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Abstract 

Optical measurement techniques have been gaining ground for their vast applications in industry and 

scientific purposes. These techniques are beneficial comparing to the mechanical methods. Non-intrusive, 

robust, high accuracy and small measurement volume are some of the advantages of the optical 

metrology. However, these approaches are expensive.  

Interferometry is one of the most prominent principles of these optical measurements. It employs the 

study of fringe patterns in order to model surface roughness with a high precision up to nano-meter scale. 

In this thesis, we mainly focus on the multi-band frequency shifting interferometry based on polarization 

measurement for 3D surface modeling. The system has advantages such as it is very accurate and there is 

no need of a phase unwrapping algorithm.  

Like the conventional phase shifting interferometry, four intensity images are recorded for the four 

polarization states correspondingly and then the images are processed by MATLAB and the final results 

are provided. In this technique the need for three cameras and offset correction between the cameras has 

been revised and optimized by using only one camera. 

In the first setup trial, a fiber optic switch has been used which does not lead to the desired results and 

then the switch has been removed and the corresponding images are satisfactory.  
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Chapter 1: Introduction 

 

1.1 Surface Roughness Background 

The necessity of surface roughness measurement in the development of newborn industries has 

become an important factor [1]. From measuring the roughness of a Silicon wafer in subtle 

semiconductor technology [2] to the evaluation of airplanes body parts surface irregularities in 

airborne industries for lessening the friction between air and body parts in order to reduce the fuel 

consumption and excessive heat [3], or assessing the roughness patterns inside a cylinder of a car 

engine [4] and polishing of metals and alloys in any metallurgical manufacturing [5].  

In addition, the attributes of surface topography are crucial in thermal contact resistance between 2 

surfaces especially in vital electronic devices in a satellite or a spacecraft [6]. Another mechanical 

application of surface roughness metrology is in diminishing friction between two moving objects, for 

instance, in ball bearings in order to increase the reliability and endurance of the product [7].  

Mathematically, surface roughness is designated as Ra which is a parameter that is used for 

expressing the surface profile. The value represents the arithmetic average of the roughness 

irregularities height above the mean line along the sampling length, L (figure 1.1). The value of Ra is 

usually computed in micrometer unit and it is defined as follows: 

                                                     Ra=  
1

𝐿
∫ |ℎ(𝑥)|𝑑𝑥

𝐿

0
                           (1.1) 

where:  

L= the evaluation length 

h = surface heights 

x= distance along measurement 

The root mean square (RMS) is another roughness parameter represents the peak heights and is more 

susceptible to the variation of the ups and downs regions: 

                                                              Rq= √
1

𝐿
∫ ℎ2(𝑥)𝑑𝑥

𝐿

0
                           (1.2) 

 

 

                           Figure 1.1 Surface roughness measurement (Ra, Rq) 
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Basically, there are two methods for profiling surface roughness: Mechanical and Optical. Mechanical 

method is done by using a tiny cantilever tip and scanning it over the desired area, where a position sensor 

detects the amount of deviation of the tip from the origin and sends the signal data to a computer to make 

profile of the surface. However, this technique is limited to the accuracy of the cantilever and the size of 

tip. If the pits of the surface are smaller than the size of tip, the device cannot detect the pits and the result 

will be futile. In addition, the scanning speed is low, so for a large object the process will be time 

consuming and also the tip may create some unwanted scratches on the surface [9] [10].  

Optical approaches are mainly achieved by applying lasers (or LEDs) and photo detectors [11]. These 

methods are quick in acquisitions, non-touching, non-destructive and extremely accurate (the precisions 

are even up to a few nanometers). Some of the most popular optical techniques are: Speckle pattern 

analysis [12], Interferometry fringe analysis [13], ellipsometry and AFM (Atomic Force Microscopy) 

[14]. Each technique is sophisticated. In this thesis we suggest a novel method in multi-band 

Interferometry based on optical path length (OPL) measurement through the evaluation of polarization. In 

the following, we will discuss some theory in optical waves, Interference, polarization and Fourier 

analysis.  

1.2 Wave optics 

In optical science, light is considered as an electro-magnetic wave which propagates from its source and 

traverses along its propagation direction. These waves are called transverse waves, this means the electric 

field (�⃗� ) and the magnetic field (�⃗� ) of the waves are orthogonal to each other and also to the direction of 

emanating, for instance, the electric filed is along x-axis and the magnetic field is along y-axis so the 

direction of propagation will be through z-axis (figure1.2). Sometimes this waves are interpreted as plane 

waves perpendicular to the trajectory of propagation and parallel to each other (figure 1.3). 

 

 

 

                 Figure 1.2 A traverse wave  

 

                    Figure 1.3 planes wave 
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We can write an equation for both sinusoidal E-field and B-field as below: 

     �⃗�  = �⃗� 0 cos(2п𝑓𝑡 − 𝑘𝑧)                      (1.3) 

     �⃗�  = �⃗� 0  cos(2п𝑓𝑡 − 𝑘𝑧)         (1.4)  

   

where, 𝑓 is the frequency in Hertz, 𝑘 (the corresponding propagation wave number in term of the 

wavelength) = 
2п

 λ
   and 𝑧 the propagation axis.   

The standard form for representing electromagnetic plane wave can be written 

     Ѱ = 𝐴𝑒𝑗(⍵𝑡−𝑘𝑧)                                    (1.5) 

Ѱ , Can be either �⃗�  or  �⃗�  components and 𝐴 is the amplitude of the wave (⍵=2п𝑓). 

If we assume light comprising of several plane waves the equation above will be generalized as 

                                                                      Ѱ = 𝐴𝑒𝑗(⍵𝑡−𝑘𝑧)𝑒𝑗Ф                              (1.6) 

𝑒𝑗Ф Indicates that each plane wave has a phase difference with other plane waves, but this phase 

difference is constant and or it is a linear time-varying component 

                                                                       Δ= Ф1 -Ф2= constant                                               (1.7) 

The above equation is the definition of a coherent light wave [16]. That would be one of the main reasons 

why lasers are utilized in optical metrology, because it will be possible to predict the optical signal in any 

time that is required. The other reason could be the monochromatically feature of lasers light and it is 

due to the unique color of lasers, every specific color represents a frequency which is constant [17].  

1.3 Interference 

When two or more waves with the same frequency, interfere with each other two cases will take place: 

They sum up constructively or they terminate each other destructively. In the first case, the waves are 

called completely in-phase and the latter case is called completely out of phase (figure 1.4). To 

understand the cause for this phenomena we have to express the meaning of optical path length (OPL) 

which is the time takes for an optical wave traversing from its source toward a fixed point. By using OPL 

we can infer the optical path difference (OPD): it resolves the phase difference between the 2 distinct 

sources and the interfering point. The less the phase difference between the waves, the more their 

amplitude adds up and vice versa. (Figure 1.5) 

We can presume the two optical wave as follows: 

   Source 1:  𝐴1 𝑆𝑖𝑛 (2п𝑓𝑡 − 𝑘𝑥)                                         (1.8) 

                                       Source 2:  𝐴2  𝑆𝑖𝑛 (2п𝑓𝑡(𝑡 + 𝛥𝑡) − 𝑘(𝑥 + 𝛥𝑥))              (1.9) 

   where 𝛥𝑡 is the time taken for the Source 2 to reach the fixed point(P), and 𝛥𝑥 is the OPL= r1-r2 .          

A1 and A2 are equal only if the phases are matched (in-phase) when 

       ⍵𝛥𝑡 = 𝑘𝛥𝑥                             (1.10) 
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Or   𝛥𝑡 =
𝑐

𝛥𝑥
  where c is the velocity of light in vacuum (3.8× 108 m/s). 

 

 

 

   Figure 1.4 a) Constructive interference b) Destructive interference 

 

                                          

                         Figure 1.5 Interference of 2 optical sources  

In chapter 2, we will show that by measuring the time delay between the reference source and the object 

source and the corresponding optical path difference, we can model the surface roughness values with 

high precision. 
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The two optical sources form a pattern on their interference point which is called fringe [21]. It depends 

on the degree of their phase matching. If they are in-phase, the fringe will be bright and if they are out of 

phase, the fringe will be dark. Fringes are very important, they are like blue prints on a map having a 

unique attributes (figure 1.6).  

 

       

                                    Figure 1.6 courtesy of Photonics research group of Halmstad University 

 

The brightness intensity of the fringes are proportional to the square of the amplitude of the waves, 

                                                        𝐼 = 𝐸2                         (1.12) 

 

 

1.4 Polarization 

Polarization is one of the key factors of this thesis interest, it states the direction and the pattern of the 

oscillating electromagnetic waves. Most of lights are unpolarized or called partially polarized. This means 
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if the light is propagating in the- 𝑧 direction, the 𝐸x and the 𝐸y components are oscillating randomly in 

the- 𝑥 and the- 𝑦 directions. But for a polarized light, the components are swinging in one particular 

direction. Or in other words, polarization acts like filtering, the polarizer blocks a particular direction of 

oscillation of an optical wave while conducts the other parts. The polarizing filter has some sort of 

molecules that are aligned in a way blocking the unwanted vibration directions (figure 1.7).  

 

                      

                         
        Figure 1.7 Polarization of an unpolarized light  

 

 

There are three types of polarization: Linear, Circular and Elliptical which are also called the states of 

polarization [19].  Two orthogonal components of an optical plane wave can be represented as 

  

      𝐸x= 𝐴x𝑆𝑖𝑛(⍵𝑡 − 𝑘𝑧 + 𝛿1)  

          (1.13)  

      𝐸y= 𝐴y𝑆𝑖𝑛(⍵𝑡 − 𝑘𝑧 + 𝛿2)   

 

 

In the case when phase difference (𝛿1- 𝛿2) is 0 or π or if the oscillation direction is only in one direction (x 

or y), then wave is linearly polarized. (Figure 1.8) 

 

For the circular polarization, the phase difference is 
π

2
 𝑜𝑟 

−π

2
. The light beam is called left-handed 

circularly polarized if the phase difference is 
π

2
 and right-handed if the phase difference is 

−π

2
. For a 

circularly polarized light the amplitude of the two perpendicular waves should be equal. 

 

 

For an elliptically polarized light this equation should be satisfied:   
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                                         (
  𝐸𝑥

𝐴𝑥
)2 + (

 𝐸𝑦

 𝐴𝑦
)2 − 2(

𝐶𝑜𝑠𝛿

𝐴𝑥𝐴𝑦
) 𝐸x𝐸y= 𝑆𝑖𝑛2𝛿               (1.14) 

 

where δ= δ1-δ2, the equation above represents a geometrical conic (figure 1.9).  

 

   
   Figure 1.8 Linear, Circular and Elliptical states of polarization  

                                        

                                     Figure 1.9 the polarization ellipse  

Referring to the figure above we can define these equations:  

                   Ѱ = 𝑡𝑎𝑛−1 𝐴𝑦

𝐴𝑥
             0≤ Ѱ ≤

 π

2
                       (1.15) 

If we rotate the ellipse through the origin by an angle denoted as Ф, then  

                                                                       𝑡𝑎𝑛𝛿 =
𝑡𝑎𝑛2χ

𝑡𝑎𝑛2Ф
                     (1.16) 

 

In order to categorize and apply these polarization states more efficiently, several methods have been 

proposed respective of their creator’s names: Stokes parameters, Jones matrices and Poincare sphere. In 
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this thesis we would like to utilize the Stokes parameters and the Poincare sphere values which we are 

going to discuss in the following: 

 Stokes parameters:  

                             

                          S0 =  𝐴𝑥
2 + 𝐴𝑦

2
 

                     S1 = 𝐴𝑥
2 − 𝐴𝑦

2
                  (1.17) 

                          S2 = 2𝐴x 𝐴y 𝐶𝑜𝑠𝛿 

                          S3 = 2𝐴x 𝐴y 𝑆𝑖𝑛𝛿            

   

It can be shown that these four quantities please the equation 

         𝑆0
2 + 𝑆1

2 + 𝑆3
2 ≤  𝑆0

2                          (1.18) 

Where S0,S1,S2 and S3 are all between -1 and 1. 

For a completely polarized wave, the equality sign is true. We can make a vector for each polarization 

state by these parameters as following  

 Horizontally linear polarized wave:                  [

1
1
0
0

] 

 

 Vertically linear polarized wave:                      [

1
−1
0
0

] 

 

 

 Linear polarized wave with an 45° angle:         [

1
0
1
0

] 

 

 Linear polarized wave with an -45° angle:       [

1
0

−1
0

] 

 

 Left-handed circularly polarized wave:              [

1
0
0
1

]                                               
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 Right-handed circularly polarized wave:          [

1
0
0

−1

]                                             

 

According to (Kraus, Radio Astronomy 1986) these six states can be illustrated as:  

     

                                   

                             Figure 1.10 Six polarization states for measuring Stokes parameters 

 

If we consider the Stokes parameters as intensity values, these equations can be deduced:                                     

 

                                               S0 = 
𝐼𝑅+𝐼𝐿

𝐼𝑥+𝐼𝑦
                        

          S1 = 
𝐼𝑥−𝐼𝑦

𝐼𝑥+𝐼𝑦
                                                          (1.19) 

                      S2 = 
𝐼𝑥′−𝐼𝑦′

𝐼𝑥+𝐼𝑦
 

          S3 = 
𝐼𝐿−𝐼𝑅

𝐼𝑥+𝐼𝑦
 

In this thesis work, we apply the S2 and the S3 to retrieve the phase difference between the two optical 

waves (the reference and the test) which we are going to explain more in the next chapter. However the 

phase difference can be shown as  

                                                           𝑡𝑎𝑛𝛿  = 
𝑆3

𝑆2
=

𝐼𝐿−𝐼𝑅

𝐼𝑥′−𝐼𝑦′
                                   (1.20)  

And the corresponding  𝛿              = arctan (
𝐼𝐿−𝐼𝑅

𝐼𝑥′−𝐼𝑦′
)                                           (1.21) 

Note that 𝒕𝒂𝒏𝜹  plays a very important role in computing the surface roughness values. In addition, 

Because of the tangent function, the extracted phase will be in the range (–𝜋, 𝜋 ) and the result data will 

have a discontinuity in the range (–2𝜋, 2𝜋 ) which is called the phase wrapping problem [22]. The phase 

unwrapping handling which is used in this thesis will be introduced in the chapter 3.  
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1.5 The application of Fourier Transform    

Fourier transform is a powerful tool for data analysis, it converts the time-domain into the frequency- 

domain mode which makes the computations simpler and more comprehensive. It has many applications 

in optics, signal processing and image processing or other fields. For a signal with a function  𝑥(𝑡) , the 

continuous-time Fourier transform can be written as:  

 

                                               Forward:     𝐹 (𝑋) =  ∫ 𝑥(𝑡)𝑒−𝑗2πf𝑡+∞

−∞
𝑑𝑡                                  (1.22) 

                                               Inverse:        𝐹−1(𝑋) = 𝑥(𝑡) =  
1

2𝜋
 ∫ 𝑋(𝑓)𝑒𝑗2πf𝑡+∞

−∞
𝑑𝑓             (1.23) 

According to the Fourier transform criteria, the function should be convergent over a period of integration 

(or the function should have a finite energy). For calculating the energy or the spectrum of a signal there 

is an equation as the Parseval’s Theorem: 

 

                     Energy = ∫|𝑥(𝑡)|2 = ∫|𝑋(𝑓)|2                                   (1.24) 

 

The spectrum of a signal according to the Parseval’s theorem is defined as: 

                                                                   In the time-domain:  |𝑥(𝑡)|2                              (1.25) 

                                                                   In the frequency domain:  |𝑋(𝑓)|2                       (1.26) 

 

If an optical wave is considered as a complex function, we can write: 

  

         𝑒𝑗(2π𝑓0𝑡−𝑘𝑧) = 𝐶𝑜𝑠(2π𝑓0𝑡 − 𝑘𝑧) + 𝑗𝑆𝑖𝑛(2π𝑓0𝑡 − 𝑘𝑧)          (1.27)            

Then the Fourier transform of it will be:  

      

      𝐹{𝑒𝑗(2π𝑓0𝑡−𝑘𝑧)} = 𝛿(𝑓 − 𝑓0)𝑒
−𝑗𝑘𝑧                                (1.28) 

 

where 𝛿 represents the delta function (𝛿(0) = 1)).  

 

1.6 Noise in multimode optical switch: 

Noise in optical interferometry is as detrimental as in other signal processing procedures. Basically there 

are various sources of noise in an optical system that two of them are alluded here: 

1) Coupling noise: such as connectors between optical fibers and lasers 



16 
 

2) Modal noise: such as in multimode fiber optics 

Usually coupling noises do not affect the results drastically but modal noises can jeopardize the desired 

results. Modal noise happens when optical beams in a multimode fiber travel with different velocities or 

with a time delay (path difference). These delays lead to a phase shift for the rays inside the fiber. The 

same phenomenon occurs inside a non-perfect optical switch [24].  

                  

            Figure 1.12 Multimode and single mode optical fiber  

The modal noise is also dependent on the frequency and the corresponding wavelength of the light. For a 

multimode optical switch this problem is plausible.  The outcoming laser rays from the switch are not in-

phase and this will create an error in the surface roughness values. The results are shown and compared in 

the chapter 3.  

1.6 The frequency shifting distance measurement technique 

After discussing the preliminary requirement, in this part the main interest of this thesis is introduced. 

According to the part 1.3, for a light which is beamed out to a surface and then reflected back to a 

detector can be written:  

   

                                                    𝑑 = 𝑐. 𝑡/2                       (1.29) 

 

In which 𝑑 is the distance, 𝑐 is the speed of light and 𝑡 is the round trip time.  This distance is also defines 

the heights of the surface irregularities from a reference on the surface and then the roughness is 

compared to the reference. Later it will be shown that this reference is a pixel intensity value chosen from 

one of the intensity images [25]. 

 

Unlike the conventional phase shifting interferometry, in this thesis the phase shift is interpreted in the 

term of frequency to avoid the phase wrapping issue. The phase image contains frequency values 

multiplied with 2𝜋( 𝑤 = 2𝜋𝑓). For determining the surface heights (𝑙) the following equation can be 

written: 
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                                                                  𝑙(𝑥, 𝑦) =
𝜆

4𝜋
. 𝜑(𝑥, 𝑦)                (1.30) 

where λ is the wavelength of the laser, 𝑙(𝑥, 𝑦) is called height distribution in 2D and 𝜑(𝑥, 𝑦) is the phase 

distribution in 2D.  

The equation above shows that the surface roughness values are proportional both to the wavelength of 

the light and the phase difference between the two interfered beams (the reference and the test). In other 

words it can be deferred that an increase in distance, i.e. a positive delay which results in a large phase 

offset phase at shorter wavelengths, i.e. of higher frequencies and the corresponding time-domain will 

have an increase in distance (𝑡 = 𝑐. 𝑙. 2 ,𝑐 = 3 × 108 𝑚
𝑠⁄ ) . 

The phase images can be made into a complex function in the frequency domain. Every pixel in the phase 

image contains important information so that the intensity values of an image are between 0 and 4095 for 

a 12 bit depth image. For calculating the roughness values from a phase image the following equation is 

suggested [26]:     

                                  

                                                          𝐹−1 {𝑒−𝑗𝛼 . 𝑒−𝑗
2𝜋

𝜆
.𝑙0.𝑡} = 𝑒−𝑗𝛼𝛿(𝑙 − 𝑙0)              (1.31) 

 

Where 𝑡 =
𝑙

𝑐
 (c= speed of light) and 𝑙 the optical path distance, 𝛼 is the normalization of each pixel 

intensity value between 10 𝑛𝑚 ±π rad (the amplitude) in the phase image. Then by computing the 

spectrum in the time domain the peak values of the spectrum and their locations contribute to the 

roughness lengths (𝑙0). The above formula is derived from one of the Fourier transform properties so that 

[27]:  

     

          𝑋(𝑓)𝑒−𝑗2𝜋𝑓𝑡0𝑥(𝑡 − 𝑡0)                               (1.32)                    

 

The equation (1.31) is written for the three wavelengths as 𝜆1, 𝜆2, 𝜆3, therefore :  

 

                                                                           𝑋(𝑙) = ∑ 𝑒
𝑗(

2𝜋

𝑙𝑘
.𝑙0−∝𝑘)3

𝑘=1                  (1.33) 

 

The above delta function carries the information regarding the difference between the reference level and 

the hills and pits on the surface. The amplitudes of the delta functions have complex coefficients. In order 

to be understood it is more convenient to convert these functions into spectral form. Finally by calculating 

the Fourier spectrum in the time domain, the peak values of the delta functions and their location (OPD) 

are related to the surface roughness values (figure 1.5). 
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                   Figure 1.15 Frequency-shift roughness measurements [28] 

At the end of this chapter it is also desired to explain about the main reason that three distinct 

wavelengths are used in this project work. An ambiguity in OPD will occur in mono-wavelength 

interferometry because of the phase discontinuity during the phase calculation. This ambiguity issue can 

be overcome by implementing two or more wavelength in this way that the differences between the 

phases behave similar to a single phase of a broadband wavelength interferometer [29].  

In the chapter 3, the Matlab codes for computing the mentioned equations will be introduced. 
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Chapter 2: The Interferometer setup components and the operation principle  

 

In this chapter we would like to discuss about the multi-wavelength frequency shifting interferometer 

device based on polarization measurement and the components that are used in this set-up. The purpose of 

implementing this enhanced interferometer comparing to the other techniques such as three-

monochromatic while light interferometry and other conventional interferometry methods will be 

presented later. 

The monochromatic lasers that are applied in this multi-wavelength interferometry can be used to test 

very smooth surfaces with a high resolution of a few nanometers.  

Similar to the all conventional interferometers, the main concept of the device is based on interference 

pattern formation on a CCD camera comprising of a reference light beam and a test light beam that is 

projected on the sample. In the following, a picture of the whole device is demonstrated (figure 2.1) and 

the components will be explained in detail.  In the section 2.2, a whole description of the device operation 

will be given. 

 

             

 

    Figure 2.1 The multi-band interferometer set-up 

            2.1 Components 

A list of parts that are included in the set-up are listed in this section as follows. 

       Red, Yellow and Green lasers:    



20 
 

 Thorlabs Helium-Neon Red laser(Model HNL020L) 

 

                                                      Figure 2.2 Thorlabs He-Ne lasers  

 

The laser specifications table: 

 

          

                      Figure 2.3 Thorlabs He-Ne Red Laser specifications 

 Thorlabs He-Ne Yellow laser(Model HYP020): 

The laser specifications table: 
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           Figure 2.4 Thorlabs Yellow laser specifications 

 

 Thorlabs Green laser(Model HGP005)  

The laser specification table:  

 

           

              Figure 2.5 Thorlabs Green laser specifications  

Regarding the eye safety issue, the power of lasers has been selected in 2mW for the most assurance. 

However, it is better to avoid direct exposure to the beam.  



22 
 

In addition, all laser beams are linearly polarized. The main reason for applying these three 

lasers(633nm,594nm,543nm) in this set-up is that, choosing wavelength that are close enough to each 

other to avoid the phase ambiguity problem for phase measurements. 

LEONI Fiber Optic Switch (Model eol 3x1):  

This technology allows us to switch between the three lasers without touching the fiber optic 

couplers. Because, this device is very sensitive to vibrations. The switch has a RS232 interface which 

connects through the Serial COM ports in PCs.  

 

 

           Figure 2.6 LEONI Fiber Optic Switch 

 

 

Some specifications of the switch and functional block diagram are represented as following: 
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            Figure 2.7 Functional Block Diagram 

 

 

               

 

 

    Figure 2.8 Pin definitions 
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    Figure 2.9 LEONI fiber optic switch PIN configurations 

 

The Fiber optic switch functions via ASCII commands. Software is used to control the switch which is 

provided by LEONI manufacturer: 
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     Figure 2.10  LEONI Lab View software  

The device has some add-in problems such as connection via a Serial port to USB2 adapter which we 

connect the switch to the computer directly without the adapter.  

 

Thorlabs Linear Polarizer (Model LPVISB100-MP): 

Two linear polarizers are used for adjusting the desired intensity of the incoming laser into the 

interferometer system. The purpose of using this polarizers is that the gas He-Ne lasers are not tunable 

lasers unlike the semiconductor diode lasers. Therefore, if the intensity of the lasers is too high, it can add 

up some unwanted internal interferometric patterns and if the intensity is low the fringe patterns are 

barely be seen. The outcoming laser beam is a 45° linearly polarized and according to the Malus’ law 

[30]:   

 

                                                 𝐼𝑜𝑢𝑡 = 𝐼𝑖𝑛𝐶𝑜𝑠2𝜃                     (2.1)                   

 

Where 𝜃 is the angle between the two linear polarizers.  

                                                                          

                Figure 2.11 Linear Polarizer 
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Thorlabs Beam Splitter (Model CM1-BS013):  

This beam splitter with a splitting ratio of 50:50 is placed after the two linear polarizers and it divides the 

beam into two orthogonal beam that one is called the reference beam and it traverses up toward the CCD 

camera and the other one is represented as the test beam and it goes down to the test sample.  

 

                                                         

 

      Figure 2.12 Thorlabs Beam Splitter 

Thorlabs Wire Grid (Model  WP25L-VIS): 

 

Wire grids are sort of linear polarizers which comprise of tiny metallic wires. The transmission direction 

of the grid is perpendicular to the wires and it blocks the other polarization directions of the light as it is 

shown in the figure 2.12.  

 

                                

                        Figure 2.13 Wire Grid principles  

 

Thorlabs Quarter Wave Plate (Model WPH10M): 
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A QWP (
 λ

4
) is a phase retarder that applies a 90° delay to the laser beam. Technically, it converts a 

linearly polarized light into a circularly polarized one. In order to obtain a circularly polarized light, the 

transmission axis should be adjusted at an angle of 45° according to the origin axis.  

 

                                                                

                    Figure 2.14 QWP 

 

 

Thorlabs Rotating Polarizer (Model: LPVISB100-MP, PRM1/MZ8):  

A rotating linear polarizer which is controlled by a piezoelectric motor is implemented to apply 45° steps 

to the beam lights (the reference and the test) which are traversing toward the CCD camera.  

                                                                    

                  Figure 2.15 Rotating Linear Polarizer 

 

Thorlabs Piezoelectric DC Motors (Model ATP): 

As interferometry devices require a high precision in translation and also they are susceptible to vibration 

therefore an accurate motor is needed to control the rotating linear polarizer. The motor is controlled by a 

computer.  
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           2.16 Piezoelectric DC Motor 

 

Focusing System (Model: TAMRON 1:39 Japan) 

A focusing lens set is placed before the CCD camera to achieve higher resolution and magnified image on 

the CCD.  

 

 

                                              

               Figure 2.17 Tamron Lens  

 

Basler CCD Camera (Model: piA2400-12gm Germany): 

The interferometry fringe patterns should be recorded for the image analysis procedure. In this case we 

choose a CCD camera with these specifications: 

 



29 
 

 

 

 

 

                                                  

                                                                       Figure 2.18 Basler CCD Camera 

Thorlabs FC to SMA adapters (Model: ADAFCSMAB1):  

Three SMA to FC adapters couple the fiber optic switch to the three lasers. 

 

                                                               

            Figure 2.19 FC to SMA adapter  

 

The components have been shown so far. In the following the whole functional description of the 

interferometer will be elucidated.  
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2.2 The Operation of the Device  

At first, the laser beam from the fiber optic switch traverses through the two linear polarizer and it gets 

attenuated, and then the beam is conducted to the beam splitter and will be divided into two beams: 

reference and test. The test beam is projected onto the object with the assistance of the wire grid and 

reflected upward as an orthogonally linear polarized light. The reference beam is reflected upward toward 

the wire grid and becomes an orthogonally linear polarized light like the test beam. Finally the 2 beams 

pass through the QWP and will converted to a circularly polarized light. The test beam has a phase shift 

delay comparing to the reference beam, and this phase shift delay is regarded as surface roughness 

heights.  

According to the chapter 1, the reference and the test beams can be written as:  

 

   Reference:  𝐸𝑥𝑟 = 0                                                          

           𝐸𝑦𝑟 = 𝐴𝑟𝑆𝑖𝑛(𝑘𝑧 − ⍵𝑡)                         (2.2) 

 

   Test:            𝐸𝑥𝑡 = 𝐴𝑡𝑆𝑖𝑛(𝑘𝑧 − ⍵(𝑡 + 𝛥𝑡))              (2.3) 

          𝐸𝑦𝑡 =  0  

where z is the z-direction, 𝐸𝑥𝑟is the reference wave in the x-direction, 𝐸𝑦𝑟 is the reference wave in the y-

direction and so on. 

As it was mentioned in the previous chapter, the phase shift should be retrieved from 𝑡𝑎𝑛𝛿  and according 

to the equation 1.16, four polarization states are required to compute the phase shift 𝛿 , therefore by the 

help of the rotating linear polarizer the four polarization states will be achieved for the intensity images 

formed on the CCD camera. The four steps are listed below: 

 0°  regarded as the left-handed circularly polarized intensity image 

 45° regarded as the linearly polarized intensity image 

 90° regarded as the right-handed circularly polarized intensity image 

 135° regarded as the linearly polarized intensity images( with a -45° tilt angle ) 

The corresponding 𝑡𝑎𝑛𝛿 can be written in this notation:  

      
𝐼𝐿−𝐼𝑅

𝐼45−𝐼135
                   (2.4) 

 

The main purpose of using these four steps is to eliminate the need of a moving mirror for creating optical 

path length and phase shift. This the reason why this technique is more accurate and it is immune to errors 

caused by translation of a mirror. 

It is good to mention that the distance between the wire grid and the test sample is called the critical path 

and it is defined with the phase shift difference between the test beam and the reference beam.  
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In the next chapter, the software that is used for the image acquisition from the CCD camera will be 

discussed.  

Chapter 3: The Image Acquisition Software and Analysis 

 

In this chapter, the National Instrument Labview programming software that controls the set-up will be 

introduced. Then some Matlab image and signal processing will be applied to the results from the 

Labview software to model the surface roughness profile.  

 

3.1 The LabView Data Acquisition  

The Labview software (stands for Laboratory Virtual Instrument Engineering Workbench) patented by 

National Instrument Company, is a graphical programming enables the user to create virtual instruments 

and easily control them with predefined icons or to acquire data from a device interface and analyze them.  

Labview programs or VI files have front panels and block diagrams (figure 3.1). The front panel is 

represented as the user interface and the block diagram is the programming structure of it.  This graphical 

feature allows user to execute even complex programs comparing to the text-based programming 

softwares such as C++ which requires a good skill in debugging the program. 

 

 

   Figure 3.1 Labview: Front Panel (left), Block Diagram (right) 

 

 

The program for retrieving the phase and intensity images is illustrated below. The both front panel and 

the block diagram will be explained:  
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3.1.1 The whole Front Panel  

 

 

                                                            Figure 3.2 The Labview program Front Panel 

 

 1: The Phase Image 

 2: The Intensity Image 

 3: The actual Interferometry Image 

 4: Controlling of the Rotating Polarization Filter 

 5: Controlling the sample translation in x and y direction 

 6: File Name 

 7: Camera selection 

 8,9: Adjusting the offset in the x and the y direction 

 10: The sample translations 

 11: The Rotating polarizer angle offset adjustment  

 12: Run button for taking measurements 

 

The operation sequent of the program is in this way: first of all, the file name is determined by the user, 

then by adjusting the desired Rotating Polarizer angle offset (in this case we entered 34°) and pressing the 

Run button, the program executes and the ATP DC motor rotates the Linear Polarizer Filter to its origin 

0° and the first image will be recorded. After that, the polarizer rotates again with a 45° angle step up to 

135°. The four recorded images will be processed and the final images will be illustrated as the phase and 

the intensity. Note that, the sample is fixed during the procedure.  
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In the following, the block diagram of the program is interpreted section by section:  

 

3.1.2 The Block Diagram  

 

 1: Rotating polarizer and the object translation control  

 

 

 

       Figure 3.3 ATP Motor Control 

 

 2: The 45° Steps ( 4 steps) 

 

    Figure 3.4 the four 45° rotation steps 
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In this section of the block diagram, four images is acquired from each 45° rotation and the images will be 

recorded as matrices.  

 

 3: Computation of the Phase and the Intensity images 

 

                 Figure 3.5 The Phase and the Intensity images retrieval  

 

In this part, the intensity and the phase of the fringe patterns is extracted and the result images are being 

saved as TIFF file extension with a resolution of 16bit(2055x20448) and in grayscale.  The function 

“atan2” is used for the phase calculation.  
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3.2 Matlab Data Analysis  

After the phase and the intensity images are being saved on the computer, some Matlab script codes are 

required to obtain the final results for the surface modeling. The result will be two data figures which one 

is the spectral density and the other will be a 3D-plot.The Matlab codes are provided in the appendix. 

Four steps are included in this process: 

 1: Phase correction  

The phase correction is done by doubling the phase image matrix then subtracting it with the 31750 

intensity value and at last dividing it by 31750.  

 2: Removing offset from the result images in the previous step 

This step is accomplished by subtracting the three phase corrected images matrix from a desired pixel 

value in themselves. The desired pixel value is better to have a high intensity. In addition, the pixel 

value coordination should be the same for the three images. The purpose of doing this step is to 

remove the DC value from the images.  

 3:  Taking one-dimensional Inverse- Fourier transform  

The result matrices from the previous step are used to make a complex function and then the Fourier 

transform will be taken from the three phase-change in each image pixel (according to the 

descriptions in the 1.5).  

 4: Extracting the spectrum and the surface plot 

At last, the spectrum of the Fourier transform in the previous part will be computed and then the 

values are demonstrated in a 3D surface plot as the roughness in Nano meter scale. It can briefed that 

for each pixel there is a time delay which represents the surface peak value. The highest intensities 

are chosen in this step.   

 

In the next chapter, the results and some comments regarding them will be given. 
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Chapter 4: Results and Discussion  

 

In this chapter the evaluation results according to the computations in the previous chapter is illustrated 

and discussed. The object which is tested in this thesis is a polished mirror-like metal. The results from 

the previous chapter are being shown first and at the end the spectrum function and the 3D surface plot 

will be demonstrated.  

 

 

 The three phase images captured by the VI program :  

 

                                         

      Red                                                               Yellow                                                                  Green 

 

 

 

 The phase corrected images:  

 

                                           

            Red                                                              Yellow                      Green 

 

 The offset removal : 
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          Red    Yellow                                                   Green 

 

For the offset removal we use desired pixel intensity with a coordination of (500,500). Choosing another 

pixel intensity value as a reference should not affect the result.  

 

 spectrum density along the z-axis and the 3D surface plot: 

 

          Figure 4.1 the spectrum density (left) and the surface plot (right) 

 

 

The 3D surface plot above could not be the correct model. Because, the test sample which is a well-

polished metal does not appear in the picture correctly. There are several possible reasons for this flaw:  

 Non-homogenous illumination of the surface(Fiber optic Switch) 

 Multiple beam interference 

 Extra noise in the receiving signal  

 Abundant fringes 
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Some solutions for this problem have been devised such as changing the scale of the spectral density and 

choosing different pixel offset removal references, but all of them failed and it does not give us the 

desired surface plot. After trying to fix the problem via MATLAB codes, we suggest other solutions: 

 

 Adjusting the tilt to get the minimum possible amount of fringes 

 Removing the fiber optic switch  

After applying the changes, the fringe patterns are shown as following: 

 

                             Figure 4.2 removing the fiber optic switch (left), adjusting the fringe patterns 

The new results according to the changes: 

  

         Figure 4.3 Spectrum (left) and Surface plot (right) 
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The 3D picture above has some noises, by applying a median filter we can reduce some of the noises and 

obverse a better view of the surface below: 

 

 

   Figure 4.4 The location of the peaks and their corresponding distances (Median filter 20x20) 

 

 

              Figure 4.4 The location of the peaks and their corresponding distances (Median filter 20x20) 

Phase ambiguity occurs when the selected wavelengths interfere with each other. In order to avoid this 

problem the laser wavelengths are chosen as Red, Green and Yellow.  

 

 

Phase ambiguity 
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               Figure 4.4 The location of the peaks and their corresponding distances (Median filter 20x20) 

   

The surface irregularities at the borders are more than in the middle.  This is due to the median filter that 

is used for noise reduction.  The above diagram is similar to the images in radar interferometry [31] taken 

from the surface of the earth with the red and yellow regions (represent hills) and the blue regions 

(represents pits).  

In addition, the nonhomogeneous surface illumination due to the beam divergence inside the device can 

be also another reason for this problem.  

This technique is only feasible on surfaces which are highly polished and mirror-like such as metallic 

compartments in cars, airplanes body parts and semiconductor silicon wafers.   

 

4.2 Conclusion  

A new optical technique for surface roughness has been proposed based on using three distinct laser 

wavelengths and frequency shift. The previous method, simultaneous projection of the three lasers, has 

been optimized and simplified.  The improvement is basically on eliminating the three cameras and 

reducing the complexity of the both MATLAB and LabView software.  The test surface is estimated to 

have a roughness profile in the range between 1000 and -3000 nm.  

The phase unwrapping problem which is the main issue in all phase shifting interferometry systems has 

been solved by using the three wavelengths and a change in the signal processing.  

The preliminary functional test of the system reveals that the implemented fiber optic switch does not 

work because of the high added noise inside the mechanical switch. In addition, the laser beam intensity 

diminishes and the laser beam quality degrades. These two factors can even augment the internal optical 

loss of the device much more. Therefore, the recorded images were too noisy and nonhomogeneous in 

light intensity. The processed images could not give us a model of the surface because of being too noisy 

even with changing the scales and some other parameters in MATLAB.   
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For future work, devising a way to reduce the phase ambiguity issue and optimization the software 

programming is recommended.  In addition, a single model switch can be used instead of multimode 

switch to prevent the unwanted noises to the system.  
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Appendix: MatLab Scripts  

 

 Reading the recorded images for the 4 polarization states and the 3 corresponding laser wavelength: 

 

 

 

 Offset removal and calculation of the phase shift:  
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 Applying one-dimensional Reverse Fourier Transform: 
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 Surface Plot in 3D: 
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