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ABSTRACT: 

This communication describes some details of modulation of polarization which are useful in phase-
shifting interferometry applied to the study of transparent samples. As an application, the case of a 
two-beam phase-grating interferometer is discussed on the grounds of polarization analysis as an 
example. This system does not require micro-polarizer arrays or special software to isolate external 
vibrations; it uses a double window, and generates two beams whose separation can be varied 
according to the characteristics of the grid used. Experimental results are also given. 
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RESUMEN: 

En este trabajo se describen técnicas de modulación en polarización que son útiles en 
interferometría de corrimiento de fase aplicada a la medición de la fase dinámica fluidos 
transparentes. Como una aplicación se discute el caso un interferómetro de doble ventana con rejilla 
de fase que usa polarización. La configuración presentada no requiere de micro-polarizadores o de 
paquetería computacional adicional para eliminar ruido causado por vibraciones, este sistema no usa 
una doble ventana, es capaz de generar dos haces cuya separación puede ser variada de a cuerdo a 
las características de la rejillas usada. Se presentan los resultados experimentales obtenidos. 

Palabras clave: Interferometría, Corrimiento de Fase, Polarización, Objetos Transparentes. 
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1. Introduction 

Modulation of polarization is often used in 

optical interferometry [1], digital holography 

[24], ESPI and shearography [5-8] because it 

allows one to analyze samples using non-contact 

techniques with high accuracy. The use of phase 

shifting modulated by polarization has the 

advantage of not requiring mechanical 

components, such as a Piezoelectric Transducer 

(PZT), to obtain the desired phase shifts. A 

common optical system uses linear polarizing 

filters and birefringent quarter-wave plates to 

achieve modulation [9-11]; in some situations, 

exact retardation can not be used, and certain 

considerations have to be taken into account to 

extract the correct optical phase data.  

In this paper, we propose an optical system 

that uses single-shot phase shifting 

interferometry techniques modulated by 

polarization, allowing it to show no sensitivity to 

external vibration, since the two beams produce 

a common path interferometer, which allows 

one to measure dynamic events with high 

accuracy; The configuration presented does not 

require expensive items such as micro-

polarizers [12], only conventional polarizers, nor 

does it need additional software to eliminate 

noise caused by vibration, as the two beam 

interferometer is stable. Analysis and discussion 

about non-exact quarter-wave retardation are 

presented and corrected to obtain a desired 

phase shift between interfering beams; this 

analysis allows the use of retardants that do not 

operate on the same wavelength of the laser 

used, and it emerges as a necessity if you do not 

have the necessary optical elements. 

Implementing a two beam phase grating Mach 

Zehnder Interferometer (TBPGMZI) modulated 

by polarization, experimental results for static 

and dynamic events for thin-transparent 

samples are presented. 

http://dx.doi.org/10.1364/AO.13.002693
http://dx.doi.org/10.1364/OL.26.000140
http://dx.doi.org/10.1364/AO.24.004439
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http://dx.doi.org/10.1016/j.ijleo.2012.02.044
http://dx.doi.org/10.1364/AO.44.006861
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http://dx.doi.org/10.1117/1.602313
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http://dx.doi.org/10.1201/9781420027273.ch6
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2. Experimental setup 

A combination of a quarter-wave plate Q and a 

linear polarizing filter P0 generates linearly 

polarized light oriented at ±45º when entering 

the Mach Zehnder (MZ) interferometer from a 

YVO3 laser operating at 532 nm (see Fig 1). This 

configuration generates two symmetrically 

displaced beams by moving mirrors M and M’, 

enabling one to change the spacing    between 

beam centers. Two retardation plates (   and 

  ), with mutually orthogonal fast axes, are 

placed in front of the beams (A, B) to generate 

left and right nearly-circular polarized light 

[1114]. 

The transparent sample is collocated on B, 

and A is used as a reference beam. A phase grid 

carefully constructed by superposing two 

commercially available phase gratings with their 

respective grating vectors at ±90° is placed at 

the system’s Fourier planes as the pupil. As 

shown in figure 1, placing a grating of spatial 

period         on the Fourier plane, where   

is the wavelength and   the focal length. The 

corresponding transmittance is given by    ,   . 

The image     ,    formed by the system 

consists basically of replications of each window 

at distances   ; that is, the convolution of    ,    

with the Fourier transform of the phase grating. 

Taking the rulings of one grating along the   

direction, and the rulings of the second grating 

along the   direction, the resulting centered 

phase grid can be written as: 
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where the period along each axis directions are 

taken as   , with      being the grating phase 

amplitude, and    and    the Bessel functions of 

the first kind of integer order  ,  , respectively. 

The Fourier transform of the phase grid 

becomes: 
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which consists of point-like diffraction orders 

distributed on the image plane at the nodes of a 

lattice with a period given by value   . 

 

 

Fig. 1. Simultaneous phase shifting quasi-common path interferometer with modulation of polarization. PBS: Polarizing beam 
splitter. BS: Beam splitter.   : Mirror displacement.    ,  : Object plane.     ,   : Image plane. Li: Lens.    ,   : Phase grid. P0 and Pi: 
Polarizers. Q, QL and QR: Quarter wave plate. Grating period,  =110 lines/mm. f=150 mm. 
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3. Fringe modulation and contrast in 
phase grating interferometry 

Phase grid interferometry is based on a two 

crossed phase grating placed as the pupil in a 4-f 

Fourier optical system. A convenient window 

pair for a grating interferometer implies a 

vectorial amplitude transmittance given by: 
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where    is considered as the mutual 

separations between the centers of each window 

along the coordinate axis, with an arbitrary 

retardation    and the Jones vectors,     and    , 

defined as: 
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One beam aperture can be described as 

   ,   , and the second one as    ,    

            , representing a relative phase 

between both windows described by       . As 

shown in Fig. 1, by placing a grating of spatial 

period         on the Fourier plane, the 

corresponding transmittance is given by    ,   . 

The image           formed by the system 

consists basically of replications of each window 

at distances   ; that is, the convolution of          

with the Fourier transform of the phase grating. 

Invoking the condition of matching first-

neighboring orders,      ,  ’    1 and  ’  

 . The image is then basically described by: 
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By selecting the diffraction term of order   , 

after placing a linear polarizing filter with the 

transmission axis at an angle ψ,     , its irradiance 

results as being proportional to: 
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where  ’ and  ’ are the coordinates on the image 

plane, 
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and  ',A  and  ',  are defined as: 

     ,'cos2sin1',  A  (8a) 

 
 

 
     

.
'cos

'sin
tan',

'costan1
2cot

1






























 (8b) 

Fringe contrast mqr is represented by: 
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where each fringe modulation depends on the 

relative phases between the Bessel functions Jq. 

3.1. 2-D Interference patterns generated by 

diffraction 

The interference patterns are obtained from the 

interference between the replicas of each beam, 

centered around each diffraction order. Figure 

2(a) presents the replicas of beam A, with right 

circular polarization, and the replicas of beam B , 

with left circular polarization; each order is 

superposed depending on separation    of the 

beams at the output of the Mach Zehnder (MZ)  

system. Figure 2(b) presents the interference 

pattern generated by the interference of 

contiguous orders [(-1,-2), (0,1), (+1,0), (+2,+1)], 

where        mm. 

 

 

Fig. 2: (a) Replicas of beams A and B. (b) Interference pattern 
obtained by means of the order diffraction superposition for 
       mm. 
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3.2. Phase shifts for inexact retardation 

Figure 3 shows the dependence of retardation 

     against wavelength   for different 

birefringent wave plates. This result shows that 

retardation is not a linear function of 

wavelength, i.e.:             , with    being 

the operating wavelength of the QWP, and   the 

wavelength of the laser used; so, the retardation 

for     has to work with the correct wavelength 

shown in the graph, where the horizontal line 

shows the case of       . Representing the 

case of exact quarter-wave retardation, it is 

readily found that   2),(
2
 , 1),(

2
2 A . 

Experimentally, phase shifts result after 

applying a linear polarizer to each one of the 

interference patterns generated around each 

diffracting order at the exit plane     . Each 
 

 

Fig. 3: Dependence of retardation      on wavelength   for 
different birefringent wave plates. 

 

 

Fig. 4: Replicas of the interference patterns obtained with the 
phase grid with phase shifts (a) Polarizing filter array. (b) 
Experimental Interference patterns. 

polarizing filter transmission axis is adjusted at a 

different angle i  to generate the four phase 

shifted interferograms. Figure 4(a) shows a 

representation of the linear polarizers placed 

over each desired interference pattern. As it can 

be observed in Fig 4(b), the superposition of 

replicas of beams A and B obtained through the 

phase grating used generates interference 

patterns with a relative phase shift of ; due to 

this [15], two phase shifted interferograms can 

be obtained only using a linear polarizer. This 

allows a simplification of the polarizing filter 

array [15]; in this case, only two polarizers (   

and   ) need to be placed, each one covering two 

patterns with complementary phase shifts. 

Taking into account the linear polarizer angle 

corrections due to the different wavelengths 

used, then 00  and  577.461 , which 

leads to phase shifts   of 0, /2, and 3/2; this 

can be seen in Fig. 4(b), where the dotted boxes 

represent the polarizing filters. 

 

4. Transparent samples 

A phase object (transparent) that is placed onto 

beam B can be expressed as: 

).,(1),( yxiyxO   (10) 

Using this approach for thin transparent 

samples, where 1),( 2yx  , it can be noted 

that the phase of the object is proportional to the 

function that defines its shape. This way, we can 

know the profile of the object analyzing the 

optical phase; the phase reconstruction is 

performed using a four step phase shifting 

algorithm [13-15], so the phase can be obtained 

from the following equation [16]: 

  ,tan,
42

311












 

II
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with Ii being the intensity measurements 

captured in a single shot, with the values of 

given by 00 ,  577.461 . This result 

allows us to know the phase profile.  Since n-

interferograms can be obtained simultaneously, 

the dynamic study of a phase object can be 

carried out. 
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5. Experimental results 

The phase gratings used are the commercially 

available ones. They are nominally identical, 

according to the seller  Edmund Optics’ 

transmission grating, dimensions: 25×25 mm2; 

dimensional tolerance: ±0.5 mm; substrate: 

Optical Crown Glass). Under conditions of 

circular polarization generation, the error in the 

phase shift   is twice the error in the 

polarizing transmission angle  ; through this, 

  contributes to an error in each sinusoidal 

pattern intensity, I , no greater than  42   

for the unit fringe contrast. As the values of   

can be very small, there are no error sources 

such as nonlinearities of displacements or non-

homogeneities in the measuring field. That way, 

more flexibility can be used in choosing 

appropriate algorithms, and the procedure does 

not require lengthy calibration procedures each 

time the pattern changes. 

The monochromatic camera used is based on 

a CMOS sensor with 1280×1024 pixels and with 

a pixel pitch of 6.7 μm. Each interferogram was 

typically composed of arrays of 600×512 pixels, 

and then filtered with a conventional low-pass 

filter to remove sharp edges and details from the 

image, leaving smooth gradients and low-

frequency details. To reduce differences in 

irradiance and fringe modulation, each 

interferogram used was subjected to a rescaling 

and normalization process, taking its minimum 

value as the zero gray level, and its maximum 

value as the 255 gray level. This procedure 

generates patterns of equal background and 

equal fringe modulation. For the simultaneous 

capture of several interferograms, an error 

source comes from the acquisition of different 

parts of the same camera used. Other 

approaches for simultaneous phase shifting 

interferometry (PSI) have a similar feature; 

namely, a different sampling of the same 

distribution. In this procedure, however, no one-

to-one correspondence between filter pixels and 

detection pixels is required because the filter 

area comprises many pixels. For fringe periods 

greater than some pixels, this error source does 

not seem to be greater than the speckle effects. 

Under these conditions, the remaining error 

sources are the same as for a typical phase-

shifting interferometer. There are several 2D 

phase unwrapping algorithms, some of them 

using least squares methods and the branch cut 

technique[17]; however, for simplicity, the 

method used for unwrapping the phase data was 

a non-iterative fast cosine method [18]. 

A phase step was placed in the path of beam 

B, while beam A was used as a reference; the 

results obtained are shown in Fig. 5. Figure 5(a) 

shows the four patterns with 2/  phase shifts 

obtained in a single shot. Figure 5(b) presents 

the phase profile of the phase object. 

Figure 6 shows the case of fluids moved by 

gravity placed on a microscope slide; this 

generates phase changes due to the changing 

layer of the fluid. The upper row of the figure 

corresponds to oil placed on a microscope slide, 

while the lower row corresponds to a drop of 

water moving over the microscope slide. 

Figure 7 shows the results for an oil drop 

placed on a microscope slide; the dynamic 

evolution of the drop as it goes across the front 

of the camera can be seen. In this case, small 

deformations can be observed in the drop, 

 

 

Fig. 5: Static test objects. (a) Interference patterns. (b) Unwrapped phase. 
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Fig. 6: Dynamics distributions. Evolution of the phase, one capture per second (Representative Frames). Upper row shows oil on a 
microscope slide. Lower row corresponds to flowing water on a microscope slide. 

 

 
 

Fig. 7: Immersion oil on a microscope slide. Oil drops moving under gravity on a slide.  One capture per 2 second. 
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caused by its viscosity and also by the total 

change effected by gravity. By retrieving a 3D 

reconstruction of the temporal variation [19], 

we are also able to observe the change in depth 

of the oil layer caused by the displacement. 

These results will allow measuring velocity 

vector fields of the flow, as well as measuring 

index refraction changes with the same 

information retrieved. 

 

6. Final remark 

The experimental set-up for a polarizing two 

beam phase grating common-path 

interferometer based on a Mach Zehnder 

interferometer has been described to obtain the 

profile of thin transparent fluids from the 

analysis of optical phase using phase shifting 

techniques. This system is able to obtain several 

interferograms simultaneously. The 

combinations of the phase shifts generated by 

the grating simplify the polarizing filter array. 

This characteristic optimizes the interferometric 

system used, and allows the analysis of objects 

of static and dynamic phase. 
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