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ABSTRACT 

Polarimetric techniques are widespread employed in many research fields as optics, medicine or biology. In 
this sense, the use of polarimeters has significantly increased, being a tool with huge perspectives of future. 
As a consequence, the spreading of the basic knowledge of this topic becomes interesting for many 
professionals and a master studies is an excellent environment to this aim.  

We are participating in a mandatory laboratory subject (Laboratory of Optics, LO) of a Master degree in 
Photonics with an experiment on polarization. In particular, the main structure of the experiment has been 
built around of a polarimeter set-up. Basically, we use a He-Ne laser beam, a polarization state generator and 
a polarization state detector. The experimental measurements are acquired by means of a photometer 
connected to a computer and processed by an own developed software. It allows us to obtain a complete 
description of any polarizing element tested. In combination with the laboratory work, it is provided a 
mathematical description of the polarization theory, the Stokes-Mueller formalism, which gives us the base 
required for a fully understand of the experiment. 

Throughout this work, we explain the polarimeter experiment structure and the achievements reached by 
students. We want to emphasize that a different degree of expertise and knowledge in function of the specific 
background of every student is provided. However, a minimum knowledge level is reached for all students, 
including among others, the improvement in the scientific, communicative or interdisciplinary competences.  
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1. INTRODUCTION
The knowledge of the state of polarization of light beams and of the polarimetric properties of polarizing 
samples is necessary in a large number of applications as in medical physics1,2, in astronomy3 or in polarizing 
samples characterization4,5, among others. In order to obtain this type of information, the use of polarimeters 
is required in these applications. Polarimeters are optical instruments capable to characterize the state of 
polarization of a light beam just by means of radiometric measurements. The radiometric data are obtained by 
projecting the analyzed light beam upon different configurations of a polarization state detector (different 
polarization analyzers). On the other hand, by properly combining a polarization state generator with a 
polarization state detector, all the polarizing properties of polarizing samples can also be determined.  

By taking into account the polarimetric data provided by polarimeters or its set-up design, they can be 
subdivided in different subtypes6. For instance, we can divide them as complete or incomplete (complete if 
fully determine light beams or polarizing samples, being incomplete otherwise), as light-measuring and 
sample-measuring polarimeters (light beam or polarizing sample characterization) or as a function of its data 
acquisition methodology. 

In order to spread the basic knowledge related to polarimetry7, the Image Processing Laboratory (IPL) of the 
Optics Group of the University Autonomus of Barcelona (UAB) is participating in a mandatory laboratory 
subject (Laboratory of Optics, LO) of a Master degree in Photonics with an experiment on polarization. In 
particular, the main structure of the experiment has been built around of a complete polarimeter set-up. 

This paper is freely available as a resource for the optics and photonics education community.
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Basically, it uses a He-Ne laser beam in which a polarization state generator (polarizer and quarter-
waveplate) and a polarization state detector (quarter-waveplate and analyzer) are inserted. The experimental 
data are acquired by means of a photometer connected to a computer and processed by an own developed 
LabVIEW software, leading to a complete description of any polarizing element tested.  

The educational structure of the Laboratory of Optics subject is divided in three different units. In this sense, in 
the first unit the basis of the Mueller-Stokes (M-S) formalism is provided. The M-S formalism is a useful 
mathematical tool that allows the description of the state of polarization of light beams and of the interaction of 
light beams with polarizing samples. Note that this first unit is essential for the fully understanding of the 
experiment. Next, in the second section, the experimental calibration of the optical elements of the set-up is 
conducted. This is a first step for the assimilation of the theoretical concepts revised in the previous unit 
because the calibration protocol is based on the M-S formalism. Moreover, the calibration procedure taught in 
this unit is useful not only for the specific set-up used for the complete polarimeter implementation but also, in 
a more general way, for the optimization of optical systems based on polarizing elements. Finally, in the third 
unit of the LO, the polarimeter is used to characterize some samples. First, by using the detector system the 
students detect different types of polarized light. Then, by means of the fully operation of the polarimeter, the 
Mueller matrices of diverse polarizing samples are obtained: polarizer, waveplate, Faraday rotator, among 
others. Note that this unit is a key issue in the experiment, allowing for instance, the experimental 
manipulation of the set-up, the complementation of the theory with different experimental examples, and the 
polarimetric analysis of the obtained results. In addition to the experiment on polarimetry conducted by 
students, they have to deliver a mandatory report and to perform an oral presentation. These two works are 
very important for the experiment complete understanding. In this sense, the students achieve a further 
internalization of the experiment conducted, observe the benefits of the team work and improve their 
communicative skills.    

The outline of this paper is as follows. In section 2, the Mueller-Stokes formalism basis explained to students 
is provided. In section 3, the calibration protocol followed by the students for the calibration of the optical 
elements of the set-up used is detailed. Next, in section 4 we show the characterization process used for the 
obtaining of the Stokes vectors of light beams and the Mueller matrices of polarizing samples. Finally, in 
section 5 a summary of the experiment and achievements reached by students is provided 

2. MUELLER-STOKES FORMALISM: MUELLER MATRICES OF THE MAIN OPTICAL
ELEMENTS 

There exist different mathematical formalisms, as the Berreman or the Jones formalisms, which allow the 
correctly describing of the state of polarization (SoP) of light beams and the interaction of light beams with 
polarizing elements. However, in the cases where it is important to take into account unpolarized light 
contributions or depolarizing effects, the so-called Mueller-Stokes (M-S) formalism is very suitable and thus, it 
is used in a large number of applications. In the M-S formalism, the state of polarization of light beams is 
described by means of four real parameters that can be obtained readily by radiometric measurements and 
they are usually presented as a column vector (the Stokes vector). On the other hand, the description of 
polarizing samples is given by Mueller matrices, 4x4 matrices of real elements which keep useful polarimetric 
information. In addition, the Mueller matrices relate the incident and exiting (reflected, transmitted or 
scattered) states of polarization S of a light beam as follows:  

incidentexiting SMS ·= (1) 

where M is the Mueller matrix of a polarizing sample. 

In the first unit of the experiment and with the aim of provide the students of the Master degree of Photonics 
with this useful and potent tool, the physical interpretation and the manipulation of the M-S formalism is 
taught. We want to emphasize that the degree of detail given to students strongly depends of the specific 
polarimetric background of every student. In this sense, for students without previous knowledge in this issue, 
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an initiation to the M-S terminology and basic manipulation is provided. On the other hand, more specialized 
students are trained on more difficult problems related to polarimetry and we give them a further insight on 
this topic.  

A basic knowledge that students have to learn when conducting this experiment is the awareness of the 
Mueller matrices of the main polarizing optical elements, as polarizers or waveplates. This is an important 
issue because the internalization of this information is the basis required for the achievement of more complex 
polarimetric problems. An example of different Mueller matrices representing typical optical elements is given 
in Table 1. Note that the Eq. (6) is very important when working with the M-S formalism because it leads to 
the obtaining of the Mueller matrix of any polarizing element rotated an angle θ. 
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Polarization rotor of an angle θ 
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Linear polarizer with the transmission axis rotated an angle θ 

( )
⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

θθθθ
θθθθ

θθ

=θ

0000
02sin2·cos2sin2sin
02·cos2sin2cos2cos
02sin2cos1

2
1M 2

2

LP

   (5) 

Mueller matrix of a rotated element 

( ) ( ) ( )θθ−=θ RR M·M·MM     (6) 

Linear retarder with the fast axis at θº, and retardance ϕ 
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Table 1. Mueller matrix of the main polarizing elements. 

3. SET-UP CALIBRATION

Once some fundamental theory related to polarimetry has been provided to the students, we begin with the 
second and third units of the experiment, where by means of an experimental set-up the students reinforce 
and consolidate the theoretical content. In this section, we detail the unit 2, where the students perform the 
calibration of the experimental set-up. The main structure of the experiment has been built around of a 
polarimeter set-up and its corresponding design is plotted in Fig. 1. It contains a He-Ne laser beam, a 
polarization state generator (polarizer LP1 and waveplate WP1) and a polarization state detector (waveplate 
WP2 and analyzer LP2). The sample to be analyzed is placed between both. The waveplates can rotate 360 
degrees and they are electronically controlled from a personal computer. The intensity measurements are 
acquired by means of a photometer connected to a Digital-to-Analog Converter (DAC) that sends the digital 
signals to a computer. Then, the set-up is controlled and the data is processed by an own developed 
LabVIEW software that the student may change. 
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Figure 1. Polarimeter set-up. 

The specific function of the different elements used in the set-up sketched in Fig. 1 is explained to the 
students. Then, we lead them into a set-up calibration protocol based on the synchronous detection8. We 
think that this knowledge is very useful because it is necessary not only to decrease the associated 
measurements errors when using the polarimeter but also to optimize the performance of any optical system 
involving polarizing elements.      

3.1. Determination of the rotation angle between two polarizers 

The first step for the characterization of the elements of our setup is the determination of the polarizer’s 
orientation. Polarizers are mounted in manually rotary stages, graduated every two degrees, but the 
transmission axis may not coincide exactly with the zero of the rule. Then it is necessary to determine the 
position of the transmission axis. The first polarizer transmission axis is taken as our x axis, and all the 
elements are aligned with it. Then, after the first polarizer the Stokes vector is given by 
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Let us assume that the transmission axis of the second polarizer is at an unknown angle θ0 with respect to the 
zero of its rotary stage. Then when the rule of the rotary stage marks θ, in fact the transmission axis is at θ + θ0. 
Therefore, the Stokes vector after the second polarizer is 
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And the intensity is given by S’0  

( ) ( )( ) ( )sin2θsin2θcos2θcos2θ1
2
tθθcos21
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Note that the intensity is a periodic function of the rotation angle θ. The coefficients of the cosines and sinus 
terms can be determined by Fourier analysis. This is the basis of the synchronous detection. In fact, this 
method appears in many experimental data analysis like in phase shifting interferometers. Then, N intensity 
measures are taken at N equally spaced angles ( )

N
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r
−π=θ ; r = 1, …, N-1. By multiplying the measured 

intensities by sin(2θr) and adding the results one obtain 
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In this last equality we have taken into account the orthogonal properties of the sinus and cosines (See 
Appendix). By multiplying the measured intensities by cos(2θr), adding the results and again by taking into 
account the orthogonal properties of the sinusoidal functions we have: 
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Finally, the offset angle θ0 can be obtained as 
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Once this offset angle θ0 is measured, we can correct it when positioning the second polarizer. Figure 2(a) 
shows the plot of the measured intensity as a function of θ. As the transmission axis was rotated an angle 
θ0=27.775º the sinusoidal function is shifted. Figure 2(b) shows the same plot once the offset is corrected when 
positioning the second polarizer. 

Figure 2. (a) Graph of the measured intensity I(θ) from which the offset angle θ0 is determined. (b) The same graph once 
the offset has been corrected. 

3.2. Determination of the rotation and the phase-shift of a linear retarder placed between two 
polarizers 
Once we know the transmission axes of the polarizers, it is necessary to determine the fast axis of the retarder 
of retardance φ. This axis can be rotated an offset angle θ1 with respect to its rule. Let the two transmission axis 
of the polarizers be parallel, and the retarder rotated an angle θ, that in fact will be θ + θ 1. The Stokes vector 
after the system is given by: 

a) b)
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Where the MLP and MWP matrices are given by Eq. (2) and Eq. (7) respectively. Then, the measured intensity 
is given by 
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Again this intensity is a periodic function of the rotation angle θ. Then performing a Fourier analysis the offset 
angle can be determined. This intensity is measured for N equally spaced angles ( )

N
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r
−π=θ ; r = 1, …, N-1. 

By multiplying the measured intensities by sin(4θr) or cos(4θr) and adding the result one obtains 
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Then, the offset angle θ1 can be obtained as 
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Once this angle is know we can also obtain the phase shift of the retarder. By adding the intensities one 
obtain 
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As an example of the calibration results, Figure 3 shows the plot of the measured intensity as a function of the 
waveplate rotation angle θ, from which the waveplate offset angle θ1 is obtained. The sinusoidal function is 
consequence of the projection of the state of polarization exiting from the polarizer+waveplate system upon the 
fixed analyzer. The maximums correspond to the positions where the neutral lines of the waveplate are parallel 
to the polarizer transmission axis (it happens four times in a whole turn). On the other hand, the non null 
minimums correspond to the projection of circular polarized light. Then, from the shift of the first maximum from 
the x=0 position we obtain the θ1 angle and Eq. (21) gives us the phase-shift φ value. The values corresponding 
to the sinusoidal function given in Fig. 3 are θ1 = 29.546 and φ = 90 degrees.  

Figure 3. Graph of the measured intensity I(θ) from which the offset angle θ1 and phase shift ϕ are determined 

4. STATE OF POLARIZATION AND POLARIZING SAMPLES CHARACTERIZATION

In this section we detail the third unit of the experiment. Here, the students learn and practice the 
methodology which leads them to the obtaining of the SoP of light beams and of the Mueller matrix M of 
polarizing elements. The physical interpretation of the results obtained is a key issue in the polarimetry 
training of the master students.  

4.1. Rotating linear retarder Stokes polarimeter 

Once the polarizers and the retarders are characterized we can build a Stokes polarimeter. The system is 
composed by a motorized rotating retarder (WP2), a fixed polarizer at 0º (LP2), and a photodetector (see Fig. 1). 
Let S be the Stokes vector to be measured. The stokes vector S’ after the retarder is 
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And then the intensity after the polarizer is given by 
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In the particular case of a λ/4 retarder (ϕ=π/2) the above expression is 

⎥
⎦

⎤
⎢
⎣

⎡
−+++=⎟

⎠
⎞

⎜
⎝
⎛ θθθθπ 2sin4sin

2
4cos

222
1,

2 3
211

0 S
SSS

SI (24)

The measured intensities are periodical functions of the angle θ, and contain several sinusoidal functions 
whose coefficients depend on the Stokes parameters. A Fourier analysis permits us to obtain these 
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And then the Stokes vector can be obtained as 
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In the laboratory, the students measure different SoPs: linear states of polarization with different orientation, 
right-handed and left-handed circular polarization and diverse elliptical states of polarization. These SoPs are 
generated by themselves by properly setting configurations of external quarter-waveplates and polarimeteres. 
Then, they interpret the experimental Stokes parameters obtained by using the polarization state detector 
(Fig. 1) and Eq. (26). Some polarimetric concepts, as unpolarized light, azimuth angle (α) or ellipticity angle 
(ε) 9 are revised by taking advantage of the obtained results. As an example, Table 2 shows some students 
measurements corresponding to the detection of linear polarized light at 0º of the laboratory vertical, right-
handed circular polarized light and a specific elliptical polarized light. The ellipses of polarization of the SoPs 
shown in Table 2 are plotted in Fig. 4. In the Fig. 4(c), the azimuth and ellipticity angles are also represented.  
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Linear polarization (0º) Right-handed polarization Elliptical polarization 

1 1 1
1 0 0.587
0 0 -0.492

Theoretical 
values 

0 1 -0.643
1 1 1

0.999 -0.063 0.578
2.013·10-3 -8.628·10-3 -0.521 

Experimental 
measurement 

2.443·10-3 0.998 -0.628
Table 2. Some Stokes parameters obtained by master students. 

Figure 4. Ellipse of polarization of the SoP shown in Table 1. 

4.2. Rotating linear retarders Mueller polarimeter 

The Mueller polarimeter contains a Polarization State Generator (PSG) composed by a linear polarizer LP1 at 
0º and a rotating linear retarder WP1 with phase shift ϕ1 and a Polarization State Detector (PSD) like the 
described in the previous section. When the linear retarder of the PSG is at a rotation θr, the generated SoP is 
given by 
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This input SoP passes through the polarizing device M that we want to characterize and the output SoP is 
given by 
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This output SoP can be measured by the PSD. Then, if N equally spaced rotations are used in the PSG, the 
coefficients of the matrix can be calculated as: 
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Then the Mueller matrix of the device is 
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In this case, master students measure different polarizing elements with the aim of understand the physical 
meaning of the Mueller coefficients. The experimental obtaining of the Mueller matrices of the elements tested 
are accomplished by the properly combination of the polarization state generator and the polarization state 
detector plotted in Fig. 1 and by following Eq. (31). In particular, among others, they obtain the Mueller matrix 
of polarizers with different orientation, of linear retarders of different retardance, of adhesive tapes with 
different thickness and of a Faraday rotator. They also have the chance of characterize the Mueller matrix of 
any polarizing element that they bring to the laboratory. Some polarimetric concepts as diattenuation, 
retardance, polarizance or depolarization8 are revised by taking advantage of the obtained results. As an 
example, Table 3 shows the obtained Mueller matrix for an adhesive tape strip of a given thickness (Table 
3(a)) and for two crossed strips of adhesive tapes of the same thickness (Table 3(b)). Note that in both cases 
the diattenuation vector (the three last coefficients of the first row) and the polarizance vector (the three last 
coefficients of the first column) are almost null, and as a consequence we are obtaining the Mueller matrix of 
a retarder of a given orientation and retardance. However, when using two crossed strips the phase added by 
one strip to one component of the electric field is subtracted by the other strip, leading to the identity matrix. It 
can be observed by normalizing the matrix shown in Table 3(b) by the m00 Mueller matrix coefficient (the 
irradiance exiting from the polarizing sample). In other words, the characterization of two identical crossed 
strips of adhesive tape is like performing a characterization without any polarizing sample.   

The k component of this output SoP is given by 
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Table 3. Mueller matrices of an adhesive tape: (a) one strip; (b) two strips crossed. 

6. SUMMARY

Polarimetric techniques are a very useful tool in many research fields as optics, medicine or biology. A 
polarimeter is the basic scientific instrument used to make polarimetric measurements, leading to the 
characterization of the state of polarization of light beams or to the obtaining of some polarization information 
of polarizing samples. Therefore, the spreading of the basic knowledge of this topic becomes interesting for 
many professionals and a master studies is an excellent environment to this aim.  

By participating in a mandatory laboratory subject (Laboratory of Optics, LO) of a Master degree in Photonics 
we are conducting an experiment on polarization. The main structure of the experiment has been built around 
of a polarimeter set-up that allows us the obtaining of the complete description of any polarizing element 
tested. The polarimetric experiment is subdivided in three different units which lead to specific educational 
trainings. In this paper, a detailed explanation of the experiment is provided.  

Basically, the first unit gives students the fundamental background required for the understanding of the 
experiment, being in particular the basis of the Mueller-Stokes formalism. The second unit allows us to lead 
them into a set-up calibration performance based on the synchronous detection and the M-S formalism. This 
knowledge is a first step into the M-S application and provides students with a calibration procedure able to 
optimize the performance of any optical system involving polarizing elements. Finally, in the third unit the 
students use the polarimeter to detect different states of polarization and to characterize diverse polarizing 
elements. By taking advantage of this third unit of the experiment, concepts as unpolarized light, ellipticity, 
azimuth angle, despolarization, retardance or diattenuation are revised. The third unit is an essential part of 
the experiment, leading students to important issues as the manipulation of the set-up, to the theory reinforce 
by using different practical examples, and to the polarimetric analysis of the obtained results. Additionally, the 
students have to deliver a mandatory report and to perform an oral presentation. This fact adds 
complementary information to the scientific training of the students. In this sense, the developing of the 
reports help students to achieve a further internalization of the experiment done, show them the benefits of 
the team work and help them to improve their communicative skills.  

Finally, we want to emphasize that the mandatory laboratory subject is structured with the aim of provide 
students with a minimum knowledge level. However, as a function of the specific background of every student 
in polarimetry, they are trained with a different degree of complexity. For instants, advanced students are 
taught with a higher degree in depth when performing the polarimetric data analysis, they are able to work 
with the LabVIEW software font code, to perform simulations in MATLAB or C++ of the estimated error 
associated to the measurements, among others. 

a) b)
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APPENDIX 

The equally spaced sampled sinusoidal functions fulfill the following properties: 
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