Michelson configuration composed by a beam 
splitter and mirrors [M3, M4] (Fig. 1—MI) and (2) a beam 
splitter system (BSS) composed by a beam splitter (Fig. 1—
BSS). Mirrors M3–M5 are aligned according to each obtained 
replica. The alignment will depend on the use; it can be a 
conventional interferometer or a double-window configura-
tion. For the capture of the interferograms, a CMOS camera 
with an imaging lens (L1) is used. The MZI can control the 

beam separation x0 by controlling the displacement of mir-
rors M1 and M2.

By this property, two configurations can be obtained 
depending on the beam separation and beam diameter a. 
When the beam displacement is greater than the beam size, 
x0 > a, the MZI operates as a double-window interferometer, 
by generating eight beams at the output of the complete sys-
tem, as shown in Fig. 2. Figure 2a shows the two emerging 
beams of the MZI and Fig. 2b shows the four replicas gener-
ated after passing through the MI. In this configuration, it is 
necessary to replace the QWP at the output of the MZI for 
two QWP to cover the beams into the output of the MZI. In 
Fig. 2a, the QWP placed on the replicas of the beams are 
shown, and the continuous rectangle represents the QWP 
at 45° and the dotted rectangle at the QWP at 135° with 
respect to the polarization axis of each beam. Each QWP 
covers their respective patterns, and so, when they overlap, 
they have parallel circular polarizations, as shown in Fig. 2c. 
In the figure, the arrows indicate the states of polarization 
of the beams. In the final stage, to create the interference 
patterns, the superposition of the beams must be generated 
by moving the mirrors M3–M5, and this is shown in Fig. 2d. 
The sample must be placed in the input system, and it will 
operate as a shearing interferometer. One of the advantages 
of this configuration is that it is stable against external or 
environmental vibrations, and no pneumatic suspension is 
required to suppress vibrations [24]. However, because of 
the polarization states which are parallel, the range of phase 

Fig. 1  Diagram of the experimental setup. Light source coming from 
a laser is spatially filtered and expanded by the spatial filter system 
(SFS) and collimating lens (L0). Two beams are generated with the 
MZI with a controllable lateral separation (x0) and replicated with the 
MI and BSS systems. In the figure, M1,2,3,4,5: mirrors. QWP quarter 
wave plate, PBS polarizing beam splitter, BS beam splitter, A: refer-
ence beam. B: sample Beam.  ai,bi: beams replicated. PA: polarizer 
array. L1: imaging lens. x0: lateral beam separation and x1: beam sepa-
ration. ΔLi: mirror´s displacement
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shifts is limited and the analysis of the polarization states is 
required to calculate the optical phase.

In the second configuration, the beam separation is 
smaller than the beam section x0 < a and the system behaves 
as a conventional MZI; this is shown in the picture of the 
setup in Fig. 3. In this case, two beams are interfered in the 
MZI and the other two remaining systems (MI and BSS) 

replicate this interference pattern generating four replicas 
with orthogonal circular polarizations states. In this case, 
the interferogram replicas are aligned by moving the mir-
rors M3–M5, to adjust the distance x1. The arrows indicate 
the polarization states of the base patterns. Figure 4 shows 
the three stages of the system, as shown in Fig. 1. When 
x0 < a, a base interferogram is generated at the output of the 
MZI, as shown in Fig. 4a and it is replicated by the Michel-
son configuration (MI) (see Fig. 4b), and the beam splitter 
system (BSS) generating four replicas, and this shown in 
Fig. 4c. Due to the opposing circular polarizations, it is not 
possible to see the interferogram at the output on each stage; 
for viewing purposes, we placed an auxiliary polarizer in 
each stage and its presented in Fig. 4d to Fig. 4f; after plac-
ing the polarizer array (PA) at the corresponding angles (ψ), 
four interferograms with relative phase shift (ξ) of 90° are 
generated.

3  Polarization phase‑shifting technique

For convenience, taking the case when x0 < a, at the output of 
the MZI, we obtain the superposition of beams A + B, where 
A(x,y) is the reference beam and B(x,y) is the sample beam 
(with 45° linear polarization states). Both states will change its 
polarization properties to circular polarization states in oppo-
site directions after passing through the quarter wave plate 

Fig. 2  Case x0 > a. a The two beams emerging of the MZI are sepa-
rated a distance x0 greater than the beam diameter a. b Four beams 
will be obtained at the output, after passing the Michelson configura-

tion (MI). c Eight beams will be obtained at the output, after pass-
ing by beam splitter system (BSS). d Four interference patterns. ai,bi 
beams replicated. PA Polarizer array. Ii interference patterns

Fig. 3  Picture of the experimental setup. Single-shot Mach–Zehnder 
Interferometer composed by two replication systems: a Michelson 
Interferometer configuration and a beam splitter system. Case x0 < a
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(QWP). The output beam after the MZI and the QWP can be 
represented as follows:

After the replication system (MI and BSS) and a linear 
polarizer at the polarizer array, an interference pattern is 
obtained as follows:

After obtaining the complex magnitude of the signal, the 
interference pattern is obtained and can be depicted as the 
common interferogram equation with a phase difference 
�(x, y) between both beams and a controllable phase shift 
twice the fast axis orientation, � , of the polarizer as follows:

where A2 + B2 corresponds to the bias term and AB is the 
amplitude modulation. Considering the four patterns gen-
erated by the system, each replica obtained will need its 
polarizer (at the polarizer array) at the following angles: 
�1 = 0; �2 = �∕4; �3 = �∕2; �4 = 3�∕4 with a respective 
phase shifts (ξ) of 0, �∕2, �, and 3�∕2.

By the phase replication system and the polarization phase-
shifting technique, we were able to generate four simultane-
ous interference patterns spatially separated in the same image 
given by the following [29–31]:
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,

and the phase at each point is as follows:

The evaluated phase is wrapped between [− π, π] due to 
arctangent function, and to remove the background phase 
�(x, y)ref [32, 33], we should measure reference phase map 
beforehand. As a result, the final phase will be the following:

where �(x, y)ref is the phase without sample and �(x, y)obj 
is the phase sample under study. The phase variations are 
converted to optical path difference (OPD) variations in 
wavelengths units [λ], using the following equation:

4  Experimental results and discussions

The optical system uses an He–Ne laser operating at 635 nm 
and a CMOS camera with a resolution of 2048 × 1536 pixels 
(pixel size, 3.2 × 3.2 µm). Each interferogram was low pass 
filtered and we employed the Quality-Guided Path Following 
Method for unwrapping the phase [30–33]. The four polar-
izers used in the arrangement (PA) are generated by cutting 
a polarizing sheet with its known transmission axis. The cut 
of the polarizers is done with a laser cutting machine. For 
polarized placement at the appropriate angles, a calibrated 
polarizer is used as an analyzer, and the transmitted intensi-
ties are measured. First, it is verified that the four patterns 
have circular polarizations, by verifying that the intensity 
does not vary when the analyzer rotates. This guarantees that 
the correct phase shifts will be obtained when the polarizers 

(5)�(x, y) = tan
−1

[

I2 − I4

I1 − I3

]

.

(6)�(x, y) = �(x, y)obj − �(x, y)ref,

(7)OPD =
�(x, y)

2�
�.

Fig. 4  Case x0 < a. Mach–
Zehnder configuration. a MZI: 
pattern with opposing circular 
polarizations emerging of MZI. 
b Two patterns with opposing 
circular polarizations emerging 
of Michelson interferometer 
(MI) configuration. c Four 
beams after the beam splitter 
system (BSS). Each replica rep-
resents an interference pattern 
obtained by the MZI. d Interfer-
ence pattern at the output of the 
MZI. e Interference patterns at 
the output of the MI. f Interfer-
ence patterns at the output of 
the BSS. ai,bi beams replicated. 
PA polarizer array. Ii interfer-
ence patterns. ξ Phase shifts. ψ 
Polarizer angles
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are placed and that the intensity of each pattern will be equal 
[34–36]. Then, the array of polarizers is placed and we ver-
ify that the transmission is zero when the analyzer is orthog-
onal to the angle of each polarizer, and the transmission is 
maximum when the analyzer transmission angle is parallel 
to the angle of each polarizer of the array. To register and 
process the four interferograms on a single image: first, we 
place an aperture at the entrance of the system, which is used 
as reference point, where the four centered interferograms 
can be found. Then, the program generates a circular mask 
around each centroid for the four interferograms to separate 
them. Finally, the optical phase is obtained using the well-
known four-step algorithm [34, 37,–37].

Figure 5 shows the intensity variation obtained (without 
sample) by capturing 100 frames at 10 fps, with a tempera-
ture variation interval of Δt ≈ 0.2 °C. Figure 5a shows the 
four-phase shifted interferograms obtained in a single shot; 
the average in time obtained for each pixel (interferogram 
enclosed at a circle) is shown in Fig. 5b; the corresponding 
standard deviation is shown in Fig. 5c. Figure 5d shows the 
intensity variation of the representative pixel enclosed in the 
dotted rectangle (pixel coordinate: 1380, 550) of the marked 
interferogram at Fig. 5a. The average intensity obtained 
corresponds to 6.14 with a standard deviation of 3.04 in 
a 256 Gy level depth range capture. This result shows that 
the intensity variations are stable to environmental noise 

[37]. Figure 6a shows the interferograms generated without 
sample (reference) and Fig. 6b shows the resulting OPD.

The experimental samples used are shown in Fig. 7. Fig-
ure 7a shows the acetate sheet on which a deformation has 
been made by pressing it at the center. The acetate sheet is 
homogeneous and has low birefringence. However, because 
the sample could induce errors in the polarization states, and 
therefore, in the phase shifts, small adjustments were made 
in the polarizer angles of the polarizer array (PA) to obtain 
phase shifts of π/2 [34, 35]. The variations in contrast were 
corrected by normalizing the patterns and performing a spa-
tial filtering [35–38]. Figure 7b shows the way in which the 
acetate was stressed to generate a dynamic variation in the 
optical phase. Figure 7c shows the flame used to generate 
temperature variations that can be measured by the system. 
Although the flame varies with time, the optical phase can be 
recovered for a specific instant of time, because the system 
captures instantaneously the four interferograms. In Fig. 7d, 
the pseudoscorpion sample is shown, from which the legs 
of the ventral region are analyzed. This sample is fixed on a 
slide holder. Blood cells are not shown by their scale; these 
were deposited by ‘smear’ on a microscope slide.

Figure  8a shows the four patterns generated when a 
deformation on an acetate sheet is induced and the result-
ing OPD calculated from the optical phase map in shown in 
Fig. 8b. Because the mean-refractive index of the sample is 

Fig. 5  a Intensity variation of 
representative interferogram. b 
Average obtained. c Standard 
deviation by each pixel. d One-
pixel variation. Average ≈ 6.14 . 
Standard deviation≈ 3.04
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Δn = 1.485, we can calculate the mean thickness ≈ 12.20 µm. 
To demonstrate the advantages of the proposed system, 
Fig. 9 shows a dynamic phase object corresponding to a 
deformation of an acetate sheet under tension. Representa-
tive frame is presented. The acetate has been fixed on the 
mechanical components, and it has been bent by tensing it. 
Video 1 shows the dynamic variation that is generated when 
the acetate sheet is restored to its resting position.

We employed acetate as a sample due of the knowledge 
of its parameters and availability on the lab. In addition, as 
we are employing polarization properties on the interfero-
metric system, we also added compensation techniques due 
of the birefringence presented. In the experiments, errors in 
the polarization are corrected using the theory developed 
in Ref. [34, 35]. To verify the polarization properties of the 
acetate sample, the intensities were measured before and 
after placing the sample. The difference between the phase 

Fig. 6  Reference wavefront. a 
Four simultaneous interference 
patterns. b OPD

Fig. 7  Experimental samples. a Acetate sheet. b Deformation gener-
ated on acetate sheet. c Flame of a bunsen burner. d Pseudoscorpion

Fig. 8  Acetate sample. a Four 
simultaneous interference pat-
terns. b OPD
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shifts was calculated [35], and for the particular case of this 
sample, these are negligible.

Figure 10 shows the phase change generated by the air 
flow that crosses the trajectory of beam A generated by the 
flame of a Bunsen burner; in Fig. 10a, the simultaneous 
interferograms are shown, and in Fig. 10b, the OPD is asso-
ciated with the phase change.

For the results shown in Figs. 11 and 12, a microscope 
system has been added a microscope objective (MO) with 
magnification of 60× and lens of 200 mm of focal length, 
on each arm of the MZI. This is done to be able to analyze 
microscopic samples, such as red blood cells and the legs 
of the pseudoscorpion. Figure 11 shows the experimental 
results for the pseudoscorpion legs, the sample was fixed 
with a resin called glycerinated gelatin which is used to fix 
organic samples to microscope’s slides.

The interesting part of the study corresponds to the 
legs of the ventral region, since this is one way of par-
tially identifying the order of the species [24]. Figure 11a 
shows the four interferograms obtained in instantaneous 
capture of the camera. Figure 11b and c shows the Optical 
Path Difference (OPD) of the sample. Figure 12 shows 

the (OPD) induced by a group of Red Blood Cells (RBC); 
their morphology is obtained as a very important parame-
ter in the biomedical field to diagnose diseases. Figure 12a 
shows the four interferograms captured in one shot of the 
camera and Fig. 12b and c presents the OPD for all RBC 
under study. Figure 12d shows the OPD obtained for the 
RBC enclosed in the rectangle shown in Fig. 12c; it can 
be noticed that the OPD, and it allows us to calculate the 
mean thickness, which is calculated as OPD/Δn = 3.2 µm, 
where Δn mean value of the RBC refraction index, was, 
assumed 1.395 for the RBC [24].

In addition, to retrieve phase variation in time, the imple-
mented system has capabilities for obtaining spiral patterns. 
This is achieved by placing a telescopic system on each arm 
of the MZI to generate two radially sheared beams and a 
phase allocation on one of the arms of the MZI configu-
ration. The spiral patterns were obtained, when achieving 
approximately a π/2 phase shift by introducing a tilted trans-
parent plate in the path of the spherical wavefront of one 
MZI’s arm, obstructing half of the wavefront. This method 
can be used as an alternative technique to obtain spiral pat-
terns without using Bessel beams or using an axicon, for 

Fig. 9  Dynamic phase object. Deformation of the surface of an acetate sheet under tension. Representative frames (Video 1)

Fig. 10  a Four simultaneous 
interference patterns. b OPD
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Fig. 11  Pseudoscorpion legs. a 
Four simultaneous interference 
patterns. b, c OPD

Fig. 12  Red blood cells. a Four 
simultaneous interference pat-
terns. b, c OPD. d OPD of two 
RBC
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example, because the inclined obstruction generates a dislo-
cation like that appearing in a spiral-phase plate [38].

Figure 13a shows a four simultaneous spiral patterns and 
Fig. 13b shows the phase obtained; we can see that the phase 
has a phase vortex in the center (enclosed at doted circle) 
as predicted by the theory; this preliminary result obtained 
through experimentation with the described setup, which 
allowed us to obtain interferograms with spiral symmetry 
[38–40].

5  Conclusions

We reported a simultaneous phase-shifting technique based 
in a Mach–Zehnder interferometer (MZI) and two repli-
cating systems integrated by a Michelson interferometer 
and cube beam splitter. The complete implementation can 
generate four interference patterns with independent phase 
shifts. This configuration is capable to analyze phase vari-
ation in time, and can be adapted for the conventional and 
microscopic measurements. The proposal is based on the 
replication of the output phase obtained by a Mach–Zehnder 
configuration. The interferogram replication system is 
composed by Michelson configurations and a beam split-
ter, which, aligned in such case, allows us to retrieve four 
interferograms obtained from the Mach–Zehnder interfer-
ometer. The interferogram registration is done by employ-
ing an aperture at the entrance of the system to identify a 
common point on the image captured by the camera. Under 
our working conditions, we did not require any numerical 
compensation; we are not employing a micropolarizing 
array or diffractive elements to retrieve the necessary inter-
ferometric replicas to achieve the measurements, or robust 
algorithms for alignment the pixelated mask to the cameras. 
The experimental results show a simple method to generate 
spiral beams, which are useful for the determination of the 

sign of the phase. In addition, this configuration can be used 
also as a shear interferometer by placing the sample at the 
entrance of the MZI and this will be considered for future 
implementations.
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