
i

Technical Report, IDE 1264 , December 2012

SurfaceSurfaceSurfaceSurface mappingmappingmappingmapping bybybyby polarizationpolarizationpolarizationpolarization andandandand
Multi-WavelengthMulti-WavelengthMulti-WavelengthMulti-Wavelength synthesissynthesissynthesissynthesis measurementmeasurementmeasurementmeasurementssss
Master'sMaster'sMaster'sMaster's ThesisThesisThesisThesis ininininMicroelectronicsMicroelectronicsMicroelectronicsMicroelectronics andandandand PhotonicsPhotonicsPhotonicsPhotonics

ShiShiShiShi WenjiangWenjiangWenjiangWenjiang

Supervisor:Supervisor:Supervisor:Supervisor: LarsLarsLarsLars BBBBååååååååthththth

School of Information Science, Computer and Electrical Engineering
Halmstad University



ii

SurfaceSurfaceSurfaceSurface mappingmappingmappingmapping bybybyby polarizationpolarizationpolarizationpolarization andandandand
Multi-WavelengthMulti-WavelengthMulti-WavelengthMulti-Wavelength synthesissynthesissynthesissynthesis measurementmeasurementmeasurementmeasurementssss

Master's Thesis in Microelectronics and Photonics

School of Information Science, Computer and Electrical

Engineering

Halmstad University

Box 823, S-301 18 Halmstad, Sweden

December 2012



iii

DescriptionDescriptionDescriptionDescription ofofofof covercovercovercoverpagepagepagepage picture:picture:picture:picture: Setup of Polarization Measurements



iv

PrefacePrefacePrefacePreface
Firstly, I would like to express my sincere appreciation to my supervisor Prof. Lars
Bååth for his wise guidance and patience during this project. It is he who has
introduced me to this research field about polarization measurements and I have
learned a great deal with his help. Indeed, I am also very thankful to him for his
influence on the improvement of my English. It should be a hopeless understatement
to say that I am deeply grateful.

Secondly, I would like to thank Sameera Atraqji for her assistance and generosity. She
has given me great support during my project. I am also grateful to Jörgen Carlsson,
Håkan Pettersson, and Sabina for their suggestions about my thesis.

Lastly, I would like to thank my parents for their endless love.

Shi Wenjiang
Lincang China, December 2012



v

AbstractAbstractAbstractAbstract
Modern optical measurement techniques have developed rapidly in recent years. One
of the measurement technologies is polarization interferometry that can be used for
roughness evaluation, deformation measurement, and vibration analysis of objects.

Based on LabVIEW and MATLAB, this project introduces the technique of virtual
instruments into the field of modern optical measurements. The optical phase images
have been captured by LabVIEW and processed by MATLAB to acquire the surface
structures.

The main research work in the project involves: (1) Introduction of the virtual
instrument technique to capture and process optical phase images; (2) Processing of
phase images acquired with different wavelengths using MATLAB to reveal show the
2D and 3D surface structures.
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1.Introduction1.Introduction1.Introduction1.Introduction

In modern optical measurement and test technologies, optical interferometry is a
non-contact testing method with high precision and high sensitivity. Due to the simple
structure, low cost and high accuracy, optical interferometry has been widely used
for non-contact surface measurements, e.g. flatness and roughness measurements, as
well as for 3D displacement measurements.

The 3D microcosmic surface topography analysis is an important method to get the
geometry information on the object surface. For manufacturing industry, the accuracy
demands on surfaces are increasing. There are many 3D microcosmic surface
analysis tools, e.g. mechanical needle measurements, optical needle measurements
and atomic force microscopy (AFM). Compared with those methods, optical
interferometry measurements can reach a high resolution (0.1-1 nm), both in terms of
longitudinal and transverse resolution. The main limitation is the high demands for
hardware.

This project deals with acquiring interferometric phase images to reconstruct the
surface structure of a test object. The optical interferometer used in this project has a
series of advantages, such as simple design, easy modulation, fast and real time,
non-contact, high accuracy and whole field automatic measurement capability.

The interferometer uses polarized light (white light, red and green laser light) to create
the phase patterns, LabView to acquire the phase images and Matlab to calculate the
surface topography from the phase images.

1.11.11.11.1 GoalsGoalsGoalsGoals

There are two main tasks in this project. Firstly, we use a polarization interferometer
with a system design platform and development environment, Labview, to acquire the
phase images at different polarization angles with white light and colored filters.
Thereafter we do phase unwrapping and slope removal with Matlab to calculate the
2D surface structure.

Secondly, red and green lasers are used as light sources to replace the white light
source in the first part.

2222 TheoryTheoryTheoryTheory
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2.12.12.12.1 InterferenceInterferenceInterferenceInterference

When two or more optical waves are simultaneously present in the same region of
space and time, the total wave function is the sum of the individual wave functions.
This is the so called principle of superposition of waves[1] . Assuming that two waves
have same frequency and the two waves' crest (or trough) meet at same point, this is
constructive interference. If one wave's crest meets another wave's trough, this is
destructive interference. The superposition principle is shown in figure 1.

(a) constructive interference (b) destructive interference
Figure 1 Example of constructive and destructive interference[2]

The conditions for interference are that the two waves should be coherent and have
the same frequency, vibration direction and constant phase difference.

2.22.22.22.2 PPPPolarizationolarizationolarizationolarization

For transverse waves, the asymmetry between vibration direction and propagation
direction is called polarization. It is one of the most obvious properties distinguishing
transverse waves from longitudinal wave. In nature, only the transverse wave can
exhibit polarization, so the polarization of light is a fundamental property of the light
wave function.

Polarization state
linear polarization
As shown in figure 2, light in the form of a plane wave in space is said to be linearly
polarized, which means the vibration direction and propagation direction are in the
same plane.
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Figure2 Linear polarization [3]

circular polarization
Light composed of two plane waves of equal amplitude but differing in phase by 90°
is said to be circularly polarized (Fig. 3).

Figure 3 Circular polarization[3]
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elliptical polarization
If two plane waves of differing amplitude are related in phase by 90°, or if the relative
phase is other than 90°, then the light is said to be elliptically polarized (Fig. 4). In
this case the electric field vector traces out an ellipse in the plane.

Figure 4 Elliptical polarization [3]

2.32.32.32.3 MMMMethodsethodsethodsethods ofofofofmmmmodulationodulationodulationodulation

There are many methods to modulate the phase of an optical wave e.g. by using
moving reference mirrors, tilted glass plates, diffraction and a piezoelectric transducer.
Figure 6 illustrates various modern phase-modulation implementations.
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Figure 5 Various modern phase-modulation implementations: (a) doppler frequency shifts
introduced by a moving grating or a accusto optical modulator; (b) frequency domain optical delay
line; (c) phase shifter based on two accusto-optical modulators; (d) optical delay using
fiber-stretchers.[4]

Generally speaking, phase shift devices can be divided into two main categories:
stepping phase shift ing devices and integral phase shifting devices. Stepping phase
shifting has been widely used because it is easy to implement and the algorithm is
simple[6]
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Figure 6 Integral phase shifting and stepping phase shifting [7]

In this project, the quarter-wave plate and linear polarizer have been used for phase
modulation.

2.42.42.42.4 PPPPhasehasehasehase mmmmeasurementeasurementeasurementeasurement aaaalgorilgorilgorilgoriththththmsmsmsms

2.4.12.4.12.4.12.4.1 FourFourFourFour ssssteptepteptep aaaalgorithmlgorithmlgorithmlgorithm
We know that the intensity of interference from two waves can generally be described
by

[ ]ψλπ +∆+++= /2cos),(),(2),(),(),( dyxyxyxyx IIIIyxI trtr
(2-1)

Where ),( yxI r and ),( yxI t are the intensities of reference and test wave fronts and

δλπ =∆ /2 d , δ is the phase difference and ψ is the phase offset between

reference and test waves.
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Let

ayxyx II tr
=+ ),(),( (2-2)

byxyx II tr
=+ ),(),(2 (2-3)

and

;2/3,,2/,0 πππψ =
i

4,3,2,1=i

Substituting each of these four values into Eq. (2-1) results in four equations
describing the four measured interferogram intensity patterns:
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So the phase difference can be calculated as
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2.4.22.4.22.4.22.4.2 StokesStokesStokesStokes pppparametersarametersarametersarameters
The analytical representation of polarized light actually has its origin in 1852 in the
work of G. G. Stokes[8]. He introduced four quantities that are functions only of
observables of the electromagnetic wave and are now known as the Stokes
parameters. The polarization state of a beam of light (either natural , totally or partially
polarized) can be described in terms of these quantities.To characterize the polarization
ellipse three independent quantities are necessary, i.e. amplitudes a1 and a2 and the phase
difference δ.
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For practical purposes, it is convenient to characterize the state of polarization by certain
parameters that are all of the same physical dimensions. The Stokes parameters of a plane
monochromatic wave are the four quantities[9]

aas 2

2

2

10
+= (2-10)

aas 2

2

2

11
−= (2-11)

δcos2 212 aas = (2-12)

δsin2 213 aas = (2-13)

So

δtan
2

3 =
s
s (2-14)

We may use I0 to represent the total intensity, while Ix,Iy I-π/4,Iπ/4,IR and IL represent the
intensity of polarized light at x, y, -π/4, π/4 directions and right,left circularly
polarized light respectively. The Stokes parameters can be shown as

)(00 IIIS yx+== (2-15)
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According to (2-14), (2-17) and (2-18) , the phase difference can be calculated as
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2.52.52.52.5 PhasePhasePhasePhase unwrappingunwrappingunwrappingunwrapping

In the process of wave front reconstruction, the final step is to remove the 2π
ambiguity that is present as discontinuities in the raw phase data that has been
generated. This process is referred to as phase unwrapping, phase integration or phase
continuity, and it converts the modulo 2π phase data to a continuous representation of
the wave front under test. Whenever a large discontinuity occurs in the reconstruction,
2π or multiples of 2π are added to the adjoining data to remove the discontinuity.
Figure 7 below shows this process for one-dimensional data.

(a)

(b)
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(c)
Figure 7 The one-dimensional phase unwrapping process: (a) the wavefront data modulo 2p at
each pixel; (b) all possible solutions for the wavefront phase; and (c) the reconstructed
wavefront[4]

While the one-dimensional unwrapping process leaves little room for variation, the
two-dimensional problem is significantly more complex. In one dimension, if there is
no valid data along the path, it is not possible to unwrap without additional knowledge.
In two dimensions, there are multiple paths to unwrap the data, and the results
achieved may depend on the path taken. When dealing with noisy or corrupted data,
the unwrapping ‘‘problem’’ becomes quite significant and many publications deal
with solutions to specific applications.

In principal, the families of phase unwrapping’s algorithms can be divided into
path-following algorithms and path-independent algorithms.

2.2.2.2.5555....1111 PPPPath-ath-ath-ath-ffffollowingollowingollowingollowing aaaalgorithmslgorithmslgorithmslgorithms

The straight forward approach to phase unwrapping consists of simply using a
one-dimensional description and applying it to the two dimensional problem. Figure 8
shows one possible solution. By starting from a known valid starting point, a
one-dimensional unwrapping is performed progressively towards the edge of the
aperture. Then orthogonal to this unwrapped line, further one-dimensional lines are
unwrapped toward the edges of the aperture. Other scan patterns have been proposed
such as spirals or even fill algorithms can be employed to get around masked and
invalid pixels. For well-behaved, low noise data, this method works quite well.
However, if there are noisy or invalid pixels in the path, all pixels thereafter retain the
error introduced, resulting in an erroneous piston function. This method applied to
two dimensions is usually fast but quite vulnerable to noise-propagation. Therefore,
many unwrapping algorithms have been proposed to improve noise-immunity or
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reduce error-propagation.

Figure 8 Straight forward adaptation of the one-dimensional approach into two dimensions[4]

Cut-Based Algorithms
These algorithms use the information obtained by identifying positive and negative
residues and correlating them to each other. By introducing branch cut’s, they prohibit
unwrapping paths between these residues, forcing the algorithms to find an alternate
path. Determining and correlating residues to generate the proper unwrapping paths
does take additional computing effort but generally delivers better results than the
simpler one-dimensional methods.

Quality Guided Path
These algorithms constrain path propagation based on one or multiple metrics that
give a measure of the reliability of paths chosen (figure 9). For example, the
modulation γ can be used to determine a path that focuses on the pixels with the
highest contrast first and eventually unwrapping pixels with lowest modulation last.
Another metric proposed is the phase gradient Δφ, which diverts unwrapping over the
phase jump with the largest phase difference first assuming it is the most likely one to
be a phase jump and not being a residue or noise related. The quality of the result
depends significantly on the metric used to determine the reliability of these values.
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Figure 9 Quality guided path algorithm propagating along a minimum slope of the wavefront[4]

2.2.2.2.5555....2222 PathPathPathPath iiiindependentndependentndependentndependent mmmmethodsethodsethodsethods

In contrast to the methods on the path, there are other approaches that avoid choosing
a path entirely and instead treat the measured phase map and unwrapping process on
the data set as a whole.

Cellular Automata Algorithms
The method tries to iteratively minimize the discontinuities in the phase map by
adding or subtracting multiples of 2π to the connected pixels. While quite good in
minimizing the amount of overall discontinuities, invalid pixels and noise are still
able to propagate; however, the amount is minimized depending on the rules. On
standard RISC/CISC type microprocessors, the cellular automata method is quite long
in execution time, because its parallel approach can not be exploited. However, there
are also cell-processors planned today that would allow a much faster implementation
of that technique.

Temporal Phase Unwrapping
This algorithm can avoid the actual unwrapping by looking at a dynamic signal, such
as these that might be present in mechanical deformations. Starting with zero
deformation, each new step introduces deformation that is not large enough to contain
discontinuities. While the deformation in the final result might produce discontinuities,
each small dynamic step would not. In this way, the final result is reached by splitting
into small incremental steps. This process of introducing small deformations to the
phase change with minimal error propagation makes up the incremental unwrapping
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process.

2.62.62.62.6 WhiteWhiteWhiteWhite llllightightightight iiiinterferometrynterferometrynterferometrynterferometry

Lasers are generally used as the light source in interferometer systems because it is
easy to obtain interference fringes due to the long coherence length regardless of the
path difference between the two interfering beams. However, there are also several
advantages of using white light as the source in interferometer systems[5] .

The first advantage is that the noise due to spurious interference fringes is avoided
because the coherence length of white light is very short and interference can be
obtained only when the path length are within a few microns or less. Thus, even
though the spurious reflections still exist in the white light interferometer they do not
produce fringes which can add to the noise.

Another advantage of using white light is that it can be filtered to produce different
wavelengths for measurements on the same sample. Here, the multiple wavelength
techniques can be used to measure steps or surfaces having steep slopes. This
technique increases the dynamic range of measurement. The precision can be regained by
using the equivalent wavelength results to correct the 2 π ambiguities of the single
wavelength data. Thus a large dynamic range is obtained maintaining the precision of
single wavelength data.

For an optical topographer, it is very important that the sample is in focus or else the
measurements will be incorrect. It is very difficult to determine the focus on a smooth
surface due to the absence of structures. A major disadvantage here when using a
white light source is the presence of interference fringes which precisely defines focus.
The maximum contrast fringes are obtained only when the path lengths are exactly
matched. Hence moving through the sample looking for maximum contrast fringes is
needed. In another word, white light interferometry would require to physically move
the sample’s surface to find the position when each pixel is at the correct distance
from the reference surface.



Polarization Measurement and Multi-Wavelength Synthesis Measurement

14

3333 ProcessProcessProcessProcess andandandand rrrresultsesultsesultsesults ofofofof mmmmeasurementeasurementeasurementeasurement

Using the interferometry setup shown in figure 10, phase images of surfaces have
been captured using LabVIEW and subsequently processed by MATLAB.

Figure 10 Schematic of interferometer

The main components of this setup are light source, filter, splitter, rotator and CCD
camera. The test object is a polished quadratic steel mirror with a 10cm side length.
The light source provides a beam which is passed through a filter and reflected by the
beam splitter to form reference and test waves. There is a phase difference and optical
path distance (OPD) between them. As the angle of the rotator is changed, phase
images are acquired at different polarizations. Using to the equations above, the
acquired phase images can be processed by Matlab to reconstruct a surface image.
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3.13.13.13.1 SSSSingleingleingleingle wwwwavelengthavelengthavelengthavelengthmmmmeasurementeasurementeasurementeasurementssss

3.1.13.1.13.1.13.1.1AAAAcquisitioncquisitioncquisitioncquisition ofofofof pppphasehasehasehase iiiimagemagemagemagessss

LabVIEW (short for Laboratory Virtual Instrumentation Engineering Workbench) is a
graphical programming language that was developed in 1986 by the National
Instruments. LabVIEW has become a vital tool for engineers and scientists in research
throughout the academia, industry, and government labs. LabVIEW programs are
called virtual instrument (VI). Each VI has three components: a block diagram, a front
panel and a connector panel.

In this experiment LabVIEW has been used to control the rotator of the last
polarization filter and to control the camera grabbing and calculating phase images.
The front panel is shown in figure 11.The angles of the rotator (45, 90, 135, and 180
degrees) can be set in this part. After running the program, the phase images will be
shown on the left screen.

Figure 11 Schematic of front panel in LabVIEW

The block diagram for the virtual instrument is shown below
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Figure 12 Schematic of block diagram in LabVIEW
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The algorithm for post processing of the interferogram in LabVIEW is shown in
figure 13.

Figure 13 Block diagramme for acquiring interferograms in LabVIEW

Seria l Number

Start Check Serial Number Stop Control
Wrong

Right

Start Control

Move Home Position Estimate If Phase Image Exists

Set Absolute Position For Angle #1~#4

Move To Absolute Position

Get Current Position

Compare Angle Values If

Differe nce In Range [-1°,1°]

Estimate If Image Exists

Grab And Save Ima ge From Angle #1~#4

Next Angle

False

True

False

False

True

True

Estimate If Image ForAngle #4 Exists Convert 4 Images To Matrix

Calculate With Formula

⎥
⎦

⎤
⎢
⎣

⎡

−
−

13

422tan
II
IIa

Save Matrix As Text File

Convert Matrix To

Phase Image And Save

False

True



Polarization Measurement and Multi-Wavelength Synthesis Measurement

18

After running this program, four phase images and four intensity images with
polarization at different angles are acquired. The four phase images are shown below.
The images include an area of 4x5 mm on the test mirror.

Figure 14 Linear polarization at 45 degree

Figure 15 Left hand circular polarization
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Figure 16 Linear polarization at 135 degree

Figure 17 Right hand circular polarization

3.1.23.1.23.1.23.1.2 PhasePhasePhasePhase uuuunwrappingnwrappingnwrappingnwrapping

After the phase images are acquired, the next step is unwrapping. In this project, a
quality-guided algorithm implemented in Matlab has been used to unwrap the phase
of the four images we got in previous step. Figure 18 shows the unwrapped phase
image. Due to the quality-guided algorithm there are remaining errors, some pixels
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can not be unwrapped correctly, so we can see that there are black spots on the image.
The gray value on the right side shows the concave and convex extent of the surface.

Figure 18 Unwrapped phase image

We cannot see the surface clearly because there is a slope of the test surface, so the
unwrapping phase image must be corrected with respect to this slope by another
Matlab program. Figure 19 shows the 2D surface (phase image) without slope. As
shown on the coordinate axes, 300*300 phase image pixels were taken by the
program in order to increase operation efficiency.
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Figure19 Unwrapped 2D phase image without slope

3.23.23.23.2 MMMMultiultiultiulti-w-w-w-wavelengthavelengthavelengthavelength mmmmeasurementeasurementeasurementeasurementssss

3.2.13.2.13.2.13.2.1 WhiteWhiteWhiteWhite llllightightightight asasasas llllightightightight ssssourceourceourceource

As said before, white light interferometry would require physically moving the
sample’s surface to find the maximum contrast fringes. For solving this problem, a
new way which synthesizes the white light with a number of narrow bandwidth light
beams of different wavelengths is used in this project.

For acquiring the 3D topographic map of the surface, the white light has been used to
replace the He-Ne laser source used before. Then a filter wheel (shown in figure 20)
with six filters (of wavelengths 430nm, 490nm, 530nm, 635nm, 650nm and 670nm,
respectively) is added after the white light source.
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Figure 20 FW103 filter wheel[10]

Finally, three phase images at different wavelengths (635nm, 650nm and 670nm,
respectively) have been acquired by the LabVIEW program.

We can not see fringes on those three phase images because of the slope of the object
surface and the too short coherence length of the light source, but the constructed 3D
surface of the test metal mirror can still be calculated by the Matlab program. The
phase images of the surface at the three different wavelengths are shown in figure 21.
Figure 22 shows the 3D structure of the test surface reconstructed from the
combination of the three phase images.

(a)
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(b)

(c)

Figure 21 Reconstructed surface from different measurement wavelengths (a) 635nm (b) 650nm (c)
670nm.
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These three images look similar compared with each other. They show the detailed
smoothness of the test surface in a 3D view.

Figure 22 3D structure of the test surface.

As shown in the visual output image, we can see the fine scale topography of the test
surface, most parts of the surface is nearly fla t. Some small pits were also shown
clearly.

3.23.23.23.2.2.2.2.2 RRRRedededed andandandand ggggreenreenreenreen llllaseraseraseraser asasasas llllightightightight ssssourceourceourceource

To get clearer phase images with fringes, the red laser (wavelength at 635nm) and
green laser (wavelength at 532nm) has been used to replace the white light. Because
they are narrow band lasers and have long coherence length, figure 23and figure 24
show phase images with clear fringes. The images include most area of the test mirror.
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Figure 23 Phase image with red laser source
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Figure 24 Phase image with green laser source

These clear fringes were caused by the tilt of the object surface. After acquiring these
two images, a Matlab program was run to analyze these images. They are converted
from pixels to matrix values and Fourier transformed to get the group delay. It will
give us the leaning of the object surface.

In optics, group delay is the derivative of the transmission medium's phase
characteristics with respect to frequency or the rate of change of the total phase shift
with respect to angular frequency. It's the slope of the phase-frequency characteristic
curve. The single frequency does not have any group delay

dω
ddelay Group τgroup

ϕ−
== (3-1)

Where ϕ is the phase shift, ω is the angular frequency which equals fπ2 , where f

is the frequency.

The group delay can be acquired by a Fourier transform. It is calculated from the
phase of the Fourier transform of the measured fringe.

http://en.wikipedia.org/wiki/Angular_frequency
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Assuming that the Pn(xn,yn,τn) is the phase map of the two wavelengths at 635nm and
532nm)

( )eτyxPτyx τf,,),,F( nm
i2π

nnn

2

1m
nnnn

−

=
∑= (3-2)

With the help of Matlab, the group delay can be calculated and it shows the tilt of the
object surface. Figure 25 below illustrates the leaning of the object surface.

Figure 25 Tilt of the object surface acquired by group delay.

Because only two wavelengths were used, the image still shows some ambiguities.
But it is enough to show the tilt of the sample.
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4444 ConclusionConclusionConclusionConclusion
In this project, an interferometer based on polarization dependent measurementshas
been used to acuire phase images of a test metal mirror. A LabView software has been
developed that controls the interferometer and phase image acquisition. The phase
images are subsequently unwrapped using a MatLab algorithm to reconstruct the
surface structure.

Firstly, a single wavelength He-Ne laser has been used as light source while four
phase images have been captured with polarization at different angles (linear
polarization at 45 degree, left hand circular polarization, linear polarization at 135
degree, right hand circular polarization). The 2D surface structure has been
reconstructed after quality-guided phase unwrapping and removing of slope.

Secondly, white light was used as light source. Three phase images with blurry fringes
have been acquired (at wavelength 635nm, 650nm, 670nm respectively). After
unwrapping the phase images using a Matlab program, the topography structure has
been shown. As a final test, phase images with clear fringes have been acquired using
red and green lasers as light sources. The leaning of the surface has been acquired
from the group delay.

This whole project provides an entire program to examine surface structures of test
objects with single- and multi-wavelength light sources.
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5555 OutlookOutlookOutlookOutlook
Further development steps to improve the measurement technique include e.g.:

Improve the phase unwrapping algorithm to reduce the number of unwrapped pixels.

Applying more wavelength bands, e.g. using multi-wavelength filters to improve the
accuracy of the topography map.

The accuracy can also be improved by increasing the quality of components such as
CCD camera. A high quality camera can provide more accurate data of the surface
due to less noise.

To evaluate the interferometer performance by investigating test objects with more
complex surface structure.

Acquired surface structures on test objects should be further validated by comparing it
with the results obtained by other measurement techniques e.g. AFM.
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