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TN Abstract

Abstract

Within the category of optical interferometers, optical feedback interferometry, also known as self-mixing
interferometry, has recently shown a great potential in a large range of metrology applications as it is
compact in size, cost effective, robust, self-aligned, and simple. In this phenomenon, a portion of the
emitted laser beam re-enters to the laser cavity after backreflection from the target, causing the
wavelength of the laser to change, modifying the power spectrum and consequently the emitted output
power, which can be detected for measurement purposes. In such a setup, the laser operates
simultaneously as the light source, the light detector, and a compact coherent detector. It is thus a

compact and self-aligned micro-interferometer.

The present PhD pursued improving the performance of optical feedback interferometry based sensors
using a novel and compact optical system. A solution using an adaptive optical element in the form of a
voltage programmable liquid lens was proposed for automated focus adjustments. The amount of
backreflected light re-entering the laser cavity could be controlled, and the laser feedback level was
adjusted to the best condition in different situations. Feedback control enabled the proposal of a novel
solution called differential optical feedback interferometry, which improved the measurement resolution
down to nanometre order, even if the displacements were below half-wavelength of the laser, for first
time in this type of sensors. Also, two novel solutions have been proposed for the control of the speckle
effect which appears when the displacements of the target are large. The adaptive optical head developed
has been used in real time to control the presence of speckle effect by tracking the signal to noise ratio of
the emitted power of the laser and modifying the spot size if required, using a feedback loop. Besides, a
sensor diversity solution has been proposed to enable enhancements in signal detection in fast targets,
when real time control cannot be applied. Finally, two industrial applications of the technique with the
presence of some sort of speckle noise have been presented. A complete measurement procedure for the
control of motor shaft runout in permanent magnet electrical motors, enabling complete monitoring of the
displacement of the shaft has been developed and implemented in practice. A second application in the
monitoring of polymer-reinforced beams used in civil engineering under dynamic loading was also

demonstrated.

This PhD, thus, has contributed to the field of optical feedback interferometry sensors through the
development of an optics-based adaptive solution enabling, for the first time, the real time control of
feedback level and (for slow-moving targets) of speckle noise. Enhancement of speckled signals using
diversity techniques has also been demonstrated. Besides, novel research lines emerge from this Thesis, in
particular out of the suggestion of a novel high resolution technique based in differential optical feedback

interferometry.

Key words: Self-mixing, Optical feedback, Interferometry, Adaptive optics, feedback control, differential

interferometry, speckle control, sensor diversity, shaft runout tracking, beam deformation measurement.
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1. Introduction

The use of laser based techniques, among other techniques and solutions proposed for metrology
applications, is constantly increasing due to their non-contact nature and the measurement precisions
attainable. Among the available laser based sensors in the market, classical interferometers offer the
highest precision measurements. However, the cost of some of the elements involved and the number of
optical components used in the setup complicates using them in several industrial applications. Moreover,
optical alignment and the required quality of the environmental conditions can be quite restrictive for

those systems and add complexity to the measurement process.

Within the category of optical interferometers, optical feedback interferometry (OFI), also called self-
mixing interferometry (SMI) has the potential to overcome some of the complexities of classical
interferometry, as it is compact in size, cost effective, robust, self-aligned, and it doesn’t require a large
number of optical components in the experimental configuration. Besides, it provides accuracies which
are useful in a range of relevant applications. In OFI, the emitted laser beam from the cavity is
backreflected from a (typically diffusive) target and part of the initial beam re-enters the laser cavity. This
feedback interferes inside the laser medium modifying the lasing wavelength and leading to modifications
in the power spectrum, which introduce changes in the emitted power. Usually, an embedded
photodetector monitors the intensity of the laser beam, whose information is later used to extract the
information about the state of the target (velocity, displacement, distance...) out of the abovementioned
changes in the optical output power (OOP). The compact experimental configuration of OFI typically
includes the laser itself, normally a solid-state one, a monitor photodiode normally embedded within the
laser package, and a focusing lens to focus the laser beam on the target surface. This simplicity makes it

very attractive from the industrial point of view.

In the past decade, a big effort has been made to improve the measurement resolution of OFI and to
increase its measurement range, which is limited, among other factors, by the speckle phenomenon. There
is still a drawback in OFI setups which is the need for a skilled operator to adjust the beam focus on the
target to get the desired amount of backreflection of the laser beam (and subsequently to get the desired
feedback level) for correct measurements. Depending on the characteristics of the target surface, to have
the desired amount of beam reflection in the laser cavity (not so weak to lose the feedback signal, not so
strong to bring the laser to chaotic states) the laser beam may need to be defocused or focused on the
target, a procedure manually done by adjusting the relative position of the focusing lens against the front

facet of the laser.

In the present thesis, a novel solution which uses an adaptive optical element in the form of a voltage
programmable liquid lens is proposed for automated focus adjustments. It is shown that by using this
novel optical element, the amount of backreflected light which re-enters the laser cavity can be controlled,

and subsequently the laser feedback level can be adjusted to the best measurement condition. This enables
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OFT to be used in operator-free conditions, for the first time to our knowledge, using adaptive control of

the feedback level.

Also, we propose the use of adaptive feedback control in one relevant application called differential
optical feedback interferometry (DOFI), a double laser solution proposed in this thesis for the first time.
DOFI improves the measurement resolution and performance of OFI down to the nanometre level, pretty
far below the typical resolutions of the basic technique. DOFI also enables for the first time measurement
of phenomena where changes in the optical path are below the half-wavelength limit present in all OFI
applications. This new technique combines the signals from two lasers, one vibrating on a piezoelectric
linear stage while pointing at the target, and another one (stationary) pointing to the linear stage.
Differences from the signals in both lasers enable to extract sub-wavelength displacements of the target.
However, for the system to achieve the best performance, both lasers should have the same feedback
level, so the adaptive solution presented in this thesis can be used to properly adjust feedback level of
each laser to the desired value. However, due to the complexity of the detailed experimental setup the
proposal of the technique and its feasibility check are included, although its detailed modelling,

implementation, validation and application is left as future work.

Furthermore, the same adaptive solution which has been used to deal with feedback level control has also
been applied to control the speckle effect which appears in large displacements of the target. To our
knowledge, this adaptive solution is the second practical solution ever described for speckle management.
Thus, a real-time solution for speckle control including a feedback loop for controlling the signal to noise
ratio (SNR) of the OOP along a displacement of the target of some centimetres is presented. Since the
time response of the adaptive lens to focus change is limited to 80ms, the solution will not be suitable for
fast displacements of the target, where an alternative technique (sensor diversity) will be proposed.
Sensor diversity in OFI is proposed to combine the signal obtained from two lasers simultaneously, each
of them under different measurement conditions and yielding different speckle patterns which combined,

improve the accuracy of the measurements.

As real-world applications of speckle control situations, two industrial applications of OFI in which the
speckle effect limits the measurement range, are demonstrated to show the applicability of the solution.
One of the applications is a detailed methodology for shaft runout tracking in electric motors, which
shows that, with controlled speckle features, OFI performs adequately as a non-contact proximity probe
with resolution limited by the constraints defined by the setup, not the technique. A full procedure for the
measurement including compensation techniques for typical experimental problems, and a validation
using a commercial laser Doppler vibrometer with a much higher cost is presented. A second application
involving the measurement of deformation in composite reinforced beams due to dynamic loads, typically
used in civil engineering, is also described in detail. Again, results obtained using OFI are validated
against a conventional linear vertical differential transducer (LVDT), a contact probe, yielding adequate

results.
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Thereby, the main work of this thesis deals with feedback control and speckle control using the adaptive
solution presented, and its related applications. The rest of the thesis has been divided in five additional

chapters, subdivided in a small number of sections, and organized as follows.

The second chapter has been dedicated to present the theoretical foundations of OFI. In the first section of
this chapter, the theoretical basis of OFI is generally introduced and the applications of OFI in various
fields are presented. Later in the second section, the theoretical model describing the phase equation, the
output power of the laser, and the effective parameters affecting the feedback interference will be
described. Then, in the third section, the different feedback levels and its corresponding shape of the
optical power signal will be investigated. Afterwards, the fourth section reviews the most usual signal
processing techniques used in OFI. Later, we will include a short section with a description of the speckle
phenomena, its effect in the performance of the OFI sensor, and the available techniques described in the
literature to deal with the speckle problem, in special when large displacements of the target are involved.

We will close this Section with a brief conclusion.

The third chapter presents the research work performed within this Thesis around feedback control. It
starts with the considerations on design and fabrication of the prototype of adaptive optical head which
uses a liquid lens for adaptive feedback control, which later on will be also applied to speckle control.
The second section of this chapter presents the results for feedback control in OFI using the optical head
presented. In this section, the experimental configuration, the control algorithm, and the experimental
results achieved are described in detail. The last section of this chapter is dedicated to proposing the
DOFI technique, a double laser solution for accuracy requirements down to the nanometre level in which
adaptive feedback control can be used to adjust the relative feedback levels and thus improve the

performance of the technique. Again a brief conclusion section closes the chapter.

The fourth chapter presents the solutions for speckle control proposed to improve the performance of OFI
in large displacement measurements. At first, the speckle effect and the effective parameters in the
speckle characteristics are investigated in an OFI setup, and then a speckle control technique using the
adaptive optical head proposed is demonstrated. To overcome the limitations of fast-moving targets, a
sensor diversity solution for speckle control will be proposed as well. A brief conclusion will be the last

section of this chapter.

In the fifth and final chapter, as applications of the speckle control solutions proposed, two specific
applications of OFI sensors in conditions where the speckle effect may be present are presented. This
includes a novel procedure for shaft runout measurement in electric motors, and a method for the
measurement of beam deformations under dynamic loads. The last section of this chapter has been

dedicated to a brief conclusion of this chapter.

A summary of the main conclusions of the work will be presented at the end of thesis in a sixth chapter,

followed by the list of bibliographic references used and the list of publications achieved along this work.
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2. Theoretical foundations

2.a. Basics of optical feedback interferometry

OFI has been extensively studied during the past decades [Kane 2006] [Donati 2004] and has been
presented as a compromising solution for vibration, displacement, velocity and absolute distance

measurement for a large range of applications [Donati 2012] [Ottoneli 2009].

The optical feedback interference or self-mixing phenomenon occurs when a small fraction of the emitted
laser beam is back reflected from a moving target, and partially enters to the laser cavity, so this reflected
light is mixed (self-mixed) with the standing wave present inside the laser medium. Due to the self-
mixing of the beams inside the laser cavity, the frequency of the emission of the laser becomes modified
and a periodic variation in the OOP of the laser occurs. Usually, this variation is monitored using a
photodetector located at the back facet of the laser, as shown in Fig. 2.1. Different types of self-mixing
signals may appear depending on the level of feedback present for each given experiment, and will be

analyzed later.

Focusing Lens

Photodetector Laser

Remote Target
—D (Diffusive or
Backreflective)

) Without Feedback
{Free mumning state)

- finl 1] |J L

e WW1th Feedback /\\_/ ; u'v”\\ W\ JJ “ “hl

Figure 2.1. Schematic diagram of the typical OFI configuration. When part of the laser beam re-enters the

cavity, the existent feedback level determines the shape of the OOP fluctuation (see section 2c).

OFI was first reported in gas lasers for detection of the Doppler shift due to the displacement of the
remote reflector [Rudd 1968]. Later, it has been presented as a complete self-aligned interferometer for
measurement purposes [Donati 1978]. Afterwards, it was demonstrated as a velocimeter using a

semiconductor laser diode (LD) with a photodetector in the laser package [Shinohara 1986]. Many
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different applications of OFI have appeared in the literature since then, and may be found elsewhere

[Donati 2011] [Bosch 2006].

Semiconductor lasers represent a complete laser family with a very broad range of spectral outputs,
narrow linewidths and single frequency emission. Moreover, many commercial laser diodes contain a
monitor photodiode mounted in the same laser package to monitor the OOP of the laser in order to
compensate the threshold current instability due to temperature variations. The integrated photodiode
provides a direct method to monitor the OOP variations which appear due to interference with the
backreflected beam, making semiconductor lasers exceptionally suited to OFI applications. A simpler
approach has been presented based on sensing directly the variations of the junction voltage in
semiconductor lasers under feedback has been proposed for sensing applications [Kliese 2008], although
the signal to noise ratio gets worse than in case of using the monitor photodiode. It is also worth
mentioning here that two different geometries of the cavity have been demonstrated in semiconductor
lasers showing the OFI effect, namely Fabry-Perot cavity LDs (FPLDs) and vertical-cavity surface-
emitting lasers (VCSELs) [Kane 2005] [Donati 2004]. Both are easily found in the market and present
different performances. While FPLDs typically deliver larger amounts of power, VCSELs produce
rounder, smaller spots due to their emission mechanism, thus enabling better focusing of the beam. In all
cases, lasers need to be single mode and biased well above its threshold intensity value to have low side-

mode content [Donati 2012].

In a typical OFI configuration, a collimating lens is the only optical element, required for focusing the
beam on the target. However, free-lens OFI working in short distances (below 5cm) has also been
reported [Perchoux 2010]. Thus, OFI sensors provide a robust, self-aligned, compact, and small in size
sensing tool when compared to traditional double or common path interferometric setups, such as
Michelson, Mach-Zehnder, Fizeau, or Sagnac [Hecht 2002]. Besides its compactness and self-alignment,
the simplicity of the approach also makes it extremely cost-effective, making it especially suitable for

industry-oriented applications.

A review of the main measurement configurations including displacement, velocity, absolute distance

measurement and some other applications are briefly presented in the following paragraphs.

2.a.1. Displacement measurements

Many types of sensors have been developed for displacement measurements such as resistive, capacitive,
inductive, magnetic, piezoelectric, ultrasonic and optical sensors [Wilson 2005] [Shieh 2001]. Among
them, optical ones, including intensity-based sensors, triangulation, time of flight, confocal, Doppler or
the different types of interferometric sensors have been extensively studied and developed due to their
noncontact nature and high precision [Berkovic 2012]. OFI sensors have been exploited in particular in

displacement measurements as they represent a compromising solution within the optical sensor family
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when considering cost, simplicity, compactness, precision and robustness [Norgia 2003] [Servagent
1998].

In OFI, when the LD is pointed to a fixed target (with no movement), the frequency and the OOP of the
laser remain constant. Unlikely, changing the distance between the target and the laser leads to variation
of the spectral properties and to OOP fluctuations of the laser. Figure 2.2 shows a typical experimental

OOP variation due to a sinusoidal displacement of the target.
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Figure 2.2. Experimental saw-tooth variation of OOP (below) due to a sinusoidal displacement of the target

(above) [Zabit 2010b].

Saw-tooth like fluctuations of the OOP have been generated due to the variation of the distance to the
target, that is, to the existence of changes in the optical path between the laser and the target. The OOP of
the LD subject to feedback (P) can be expressed as [Bosch 2001]

P=P(1+m.cose,) 2.1

Where P; is the power of the laser in the free running state, the parameter m is the modulation coefficient

of the optical feedback interference, and ¢. = 27v.7p is the phase of the optical power signal of the LD,

where v, is the optical frequency of the laser under feedback, 7p=2D/c is the external round trip delay
with D being the distance to the target from the front facet of the LD and ¢ the speed of light. In
similarity with conventional interferometric techniques, every fringe period which appears in the OOP
corresponds to a 2x phase shift which corresponds to a half-wavelength (1/2, with A the laser wavelength)

change of optical path difference [Norgia 2003] following

IACrv. 1p)| =2 & 2(AD)v.=c & AD=c/2v.=1/2 (2.2)
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where AD is the displacement of the target which generates a 2m phase shift in the power signal. The
easiest way to measure the displacement of the considered target out of the OOP fluctuations is thus the
fringe counting method (FCM) which allows to measure the displacement with half-wavelength

resolution (see subsection 2.d.2.1) [Donati 1995].

Several methods have been developed for increasing the basic half-wavelength resolution of displacement
measurements in OFI. A linear interpolation method was developed in 1998 by Servagent et al [Servagent
1998] applying linear interpolation of inter-fringe values for saw-tooth like OOP variations, enabling a
resolution of A/12 for displacements up to several micrometres. However, this method is limited to
moderate feedback regime. Another approach is the active heterodyne technique which uses a pair of
LDs, each one with its own external cavity [Takahashi 1996]. In this approach, the first LD is the
reference laser and the other is used for target displacement detection. To estimate the displacement, a
heterodyne arrangement including an avalanche photodiode, a spectrum analyser and a microwave
counter was used to measure the heterodyne beat frequency. A resolution of 5Snm was reported for this

approach.

Two more very powerful methods for displacement reconstruction were proposed by Merlo and Donati
[Merlo 1997] and Bes [Bes 2006] in order to enhance the accuracy of measurements obtained. Both
methods are discussed in more detail in subsecion 2.d.2, where the most relevant signal processing
algorithms for displacement reconstruction are presented in detail Although the signal processing
involved usually carries on a relevant computing load and each algorithm has some applicability limits
which need be taken into account, these techniques have been shown to reduce the attainable accuracy to

the order of some tenths of nanometre for displacements of a few microns.

Other more robust and reliable solutions have been proposed, but they tend to be complex to implement
and interpret. As an example, a technique based on a differential evolutionary algorithm [Doncescu 2007]

has been proposed for noisy signal processing of OFI signals.

2.a.2. Velocity measurements

As already mentioned, velocimetry was in fact the first application of OFI (in a gas laser) as early as 1968
[Rudd 1968]. Optical feedback interferometry is well suited in the category of laser Doppler velocimetry
(LDV), where they represent a compromising solution when compared to conventional velocimeters due

to its already discussed features [Scalise 2004].

Velocity measurement in OFI is based on the detection of the Doppler frequency in the recovered signal,

which is related to the velocity of the target by a simple expression like

(2.3)
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where V5 is the velocity of target relative to the laser in the direction of the beam, and F), is the Doppler
frequency, which corresponds to the frequency of the saw-tooth like OOP variations of the LD under
feedback caused by the moving target. The Doppler frequency can be easily recovered applying a Fast
Fourier Transform (FFT) to the OOP of the LD, or using a FFT oscilloscope in real time.

Figure 2.3 shows a typical experimental result where a FFT has been directly applied to the OOP of the
LD under feedback [Scalise 2004]. In this example, the target is a rotating disc with a white rough front
surface rotating with constant velocity, with its surface tilted 30° relative to the optical axis of the laser.
The Doppler frequency in this signal appears as a peak in the Doppler spectra at 24.3KHz, corresponding
to a velocity of 11.6mm/s. Actually, obtaining the velocity using OFI is quite simple as after applying the
FFT to the acquired OOP, the Doppler frequency corresponds to the maximum amplitude in the spectrum,

and velocity can be directly determined using equation (2.3).
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Figure 2.3. Doppler signal obtained from an OFI based laser Doppler velocimeter. Crosses are the values of
FFT out of the experimental OOP, and the solid line an smoothed spectra obtained using a seven-point

adjacent averaging method [Scalise 2004].

OFI is thus an excellent candidate for a simple, low-cost velocimetry sensor [Krehut 2003]. Target
velocities can be determined with maximum relative errors of 5% for velocities up to 200km/h [Bosch
2001]. This approach has been thoroughly reviewed, including an extended external cavity model, for the

development of OFI based applications in microfluidics [Campagnolo 2013].

For applications subject to temperature variations which lead to laser wavelength instability, and
subsequently to an increase of the experimental error, VCSEL-based OFI is more reliable than the
equivalent FPLD-based sensors at short distances (below 50cm) [Perchoux 2007]. VCSELs are in
general less sensitive to temperature variations and have a very low threshold current and price, which

makes them very good candidates for on-board automotive velocimeters.
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2.a.3. Absolute distance measurement

Several laser range finder techniques have been developed for absolute distance measurements, rather
than just the relative measurements we described in Section 2.a.1. They are broadly classified in families
including geometrical or triangulation, time-of-flight, and interferometric techniques [Amann 2001].
Among them, interferometric techniques are the most accurate ones at the price of being very expensive
solutions not easy to implement at all. OFI belongs to the family of interferometric techniques but is more
attractive due to its low-cost approach and compactness. Recently, an absolute distance sensor based on

OFI with a working range of 3m and an accuracy of 0.3mm was reported by Norgia et al [Norgia 2007].

In the previously described setups, the displacement of the target modulates the emission wavelength of
the LD leading to fluctuations in OOP. Unlikely, in absolute distance measurement the target is
stationary, so the optical path length of the laser beam in the external cavity is constant during the
measurement. In order to measure distance, the LD emission wavelength is modified using a triangular
waveform modulation of the injection current, so we can produce interferometric fringes fully equivalent
to the ones introduced by optical path length variations [Gouaux 1998]. In this case, however, they are
induced by the changes of wavelength in the laser cavity caused by the modulation of the incoming

current. In fact, OOP variations are superimposed to the triangular waveform, as shown in Fig. 2.4.

Applying a triangular current modulation, and, consequently having a wavelength variation of A4 leads to

a modification of the wave number (k=27/1) in the shape of

Ak = 2;;?—;1 (2.4)

where AL depends on the electrical characteristics of the laser diode. Therefore, the wave number

variation results in an optical phase change of Ap in a round trip of:
AL

where s is the distance from the front facet of the laser to the stationary target.

Thus, now we can easily relate phase changes directly with the absolute distance to the target, s. Since
every 2m change of the phase corresponds to a fringe in the signal, therefore the phase change for the
number of fringes (N) appearing in the OOP will be Ap = 2zN. Thereby, the target distance can be
obtained simply by counting the number of fringes (&) in the acquired OOP and using the following

relationship
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Figure 2.4. OOP of the LD (Psm) obtained from the current-modulated OFI sensor and its derivative for

absolute distance measurement [Giuliani 2002].

s=N (2.6)

2A
The resolution of this method is limited to the fringe quantization error of A°/2Al. Obviously, the

resolution depends on the wavelength shift of the laser and on the wavelength itself.

2.a.4. Other applications

In addition to the main general-purpose applications of OFI described before, some other applications
have been proposed along the last years. In this Section we are going to briefly review them grouped in

five different general categories.

2.a.4.1. Surface profile measurement

One family of OFI applications is three-dimensional (3D) imaging and surface profile measurement. 3D
imaging based on the absolute distance measurement was developed by Bosch et al in 1998 [Bosch 1998].
In this method, the surface distance from the laser has been measured point by point with 0.1% vertical
resolution in a 1-3m distance range. OFI has also been combined with confocal microscopy to measure
the surface microprofile in different approaches from several authors [Wang 2004] [Juskaitis 1994] [Rea
1996]. Surface classification based on the speckle modulation in OFI has also been reported [Ozdemir
2001]. This application takes advantage of the relationship existing between the speckle modulation

frequency induced in the OFI signal and surface characteristics like texture, reflectivity and roughness.

2.a.4.2. Measurement of physical parameters

OFI-based measurements of physical quantities such as thickness of a transparent slab with accuracy
comparable to a mechanical calliper [Fathi 2010], simultaneous estimation of yaw, pitch (two rotation

angles) and linear displacement as a 3 degree-of-freedom motion sensor with half-wavelength resolution
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[Ottonelli 2008], and integral strain characterization of materials under mechanical and thermal

deformations with submicron resolution [Dabbicco 2011] have been reported.

As a different but much related family of applications, different laser-related parameters characteristic of
semiconductor lasers, such as linewidth [Giuliani 2000], or the linewidth enhancement factor (LEF) [Yu

2004] [Villafranca 2008] have been measured using the OFI technique.

2.a.4.3. Biomedical applications

Due to its cost-effectiveness, and the capacity of red and infrared light to penetrate the surface of the skin,
several in-vivo biomedical applications of OFI have been proposed. Amongst them, measurements of the
shape of the arterial pulse wave [Hast 2002], of blood cell velocity distribution in microchannels
[Campagnolo 2012] [Campagnolo 2012b], of the amount of blood flow [Koelink 1994], and of muscle
amplitude of vibration [Mul 1992] have been performed. A low-cost instrument based on OFI for real
time measurement of blood flow, particularly developed for extracorporeal blood circulator systems has
been designed and presented by Norgia [Norgia 2010]. Also, OFI has been used to reduce the motion
artifacts which appear in pulse oximeters measuring the patient’s heart rate and blood oxygenation

[Wijshoff 2012].

2.a.4.4. Sensors for specific applications

A scroll sensor based on OFI for the detection of multidirectional motion has also been introduced by
Liess [Liess 2002]. Moreover, by applying it to the finger surface, an input device has been demonstrated
for hand-held applications with performance comparable to a computer mouse [Pruijmboom 2008].
Besides, OFI has been used as a height control sensor for near-field data storage applications [Fang

2007].

2.a.4.5. Characterization of sensor performance

Another wide field of application has been the characterization of the performance of different types of
sensors. OFI has been applied to measure mechanical resonance and to characterize the mass-spring
system in different types of micro-electro-mechanical systems (MEMS) [Annovazzi-Lodi 2001]
[Annovazzi-Lodi 2003]. Moreover, OFI has been used for absolute calibration of measurement

microphones as a laser pistonphone [Sadikoglu 2004].

Therefore, we can conclude that OFI has been used in an expanding range of applications in the
vibrometry, displacement and velocity sensing fields in the late years. Its wide applicability, accuracy,
self-alignment and cost, and the characteristics of its measurement principle make it a very practical

solution for a wide scope of applications in the science and industrial arenas.
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2.b. Theoretical model

In order to investigate the physical principle of OFI, and to see how the laser frequency and OOP are
changing due to the optical feedback interference, the behaviour of the laser subject to feedback has to be
compared with the laser behaviour in its free running state (without feedback). The equivalent cavity
model is a general-purpose model enabling to explain most of the effects present in OFI, and to introduce
most of its relevant parameters. For setting up the model, at first we will obtain a description of the lasing
condition without feedback taking into consideration the main effects in the cavity when no feedback is
present. Then, we will modify the cavity in order to take into account external feedback effects, so we can
model how the laser frequency changes under feedback. We will then be able to describe and formulate
the OOP variations in presence of feedback interference and see which are the most relevant parameters
involved. In its normal free running state, without feedback involved, the lasing medium can be modelled
as a two-facet Fabry-Perot cavity with a length / (Fig. 2.5). Based on the classical definition of the
reflection coefficient at an interface [Hecht 2002], the relationship between the electrical fields inside the

laser cavity can be established as

On the back-facet (BF) interface: E, ,(z=0)=#"-E, ,(z=0) (2.7)
On the front-facet (FF) interface: E, (z=10)=r-E ,(z=1) (2.8)

Where r’; and r; are reflection coefficients of the electric field at the BF and FF of the cavity,
respectively, £;_(z = 0) is the electrical field travelling from BF to FF at BF interface, £ ;(z = 0) is the
travelling electrical field from FF to BF at BF interface, and E;_»(z = /) is the travelling electrical field
from BF to FF at FF interface; finally, £ ;(z = ) is the electrical field travelling from FF to BF at FF

interface.

BF Interface (1) FF Interface (2)

Figure 2.5. Schematic arrangement of a Fabry-Perot cavity in the free running state.

The electrical fields propagating along z-axis can be then expressed as [Hecht 2002]:
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E, ,(z)= E,_,(0)exp(~jj —%) 2.9)

: y(l-z2)
E, 1 (2)=E,, (Dexp(=jp(l -2) - 5 ) (2.10)
Where f is the propagation constant and y is the absorption coefficient of the active medium. From
equations (2.7) to (2.10), it can be seen that the emission condition for sustained laser oscillation in a two-

facet cavity can be described as

nryexp(—jpl—y)=1 @2.11)

which of course is the classical free-running state lasing condition required for the sustainability of the

stationary wave inside the laser cavity.

In OFI, however, there are three relevant interfaces with noticeable reflections, which include the two
facets of the laser as before, but also a second cavity defined by the target surface. Thus, two separate
cavities can be considered for the lasing condition: the internal cavity, already present in the free running
state condition, plus an external cavity formed by the target surface and the front facet of the laser, as

shown in Fig. 2.6.
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Figure 2.6. Schematic arrangement of internal, external and equivalent cavities.

In order to attain the final model of the laser subject to feedback, a single equivalent cavity is considered
as the combination of the performance of the internal and external cavities (Fig. 2.6). In this model,
multiple reflections within the external cavity are neglected due to the assumption of small target
reflectivity (r;<<r,).Thereby, the equivalent complex amplitude reflectivity (r,,) is obtained from [Bosch

2006]

r, =r[l+Kxexp(-2jzv,7p)] (2.12)

eq
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Wherein
k=e2(1-n) 2.13)
r

Where « is the feedback coupling coefficient and ¢ is the mode mismatch factor, a parameter accounting
for the fraction of reflected light re-entering into the active cavity. In this fashion the laser under feedback
is reduced to a single equivalent cavity with length /, where r; and r,, are the reflection coefficients of the
back and front facets of the resultant cavity. So, by replacing 7, in equation (2.11) by r., from equation
(2.12), a modified emission condition for the equivalent cavity obtained when a laser is under feedback

can be obtained in the shape of [Lang 1980]

v, -V, + .sin(2zv, 7, +arctan(a)) = 0 (2.14)

T p

Where

c="2 1+’ (2.15)

7,

Where vy is the optical frequency of the laser in free running state, 7; = 2ul/c is the active cavity round
trip delay, u is the group refractive index without feedback, and « is the LEF of the laser, which depends
on the characteristics of the laser and can be measured experimentally [Villafranca 2008] [Henning 1983].
The parameter C is referred to as “coupling factor” and is related to the external feedback strength or
feedback level present in the setup. It discriminates four well known feedback regimes described in the
literature which are very weak, weak, moderate and strong feedback regimes [Tkach 1986], which will be
detailed related to typical OOP signals in Section 2,c. . Equation (2.14) is also known as the phase
equation in literature. Although the three-mirror approach discussed above reaches to the phase equation,
there is a more detailed description, known as the Lang-Kobayashi equations which includes the carrier
state concentration. Lang-Kobayashi set of equations are the most complete description of the dynamics
of the single mode semiconductor laser subject to optical feedback effects. These detailed equations can

be written as [Donati 2012] [Lang 1980]

dE _
dt

%[GN (N-N)-Vr, |+ (LJE(t —7,)cos2zv t + p(t) — ot — 7,)]
T

D

: jMSinP”‘/J+(P(f)—(ﬂ(f—fg)] (2.16)

dp _1 ~Ny) - .
E_ZQ[GN(N Nthr) l/z-p]+[z'D E(t)

fz_];[ =Jnfed =N/t, =G\ (N = Ny )E, (1)
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Where Gy is the modal gain, N the carrier density, Ny, the carrier density at threshold, N, the carrier
density at inversion, 7, the photon lifetime inside the cavity, 7, the carrier lifetime, J the pumping current
density, # the internal quantum efficiency on the active layer thickness d, and e the elementary charge of

electron.

Although equations (2.16) are obviously more detailed than those attained from the equivalent cavity
model, and much better suited to the description of the feedback phenomena in semiconductor lasers, it
has been shown elsewhere that the steady-state solutions obtained are fully equivalent in both approaches.
In particular, the frequency of emission of the semiconductor laser is described in both approaches from

the phase equation (2.14).

Let’s now investigate the relationship of the frequency shifts introduced by feedback with the OOP
emitted from the laser. According to literature, the threshold current (/) of a semiconductor laser is the
injected current which causes the gain in the cavity to become equal to the losses due to absorption and
scattering inside the cavity. Therefore, once the gain reaches the threshold gain, lasing starts to occur. The
threshold gain (g4) is affected by feedback and has been shown to vary due to feedback interference as
[Koelink 1992]

Ag, = —%cos(27rvcz'D) (2.17)

Thus, the threshold current of the laser is changed due to the threshold gain variation. For weak optical

feedback (x << 1), the threshold current variation (A/,) may be obtained from

eV

Al =—"—
th Tsar

Ag, (2.18)

Where V is the active volume of the laser cavity, 7, the spontaneous recombination rate, a the differential

gain at threshold, and I" the mode confinement factor.

Since the gain curve of the semiconductor laser is almost linear once above the threshold gain [Koelink

1992], thereby the OOP (P) of the laser operating above threshold gain can be obtained as [Coldren 1995]

Qhv
p= 7([”" -1,) (2.19)

Where Q is the wall-plug efficiency of the laser, % is the Planck’s constant, v is the laser frequency, and
1, 1s the operating current of the laser. Thus, the OOP of the laser under feedback in which the threshold

current variation is considered added to the threshold current can be written as

hv
P="7<Io,, (I, +AL,)) (2.20)
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And by substitution of equations (2.17) and (2.18) into equation (2.20) yields

hw (I -1
P=77 c( op th)(1+ eVK

cos(2zv T 2.21
T;aFD(Iop _Ith) ( ‘ D)] ( )

e

A general simplified form of equation (2.21) is normally used in the literature, expressed as [Bosch 2001]
P =P (1+m.cos(2rv,.z,)) (2.22)

Equation 2.22 expresses the form of the signal which should be expected from the photodiode monitoring
the OOP of the LD under feedback, which will be used as experimental data in most OFI setups. We will

discuss about feedback levels and its effect on the shape of the OOP along the following subsection.

2.c. OFI under varying feedback levels

The behaviour of a single mode semiconductor laser under feedback has been extensively studied and
modelled in the last decade [Plantier 2005] and the notable influence of C (the coupling factor, directly
related to the level of feedback present) on the laser operation has been investigated in depth [Kane 2006]
[Donati 2004].

Continuing our description from the phase equation, when the target starts to move, the optical path
length of the external cavity becomes changed. The wavelength of the laser is slightly modified due to the
optical feedback interference following the phase equation (equation (2.14)). The phase equation can be

written as

Ap=v, —v + -sin(2zv, 7, + arctan(a)) (2.23)

TD
where A¢ is called the excess phase, which is introduced due to the presence of feedback. Figure 2.7

shows the simulated plots of excess phase as a function of (v, — v,) for different values of the coupling

factor C.

In order to satisfy both the phase equation and the lasing condition for a laser under feedback, one or
more solutions for the emission frequency have to be found which set the excess phase to zero. Figure

2.7, the number of solutions is directly dependent on C value.

As illustrated, for C < 1, which corresponds to low feedback levels (blue plot), only one solution for
emission frequency may be found corresponding to a single lasing mode. Differently, for values of C > 1,

when the feedback is stronger, several solutions for the phase equation may be found. In this case the
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laser works only in one of the solutions which normally corresponds to the mode with narrowest spectral

width [Mourat 2006].
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Figure 2.7. Simulation results of excess phase (Ad) versus change in the emission frequency (v. —vs, which

read ve—vp in the figure ) for different feedback levels [El Assad 2008].

When the target distance changes or the injection current of the laser is modified, the emission frequency

of the laser and the OOP vary according to equations (2.14) and (2.22). The shape of the OOP variation

notably depends on C value, as shown in Fig. 2.8 where simulation results for the shape of the OOP

signal are presented for different levels of feedback, assuming a sinusoidal displacement of the target [EI

Assad 2008].

Thereby C is a parameter of great importance in experimental arrangements, as it may be used to

discriminate the four different levels of optical feedback manifested in the four different possible shapes

of the OOP signal [Giuliani 2002]:

e For 0 < C < 0.1, the very weak feedback regime appears. In this regime, OOP is a cosine

periodic function according to equation (2.22), and there is a single solution to the excess phase.

The SNR of the OOP signal is small in comparison with the SNRs which may be found in other

regimes. The OOP is symmetrical and faces with directional ambiguity if used for displacement

measurements, as far as it is impossible to distinguish the two directions of displacement.

According to the definition of C (equation 2.15), this case may appear in very short target

distances, or in the case of surfaces where back-reflected energy from the target is very small.

e For 0.1 <C <1, the weak feedback regime appears. In this regime there is still only one solution

for the excess phase, but the fringes become distorted, and the OOP appears asymmetrical and

saw-tooth like. The slope of the fringes contains the information on the direction of displacement

of the target, and the SNR is much larger than in the very weak feedback regime.
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Figure 2.8. Simulated OOP of a laser under feedback for a sinusoidal displacement of the target and for
different C values: (a) Displacement of the target; (b) C=0.1, (c¢) C=1, (d) C=7, (e) C=30 [EIl Assad 2008].

e For 1 < (C<4.6, the moderate feedback regime is obtained. In this level, up to three solutions for
phase equation can be obtained, so the shape of the OOP becomes saw-tooth like and exhibits
hysteresis as the working solution of the phase equation may depend on the history of the
experiment, distorting the measurement and leading to a fringe-loss condition. SNRs are

comparable to those in the weak regime.

e For C> 4.6, we are considering the strong feedback regime. Usually this case can be obtained in
large distances and with cooperative retro-reflective (corner cubes) or reflective (mirror-like)
targets. In this regime, the number of solutions for phase equation can be more than three and
subsequently the OOP shows from larger hysteresis. In some cases, even mode hopping between

the possible solutions can take place leading to failure of the measurements.

For C > 1, when multiple solutions for the phase equation are found and the hysteresis increases, we may
find the totally undesired fringe loss condition, which leads essentially to the disappearance of peaks in
the OOP signal. In this case, we may obtain less fringes than expected in the achieved OOP, leading to

significant inaccuracies in the measurements.

Interestingly, the fringe loss condition can be predicting using the feedback phase value combined with
the corresponding coupling factor. The frontier condition which sets the limit in the number of solutions

present in the phase equation may be shown to look like [Zabit 2010]

O=Q2k+)rt arccos[%) +C. sin{arccos(%ﬂ (2.24)
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Where £ is an integer and @ is the feedback phase from equation (2.23) which can be depicted as
® =27xv, 1, +arctan() (2.25)

Figure 2.9 demonstrates the number of fringes (N) occurring when C > 1 in a given experiment, for
certain sets of (C,®) pairs. In the considered experiment, the target displacement amplitude was set to 62,
corresponding to an expected value of 12 fringes in the OOP signal. The position of the target was kept

constant along the experiment.

For a fixed @ value, it may be observed how a variation in C of 2z leads to the undesired disappearance
of two fringes. Differently, for a fixed C value, changing the value of @ will result in the disappearance of
a single fringe. As a consequence, it is evident that the combined values of C and @ need be taken into

account to predict the appearance of the fringe loss condition [Tartwijk 1995].

Figure 2.9. Number of fringes occurring for different sets of (C, ®) values, for a target displacement
amplitude of 6A [Zabit 2010].

Therefore, the preferred C value for reliable experimental measurements of OFI is set close to 1, in the
frontier between the weak and moderate feedback levels. For C << 1 (very weak regime) we have
directional ambiguity combined with low SNR values. In the opposite case, for C > 1 we have hysteresis
processes in the phase variation due to the existence of multiple solutions of the phase equation, leading
to signal instability and fringe-loss, spoiling the accuracy of the measurements taken. Alternatives for
large C values such as fringe-loss compensating algorithms have been proposed by Zabit et al [Zabit

2010], which can recover the first four fringes lost.
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2.d. Signal processing

This thesis will be mainly focused on applications of OFI based on displacement measurement. In this
section we will review with some detail the signal processing methods described in the literature related

to displacement reconstruction out of the OOP signal variation.

In practical applications, the OOP signal can be affected by a number of unwanted and uncontrollable
noise sources, which in several cases adds on to the faintness of the OOP signal to be detected. This leads
to loss of signal quality and to severe decrease in the measurement accuracies. Thereby, signal processing
is a key issue in experimental OFI, and will typically involve a pre-processing stage to reduce the effects
of noise and to enhance the signal, followed by one of the different displacement reconstruction

algorithms.

2.d.1. Pre-processing

The compactness and robustness of OFI makes it ideal for industrial metrology applications where,
unfortunately, a number of parasitic phenomena are present and may introduce different types and levels
of noise into the OOP of the LD. These unwanted phenomena include typically mechanical coupling,
electromagnetic disturbances, and power and wavelength fluctuations due to temperature variations and
inaccuracies in the LD driving source. Inevitably, these noise sources distort the OOP leading to decrease
of SNR, yielding the detection of fringes more complex and consequently decreasing the accuracy of the

measurement.

The types of noise which appear more frequently in OOP signals are some form of fast varying white-like
noise (compared to the OOP fringe frequency, which is typically much slower) (Fig. 2.10(a)); sparkle-like
noise as random spikes added onto the OOP (Fig. 2.10(b)); and multiplicative noise which appears in the
shape of slow-time fluctuations of the amplitude envelope of OOP fringes (Fig. 2.10(c)) [Fan 2011][Wei
2007].

Several signal pre-processing solutions have been proposed from different fields in order to efficiently
remove these noise sources and improve the SNR of the OOP. The most successful have been the
classical moving-average filter [Zabit 2009] (essentially a low-pass filter), a Kaiser-based FIR filter
combined with a median filter [Yu 2007], neural network interpolation [Wei 2007], and a filter based on

the wavelet transform combined with a median filter [Sun 2011].

In many applications, the moving-average filter has been shown its ability to successfully eliminate the
additive white-like noise from the OOP signal, so somehow it has become the gold standard in OOP
signal pre-processing. However, due to its nature it can’t remove efficiently other types of noise. A very
relevant issue to be considered in the pre-processing of the OOP signal is the fact that the application of
the filter should not change the location of the fringes in the OOP signal, while at the same time it should

keep the underlying waveform unchanged.
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Figure 2.10. Experimental OOP (volts) versus acquisition time (seconds) with added noise. OOP is affected

as dominant noise source with (a) white-like noise, (b) sparkle-like noise (c) multiplicative noise [Yu 2007].

For this reason, a Kaiser-based FIR filter combined with a median filter has been proposed, as the median
filter eliminates the sparkle-like noise while the Kaiser window band-pass filter removes both the high

frequency noise and the slow envelope fluctuations in the OOP signal [ Yu 2007].

An interesting solution proposed for removing noise sources from OOP signals is neural network
interpolation combined with a median filter. It efficiently removes several noise types, although the
method is complicated to implement and rather time consuming. It is shown that applying this pre-
processing algorithm with a particular reference displacement reconstruction algorithm (phase-
unwrapping method described in subsection 2.d.2.3) could improve the measurement accuracy down to

A/25 for weak feedback and to 4/20 for moderate feedback [Wei 2007].

A wavelet transform based filter combined with a median filter, implemented on a field programmable
gate array (FPGA), has also been designed for real time pre-processing purposes, and oriented to remove

both high frequency and sparkle-like noise [Sun 2011].
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2.d.2. Displacement reconstruction

In this section we will review three of the most used signal processing methods for displacement
reconstruction described in the literature. The first one is the fringe-counting technique (FCM), which
leads to a resolution of /2. The second method uses the existing relationship between OOP variations and
displacement. It is quite accurate but needs previous calibration (in particular, C and LEF should be
known prior to the measurement). The third technique is the phase-unwrapping method (PUM) which is a
robust and reliable method leading stably to a resolution of 4/16. An important and interesting advantage
of this method is the joint estimation of C, LEF, and the displacement, which has made of it the standard

in displacement reconstruction algorithms for high resolution approaches.

2.d2.1 FCM

The most simple, and still the fastest method used to retrieve displacement out of the OOP signal is the
FCM method. It is thus the default option whenever real-time approaches are required. As described in
section 2.a.1, the number of saw-tooth like fringes in the OOP is proportional to the target displacement,
where each fringe may be interpreted as a displacement of the target equivalent to half the wavelength of
the laser. Thereby, having N fringes for the amplitude of vibration of the target means we can estimate a
displacement of NA/2 with half-wavelength resolution. Counting these periodical fluctuations in OOP
directly recovers target displacement. In addition, if the system is working under weak feedback
conditions, the asymmetric shape of the fringes will enable to distinguish the sense of the displacement.
Therefore, considering the proper sign of the half-wavelength steps in displacement (adding or
subtracting) will result in displacement reconstruction without directional ambiguity [Donati 1995]. This

method is simple and fast, and can be easily implemented for real time processing.
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Figure 2.11. Signal processing scheme for FCM.

The processing scheme of the pre-processed OOP has been depicted in Fig. 2.11. It is obvious that the
accuracy of FCM depends strongly on the fringe detection procedure. This is usually dealt with using
time derivation of the OOP signal. The derivative procedure turns the OOP fringes into sharp peaks in the
derivative signal, where positive peaks are related to downward fringes and negative peaks to upward

ones, as shown in Fig. 2.12. Using an appropriate threshold value, the peaks can be detected with high
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reliability. A normalization of the derivative signal may also be used to maximize the peaks and improve
the result of the thresholding procedure value. Afterwards, an integrator algorithm adds up the associated
fringe displacements taking into account the sense of the diaplacement, and once scaled by 1/2, a

complete reconstruction of the displacement can be obtained.
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Figure 2.12. Displacement reconstruction steps in FCM.

2.d.2.2. Pre-calibration method

This method has been proposed by Merlo and Donati in 1997 [Merlo 1997] as an exact solution which
directly reconstructs the displacement from the achieved OOP. The phase equation (equation (2.14)) and
the power equation (equation (2.22)) are used to directly estimate the final displacement. C and LEF
values, however, should be known prior to the measurements. After eliminating the DC component of the

OOP and then normalizing to 1, an F(z) value may be obtained from equation (2.22) as

(2.26)

F(t)=cos2rv,r,) = COSLZEV" 2D(l‘))

C

By obtaining v. from equation (2.26) and replacing it in equation (2.14), two solutions for target

displacement (AD(?)) can be determined:

For (@j(wj < 0 we may find
dt dt

2k

AD(t) = L{% (aF(t) +4/1=F*(¢) )+ arccos(F'(¢))+ 2n7z} (2.27a)
a
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While for (&j(%) >0 we get
dt dt

AD(t) = i{ﬁ (aF (1) —1=-F*(1) )— arccos(F'(¢))+2(n+ D (2.27b)

where 7 is an integer. This technique is quite accurate but limited to C < 1, because the phase equation
should have only one solution out of the assumption on OOP made in equation 2.26. A displacement
resolution in the range of a few tens of nanometres for displacements of some microns has been reported

[Merlo 1997].

2.d.2.3. PUM

PUM is now the reference method for displacement reconstruction when the LD is under moderate
feedback and high resolution is required, without demanding real-time conditions. The most important
advantage of the method is the joint estimation of displacement, C and LEF of the laser. However, it is
neither a simple nor a fast algorithm to be implemented for displacement reconstruction. The complete
flow diagram showing the signal processing operations involved in the method are illustrated in Fig. 2.13.
The method is divided in two principal steps, the rough phase estimation and the joint estimation of

displacement, C parameter and LEF value [Bes 2006].
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Figure 2.13. PUM signal processing scheme.

As already mentioned, the phase of the OOP signal may be expressed as

@, =2rv.T, =21V, 2D _ 47[2 (2.28)
c A,

@, =2nv.T, =21V, 2D _ 47[% (2.29)
c

s

Where ¢. is the phase of the OOP of the LD under feedback, ¢, is the phase of the OOP of the LD in the

free running state, and A. and A, are the associated wavelengths of the LD with and without feedback,
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respectively. Combining equations (2.28) and (2.29) and the OOP equation (equation (2.22)), the phase

value in the free running state (equation (2.14)) may be rewritten as

P =P(1+m-cos(p,)) (2.30)

@, =@.+C-sin(p, +arctan(a)) (2.31)

Equation (2.31) indicates that the phase in the free running state (¢,) can be found provided a correct
estimation of ¢., C and a is available. According to equation (2.29) this will lead to a displacement

estimation of

A
D=¢ — (2.32)
A
Therefore, displacement reconstruction depends on the accurate estimation of the three mentioned

parameters.

According to [Yu 2004] and [Petermann 1995], for C > 1, impulses or discontinuities in ¢, related to
fringes in the OOP signal are due to phase jumps of 2z. Therefore, adding or subtracting 2z to the ¢,

value obtained when a discontinuity is detected leads to rough reconstruction of the phase ¢...

The process of rough reconstruction of the phase has been presented step by step in Fig. 2.14. This
process starts with the elimination of the DC component of the OOP, which then is normalised to 1 (Fig.
2.14 (a)). This operation has been designated as automatic gain control (AGC) in the block diagram of
Fig.2.13. After this processing, we should get the F' = cos(p.) value, so recovery of ¢. modulus 7 (®.)
(Fig. 2.14 (b)) is obtained through

®_ =arccos(F) (2.33)

To unwrap the obtained phase and get ¢., a transition detector is used to find the positions of the
transitions in the signal. As in FCM, the transition detector is based on the derivative of @, (Fig. 2.14 (c))
followed by thresholding, in order to find the transition positions. Later, transitions are normalised to 1
(Fig. 2.14 (d)) and an integrator adds or subtracts 2z to the phase, depending on the sign of the
discontinuity. At this step, we can roughly estimate the phase, and subsequently the displacement by

multiplying the obtained phase by A,/4x.

This rough estimation is better than the one obtained using FCM, but it still may be improved using a
second step [Zabit 2010b]. Figure 2.15 shows a comparison of typical results obtained using conventional

FCM and the rough estimation method described here.
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Figure 2.14. First step of PUM signal processing: rough reconstruction of the phase [Bes 2006]. (a) Normalised

OORP (F(t)), (b) arccos(F(t)), (c) derivative of arcos(F(t)), (d) transitions and rough reconstruction of ¢, .
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Figure 2.15. Simulations results comparing the FCM reconstruction and the rough PUM reconstruction [Zabit
2010b].

In the second step of the PUM technique the displacement, C and LEF are jointly estimated. The concept
in the algorithm is assuming that discontinuities in displacement are far less frequent than discontinuities

in the OOP or the phase. Considering the value of 8 = ¢.(t=0)+ arctan(a) is constant, then equation
(2.31) becomes

@, =@, +C-sin(@, +0) (For t>0) (2.34)
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Choosing a right set of (C,6) values will result in minimized discontinuities of the phase ¢,. Thus, the
procedure in the second step is to find the right set of (C,8) values which leads to minimization of the

discontinuities of phase ¢;.

Thereby, we could consider a criterion for the optimization process described as
N 2
J(C.0) =3 [(p.(m=p,(n-1)] (2.35)
n=1

Where ¢,(n) is the discrete form of the phase ¢,. In fact, the criterion J(C,6) is evaluated in a temporal
window containing N points for square of time derivation of phase ¢,. Thus, the optimal set of (C,6)
values minimizes J(C,6), leading to the unwrapped phase ¢, and consequently to displacement estimation
using equation (2.32). Figure 2.16 presents criterion J(C,8) for experimental OOP data for different sets
of (C,0) values. The minimum point in the graph corresponds to the optimum set of (C,8) for this

experimental OOP.
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Figure 2.16. Criterion J(C,0) for experimental OOP for different sets of (C,8) [Bes 2006].

2.e. Speckle effects in OFI

Speckle is a very well-studied effect which occurs when coherent light is backreflected from, or

transmitted through, a rough surface. The name comes from the speckled appearance which appears when
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light is scattered forming a granular interference pattern (Fig. 2.17) due to the random phase superposition
of the beams on the illuminated area at the observer’s position. In fact, when the average roughness of the
surface is comparable to the wavelength of the laser, the spatial coherence of the laser disappears and the

speckle pattern can be understood as a random interference of beams resulting in a spotted texture.

Figure 2.17. Granular interference pattern formed by speckle phenomenon.

In the case of OFI, the backreflected beams from the target re-enter the laser cavity and are mixed with
the standing waves in the active laser medium. Diffusive surfaces are usually used as targets, as retro
reflective targets usually yield too high feedback levels, so speckle effect may appear and affect the
optical feedback interference pattern. For small displacements of the target (e.g. with amplitudes from a
few microns to 0.1mm) there is no apparent speckle effect in the OOP of the LD, as the displacement is

much smaller than typical speckle size [Donati 2004].

However, for larger displacements, going from a few millimeters to some centimeters or over, speckle
effects are easily observed as an amplitude modulation of the OOP signal, where amplitude fading occurs
frequently (due to dark “speckle grains”), and where in addition a speckle phase error of random origin is
added to the signal. Figure 2.18 shows a typical experimental OOP obtained for a large target
displacement, where amplitude modulation due to the speckle effect leads to OOP fading in some regions
of the signal. Regions of the signal where the signal amplitude faded due to the speckle are usually

referred to as blackout regions.

This amplitude effects make extremely complex, if not totally impossible, to properly detect the
transitions in the OOP in the blackout regions due to the severe reduction of the SNR of the signal. This
brings on important inaccuracies in displacement and velocity measurements. For instance, a velocity
measurement error in the range of 3% over a wide velocity range (5.2mm/s — 479mm/s) due to speckle
effect has been reported recently [Lu 2010], while speckle-related displacement measurement errors are
in the range of 10% for large displacements [Donati 2004] prior to using any of the available speckle

compensation techniques.
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Figure 2.18. Experimental OOP achieved along a large target displacement.

The relationship which exists between the intensity distribution of the backscattered laser light and the
target surface roughness has been extensively studied in the past decades [Fujii 1976]. Furthermore,
relationship between the speckle-modulation in OFI and the surface profile of the target has been
investigated as well [Huang 2008]. The practical problem posed is relevant as the OFI measurement

principle inherently forms speckle patterns on rough targets.

Further than the average roughness of the target surface at the incidence point, some other parameters
related to the geometry of the experimental setup such as beam spot size, laser distance to the target, and
wavelength of the laser are known to affect the size of the speckle “grains” in OFI. The mean value of
speckle sizes for the objective speckles which appear in free propagation of a diffused coherent light field

can be obtained from [Dainty 1975]
d d
oS, =M= , OS =i 2.36
=) =) 2:36)

Where OS; and OS; are longitudinal and transversal objective speckle sizes, respectively, D is the laser

spot diameter on the target, and d is the target distance from the laser.

In the case of subjective speckles, an optical element is located between the observer and the target as
seen in Fig. 2.19. The speckles appearing on the LD side (which performs as the observer in OFI setups)
are projected by the lens as virtual speckles on the target. The mean value of longitudinal and transversal

sizes of these virtual speckles are given by [Donati 2004]
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21 /
SS, = A(—=—)* , SS =A(— 2.37

L L

Where SS; and SS; are transversal and longitudinal subjective speckle sizes respectively, / is the target

distance from the lens and Dy is the lens diameter.
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Figure 2.19. Schematic diagram for description of subjective speckle in OFI.

In a typical OFI setup usually a collimating lens is used to focus the laser beam on the moving target to
monitor the longitudinal displacement of the target. Therefore, the generated speckles are subjective
speckles apparent to the LD due to imaging of the coherent superposition of reflected beams from the
target. Obviously, the OOP modulation frequency is related to the longitudinal sizes of the virtual
speckles projected on the target side (SS)).

Larger speckle sizes lead to lower modulation frequencies in the OOP amplitude, resulting in general in
less severe amplitude fading effects. Thus, the combination of target distance, lens aperture and
wavelength needs be optimized to obtain speckle sizes as large as possible within given experimental
conditions. However, usually there are substantial limitations on the range of variation of such
parameters. Just as an example, when the target surface is diffusive and the target distance becomes very
large, not enough backscattered light returns to the laser cavity, leading to poor SNR in the OOP signal
and to difficulties in the correct reconstruction of the displacement, complicated even more by the
presence of speckle. If wavelength and distance are fixed, aperture is still a compromise, as lens diameter
should be large enough to focus the entire laser beam coming out of the laser cavity, which is normally
divergent, and to recover enough backscattered light from the target in order to produce relevant optical
feedback interference. In fact, by optimization of the mentioned parameters, the modulation frequency

due to speckle may be somehow reduced but almost never eliminated.

Further than amplitude modulation, random speckle phase error is also introduced in the signal. However,
its effects are typically much less noticeable than those of amplitude fading, as speckle phase error
corresponds to displacement inaccuracies in the order of 4 for a travelling range of 50cm [Donati 2004].
When we cross longitudinally a speckle “grain” we may assume we have a phase error ¢ in the signal
which equals to o = 4 [Donati 2004] [Norgia 2001]. For a total target displacement of Z we have N = Z/SS,

subjective speckles, whence introducing a phase error of
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As an example, with a lens diameter of D; = 4mm, a target displacement of 10cm at a distance of 1m
from the lens, a phase error of 0.4um is induced. It is a minor effect in displacement measurements but it

may need to be taken into account in given high resolution situations.

To the best of our knowledge, only one technique has been implemented to overcome the problem of
amplitude fading by speckle prior to this Thesis. It uses an in-plane piezoelectric positioning system to
keep the amplitude of the signal at the maximum level by scanning the target [Norgia 2001]. In this bright
speckle tracking technique (BST), the laser is moved transversally to look for the highest amplitude OOP
available, avoiding signal fading. Figure 2.20 shows the experimental configuration for the BST solution.

An accuracy of a few parts in 10° in a displacement range of 50cm has been reported using this approach.
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Figure 2.20. Experimental configuration for BST technique [Norgia 2001].

2.f. Conclusion

The theory of OFI, including the general overview of the physical phenomenon and a review of the
typical applications presented in the literature has been presented in order to present the general overview
of the technique. The two models used to describe the laser under feedback (the equivalent cavity model
and the Lang-Kobayashi equations) have been introduced, and the effects of the different feedback level
on the OOP and its measurement capabilities discussed. Furthermore, general review of the most used

signal processing algorithms for displacement reconstruction, including the preprocessing stage, has been
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presented. Finally, an overview of the effect of the speckle phenomena in OFI signals has been presented

in this chapter.

This complete review has shown the advantages and basics of OFI-based sensors and sets the basic
concept and tools used in the rest of this PhD work. However, it has shown the limitation of present
setups regarding the effects of the feedback level and speckle noise in the signal. In the following

chapters we will propose robust solutions for the general management of both problems.
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3. Feedback Control in OFI

In this thesis it is proposed to improve the performance of the conventional OFI configuration by using a
simple adaptive optical technique allowing automated control of the laser focusing. A variable-focus
optical system will allow adjustable focusing of the beam, but also the optimization of the operating
conditions to obtain the best possible OOP signal for ulterior processing. The adaptive element, inserted
in front of the laser, needs to be small and robust, in accordance with the characteristics of all OFI setups,
so conventional optical solutions such as zoom lenses are not an option due to its volume and cost.
Thereby, in this chapter we will first study in section 3.a the possible solutions for a variable focus optical
system and we will then propose a novel optical head for this purpose, including the design

considerations and the fabrication of the final prototype.

In section 3.b, we will investigate the performance of the new optical head in a typical OFI configuration
for the measurement of displacement, and its capability to control the feedback level of the laser diode.
This part will cover a complete description of the available solutions for feedback control, the
experimental configuration for the new approach, a simple measurement algorithm for controlling the
feedback level without the need of operator, and the experimental results showing the effectiveness of the

new optical head for feedback control.

Finally, in section 3.c, we will propose a novel measurement technique (which we named the Differential
Optical Feedback Interferometry (DOFI) technique) for high precision demands in which the potential
application of feedback control in the technique is presented. A last section will sum up the conclusions

of this chapter.

The contents of this chapter have given rise to a number of contributions. We would specially mention a
high-impact journal paper two conference papers [Atashkhooei 2011a] [Atashkhooei 2011b] related to the
optical head design and the adaptive control of the feedback level in OFI. The work regarding the DOFI
solution succeeded to be published as a PCT patent [Royo 2010], a conference paper [Azcona 2013a] and
a journal paper currently under review [Azcona 2013b], partly within a specific PhD dedicated to DOFI

currently under development.

3.a. Adaptive optical head (AOH)

To develop adaptive OFI solutions we need an adaptive optical element. This adaptive element will be
used to actively control the focal length of the system, so the spot size of the laser beam on the target may
be modified at will to find the best performance for the considered setup. In addition, we intend to
preserve as much as possible the compactness and robustness characteristic of OFI setups, which stand

out as one of their more relevant features. Among the different types of variable-focus lenses which have
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been recently proposed for auto-focus and zoom applications, miniature lenses which have been used for
cell phones and webcams are especially convenient to the setup due to their small diameter and physical

characteristics.

Both lenses using nematic liquid crystals and liquid lenses based on the electrowetting effect have been
proposed for a number of applications in industrial and commercial areas, such as in mobile phone
cameras, eyeglasses, machine vision applications, and auto beam steering. Other liquid lens approaches,
based on different physical property changes (i.e. pressure or elasticity) [Ren 2007] had not succeeded in
getting to the market at the moment when this work was done. However, at present, pressure-controlled

liquid lenses changing focus using a piezoelectric actuator start to be commercially available [Optotune].

Different approaches for liquid crystal lenses have been proposed such as polymer stabilized [Fan 2003],
modal controlled [Naumov 1998] and surface relief profile [Ren 2006] lenses. Among these approaches,
the surface relief one is the most attractive as it is free from light scattering and has a uniform response
time in the order of 1s. The response time of the liquid crystal molecules is, in general, their main
drawback and prevents from their use in high frequency applications, but they are commercially available

since a few years ago [OkoTech].

Alternatively, electrically tunable focus lenses based on the electrowetting effect have comparable
diameters, are more robust, and are particularly attractive for our application because of their faster
response time (80ms), wider focal length interval with both negative and positive powers (-12 to +18
Dioptres), and independence of the polarization of the incoming light [Berge 2000]. They are
commercially available from at least two providers, to the best of our knowledge, including Varioptic
[Varioptic] and Phillips [Philips] [Hendriks 2005]. They are currently mass-produced for mobile phone
camera applications, so they are widely available and relatively cheap. Their small diameter does not pose

a problem in our application, as the beam diameter we need to use is also much reduced.

In the next subsection we will briefly deal with the working principle and the typical features of
electrowetting-based lenses, which will be used as adaptive elements in our OFI setup. Later, subsection
3.a.2 will describe the design of the optical head taking into account the laser beam characteristics and the
desired optical focus range. In the last subsection 3.a.3, the final prototype which was constructed and

which is going to be used in this Thesis will be presented.

3.a.1. Electrowetting-based liquid lenses

Electrowetting-based liquid lenses are formed by a mixture of two immiscible liquids with different
refractive indices, like oil and water, which form a clear interface layer. By changing the curvature of the
intermediate layer the optical power of the lens can be modified and controlled. Different technologies
have been proposed for changing the curvature of the surface of the lens or the interface, such as using

electromagnetic [Lee 2007] or piezoelectric stack actuators [Oku 2006], to apply some pressure on the
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liquid volume for changing the curvature of the surface, electrochemical activation [Lopez 2005], other
mechanical means such as changing the aperture size of the lens by rotation of impellers using a lever
actuator [Ren 2005] and, finally, the electrowetting effect [Berge 2000]. Among them, electrowetting has
proven to be the most successful at the time of doing the experiments, because of higher image quality,
speed and reversibility, but also because of the capability of fabricating cheap and electrically controllable

lenses and, thus, because of its commercial availability [Varioptic].

As a simple description of the electrowetting phenomenon, when a voltage is applied between a metallic
electrode covered by a dielectric layer and a droplet of conductive electrolyte, an observable reduction of
the contact angle of the liquid and the solid surface occurs [Mugele 2005]. First works on electrowetting
were reported long time ago by Lippmann [Lippmann 1875] and later by Froumkin [Froumkin 1936].
Lippmann showed that adding electrostatic charges on an electrode can modify the capillary forces
present at the interface and thus can be used to change the curvature of the liquid droplet sitting on the

electrode.

As shown in Fig. 3.1, electrostatic charges induced by an applied voltage between the electrode and the
electrolyte are not uniformly distributed. In fact, charges tend to accumulate at the edge of the electrolyte
due to the electrostatic edge effect. So, the field at the corners tends to pull the electrolyte droplet down
onto the electrode, to increase the contact area of electrolyte-electrode interface and so to decrease the

contact angle (6) [Quilliet 2001].

non-conductive medivm b

insulator

electrode

Figure 3.1. Schematic representation of the principle of electrowetting [Quilliet 2001]

The Lippmann equation describes the contact angle and is given by

cos(f) =cos(b,) + (%JVZ (3.1

Where 6, is the contact angle at zero voltage, ¢ is the relative dielectric constant of the insulator, y is the

surface energy between the electrolyte and the surrounding medium (which in the case of the liquid
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medium is the liquid-liquid interfacial tension), d is the insulator layer thickness and V is the applied

voltage. Therefore, equation (3.1) quantifies how the contact angle, and subsequently the radius of

curvature of the droplet, is modified when the voltage changes.

In commercial liquid lenses, two immiscible liquids with different refractive indices (a water solution as

an electrolyte and an oil-like solution as a non-conductive liquid) are enclosed within a closed cell with

two transparent windows. To avoid any orientation to gravity, the same density for both liquids is chosen.

To stabilize the optical axis, a particular geometrical design for the closed cell has been performed as

shown in Fig. 3.2 [Berge 2005].
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Figure 3.2. Schematic diagram of a commercial electrowetting-based liquid lens [Berge 2005]

Figure 3.3 shows typical commercial liquid lens designs from Varioptic, with an external diameter of

7.8mm. The change of focal length and aberrations of the lens by modifying the voltage have been

characterized extensively.

Liquid Lens

Figure 3.3. A commercial Varioptic Liquid Lens and its holder [Varioptic]
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Figure 3.4 shows typical optical power and root mean square wavefront error in terms of applied voltage
out of extensive wavefront error analysis using a Shack-Hartmann wavefront sensor on electrowetting-
based lenses [Berge 2006]. In our approach area imaging is not involved, and aberrations will play a very
minor role. Their dynamic response, however, will be very relevant in our system, and has also been
analysed in depth [Gabay 2002]. Figure 3.5 shows the radius of curvature of the wavefront against time
when applying a step voltage of about 110V. The change in radius of curvature corresponds to a change

of 26 dioptres.
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Figure 3.4. Optical power and RMS of wave front error for a Varioptic lens as a function of voltage [Berge

2006]. The insert shows the frequency of the maximum wave front error (WFE) of 940 lenses in um.

. |80 7 T T T T T
Wavefront radius (mm)

160 [ f ]
140 ¢
120 1

|
n
wo L4 ]

80-\&K h

60 L. 1 4 I 1 1 1
0 20 40 60 g0 100 120

Time after step (ms)

Figure 3.5. Wavefront radius as a function of time for a 26 dioptre change corresponding to 110V step [Gabay
2002]
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Figure 3.6. Peak to Valley (PV) of the distortion of the wavefront after the lens as a function of time for 26

dioptre changes corresponding to 110v [Gabay 2002]

Figure 3.6 depicts wavefront distortion for the same voltage as a function of time, showing relaxation
time after applying a step voltage was in the order of 10ms and the time required for full wavefront
quality recovery was between 40 and 50ms. Electrowetting-based liquid lenses have been recently
proposed for a wide range of technological applications such as display technology [Hayes 2003] [Beni
1982], adjustable lens and micro-lens systems [Krogmann 2005] [Hendrinks 2005], or MEMS devices
[Krogmann 2006]. They are fast, compact, robust and cheap in mass production, so they make a very
interesting approach for an adaptive OFI configuration. They are the best option among the existent liquid
lens technologies. Their main drawback in general-purpose applications, which is their limitation
regarding effective diameter which cannot go beyond a few mm, is not relevant in our application where

only focusing a laser beam is required.

3.a.2. Design of the adaptive optical head

The conventional optical system used in OFI setups consists of a single biconvex lens, sometimes with an
aspherical surface, with a manual mechanical adjustment. This lens is displaced in a threaded mount at
the proper distance from the front facet of the laser so focusing the beam at the target distance is attained
and the adequate level of backscattered radiation is fed into the laser cavity. As mentioned before, our
intention is to use an adaptive voltage programmable liquid lens (LL) in the optical path of the laser to
modify the focal length of the system electrically, and implement adaptive adjustment capabilities. The

adaptive LL used in the rest of this thesis is an electrowetting-based ARCTIC 416SL-V3 LL [Varioptic].

The optical power behaviour and the wavefront error characteristics of this lens have been introduced in
the previous Subsection. As seen in Fig. 3.7 [Varioptic] by changing the applied voltage from a few volts
to 60V, the optical power can be modified from -12 Dioptres to +18.75 Dioptres, while the root mean
square (RMS) of the wavefront error is nominally kept below 0.05um. Interestingly, the focal length

variation is quite linear between a threshold and a saturation voltage.
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Figure 3.7. Measured characteristics of the electrowetting-based ARCTIC 416SL V3 LL [Varioptic].

Unfortunately, direct replacement of the conventional fixed focal lens by the LL does not work. A FPLD,
like the one we are using in all experiments is highly divergent (with typical beam divergence being 23°
the full width at half maximum (FWHM) for Hitachi HL7851G LD). In fact, divergence depending on the

direction of emission may be observed, being larger in the direction of the active medium layer, identified

as “perpendicular” in Fig. 3.8.
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Figure 3.8. Beam characteristics (at far field) of a typical Hitachi HL7851G LD [Thorlabs].

Fig. 3.9 shows the schematic geometrical diagram of the laser and a lens oriented to collimate the whole

power of the laser within the lens pupil, with angle 6 considered as the maximum beam divergence of the
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laser. Therefore, the maximum distance of the lens to the laser without power loss due to vignetting is

given by

D
amax =
2tan @

(3.2)

Where D is the lens aperture and 6 is the half angle of the laser beam.

Lens

£
-

A

Figure 3.9. Geometrical diagram of the laser diode and lens for the collimation of the whole laser power.

To avoid virtual image formation and beam divergence after the lens, then, the focal length of the lens
should be equal or smaller than a,,, value. Considering that the laser diode used is a Hitachi HL7851G
LD, with maximum beam divergence of 23° in FWHM, and considering that the commercial LL aperture
is limited to around 2.7mm, for collimating the whole laser beam within the LL pupil the LL should be
placed, as a maximum, 3.18mm away from the laser front facet. However, the minimum focal length
available for the LL is just 5.3cm, so using just a LL for focusing is unfeasible. On the other hand, ifa LL
with an aperture of 2.7mm is placed at Scm from the laser, a large amount of light will miss the aperture
due to beam divergence. Therefore, direct replacement of the fixed focal length lens with a LL is not a

correct approach for large range focusing.

Instead, the solution will be to use a combination of two lenses. The first one will be a fixed focal lens,

which will have essentially a collimating role, while the second one (the LL) will be used for focusing.

The goal of the design stage is thus to design a combination of two lenses, one of them being the LL,

which enables focusing the image of the laser diode aperture on the longest possible range of distances.

Let’s consider the general set up shown in Fig. 3.10 for the proposed optical system. Under paraxial
optics conditions (our case due to the small aperture involved), the position of the image formed by the

first lens is given by [Hecht 2002]

B s i—

1 1 1
= =g = pJi
P4 p -/

(3.3)
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Where p; is the position of the object, ¢; is the position of the image from the first lens and f; is the focal

length of the collimating lens.

First Lens Liguid Lens

Focal point

of the system

¥

S J2

Figure 3.10. General setup for the combination of two lenses.

The image formed by the first lens becomes then an object for the second lens. The position of the object
for the second lens is p, = d — ¢;, where d is the distance between the two lenses. Thus, the final image

distance is given by

11 1 _pnfs o _d-49)f;

q, = 3.4)
P, 4 )y 2 ? d—q, - f,

Where ¢; is the image distance from the second lens and f; is the focal length of the second lens (LL),
which is variable. Obviously, from equations (3.3) and (3.4), the final position of the image depends on
parameters d, f;, p; and f>. Hence, the idea is to select a proper combination of the values of d, f; and p,

to cover the largest possible range of final image distances using the available range of LL focal lengths

(1.

As a first step, the diameter of the first lens should be considered. We need to fix an aperture for the first
lens that avoids light losses in the second lens aperture, where the aperture is fixed. Since the distance d
should be short enough to have a compact and robust optical setup, the distance must be of a few
millimetres. As an example, a simulation result using ZEMAX (a common optical design software)
(Fig.3.11) shows that for the LL aperture of 2.7mm and d=5mm, the minimum aperture of the first lens

has to be Smm to avoid laser power losses in the entrance pupil of the LL.

Simulations performed in ZEMAX showed that d was not a critical parameter, in difference to a, the
distance from the front facet of the diode to the first lens. By fixing the lens aperture at a reasonable value
of 5Smm from equation (3.2), we recall that the value of focal length should be smaller than 5.89mm.
Moreover, it is preferred not to use large numerical aperture lenses because of the aperture aberrations

involved.
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Figure 3.11. Simulation result by ZEMAX. for f;= 5mm, p;=5.1mm, D = 5mm, d = 5mm, LL diameter = 2.7mm.

As a reasonable value available commercially the focal length is set equal to the lens aperture (f; = Smm).
The optical power of the available LL ranges between -12 to +18.75 dioptres [Varioptic], so its focal

length can be greater than 53mm (f> > 53mm) or smaller than -83mm (f> < -83mm).

By using the focal length values obtained and equations (3.3) and (3.4), the image distance can be

achieved in terms of the object position (p;) and the distance between the lenses (d).

Figure 3.12 shows the 3D graph of image distance in terms of focal length of the LL and the distance d

between the lenses.

In this simulation, f; = Smm, p; = 5.1mm and the negative optical powers of the LL is used. For positive
values of focal length in the LL, the changes in image distance present a small range of variation which is
not desirable, so the range of variation will be concentrated in negative values of the focal length of the

liquid lens for our purposes.

As an example, Fig. 3.13 shows the range of possible positions of the final image for a fixed distance of
the lenses (d = 5mm). The graph shows desirable image distance variations at negative focal length values
of the LL. The image can be moved from a few millimetres to couple of meters for the available range of

focal length values.

It is obvious that the number of attainable image positions depends directly on the number of possible

values accepted for the focal length of the LL.

Table 3.1 shows measured typical values of radius of curvature (R) and optical power of the LL (1/f),
versus the applied voltage. This table does not present the minimum possible steps of the LL power
change. However, in digital control of the LL the minimum voltage step available to modify the focal
length of the LL is set to 0.1V, so for a voltage range from 30V to 44V, which corresponds to the

negative power of the LL, we have 140 individual values for setting the image position.
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Figure 3.12. Variation of image distance versus focal length of LL and d, the distance between the LL and the

first lens. First lens set at p/=5.1mm, f;=5mm.
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Figure 3.13.Variation of image distance versus the LL focal length at fixed d value (f;=5mm, p;=5.1mm,

d=5mm), which is the configuration used in the experimental setup.
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Table 3.1. Typical values of the optical interface versus voltage for the ARCTIC 416SL-V3 LL [Varioptic] .

Voltage (V) R (mm) 1/f (Dioptries)

0 to 30 -7.23 -12.00
31 -7.33 -11.84
32 -7.89 -11.00
33 -8.56 -10.15
34 -9.36 -9.27
35 -10.36 -8.38
36 -11.62 -1.47
37 -13.26 -6.55
38 -15.48 -5.61
39 -18.67 -4.65
40 -23.62 -3.68
41 -32.32 -2.69
42 -51.63 -1.68
43 -131.25 -0.66
44 232.47 0.37
45 61.01 1.42
46 34.91 2.49
47 24.35 3.57
48 18.64 4.66
49 15.07 5.76
50 12.62 6.88
51 10.84 8.01
52 9.48 9.16
53 8.42 10.32
54 7.56 11.49
55 6.85 12.67
56 6.26 13.86
57 5.76 15.07
58 5.33 16.28
59 4.96 17.51
60 4.63 18.75

3.a.3. Final prototype

The schematic diagram of the final prototype of the adaptive optical head (AOH) designed is presented in
Fig. 3.14. The collimating lens and the LL have been mounted in a movable tube which is connected to a
fixed tube holding the laser diode, which is threaded onto the metallic heat sink used for cooling the laser.
This way, the position of the collimating lens can be adjusted relative to the laser bringing it to the
predetermined position if required.

Collunating o
Laser diode lens Liquid lens

Adjustable tube

Figure 3.14. Schematic diagram of the designed AOH including the fixed tube holding the laser diode and the
adjustable tube containing collimating lens and the liquid lens.
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The p;=5.1mm distance in the design condition is identified by a mark on the adjustable tube. The
adjustment was left as an option to optimize the experimental performance of the system as p; was a
critical value. Thereby, after properly fixing the position of the collimating lens, a large focusing range of

the AOH from a few millimetres to a couple of meters is available using the focus range of the LL.

As mentioned, in the final prototype, the distance between the collimating lens and the LL was set to
d=5cm. The collimating lens selected was finally an aspheric lens commercially available from Thorlabs
with a focal length of Smm, diameter of 6.48mm and clear aperture D=5mm, designed for a wavelength
of 780nm, to help to remove the small spherical aberration present and enable the beam image to be

diffraction limited. The LL is the mentioned ARCTIC 416SL V3 LL from Varioptic.

Figure 3.15 illustrates the final experimental prototype of the AOH mounted on the laser tube holding the
laser diode and connected to the laser feeding circuit. As seen in the figure, the LL is connected to its
driver so manual control of the LL voltage is enabled to modify the focal length of the LL. However, the
LL controller can also be connected and controlled using a computer via a USB connection, a
configuration which will be used later on when considering real-time speckle compensation using VC++

software.

Figure 3.15. Experimental configuration of the AOH; (1) Electronic signal acquisition board, (2) Metallic heat
sink containing LD package, (3) tube holding the fixed focal length lens and the LL, (4) liquid lens, (5) liquid

lens manual controller.

3.b. Adaptive control of the feedback level

In this section, the AOH will be used in order to control the feedback level and to improve the SNR of the
OOP signal. To our knowledge, the only solution covered in the literature to change the feedback level

involves a variable optical attenuator (e.g. a liquid crystal attenuator) in the external cavity [Donati 1996]
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[Norgia 2003], as shown in Fig. 3.16. The variable attenuator operates as an automatic gain control
system to adjust the feedback power preventing the signal from becoming chaotic. This means it is only
suitable for reducing the feedback level, not for increasing it. In addition, the effectiveness of using an
attenuator for feedback control has not been characterized quantitatively. It is only useful to avoid
excessive power feedback in the cavity and thus avoiding potential fringe loss due to hysteresis, by

reducing the coupling coefficient.

laser chip
photodiode p target
signal N ﬂL >
out ”
objective  attenuator
lens

Figure 3.16. Basic configuration of OFI with an attenuator [Norgia 2003]

Our approach is using the new AOH designed for changing and controlling the feedback level of the
laser, by focusing or defocusing the beam on the target, modifying the size of the spot of the beam on the
target. In our approach, both excessive feedback and poor feedback conditions can be managed by simply
modifying the spot size on the target, which changes the amount of light which gets back in the laser
cavity. We will first present the experimental configuration for feedback control using the new optical
head. Then, a simple control algorithm will be introduced for controlling the feedback level and keeping
it in a given regime. At the end of this section, experimental results for feedback control will be
demonstrated. Results will validate feedback control using the AOH and show the capability of the new

head for keeping the laser in a desired regime for a long range of target distances.

3.b.1. Experimental configuration

Figure 3.17 presents the experimental setup diagram of OFI with the AOH configuration embedded. As
presented in subsection 3.a.3, the AOH enables to focus the beam in a long distance range going from a

few millimeters to some meters.

The equipment arrangement for the experimental setup has been illustrated in Fig. 3.18. In the setup the
LD is a Hitachi HL7851G single mode LD with 50mW maximum output power and a wavelength of
793nm. The target used is a P-753.2CD piezoelectric transducer (PZT) from Physik Instrumente (PI),
equipped with an integrated capacitive sensor which allows monitoring the motion of the transducer with
an accuracy of 2nm, which will be used as a reference sensor in all experiments. The PZT is controlled by
the LVPZT controller (E-665), driven by a function generator to generate harmonic or arbitrary

displacements of the PZT.



3. Feedback control in OFI

= LL Cantroller

PD LD CL ¥LL

D ADC—{AMP| | — i PZT

Computer .

Electronics

SMLD AOH

Figure 3.17. Schematic diagram of the experimental setup for OFI with AOH.

The OOP of the LD is monitored using the integrated monitor photodiode, whose signal after
amplification is monitored using the oscilloscope. The oscilloscope uses an analog to digital converter
(ADC) to turn the signal to digital, which is then acquired by the computer (PC) through a USB

connection.

All experiments are performed on an optical table, which limits the maximum possible distance of the
target from the LD to 280cm. The minimum possible distance of the target from the LD is about 25mm,
limited by the size of the AOH assembly.

LVPZT Controller Function
pemmm e ] L= Oscilloscope (DP02024) (E£665) Generator
: b L 4 4
Computer -, T T
I
O -1 LL Controller «

Laser Diode
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Figure 3.18. Arrangement of the laboratory equipment of the experimental setup.

3.b.2. Algorithm for adaptive feedback control

As commented in the introduction, one of the potential applications of adaptive feedback control is

removing the need for a skilled technician to manually adjust the feedback level of the laser, automating
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the arrangement and performance of OFI setups. This requires an automated feedback control algorithm,
which is proposed next, although has not been implemented in practice within this Thesis. The algorithm
for feedback control we propose for OFI is based on monitoring the SNR value and the coupling factor
(C) of the acquired OOP signal, and then changing the focal point of the optical system when needed. Fig.
3.19 presents the block diagram of the algorithm. SNR and the C value of the OOP signal are the

parameters used as gauges of the control algorithm.

As discussed in section 2.c, to perform reliable measurements and correct fringe detection, the coupling
factor should be kept close to 1, so giving a 20% tolerance to account for potential errors in the
algorithms for estimation of C, acceptable values for the coupling factor are kept between 0.8 and 1.2 as
Cpin and C,. Applying some fringe-loss compensation algorithm [Zabit 2010], the desired regime for

processing could be in the moderate regime with C values from 1 to 4.6.

F=F,, 2| Acquisition Cc;lfufa?i?n Focus found
F=F—-dF Fail!

Figure 3.19. Block diagram of the adaptive feedback control algorithm.

Besides, it should be considered that the OOP signal can become noisy, introducing fringe losses due to
problems in its detection, rather than due to hysteresis. Therefore, an additional metric of quality for
avoiding too noisy signals is introduced through the use of the SNR of the signal, which is kept above a
given threshold value SNRy,,, which defines the minimum SNR value where the signal is reconstructed

reliably.

In the control algorithm, the focal length is started at F,,;,, where F,,;, is the closest focus position which
can be achieved using the AOH. Then the OOP signal is acquired, and the SNR and C values are
recovered. Given that the C value obtained is between C,,;, and C,,,, and that the SNR is higher than
SNRyy, the focal length applied is considered adequate for its measurement. If C or the SNR values are
not in the desired range, then the focal length is changed to F' + dF (taking about 80ms) where dF  is the
minimum focus step enabled by the AOH, corresponding to a 0.1V change of the LL voltage. The process

is iterated until the desired regime is obtained.
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As the OOP signal of the LD under feedback is comparable to that in an electrocardiogram (ECG), the
method of SNR calculation used for ECG signals [Gautam 2008] is applied to the OOP signal to obtain
the SNR of the signal, which is an original proposal of this PhD Thesis. To calculate C, the PUM method

described in subsection 2.d.2.3 has been used.

In this thesis, this algorithm has not been implemented in closed loop for feedback control and it is left as
potential future work. However, its feasibility is experimentally checked in the following section where

the experimental results validate the feedback adjustments by the AOH.

3.b.3. Experimental results

The results for feedback control will have two separate steps. First, we will demonstrate the capability of
the AOH for changing the optical feedback of the laser and keeping it in a certain regime for a vibrating
target at a certain distance. Next, we will show the ability of the AOH to keep the feedback level in

moderate regime without fringe loss for target distances ranging from a few centimeters to some meters.

Figure 3.20 shows the OOP signals of the LD obtained at four different focus conditions achieved by the
AOH for a vibrating target at a fixed distance of D = 60cm. In this measurement, the PZT excitation
was a sinusoidal harmonic signal with peak to peak amplitude of AD = 4.50um and a frequency of 100Hz.

The target surface in all measurements was a metallic diffusive surface.

As far as the appearance of each fringe is due to a target displacement of /2, the expected number of
fringes N (N = round (2AD/A)) in each half period of the oscillation is 11. The fringe loss condition
resulting in a wrong number of fringes presented in Fig. 3.20 (a) to (c) is due to the large hysteresis
caused by the large feedback strength achieved, with an important amount of the energy emitted re-

entering the cavity, as described in section 2.c.

A well-focused status of the beam on the target results in 8 fringes in each half period of target oscillation
(Fig. 3.20a). Then, by increasing the spot size on the target by changing the LL focal length, one lost
fringe reappears (Fig. 3.20b), reducing the hysteresis in the OOP signal by reducing the amount of laser
light re-injected in the cavity. Further increases in spot size bring on the recovery of another lost fringe
(Fig. 3.20c), and finally achieve the desired signals in moderate regime with low hysteresis and no fringe-
loss (Fig. 3.20d), adequate for accurate measurements. Therefore, by using the LL focus variation
capacities, lost fringes were recovered leading to keep the signal in moderate regime, enabling accurate
measurement of displacement. Furthermore, the feedback level was shown to be directly controlled using

the change in voltage at the LL.

Obviously, in the described FCM method presented in subsection 2.d.2.1, losing a fringe increases the
measurement inaccuracy in half wavelength. More accurate signal reconstruction methods like PUM also
can have important accuracy losses in the presence of lost fringe(s) [Zabit 2010]. Table 3.2 shows the C
and @ values estimated by PUM for each of OOP signals presented in Fig. 3.20. As it can be seen, a
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better focusing of the spot results in a heavier fringe-loss condition, and in a higher C value leading to
larger hysteresis. By increasing the spot size the feedback level is consistently changed, modifying the
value of C, and the OOP signal can be kept in a regime having a proper set of (C, @) values, avoiding
fringe-loss. No relevant changes in the feedback phase @ are observed due to the modifications in spot

size.
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Figure 3.20. Experimental OOP signals for a 785nm LD for a target distance of D = 60cm, a vibration
amplitude of AD = 4.50um and vibration frequency of 100Hz for various focus of the laser beam generated
using the AOH. [Atashkhooei 2011a]

Table 3.2. Influence of fringe-loss in the value of the coupling factor C and the feedback phase ®(rad) for the

signals obtained in Fig. 3.20.

Focus Condition @ M) © @
No. of fringes (N) 8 9 10 11
Coupling factor (C) 78 6.7 56 4.1

Feedback phase (®(rad)) 4.1 4.0 4.1 39

Another interesting feature of the AOH is its capability to overcome the limits in the OOP signal imposed
by the distance to the target. According to equation (2.15), the modification of the laser-target distance D

directly modifies C value. However, changes in D affect also other parameters relevant to C, like the total
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attenuation of the beam, so the total amount of back-reflected light re-entering the cavity can be modified.
Usually, for a cooperative target at far distances (>1m), the moderate regime signal with large hysteresis
is achieved. Decreasing D down to a few centimeters may change the moderate feedback regime to the
weak regime implying directional ambiguities. Reversely, increasing D value can result in a large
increase in C and in fringe-loss behavior. Thus, a direct application of our AOH is to keep the LD under
moderate regime feedback with no fringe-loss conditions keeping the set of (C, @) at the proper values
for a large amount of D values, allowing accurate measurement of the amplitude of vibration in the full

distance range.

Figures 3.21(a) to 3.21(d) show the acquired signal using the conventional OFI optical setup, which uses
a mechanically adjustable fixed focal lens with the beam focused to infinity to be able to recover a proper
OOP signal in a large distance range from the target. In our setup, we used the collimating lens without
LL in that role. Under this measurement conditions, D is varied from 6.5¢cm to 280cm, while the
amplitude of target vibration is kept constant at 4.50um. Thus, 11 fringes should be recovered in each half

period of oscillation of the target.

As may be seen, in Figs. 3.21(a) and 3.21(b), the expected 11 fringes at each half period are obtained.
However, when the distance to the target D increases the coupling coefficient C also increases (equation
(2.15)), and hysteresis effects start to appear. At D = 150cm two of the fringes are lost, with the
subsequent inaccuracy in the measurement. When D was raised to 280cm, the maximum distance
attainable on the optical table, it was found that just one fringe was lost, because of the significant

increase in total attenuation which appears at such distance.

Figures 3.21(e) to 3.21(h) show the OOP signals obtained using the AOH under the same measurement
conditions described in Figures 3.21(a) to (d). Notice how the use of the AOH can keep the OOP signal in
the low hysteresis moderate regime condition at all distances, recovering the expected 11 fringes for the

complete distance range. Attenuation is now observed only in the reduced amplitude of the OOP signal.

Table 3.3 presents the C, @ and N estimated values for the measurements performed by the two optical
systems at different distances. Values of C and @ were again calculated using the PUM method described
in subsection 2.d.2.3. For the signals obtained using fixed focal optics, the C value consistently increases
when the distance is increased from 6.5cm to 150cm, while at D = 280cm the C value slightly decreases
due to larger power attenuation at large distances, following the expected trend in equation (2.15). C
values obtained using the AOH may be seen to be in the moderate regime at all times. Again, no

significant effect on the feedback phase is detected.

The coupling coefficients obtained are consistent with the corresponding OOP signals. At D = 6.5 cm, the
fixed focal optics gets the signal in weak regime (C = 0.8) while using the AOH we could find the
moderate regime signal (C = 1.6) allowing in both cases the desired accurate signal reconstruction. At

D=75cm, both systems still present OOP signals in the moderate regime.
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Figure 3.21. Experimental OOP signals for a 785nm LD for distances increasing from 6.5cm to 280cm with a
vibration amplitude of AD = 4.50um and a vibration frequency of 100Hz. (a) to (d) correspond to signals
acquired using a fixed focal lens; signals in (c) and (d) present hysteresis and fringe-loss; (e) to (h)
correspond to acquired signals using the AOH, where no fringe-loss appears in the whole distance range.
[Atashkhooei 2011a]
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Table 3.3. Influence of changes in distance on the coupling factor C, feedback phase ¢ and number of
fringes detected, with AD = 4.50um for both optical systems. The performance of a collimating lens focused

at infinity (CL) and the AOH are compared.

Obtained by CL Obtained by AOH

D(cm)
C ®(rad) N C ®(rad) N
6.5 0.8 3.7 11 1.6 4.6 11
75 4.2 4.6 11 3.8 4.0 11
150 6.1 4.2 9 32 4.2 11
280 5.8 4.5 10 42 44 11

At D =150cm and 280cm, the fixed focal optics can’t keep the LD in a regime without hysteresis and
fringe-loss occurs, while the AOH can control the feedback level keeping the signal in moderate regime,
avoiding fringe-loss. Results demonstrate how the proposed AOH can be used to keep the C value
between 1 and 4.6 at all distances, keeping the signal in the desired moderate feedback regime in all
cases. PUM has been used as reconstruction technique for all measurements of vibration. The error
obtained when compared with the reference capacitive sensor for the OOP signals using AOH was less
than A/16 at all distances, in agreement with the typical resolution of the method. Figure 3.22 presents the
displacement reconstruction of the OOP signal obtained using AOH at D = 150cm shown in Fig. 3.21(g)

compared to the reference signal from the capacitive sensor, showing very good agreement.
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Figure 3.22. Displacement reconstruction of the OOP signal (shown in Fig. 3.21(g)) obtained using AOH
configuration at D = 150cm, compared to the signal of the capacitive sensor used as reference. [Atashkhooei
2011a]
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3.c. Differential optical feedback interferometry: a proposal for high resolution

measurements

3.c.1. Introduction

Laser interferometry has long been used as a powerful metrology tool, where its use as a precise sensor
from aerospace applications to research labs is now widespread. There is a considerable demand for
robust and high precision sensors in several applications, like for instance in cantilever positioning in
atomic force microscopy (AFM), for material characterization and for high accuracy positioning. Thus, a
robust, compact, cost effective, and easy to use solution would for sure pave the way for a number of
novel applications and opportunities. Thereby, in the past decade, a big effort has been made in the
enhancement of performance of the OFI sensor regarding accuracy and resolution. However, it has
typically been approached from the signal processing side, in particular using the PUM method, where the
resolution of the technique was reduced to A/16 (49 nm for A = 784 nm) while with an additional pre-
processing a resolution of A/25 (~31.3 nm for A = 784 nm) for weak feedback was reported [Wei 2007].

Other methods based on previous calibration also report resolution in the range of tens of nanometers.

In this section we are going to introduce and validate a concept which enables resolutions below the
nanometer range in setups based on OFI sensors. Furthermore, it enables measurements of very small

magnitude, well beyond the A/2 limit imposed by the existence of the first fringe.

The proposal involves a setup with two LDs arranged in a such a way that one is oscillating and pointing
to the target as measurement LD, while the other one is stationary and points towards the vibrating LD

stage, which is used as reference sensor.

Figure 3.23 shows the schematic diagram of the proposed solution. According to the configuration, for a
stationary target both LDs will have the same OOP signal, considering the same feedback regime has
been adjusted using the AOH just described, and assuming both lasers have the same wavelength. When
an unknown displacement is applied to the target, the measurement LD will present differences in its
OOP which can be detected using the other LD as reference signal. The aim is to explore the feasibility of
measuring accurately the unknown displacement out of the comparison of the two OOP signals. We have

called the solution as Differential Optical Feedback Interferometry (DOFT).

Thus, what will be compared is the difference in the fringe positions of the two lasers involved. If the
target is stationary, the fringes in both lasers should occur exactly at the same time in the signals. Any
slight target displacement will introduce a slight difference in time on the fringes. The target displacement

can be extracted out of the difference in fringe positions in the acquired sequence of both signals.
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Figure 3.23. Schematic diagram of the configuration of DOFI.

Figure 3.24 depicts a typical case in which the target has undergone a small displacement. The position of
the fringes in the measurement LD generated by the (sinusoidal) vibration of the LD mounted onto a
piezoelectric actuator changes visibly when compared to the fringe positions obtained in the reference
LD. This difference in the positions of the fringes enables us to measure the target displacement by
comparing the OOPs. What really is appearing is a time delay in the appearance of a given fringe

introduced by the change in optical path in one of the beams due to the movement of the target.

j {LBT signal

Figure 3.24. Fringes in the acquired sequence of the OOP signal for both LDs when the measurement LD is
vibrating and there is a small target displacement. Differences in the positions of the fringes cary on the

information on displacement of the target.

Ideally when the target is stationary both LDs should present the same fringe positions, but in practice it
is not easy to get to that point as plenty of parameters introduce different types of noise and inaccuracies.
Let us mention the most relevant. In order to have the same fringe positions for the two LDs, for instance,
both LDs should have the same wavelength (which is not obvious at the nm level). Typically

manufacturers specify a tolerance in the wavelength of the lasers which has a dispersion of a few nm.
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Besides, it is well known that changes in the temperature of the laser junction may change the
wavelength, meaning that a specific circuit for temperature control should be included in the modulation
and amplification circuit to stabilize wavelength with temperature changes, and transient times need be
considered when setting on the setup. Another very important parameter is the feedback regime, as far as
both lasers should be in the same regime, preferably in the region in the frontier of the weak and moderate
(C~1) feedback regimes to avoid fringe loss, achieving reliable fringe detection and having the same
phase jumps in all the fringes. The SNR of the OOPs has also its usual and very relevant role in the
accuracy of the fringe detection. To control both the feedback level and the desired SNR in both lasers,
the use of the adaptive feedback control technique presented in the previous section of this Thesis is a

perfect tool.

In the approach we are proposing, the resolution of the technique is fully related to the signal acquisition
rate (the number of points per second acquired in the oscilloscope) and to the number of fringes per
second, which we will define as the sampling rate (SR) of the technique. The SR is the number of fringes

which appear in half a period of the displacement of the measurement diode, which can be obtained as

a
% 4a Adaf

SR=T7 =~ 3-3)
7

Where a is the peak to peak amplitude of the vibration of the measurement LD, T is the period of the
vibration and f'is the frequency of the oscillation. Notice that several frequencies (lasers, displacement of
the linear stage moving the measurement laser, sampling, signal acquisition) and amplitudes are involved
in the description, so language can be quite tricky. An effort regarding this has been made but still

attention is needed in order to understand what is being addressed in each moment.

Obviously, the larger the sampling rate, the better the resolution in displacement reconstruction which can
be achieved. Besides, the displacement of each fringe carries on a certain amount of information about
the displacement of the target, so having more fringes in the OOP signal due to a large displacement of
the measurement diode increases the information we recover from the movement of the target. In order to
have a uniform sampling in the fringes, the vibration of the measurement LD is selected to follow a
triangular wave pattern. This means that fringes appear regularly spaced in time along the continuous
slope of the displacement, until a slope change is introduced. A simple simulation experiment will be

performed to clarify the details of the technique proposed.

This technique has been presented as first time in this thesis, so the contents of this section have been
published as a PCT patent [Royo 2010]. Due to the complexities in the detailed implementation and
analysis of the technique it has given rise to a new PhD work currently under development, which for the

moment has given rise to the presentation of a paper [Azcona 2013b] and a publication in an international
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conference [Azcona 2013a]. The work presented here corresponds only to the first results of the setup,

performed in this PhD thesis.

In the following subsection, some details of the signal processing methods and the algorithms used for the
complete reconstruction of displacement out of the differential management of the OOPs of the LDs will
be presented. Later, in subsection 3.c.3, the simulation of the technique under different vibration
conditions for the measurement LD, including signal shape and target amplitude, and the implementation
of a linear approximation method in the reconstruction process to improve the accuracy will be described.
Finally, in subsection 3.c.4, experimental results of a preliminary setup showing the validity of the

approach will be shown.

3.c.2. Signal processing

The technique is based on the comparison of the fringe positions in the OOPs of the lasers, so the first
step will be fringe detection using the classical FCM algorithm. The OOP of both lasers is first filtered,
and then the derivative of the signal is calculated leading to the appearance of sharp peaks in the positions
of the fringes. A threshold value detects the fringes in the conventional way, so the position of the fringes

in the OOP signal is obtained and saved in an array as F’POS(i) where i is the fringe number in the OOP.

Hence the amplitude of the relative displacement of the target at the fringe position (displacement

between two fringes) can be achieved by comparing the fringe positions in both OOPs as

ADG) _(ij FPOS, (i)— FPOS. (i) (3.6)
2 )\ FPOS, (i)- FPOS, (i-1) '

Where FPOS, (i) is the position of the ith fringe in the OOP of the measurement LD, FPOS,(i) is the
position of the ith fringe in the OOP of the reference LD, and AD(i) is the relative displacement of the

target at the ith fringe position.

After calculating the relative displacement at each fringe position, an integrator algorithm adds or
subtracts the relative displacement to obtain the relative target displacement in terms of time. The

complete signal processing procedure to obtain the target displacement is schematically depicted in Fig.

3.25.
Acquisiti Low-Pass r--tl_---------------l Caleculati Calculati I
equisition: | | Low- [N N . ! alculating; | ca ing: | | I N
OOP,. OOP,, Filtering [ 7] at Thresholding [T rpos_rros, [ 250 g AD®
| 1
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Figure 3.25. Block diagram of the signal processing procedure for DOFI solution.



3.c. Differential optical feedback interferometry

An interesting feature of the technique is that the positive and negative values of the relative fringe
displacement between the reference and measurement OOP signals contain the information on the

direction of the displacement, so there is no directional ambiguity in the measurement of displacement.

In this Thesis we have only considered the two most simple methods for target displacement
reconstruction, consisting in direct AD(?) estimation and in linear approximation. Direct AD(#) estimation
simply returns the amplitude of the displacement at each fringe position, without any information in the
regions without fringes. This leads to the typical staircase shape of the displacement signal. In the linear
approximation case, the displacement in amplitude between the fringes is linearly approximated from the
values at the previous and next fringes. The performance of both methods will be investigated in the next

subsection by simulation.

3.c.3. Simulation

Once the proposed setup and its characteristics have been discussed, the feasibility and accuracy of the
DOFTI technique for high resolution measurement of displacement will be investigated by simulation. The
OOP of a LD under feedback is simulated according to equations (2.14) and (2.21). The frequency of the
laser under feedback is obtained from equation (2.14) using the mid-point method (also known as
modified Euler method) [Griffiths 1991] and the value is used in equation (2.21) to determine the
associated OOP value. The values of the parameters used in the simulation are shown in table 3.4

[Coldren 1995], which are typical values of the parameters used in the literature.

Table 3.4. Values of the parameters used in the simulation.

Parameter Symbol Value
Wavelength A (nm) 784
Light speed c(m/S) 299792458
LEF o 5
LD cavity length L (um) 500
Group refractive index u 4.5
LD front facet ref. coeff. 1) 0.9
Target reflectivity 13 4.4%107
Mode mismatch factor € 0.5
Target distance d (m) 1
Frequency of vibration of the measurement LD  f (Hz) 100
Sampling in simulation Points/S 21x10°

In all simulations, parameters are set to obtain a coupling factor C close to 1 (C = 1.0), to avoid fringe
loss and get reliable fringe detection. Feedback is thus in the frontier between weak and moderate
feedback levels.

Thereby, based on the configuration of this technique, the simulated OOPs of both LDs for a small target
movement (defined as the half-period of a sine-wave with a maximum amplitude of 100nm and a period
of 6.6ms), considering a triangular oscillation of the measurement LD (with peak to peak amplitude of

20A and frequency of 100Hz) are shown in Fig. 3.26. The sampling rate selected is 8kHz.
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Figure 3.26. Simulation results for DOFI. Peak to peak amplitude of the oscillation of the measurement LD

was 20A with a frequency of 100Hz, sampling rate was 8kHz, target actuation of 3.3ms, and the simulation

sampling of 210000 points per period.

The position of the detected fringes, the reconstructed displacement, and the error which appears in the
target reconstruction (from the comparison of the reconstructed displacement and the original one) are
presented in Fig. 3.27. According to the configuration of the proposed technique, the reference LD sees
the optical path length difference (relative laser-target displacement) of the triangular waveform
oscillation while the measurement LD senses the triangular waveform oscillation with the superimposed
target displacement. In this simulation, the maximum error obtained was 11.37nm and the average error
was 3.65nm. As seen in the figure, the reconstructed signal does not reach to exactly zero after the target
vibration because of the relative nature of the technique, and due to the small quantization errors

introduced in the determination of each fringe position.

To peek into the effect of changing the sampling rate in the accuracy of the measurement, the same
simulation is now repeated with a higher sampling rate by applying a larger amplitude of displacement (5

times) of the triangular waveform oscillation of the measurement LD.

Figure 3.28 shows the results of the simulation for a measurement LD oscillation with peak to peak
amplitude of 100A. The sampling rate has thus been increased from 8kHz to 40kHz in the simulation. The

maximum error has now decreased to only 2.65nm and the average error has reduced to 0.77nm.
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Figure 3.27. Simulation results for the DOFI. Detected fringes, reconstruction, and error obtained for the
OOPs simulated in Fig. 3.26. The maximum error in amplitude obtained is 11.37nm and the average error

reached to 3.65nm.

The value is roughly 5-fold smaller than the error achieved with the 5-fold lower sampling rate. Sampling
rate, in the shape of large amplitude displacements of the measurement LD, has thus the expected direct

effect on the accuracy of the results which can be achieved.

As suggested in the previous subsection, a linear approximation can be used to yield a more accurate
reconstruction. Results using the linear approximation method are presented next. Figure 3.29
demonstrates the results of the simulation for a triangular oscillation of the measurement LD with a peak

to peak amplitude of 202, using the linear approximation reconstruction.

The maximum error has been reduced to 2.38nm and to an average error of 0.07nm (which corresponds to
0.7% of the total amplitude in target displacement). The error values are significantly lower than the ones
achieved by direct fringe counting. Thus, the use of the linear approximation method for reconstruction
of the displacement of the target combined with a large sampling rate leads to improved accuracy in this

DOFI technique.
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Figure 3.28. Simulation results for DOFI solution. Peak to peak amplitude of measurement LD oscillation was
100X with frequency of 100Hz, sampling rate of 40kHz, target actuation length of 3.3ms, and the simulation

sampling of 210000 points per period. The maximum error obtained is 2.65nm and the average error reached
to 0.77nm.

3.c.4. Experimental results

In the real experimental setup some parameters appear which add noise in the measurements and further
affect its accuracy. For a stationary target, both LDs should sense exactly the same displacement and
present the same fringe positions. However, even neglecting the dissimilarities of the LDs, factors like
ambient mechanical noise or couplings, lack of the mechanical robustness of the system, and electrical or

electronic noise degrade the performance of the setup in the real measurement.
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Figure 3.29. Simulation results for DOFI with linear approximation for reconstruction. Peak to peak amplitude

of measurement LD oscillation was 20A with frequency of 100Hz, sampling rate of 8kHz, target actuation

length of 3.3ms, and the simulation sampling of 210000 points per period. The maximum error obtained is

2.38nm and the average error reached to 0.07nm.
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Besides, having the coupling factor out of the desired range (C~1), especially when the regime is under
high hysteresis implicating fringe loss, makes impossible for the technique to work properly. Therefore,
we have used spot size adjustment in all experiments to be able to have the desired range of coupling
factors for both lasers. This feedback control by spot size adjustment was done manually by moving the
focusing lens mechanically until getting the proper focus condition, which resulted in the desired
feedback regime. This feedback adjustment may be done precisely with the AOH presented in the section

3.a using the closed loop algorithm proposed in subsection 3.b.2.

Figure 3.30 depicts the measurement configuration we set for DOFI. Both LDs were Hitachi HL7851G
LD emitting at a nominal wavelength of 784nm with a maximum output power of 50mW. The
measurement LD was mounted on a P-753.2CD piezoelectric transducer (PZT) from Physik Instrumente
(PI) oscillating with a frequency of 1Hz under a triangular-shaped signal of amplitude 40A. To reduce
possible mechanical coupling and noise, a very low frequency (1Hz) has been used as at higher
frequencies the noise of the LD package may get higher. The target in this setup was a P-244 HVPZT

piezoelectric translator, also from PI.

_ 7 : Target
Vibrating PZT i - (P244 ;{gVPZT)
(P-753.2 CD PZT) :

Figure 3.30. Experimental configuration for DOFI.

Figure 3.31 shows the measurement results and the reconstructed displacement using the linear
approximation for the stationary target. Although it is expected to be zero, noise of different origin is
added to the signal, so a virtual displacement with maximum amplitude of 7.2nm and an average of
0.35nm is present in the results when the target is at rest, setting a lower limit to the accuracy of the

measurements under this setup. In this experiment, the sampling rate was 160Hz.

Figure 3.32 demonstrates the measurement results for a sinusoidal periodic perturbation of the target. The
reconstructed displacement has been achieved using the linear approximation method. A sinusoidal target
displacement with amplitude of 265nm at a frequency of 7.41Hz is applied to the P-244 HVPZT

translator.
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Figure 3.31. Experimental results for stationary target using DOFI solution. The measurement LD oscillation
frequency was 1Hz and the sampling rate of the measurement was 160Hz. The Maximum noise achieved was

7.2nm and the noise average was 0.35nm.

A triangular-shaped waveform is applied to the P-753.2 CD PZT to vibrate the measurement LD with a
frequency of 1Hz and a peak to peak amplitude of 40X. The sampling rate was thus again 160Hz in the

experiment.

The target displacement shown in the figure is the signal applied to the target PZT and has a high
frequency noise which was eliminated using a low-pass filter. Comparing the reconstructed displacement
with the target displacement signal results a maximum error of 20nm and an average error of 3.6nm. This
is an average error close to A/200 which, to our knowledge, is the largest accuracy ever claimed using

OFI.

Several enhancements may be considered here yielding to further enhancements. The exact wavelength
value of the LDs can be measured and differences taken into account in the algorithms. A mechanically
more robust configuration and which takes better care of all coupling effects can be found. Stabilization
of the temperature of the LDs is just a matter of improving the circuit. A reference capacitive signal in the
target would provide a better evaluation of the error. All of these simple enhancements are expected to

reduce the error values in the technique.

Besides, as explained in the introduction, to reduce the error, the coupling factor (C) for both lasers

should be the same and close to one, so the use of adaptive optical head for feedback adjustment before
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the measurements start will be required. Hence, the adaptive head may also be used to improve the

performance of DOFI solution and reduce the errors.

x 10 Target displacement

T
E 07 BY . Er Yy . | | T iy a ; . -
i 1 1 1 1 1 ‘
—8.1 -0.075 -0.05 -0.025 0 0.025 0.05 0.075 0.1
5X 107 OOP of the meas. LD
\ \ \ \ \ \
S JAAALARNAAAN S ; A AA 7
i 1 1 1 1 1 1 1
-8 1 -0.075 -0.05 -0.025 0 0.025 0.05 0.075 0.1
<107 Reconstructed displacement
]y s = R —— [ — -
BT
DI oo SR B T S R
-0.1 -0.075 -0.05 -0.025 0 0.025 0.05 0.075 0.1

Figure 3.32. Experimental results for a sine perturbation of the target using DOFI and the linear
approximation method. The measurement LD oscillation frequency was 1Hz and the sampling rate of the

measurement was 160Hz. The target frequency was 7.41Hz with a peak to peak amplitude of 265nm.

Another very relevant contribution of the proposed technique is, for the first time, to enable OFI
measurements to detect small displacements below A/2. That is, measurements are done even considering
that no fringe would be appearing in the OOP of a single, static LD pointing to the target. Prior to this

proposal, the target displacement should be larger than 4/2 in order to be detectable.

3.d. Conclusion

In this chapter, we have studied the possible solutions for a variable-focus optical system for spot size
adjustment by electrical modification of the focal length of a liquid lens, enabling to get the desired

feedback level for accurate measurements.

Among the available solutions, voltage programmable electrowetting-based liquid lenses were found to

be the best option for adaptive focusing in OFI. Thus, an adaptive optical head consisting of a LL and an
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aspheric lens has been designed for large range focusing purposes, leading to the construction of a final

prototype.

The performance of the presented AOH was tested for feedback adjustments. Experimental results
showed its ability to modify the feedback level of the laser from weak to high hysteresis moderate regime,
keeping the coupling factor in a desired range, and avoiding the fringe loss for a large range of target
distances. Thereby, the feedback adjustments by the presented AOH has been proved experimentally and
showed how the AOH may be considered as a reliable solution for feedback adjustment prior to the

measurements, suitable for operator free conditions.

Also, we have presented the DOFI technique as a novel solution for high resolution measurements in
which the AOH could be used for controlling the coupling factor. In this solution, two lasers (one
vibrating, one stationary) having the same feedback level with C~1, are used so the positions of the
fringes which appear in both OOPs are compared. Experimental results have shown an average error
close to A/200 which, to our knowledge, is the largest accuracy ever claimed using OFI. DOFI should be
thus be considered a solution with very large potential due to its accuracy, combined with its compacity,

robustness and low cost.
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4. Speckle control in OFI

As described in section 2.e, the speckle effect is essentially due to the superposition of the coherent beams
randomly scattered from a diffusive surface and appears as a granular interference pattern. In OFI there is
no significant speckle effect when small displacements of the target (below 100um) are involved, as far as
the feedback and SNR levels may be normally adjusted, prior to the experiment, using a fixed focal lens
to have the right feedback level and SNR of the OOP. When large displacements (from a few millimeters
to some centimeters) are involved, the amplitude of the OOP is randomly modulated by the speckle
effect, leading to frequent signal fading and subsequent signal loss, apart from the introduction of an
undesired speckle phase error. In absence of the speckle effect, the basic resolution in OFI is /2 of the
laser, which may be improved numerically to A/16 using PUM. Speckle effect may introduce a
considerable error in the measurement (estimated to be in the order of 10% for displacement
measurements [Donati 2004]) which is hindering OFI to be used in a range of applications where large

displacements with speckled signals are present.

As explained in section 2.e, the only practical solution to speckle presented in the literature is the BST
technique, which uses an in-plane piezoelectric positioning system which moves the laser beam
transversally (perpendicular to the laser beam) and scans the target surface during its displacement
looking for a bright speckle spot. This solution is neither simple nor cost effective. Besides, during a large
displacement of the target, the laser beam can become out of focus, leading to very weak backreflection
and subsequent poor SNR in the OOP. A diffusive target undertaking large displacements in presence of

the speckle effect makes complete detection of the signal extremely complex, even if BST is running.

As mentioned in section 2.e [Donati 2004], displacements below 0.1mm are usually considered as small
displacements (essentially free of speckle effect in the OOP), while displacements over 0.lmm are
considered as large displacements with noticeable speckle effects. However, this should be considered
essentially as a rule of thumb, as (according to equation (2.37)), depending on wavelength, distance to the
target, and the diameter of the lens used for focusing, displacements around or below 0.1mm may present
one or a small number of amplitude fading zones in the OOP signal. For larger displacements the number

of amplitude fading zones increases.

In this chapter, we will first analyze experimentally the speckle effect in OFI and the most relevant
parameters affecting speckle modulation in the experiments, including the characterization of the
speckled OOP signal, the effect of the average roughness of the target, and the effect of spot size. Then,
two efficient solutions to deal with speckle effect adapted to slow motion and fast motion applications

will be proposed, and experimental results will be presented.

The two methods which will be proposed in this chapter for compensation of speckle effects are thus

specially suited for such large displacements, although they can also be adequate under given conditions
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to experiments with smaller displacements, where the manual refocusing of the imaging lens to find a
proper SNR of the signal is conventionally used to manage the speckle. This conventional refocusing
procedure enables to modify the size and position of the bright speckle region to reduce the frequency of
appearance of the fading zones in the signal. This can be used to deal with one or two fading zone(s)
along the displacement, although typically not for complete elimination of speckle. Two experimental
examples in industrial environment of this speckle management approach will be developed in depth in

chapter 5.

However, when larger displacements are to be managed we propose to use an adaptive control of speckle.
The AOH described in last chapter may be used to enable real time control of the speckle effect. During
target displacement, an active tracking technique is applied so whenever the signal gets into the fading
zone, meaning that low SNR is observed, the spot size is adjusted by changing the focal of the liquid lens,
modifying the speckle pattern and the feedback level if required, in order to get the signal out of the
fading zone. The details of this approach, including the implemented algorithm and experimental results,

are presented in section 4.b.

The second solution we propose is a sensor diversity technique, based on two lasers of different
characteristics pointing to the same target at neighboring points. The goal is to combine for a single
measurement the OOP of two lasers with different features, creating different speckle patterns which may
be combined to yield an accurate signal reconstruction. This technique significantly reduces the
probability of errors due to reduction of SNR in a single OOP signal, although does not completely
eliminate the possibility of an error due to signal fading. However, it has the advantage of not being
limited by the response time of the feedback loop, as the real-time algorithm presented in section 4.b.
This diversity approach, especially suitable for fast-moving targets, is presented in section 4.c. Finally, we

will close this chapter with a brief conclusion.

The solutions and applications presented in this section are novel approaches to a general problem in OFI.
Out of the results of this chapter we have published a journal paper [Atashkhooei 2013a] and a conference
paper [Atashkhooei 2011c] related to the analysis of speckle effect in OFI, and the solutions to deal with
it presented in this chapter. Another paper is currently submitted [Atashkhooei 2013c] based on the active

control of speckle effect in large displacements.

4.a. Analysis of speckle effect in OFI

4.a.1. Characterization of the speckle affected OOP signal

As a starting point in speckle management we will be interested in the characterization of the speckle

affected OOP signal. We will calculate the coupling factor C at different regions of the acquired OOP
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signal to better understand its relationship with the appearance of speckle. Equation 2.15 describes the

coupling factor, and can also be written as [Giuliani 2002]

D &el+a’ 1-R,

C= 4.1
\/Z llas n las \/R72 ( )

Where D is the laser-to-target distance, A is the total power attenuation in the external cavity composed
by the front facet of the laser and the target, a is the linewidth enhancement factor, ¢ is the mismatch
between the reflected and lasing modes, [, is the laser cavity length, n, is the refractive index of the

cavity and R, represents the power reflectivity of the front facet of the LD.

Figure 4.1 shows a typical speckle affected OOP signal obtained for a large target displacement of 20mm.
The target used is a ground metallic surface [Edmund] with average roughness value (R,) of 0.2um,

initially placed at 17cm from the LD and moved towards the laser until it was at 15cm from the LD.

0.15

Figure 4.1. A typical measurement result of speckle modulated OOP. Shown C values are the values of

coupling factor calculated by PUM method for the selected area of the signal.

The C values presented have been calculated using the PUM method for a number of selected regions of
the signal, shown in the figure. As shown in Fig. 4.1, very relevant changes in the amplitude of the OOP
appear during the longitudinal target displacement because of speckle modulation of the signal, leading to

strong SNR variations in the OOP.

A more interesting feature, however, is how consistently the value of C varies in a given pattern for these
SNR changes. The C value found in fading regions can increase up to 6.9, while in larger amplitude zones

it stays in smaller values. Such a large feedback level in the fading regions suggests that fringe loss
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condition probably will appear in these regions. In addition, the OOP amplitude in a fading zone may be
decreased down to the noise level, making very complex to properly recognize the interference fringes.
Both effects bring on relevant inaccuracies in displacement reconstruction procedures which need be

addressed using proper experimental approaches.

4.a.2. Effect of the average roughness of the surface

In order to analyze the relationship of the frequency of the speckle modulation of the OOP with the
average roughness parameter (R,) of the target, we have used commercially available surfaces with
different standard roughness values [Edmund], including 6 different specimens with calibrated R, values
of 0.05, 0.1, 0.2, 0.4, 0.8 and 1.6um, which were used as targets. For all surfaces, the target was moved
from D=17cm to 13cm from the LD (corresponding to a 40mm displacement), and the number of local
maxima in the OOP signal was counted. The experimental configuration for the measurements is

presented in Fig. 4.2.

Surface roughness
standards set

Longitudinal displacement

Figure 4.2. Experimental configuration for generating the speckle pattern using standard roughness surfaces
with calibrated R, values of 0.05, 0.1, 0.2, 0.4, 0.8, and 1.6um for longitudinal relative surface displacement of

40mm.

Figure 4.3 shows how the number of maxima decreases when the R, value increases from 0.05 to 0.4um,
which is roughly half the wavelength of the laser diode (783nm). For R, values ranging from 0.4pm to
1.6um the number of maxima remains constant at a value of 4. This curve is in good agreement with

equivalent ones obtained in the literature for transversal speckle pattern appearance [Wang 1998].

Figure 4.4 shows the results obtained by Wang using the configuration depicted in Fig. 4.5. There the
surface is moved transversally (perpendicular to the direction of the laser beam, in difference with our
setup) and the laser beam (a He-Ne laser with wavelength of 632.8nm) illuminating the surface is

backreflected to the CCD camera, which acquires the image of the backscattered beam.
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Figure 4.3. Experimental number of local maxima in OOP against surface roughness.
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Figure 4.4. Relation of bright ratio (dots) and dark ratio (squares) to surface roughness [Wang 1998].

Using the image card and a micro-computer, bright and dark ratios in the captured image were calculated
where the bright/dark ratios are defined as the ratio of the number of pixels with high (bright) and low
(dark) grey levels to the total number of pixels of the image pattern analyzed. The threshold value of the
grey level for bright/dark classification in the 8-bit card was optimized using a value of 50 for dark and
230 for bright ratio, with 255 as the maximum grey level in the image. These values were optimized in
the experiment to find clear changes in the ratios for the surface roughness range of R, = 0.05 — 0.8um.
As seen, the bright ratio (dots in Figure 4.4) decreases when the R, value increases from 0.05 to 0.2pum,
which is again roughly close to the half wavelength of the laser. For R, values ranging from 0.2pm to

1.6pum the number of maxima remains almost constant.
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Figure 4.5. System for measuring surface roughness using speckle pattern analysis for transversally moving
surfaces [Wang 1998].

The comparison of Fig. 4.3 and Fig. 4.4 shows that the behavior of the number of maxima obtained from
the OOP signal analysis in our experiment follows a pattern closely similar to the curve of bright ratio
obtained for the surface roughness values from 0.05 to 1.6pum. Thereby, it can be shown how a
relationship of the number of fading regions to surface roughness exists. As a rule of thumb, for R, values
below half-wavelength of the laser, the number of fading regions present in the signal increases in large

displacements, a fact which should be considered when choosing any speckle control technique.

4.a.3. Effect of spot size

Since speckle modulation appears due to the random nature of surface backscattering, by changing the
spot size on the target (through changing the position of the focusing lens) the conditions for the random
superposition will change and subsequently the positions of both the maxima and the fading region
regions may be modified. As far as we use a focusing lens in OFI, the speckles which appear in the OOP
respond to the description of subjective speckles (see section 2.e). Apparently, according to equation
(2.37), changes in spot size should not affect the average speckle sizes if laser wavelength, distance from
the target and beam diameter on the lens are kept constant. However, as far as we are not interested in the
average value but on the position of a given speckle spot which reduces the SNR of the OOP we are
considering, changes in spot size modify the speckle pattern and the position of fading regions to our

advantage.

We will experimentally show the effect of the modification of spot size in the speckle modulation of the
OOP signal, both for large and small amplitude displacements of the target. Figure 4.6 shows two OOP
signals obtained using the same setup with different spot sizes, using the same laser diode and target. In
this experimental example for large amplitude displacement, the target used had an average roughness of

0.8um and was displaced along 40mm.
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Figure 4.6. Two OOP signals achieved for the target displacement of 40mm in the same setup, changing only

the spot size on the target.

The average FWHM of the spot on the target in the first signal was 71um and in the second signal it was
modified to 54um. The FWHM of the laser spot on the target was measured using a CCD camera placed
at the location of the target. The spot image captured by the camera was processed to obtain the average
FWHM value. It can be seen how under changes in spot size both the positions of the maxima and the

fading regions may be modified.

When small amplitude displacements are considered, however, the system can be totally inside the bright
or dark speckle spot, leading to a large amplitude of the OOP with high SNR, or to a low amplitude of the
OOP with the subsequent low SNR. In small amplitude situations typically the position of the lens is
modified manually to leave operating conditions under a reasonable SNR ratio, which if the displacement
is small does not undergo substantial changes. To experimentally investigate the speckle effect on the
amplitude of the OOP under changes in spot size, the target was placed at a fixed distance and set to
vibrate sinusoidally, with a peak to peak amplitude of Sum and a frequency of 100Hz. During the
measurement, the AOH modified its focal length so the best image of the laser (understood as the point
yielding minimum spot size) moved from 35c¢m to 7.5cm from the laser, in steps of 0.35V of the LL. This
0.35V steps corresponded, approximately, to a change of 0.7cm in the position of the best image of the

laser, which subsequently modified the spot size on the target.

Figure 4.7 shows how the mean amplitude of the OOP of the LD under feedback varies by changing the

spot size at two different fixed distances of the target (27.5¢cm and 31cm). Arrows indicate the position
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where the target was at the best image of the laser, corresponding to minimum spot size. As seen in the
results, changing the position of the image of the laser from a distance which is farther than the target and
moving it to the closest possible point modifies the OOP amplitude in a random and quite unpredictable

way.

OOP Amplitude (mV)

OOP Amplitude (mV)

Focus position (cm)

Figure 4.7. OOP amplitude versus position of the best image of the laser for (a) target position of 27.5cm and
(b) target position of 31cm from the laser. Target displacement was sinusoidal with peak to peak amplitude of

5um and the frequency of 100Hz.

When the signal goes below 10mV, it should be considered as severely faded by the noise floor, and
thereby to detect the OOP signal becomes extremely difficult. In all experiments in this Section we have
selected to keep the signal above 10mV to enable correct signal detection and reliable measurements.
Adjusting the spot size on the target via the modification of the focal length of the optical system gives
thus a very strong tool to have a signal with the proper SNR even when significant speckle effect is

present.
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4.b. Adaptive control of speckle effect

In this section, a real time control of the speckle effect using the AOH described in Section is presented.
First, the working principle of the method and the experimental configuration will be described.
Afterwards, since this solution is based on real time control of the spot size by changing the focal length
of the lens, the signal quality during the spot size modification will be experimentally investigated to see
if there are possible additional effects due to changes in spot size in the results of the measurements.
Next, the adaptive algorithm used for the real time control of speckle effect will be explained in detail.

Finally, the experimental results achieved by the proposed technique will be presented.

4.b.1. Working principle

As investigated in subsection 4.a.3, changing the spot size on the target may change the position of the
fading region, modifying the speckle pattern imposed to the OOP. Thereby, our proposal is improving the
OOP amplitude by changing the spot size to modify the speckle pattern when the OOP amplitude is

reaching to the noise level due to speckle modulation.

This imposes the OOP amplitude to be monitored in real time to see if a spot size modification is needed.
Since the noise of the signal may not be constant during the acquisition, we propose using the SNR value
instead of the OOP amplitude as the gauge to detect signal fading and to control signal quality in a real-
time control algorithm. As proposed in subsection 3.b.2, we will apply the method for calculation of SNR

used in ECG signals [Gautam 2008].

Whence, we propose an automated adaptive control of the AOH presented in subsection 3.a.3 using real
time data acquisition for checking the SNR of the OOP signal and evaluate the need for potential changes
in spot size. The experimental configuration and the laboratory equipment arrangement with data

acquisition scheme are presented in the following section.

4.b.2. Experimental configuration

The experimental configuration for real-time adaptive control of speckle effect is shown in Fig. 4.8. The

LD is a Hitachi HL7851G single mode LD emitting at 793nm with a maximum power of S0mW.

The target is moved by a M-227.50 DC motorized piezo-actuator from Physik Instrumente (PI). The
characteristics of the AOH used in the setup are described in section 3.a.3, where the LL is remotely

controlled from a PC through a USB connection to the LL driver.

Figure 4.9 shows the arrangement of the laboratory equipment for the complete setup. In this setup, two
different analog to digital converters (ADCs) are used. Two ADCs are required as relevant signal data for
the measurement reconstruction might be lost while real-time SNR information is transferred to the
computer for speckle control. One of the ADCs is a Picoscope 4227 (essentially a PC-connected compact

oscilloscope) used to acquire the signal used as input in the control algorithm for real time SNR
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calculations. A second ADC (a Tektronix DP0O2024 oscilloscope) is used for data acquisition of the

complete data series for displacement reconstruction along the target displacement.

Figure 4.8. Experimental configuration of the adaptive control of speckle effect using AOH for large

displacements.

LL controller

DC motorized
Actuator

Figure 4.9. Arrangement of the laboratory equipment for the automated adaptive control of speckle.

The schematics for the management of ADC signal acquisition is depicted in Fig. 4.10. In practice the
acquisition time (T,.q) and the time taken for signal transfer to the computer (Try.,) set limits on the speed
of the target, as far as the information on the signal needs to be acquired at such a speed that no relevant
information for control is lost. In the presented acquisition scheme, during the unavoidable data transfer

step of the Picoscope signal we lose control on it, and in the case of fast displacements we may have
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fading regions not detected in the control algorithm while data is being transferred. In subsection 4.b.4, all
related parameters to be optimized prior to the measurements to have a desirable control of the signal will

be discussed in detail.

L Transfer Transfer o Transfer
Acquisition Acquisition Acquisition

Picoscope  p——mva - - - - - - R T —_— - - -

Tacq TTran Tacq TTran Tacq TTran
Tektronix I
Acquisition

N
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Figure 4.10. Signal acquisition scheme using Picoscope and Tektronix oscilloscope.

4.b.3. Analysis of the quality of the signal along the adjustment of spot size

As described in the working principle, the spot size will be adjusted along the target displacement in order
to get the signal out of the fading region. It should be verified that this modification does not add any

additional effects on the signal during the measurements.

The response time of the LL is the duration between two steady states of the lens power, when the driving
voltage changes into a step function, varying from a V., level to a V.« level. Based on this definition,

the LL used in all measurements has a response time below 80ms for a voltage change of 0V to 60V.

In experimental data, the effects of the modification of the spot size on the signal can be easily observed
in the acquired OOP, as shown in Fig. 4.11. In this example, the OOP amplitude is seen to be modified
by a change in spot size in different time scales. A sudden change in spot size using the LL (introduced by
a 1V change in the voltage of the LL) at the time of 38.03s in the experiment recovers the OOP amplitude
and the SNR instantly, and after an unexpected oscillation which lasts around 200ms reaches the steady
state. The fringes in the OOP were almost pure noise before spot size adjustment, while afterwards
become again saw-tooth like and sharp enough for the classical detection algorithm. The SNR calculated
for this case is shown in Fig. 4.12. The sampling rate used in the ADC was 12500 Samples/s, and 2000
samples were used to calculate the average value of SNR. The SNR value against time may be seen to
steadily decrease due to the appearance of the fading zone. The oscillation which appears in the OOP may
be seen not to have any significant additional effect on the SNR value and on fringe detection, except for
the appearance of a small oscillation in the signal amplitude during the transient time required for the

stabilization of the LL.
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Figure 4.11. Experimental OOP acquired for a target velocity of 0.2mm/s. A sudden change of spot size by
changing the focal length of the LL gets the signal out of the fading region. Different magnified time scales

show the oscillation in the signal when spot size is adjusted, due to the stabilization of the LL.
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Figure 4.12. Experimental OOP acquired for a target velocity of 0.2mm/s. The sampling rate of the ADC was
12500 Samples/s and the No. of samples used to calculate the average SNR was 2000.
4.b.4. Algorithm for the adaptive control of speckle effect

The block diagram of the control algorithm is shown in Fig. 4.13. First, three parameters are initialized

including the focal length of the LL (Fr), the Fail parameter (Fail), defined as the number of times that
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the control algorithm fails to get a reasonable SNR after a spot size adjustment, and Ny, defined as the
number of focus changes introduced in the LL. The spot size is adjusted when SNR reaches a value below
SNRg, or goes above SNR,,. SNRy, is the minimum threshold value of the SNR in which the OOP starts
to be faded by the noise, while SNR,, is the upper limit of the SNR value which indicates that the laser

may start to be in the chaotic state.

Once the target starts to move, a sequence of OOP signals is acquired using the Picoscope, and the SNR
of the sequence is calculated. If the SNR is between SNRy, and SNR,,, the spot size is not modified. In
this case the acquisition and SNR calculation is repeated to monitor the state of the measurement in the
following step. As there is neither a spot size change nor a fail occurrence, the Fail and Ny parameters

remain at zero.

When the SNR value goes below SNRy, or above SNR,,;,, there are two options depending on the Ny. If
Nt is smaller than N,,, defined as the maximum number of focus changes allowed to the system to get out
of a fading region in a reasonable time, the focal length is changed to F; + dF to recover the SNR. N¢is
then increased by adding one to its previous value. The value of N, is fixed depending both on the target
velocity and the LL focus range and response time, and needs to be optimized for each experimental

condition.

Fail=10
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Figure 4.13. Block diagram of the control algorithm.

Afterwards, signal acquisition and SNR calculations continue to see if the spot size change was effective

to increase the SNR of the signal or not. If the SNR is still below SNR,, or above SNR,, the focus change
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is repeated till recovering the OOP or reaching to the maximum number of focus changes allowed.
In the event of reaching the maximum number of focus changes without recovering the faded signal, the
control algorithm has failed to keep the signal within thresholds, and the Fail parameter is subsequently
increased. In this event (which did never appear in our experiments) the focal length is changed to the
initial condition (Fr . = Fy) and the signal acquisition with SNR calculation is continued although there

will be data acquired with too low SNR, so a reliable displacement reconstruction cannot be ensured.

Obviously, some parameters in the adaptive speckle control algorithm should be optimized prior to the
measurement to have the algorithm in optimal conditions. Those parameters includes SNR,, SNRyp, Ny,
dF (LL focal length change), based on the conditions of the experimental setup, and the data acquisition

time (T,q), related to the velocity of the target being measured.

4.b.5. Experimental Results

The experimental configuration described in subsection 4.b.2 is implemented together with the control
algorithm described in subsection 4.b.3, which has been implemented under a Visual C++ environment.
The total target displacement was set to 20mm, T,.q was set to 40ms, N, was 5, dF was adjusted to 1cm,
SNR,, was 25dB and SNRy, was 14.5dB. These parameters have been optimized for target velocity of
0.2mm/s.

Figure 4.14 shows two OOP signals acquired using the setup. The upper one shows the OOP obtained in a
fixed focus condition, while the middle one shows the adaptive speckle control technique we have
described. The bottom plot describes the comparison of the SNR of both signals. It may be seen how the
SNR of the signal obtained using the adaptive speckle control technique has been kept between the SNRy,,
and SNR,, during the complete measurement, while the SNR of the fixed focal setup went below SNR g
in three different regions. It may be seen how the control algorithm has improved the SNR of the signal

by adjusting the spot size before the SNR went under the threshold level.

Reconstructions of displacement out of the obtained signals have been illustrated in Fig. 4.15, showing a
successful reconstruction of the signal affected by the speckle when spot size adjustment using the AOH
is implemented. To reconstruct the signal, the FCM algorithm described in subsection 2.d.2.1 was
applied. Differently, the fixed focal approach is unable to cope with signal losses in the fading regions
and incurs in important inaccuracies. In our experiments, the speckle phase error has not been eliminated.
Even in the worst case this phase deviation accounts for a displacement error in the order of a few
microns in the reconstructed displacement. In the results obtained using the proposed solution, no speckle
phase error was larger than the measurement resolution (4/2) while the total displacement was over
2.5x10* . Furthermore, this error could be significantly reduced, if required, by increasing the target

distance as described in section 2.e.
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Figure 4.14. Results obtained by fixed focus and by using adaptive control of speckle effect algorithm.
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Figure 4.15. Displacement reconstruction of two acquired signals for a metallic target displacement of 20mm

using a fixed focus lens and the adaptive speckle control algorithm. The difference is about 1.760mm (%8.8)

in a total displacement of 20mm.

The total error in the reconstruction using a fixed focus lens was about 1.760mm, corresponding to 8.8%

of the total target displacement. This error is in good agreement with the displacement measurement error

due to the speckle effect estimated in the literature (10% of the total displacement range) [Donati 2004].
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Results show the feasibility of the adaptive control of speckle effect in the described experiment, where

the signal could be satisfactorily measured in the whole displacement range.

In order to further investigate on the effectiveness of the technique, velocity measurements using OFI
were carried out in the same experiment. As well as for displacements, the amplitude modulation
introduced by the speckle effect in the fading zones decreases the accuracy of the measurement of the
velocity of the target [Lu 2010]. Subsequently, the described adaptive speckle control technique should

also be effective in improving the accuracy of velocity measurements in the whole displacement range.

Figure 4.16 shows the measured velocity of the target during the complete displacement of 20mm. The
measured OOP corresponds to the one presented in Fig. 4.14. The velocity of the piezoelectric motor used
in the experiment was set to 0.2mm/s. Velocity is related to Doppler frequency by equation (2.3), which is
calculated by applying an FFT algorithm to the OOP, and selecting the Doppler frequency which
corresponds to the maximum magnitude [Scalise 2004]. To find the Doppler frequency in the whole
acquired signal, the FFT is performed a number of times in the certain number of parts of the acquired
signal. For this, a moving window with a certain length and a given movement resolution has been
considered. For the results demonstrated in Fig. 4.16, the length of the window for FFT calculation was
set to 5000 data points, with a resolution of 1000 points, over a data set of 1.25 10’ points. After applying

the FFT, a band-pass filter was also applied to the signal to remove the noise.
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Figure 4.16. Target velocity measured using a fixed focus lens (above) and adaptive speckle control (bottom).

Target was moving at a constant speed of 0.2mm/s.

As seen in Fig. 4.16, some errors in the velocity measurements are introduced in the measurements in the
fixed focus case, due to wrong determination of the Doppler frequency due to poor SNR. Measurements
performed using the AOH obtain the correct velocity value at all distances from the target. Figure 4.17

shows the FFT of the signal at an error point where the SNR of the OOP was below SNRy,, so the
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magnitude of the Doppler frequency related to the target velocity is smaller than noise frequencies,
leading to a wrong determination of the Doppler frequency value. In difference, Fig. 4.18 shows the FFT
of the signal at a point with high SNR, where the magnitude of the Doppler frequency related to the target

velocity is much larger than noise, so the Doppler frequency is found without doubts.

Therefore, using adaptive speckle control improves also the accuracy of velocity measurements in OFI for

large displacements, whenever speckle effects are relevant.
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Figure 4.17. FFT of an OOP signal sequence with low SNR where the Doppler frequency peak is smaller than

noise-related peaks, leading to errors in the determination of velocity.
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Figure 4.18. FFT of an OOP signal sequence with high SNR where the Doppler frequency peak is larger than

the noise peaks, so velocity can be properly determined.
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4.c. Non-adaptive speckle control (sensor diversity)

4.c.1. Working principle

Our second proposal for managing speckle effects involves two different LD pointing to the same target.
Both LD are chosen so they present different speckle patterns (due to i.e. wavelength, spot size, or
coupling coefficient differences, or a mix of them), so the combination of both signals results in a lower
probability of signal fading than when using one single LD. This strategy, known as diversity, has been
successfully applied in radio communication to deal with the fading effect [Raisanen 2003]. The
technique has been developed in the forms of spatial, spectral and temporal diversity. Similar to spatial
and spectral diversities in radio engineering, we are proposing spatial diversity in the form of two LD
pointing at different points of the target with different spot sizes, together with spectral diversity using
two LD with different wavelengths. So we will have spatial and spectral diversities simultaneously. If we
consider the probability of fading in the signal as the length in time of the faded signal related to the
whole acquired signal sequence, then the probability 6 of fading the signals of two LDs is §; %3, , where
0, is the error probability in the signal of the first LD and 9 is the error probability in the signal of the
second. As far as the error probabilities of fading in both signals are relatively small, the error probability
0 is significantly lower than the error probability in each individual LD signal, although not necessarily

zero. Thus, what is expected is to avoid simultaneous signal fading in both signals.

Figure 4.19 shows the experimental OOP acquired using two LD pointing at two different positions of the
target, for a target displacement of 40mm using two LDs with different spot size. The concept is of course

using the other signal as an alternative when signal fading occurs in one of them.
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Figure 4.19. OOP signals acquired by two LD with different focus positions (different spot size) pointing to

the same target. Target displacement was 40mm.



4. Speckle control in OFI

Thus, the faded signals shown in selected windows in Fig. 4.19 are replaced with data from the alternative

signal for displacement reconstruction purposes.

4.c.2. Measurement algorithm

The algorithm proposed for this approach is shown in Fig. 4.20. Since the detection of poor SNR in the
OOP signal has been shown to lead to unreliable reconstruction, the SNR value will be used again as

control metric.

Afterwards, reconstruction is performed for each channel using the FCM algorithm described in
subsection 2.d.2.1. Later, a decision block selects which signal reconstruction is more reliable based on
the value of SNR of both signals. The reconstruction of the signal with higher SNR is considered the most
accurate. In the offline application of this method, there is no significant limit on the target displacement

velocity, setting a difference with the adaptive speckle method presented in Section 4.c.
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Figure 4.20. Block diagram of the algorithm applied for reconstruction in the sensor diversity technique.

4.c.3. Experimental results

As an experimental demonstration of the technique, two laser sources with different wavelengths pointing
to different positions on the target, as shown in Fig. 4.21, are used. One of the lasers is a Hitachi
HL7851G single mode LD emitting at 793nm with a maximum output power of 50mW and the other
laser source is a VCT-F85A32-IS-V2 VCSEL emitting at 843nm with a maximum output power of 2mW.
The target is a metallic surface mounted on a M-227.50 DC motorized piezo-actuator from PI. It was
moved along 20mm with a fixed speed of 0.55mm/s. The initial target distance from the lasers was 20cm.
The average FWHM of the LD spot on the target was 78um and the average FWHM of the VCSEL spot

was 62um. Thus, the solution involves both spectral and spatial diversities.
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Figure 4.21. Experimental setup for sensor diversity demonstration.

Figure 4.22 shows the experimental OOP acquired from both lasers. By applying the decision algorithm
described in Fig. 4.22, the reconstructed displacement is shown in Fig. 4.23. It may be seen how the
reconstructed displacement obtained from the OOP of the LD had a 15.5% error, while the reconstructed
displacement from the OOP of the VCSEL has a 10.6% total error along the complete displacement range
due to problems due to speckle. According to equation (2.37), the expected speckle phase error for both
signals was about 3.1um, considering the lens optical aperture of 5Smm, and has not been taken into
account. Using the proposed diversity strategy, the displacement was reconstructed with no amplitude
fading error in the whole displacement range, within the half-wavelength resolution imposed by the FCM

algorithm used.
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Figure 4.22. OOP acquired from single mode LD and the VCSEL for the same target displacement of 2cm with
the speed of 0.55mm/s.
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Figure 4.23. Reconstruction results for the signals of LD and the VCSEL and by using the sensor diversity

technique.

4.d. Conclusion

In this chapter, a detailed analysis of the amplitude fading effect induced by speckle effect in the OOP
signal of OFI interferometers has been presented. We have shown for the first time that the coupling
factor coefficient in OOP changes in fading regions due to the presence of speckle, yielding larger C
values, suggesting large hysteresis and fringe loss situations in the signal in those areas. This adds on to
already complex reconstructions due to the small amplitude of the OOP signal. We have also shown how
the modulation frequency of the speckle affected OOP signal depends on the average roughness
parameter R,, presenting how the number of local maxima present in a 40mm displacement decreases
when increasing R, from 0.05um to 0.4pum, while from 0.4um to 1.6um the number of maxima remains
constant. Moreover, we have shown that changes in the spot size may modify the positions of both the

maxima and the fading regions in the speckle affected OOP signal.

Then, two new methods and a classical procedure have been proposed to improve measurements in OOP
signals having a speckle affected OOP. One of the methods uses the AOH described in the previous
chapter to implement an adaptive speckle control solution, which changes the spot size on the target by
changing the focal length of the lens, so modifying the position of the fading region. The proposed
method cannot be used at large speeds as there are some experimental conditions (data transfer in the
control algorithm, the delay in the feedback loop and the response time of the liquid lens) which cause it

to have a slow time response. Experimental results for velocities of 0.2mm/s have however been shown
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and successful displacement and velocity measurements shown using the adaptive solution proposed, and

compared to conventional approaches.

For larger speeds, we have presented a second approach in the shape of a sensor diversity technique
which uses two lasers spatially and spectrally diverse to combine their two different OOP which present
different fading zones. An SNR-based algorithm has been used to select the optimal signal of the two
available ones to be used for displacement reconstruction. Experimental results in both methods show
successful management of OOP fading regions for centimetric displacements of a metallic target. The
existent speckle phase error has not been considered, as it introduces a displacement error of only a few

microns, and in addition can be significantly reduced by increasing the target distance.
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5. Industrial applications

In this chapter, we will present two new industrial applications of OFI where the speckle effect appears in
the measurements and significantly decreases the measurement accuracy. The applications will show that
OFT sensors can very satisfactorily perform as non-contact proximity probes in industrial environments,
although the attainable resolution will be often limited by the environmental limitations of the application.
One of the applications is the measurement of the trajectory of motor shaft runout in electric motors,
where displacements in the 50-100 micron range are normally produced in faulty motors. The second
application is the measurement of the deformation of polymer-reinforced beams under dynamic loading

conditions, a case in which the displacements can reach some centimeters.

As commented in Chapter 4, the literature assumes that for displacements around 0.1mm, like those of the
motor shaft application, we may start to have speckle-affected signals. This means we could have one or a
few amplitude fading zones in the OOP signal, depending on the wavelength, target distance, and the
diameter of the lens used for focusing (equation (2.37)). Increasing the displacement of the target
increases also the number of amplitude fading regions. Under this limited speckle problem, with a small
number of fading regions in the signal, an optimized working condition can be found using the classical
procedure of adjusting the spot size by modifying the position of the fixed focus lens while looking at the
obtained signal. Alternatively, such adjustment of spot size can be done using the AOH previously

described in Chapter 3, and adjusting the focal length of the liquid lens.

Both concepts optimize the position of the speckle fading regions regarding the particular experimental
condition found. This procedure can be used to deal with one or two fading zone(s) along the
displacement, although not for complete elimination of the speckle effect. We have applied this procedure
to deal with speckle effect in the motor shaft runout tracking presented in the following section. Using
this procedure resulted in the successful elimination of the speckle effect, and in the measurements

described in detail in section 5.a.

The second application, presented in section 5.b, involved the monitoring of beam deformations under
dynamic loading, with possible displacements of a few centimeters. Here, the adaptive speckle control
solution proposed should be in principle the best solution, as the monitoring involves a slow deformation
of the beam. However, due to the reflectivity characteristics of the beam used in the setup only one fading
region appeared in the signal across the whole displacement range, so an equivalent focus adjustment
technique to that used for the motor shaft runout application was used. It should be noticed, however, that
in displacements of this size it is normal to have a larger number of fading regions where simple spot size
adjustment would not suffice to manage the speckle effect problem. We will close the chapter with a brief

conclusion in section 5.c.
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The original developments of this Chapter have enabled a number of publications, including a patent
[Royo 2011], two journal papers [Atashkhooei 2013b] [Urresty 2013] related to the motor shaft runout
tracking application, and a conference paper [Atashkhooei 2012] related to the measurements of beam

deformation under dynamic loading.

5.a. Motor shaft runout tracking

5.a.1. Introduction

Permanent magnet synchronous motors (PMSMs) have been applied in a large number of applications
such as servo actuators, robotics, aerospace technology, automobiles, and electric traction systems
[Rajagopalan 2007]. Generally, electric motors operate through the interaction between an electric
motor's magnetic field and winding currents to generate force within the motor. In a PMSM (Fig. 5.1),

which uses sinusoidally distributed stator windings, permanent magnets create the magnetic field.

Stator

Permanent
Magnet

Windings

Rotor

Figure 5.1. A typical PMSM motor (left) and its schematic diagram(right).

PMSMs are becoming increasingly popular in high performance applications, raising attention towards
the corresponding condition monitoring and fault detection procedures. The major sources of failures in
PMSMs are demagnetization, jointly with bearing and rotor eccentricity faults which may be classified
into static, dynamic or mixed eccentricity [Hong 2012]. Static and dynamic misalignment of the motor
shaft is a common origin of maintenance problems in PMSMs, in particular mechanical seal failure.
These problems become manifested as shaft runout, that is, wobble-like movements inducing lateral
displacements of the axis of the motor. Such displacements may measure from a few microns to some

millimetres, depending on the type of fault which causes them.
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Several types of displacement or vibration sensors may be used as proximity probes to measure the shaft
runout. The main families of sensors are eddy current probes [DeBlock 2007], capacitive probes [Lin

1997], LVDT probes [Chass 1970] and LDV sensors [Shieh 2001].

Eddy current methods are practical, but the presence of metallurgical irregularities in the shaft can add
high levels of noise in the results of the measurements, with the corresponding loss of accuracy [Lin
1997]. Capacitive sensors are not limited by such an issue, but they need to be placed fairly close to the
shaft (typically at distances of a few millimetres), which may not be practical for given in-situ
measurements. LVDT probes are contact methods limited in its sensing speed by the inertia of the moving
tip, which in addition is subject to wear and warm up, and to damage by surface irregularities. As a non-
contact technique operative at a distance from the shaft, LDV avoids all these inconveniences, but it may
suffer from speckle noise and is a quite expensive equipment, typically several thousands of Euros

[Halkon 2006].

We are proposing an OFI sensor as a particular arrangement of laser vibrometry specially suited to harsh
measurement conditions. OFI has been studied in depth in the last decades and shown to perform nicely
as a non-invasive sensor for displacement, vibration, distance and velocity measurements, as discussed in
section 2.a. The compactness, simplicity and cost-effectiveness of the sensor, together with its non-
contact nature, make it a very suitable solution to track runout in electric motors, with measurement

accuracies below A/2, with A being the wavelength of the laser.

However, a complete measurement procedure needs be developed to account for the several different
situations appearing in real-world motor testing. As a first issue, signal fading due to the speckle
phenomenon can affect the measurement accuracies. One or two fading regions may appear in the signal
in each turn. Therefore the classical refocusing procedure used to optimize the OOP signal through
changes in spot size proposed at the beginning of this chapter will be used, as a simplified version of the

technique presented in section 4.b.

The complete measurement methodology has been developed and will be described in detail. We will first
present some considerations on the measurement principle, the adjustments made on the setup, and the
procedure for estimation of the uncertainty due to the surface imperfections in the motor shaft and
misalignments of the laser relative to the centre of the shaft. Experimental results of the OFI sensor for
runout measurement will be validated by comparison with the results of a commercial LDV. Finally,
measurement results for two-dimensional (2D) runout tracking in a PMSM are presented both for a
healthy and a faulty motor, showing the potential of the technique for non-destructive motor testing

purposes.

This work was developed in collaboration with the research group Motion Control and Industrial

Electronics, from the Terrassa Campus, which contributed their experience in PMSM motor control and
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modelling, while from CD6 (Centre for Sensors, Instruments, and systems development, UPC) we

contributed with our experience in OFI, signal processing and non-contact metrology.

5.a.2. Discussion on measurement principle

Some considerations should be taken into account to design the measurement strategy related to the
constraints introduced by the application. Due to the experimental conditions of the system being
measured (where the shaft will present mechanical roughness and irregularities well above A/2), the basic
resolution of the OFI sensor using FCM is far below the uncertainty of the measurements (see section

5.a.4 for further details).

Furthermore, displacements to be analysed are in the frontier between the “small” (not speckled) and
“large” (highly speckled) displacements, which is typically set at amplitudes around 100pm. This means
speckle effects may appear in the signal, and also that FCM will be enough as phase reconstruction
algorithm as accuracies below A/2 would be hidden by uncertainties introduced by the measurement

conditions in the setup.

In addition, in practical applications under industrial conditions, environmental conditions may be very
relevant. A number of parasitic phenomena are typically present in those conditions, especially when
large motors are involved. These phenomena include mechanical coupling, electromagnetic disturbances,
or surface imperfections of the target, among others. These phenomena introduce different types of noise
into the OOP of the LD, typically as white-like noise or sparkle-like noise out of electromagnetic or
mechanical sources in the environment. In addition, as commented throughout this chapter, using a laser

source may introduce speckle noise.

As described in section 2.d, some signal pre-processing solutions have been proposed to efficiently
remove the white-like and sparkle-like noises and improve the SNR such as a low-pass averaging filter, a
Kaiser based FIR filter after a median filter, adaptive digital filters [Caum 2012] or neural network
interpolation. For our purposes, a simple low-pass averaging filter was enough to remove the high-

frequency component of noise present in the signal (see section 5.a.3 for more details).

A number of solutions have been proposed in this Thesis to overcome the speckle noise problem. No real-
time adaptive compensation of spot size is justified in this case, as the conditions influencing the
appearance of speckle are stable along each experiment. In addition, the shaft is moving at high speeds
but the measurements need be taken in a single point, and adjusted in perpendicular to the symmetry axis
of the shaft, which discards the spatial sensor diversity proposal, as the two lasers would be pointing to

different points on the shaft and we intend to monitor the vibration at a single point.

Under small displacements, the optimization of spot size by changing focal length typically permits to get

regions without fading zones large enough, so displacements of tenths of microns without significant
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fading regions will be possible for each case. This adjustment can be performed either by voltage changes

in the AOH or by adjustments of the position of the lens.

Thereby, the spot size of the laser on the shaft will be adjusted (manually or using the AOH) prior to each
measurement, in order to experimentally minimize the amplitude of the speckle noise and reduce the

presence of fading zones.

5.a.3. Measurement procedure

Since the shaft displacement is the measurement subject, the LD has been arranged to point in

perpendicular to the shaft centreline using a conventional focusing lens (FL), as depicted in Fig. 5.2.

Shaft
centreline

Rotating

PC

ADC

Figure 5.2. Schematic diagram of the experimental configuration.

Changes in optical path will be introduced by the lateral displacement of the shaft, whose component
along the beam will be directly measured using the OOP. The OOP monitored by the photodiode (PD)
integrated in the laser package is saved in the PC after an analogue-to-digital conversion. The vibration of
the shaft in the laser beam direction (X axis in Fig. 5.2) is measured by offline signal processing. All
measurements were performed using a Hitachi HL7851G single mode LD emitting at 793nm with a

maximum output power of S0mW.

The motor used for the tests was a PMSM with reference No. ABB:8C1360, maximum power of 2.5kW
and maximum rotation frequency of 33.3Hz. In the measurements, rotation frequencies were set to

12.5Hz and 25Hz, to test the motor in typical operating conditions.

Due to the system configuration speckle noise resulting in broad-scale OOP amplitude modulation was
observed if no adjustment was performed. Figure 5.3 shows the acquired OOP generated by the
displacement of a typical PMSM shaft after four complete turns. It may be observed how the acquired
OOP includes one periodic fading region at each rotation (marked with dashed circles), where the signal

amplitude reaches the noise level, leading to poor SNR and inaccurate reconstruction.
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Figure 5.3. Speckle affected OOP generated by rotating shaft displacement. Four rotations at 12.5Hz are
plotted.
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Figure 5.4. OOP generated by rotating shaft displacement after spot size adjustment. Four rotations at the

frequency of 12.5Hz.

The speckle pattern has been modified by adjusting the laser spot size on the shaft, changing the beam
focus along the optical axis by mechanical adjustment of the FL position prior to the measurement. This
has enabled to keep the OOP amplitude above the threshold of signal loss along the whole acquisition
period, and to get the minimum modulation frequency. Obviously, during the shaft rotation, the speckle

pattern is almost repeated for each rotation as seen in Fig. 5.3.

By changing the focus position and observing the signal at the oscilloscope screen in real time, the best
focus position to get minimally modulated signal amplitude is easily found. An automated focus
adjustment algorithm based on stability of SNR, comparable to the one presented in section 4.b.4 would
enable autonomous performance of the sensor using the AOH. Using this spot adjustment procedure prior
to the measurement leads to adequate SNR values in the whole signal, and to the removal of the
amplitude fading effect introduced by speckle modulation. Figure 5.4 shows the acquired OOP once spot

size has been optimized, with no fading regions present.

The whole signal processing schema for displacement reconstruction out of the OOP obtained is
presented in Fig. 5.5 as a flow diagram, showing the four main processing steps involved. As a first step,
a low-pass Butterworth type filter is applied to the OOP to clean it from unwanted high-frequency noise.
The cut-off frequency of the filter was set to 15% of the sampling frequency.
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Figure 5.5.Flow diagram of the signal processing procedures for the estimation of displacement, including

misalignment correction.

In the second step, the modified signal phase @p(?) is roughly estimated in a procedure similar to that
presented in section 2.d.2.3 for the rough estimation of the phase of the signal. In this step, since the
modified phase is related to the OOP by equation (2.30), an AGC algorithm normalizes the signal to £1,
and the arcos function is applied to obtain the value of @x(#) modulus n. Afterwards, to properly unwrap
the phase, the derivative of @x(?) is calculated and thresholded to detect the position of the fringes, and
normalized to £1. An integrator algorithm adds or subtracts the phase jumps (= 2x) at the detected fringe
positions. Finally, the value of displacement related to the phase @x(?) by equation (2.28) can be obtained
by multiplying A/4n to ®@p(t). Half-wavelength accuracy is thus expected for the measurements from the

measurement procedure.

An additional compensation algorithm is then required in the current application to account for the
misalignment error introduced if the LD is not pointing in perpendicular to the shaft surface. In case this
misalignment error is present, virtual displacements of the shaft will appear in the reconstructed signal,

caused by the component of the velocity of the surface in the direction of the beam (see Fig. 5.6).

Figure 5.6. Displacements due to the misalignment of LD beam position on the shaft surface.

This error is hardly avoidable in practice due to the accuracy required in the alignment to the shaft axis.
This component of the displacement is easily eliminated as the last step of the signal processing

procedure, by estimating the average speed obtained and removing the introduced virtual displacement.
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Figure 5.7 shows the experimental results of the reconstructed displacement after four rotations of the
shaft at a frequency of 12.5Hz. It may be seen how the velocity component in the direction of the laser
beam introduces a slope on the measured periodic displacement which turns into a false measured

displacement of the shaft.

Figure 5.8 shows the reconstructed displacement after removing the contribution of the unwanted

component of the displacement, leading to peak to peak amplitudes of about 52.9um.

Displacement (m)

Displacement (m)

Figure 5.8. Reconstructed displacement for 4 rotations at the frequency of 12.5Hz after the removal of the

unwanted displacement due to the misalignment.

5.a.4. Evaluation of the uncertainty of the measurement

An important source of uncertainty in the measurement of displacement is due to the mechanical
imperfections of the rotor shaft surface, such as roundness errors, scratches, material irregularities, shape
errors or other causes of eccentricity of the shaft, which are randomly added to the measurement. These
imperfections bring on a level of uncertainty in the measurement which prevents it from reaching the

half-wavelength resolution allowed by OFL

To evaluate the level of uncertainty introduced by this effect, a new experiment was performed including

two LDs which were collinearly aligned at both sides of the shaft, as shown in Fig. 5.9. The displacement
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of one of the LDs relative to the other in absence of mechanical imperfections is expected to be linear in
absence of errors, with only a constant phase delay in the absolute signals. Deviations from this linearity
should be considered essentially as an effect of mechanical imperfections of the shaft, and in any case set

a limit to the accuracy of the measurement.

Figure 5.9. Two LD configuration to estimate the uncertainty of the measurements

Figure 5.10 shows the experimental results obtained. Using the setup of Fig. 5.9, the OOP was acquired
for four rotations of the shaft at 12.5Hz. It may be observed how the uncertainty obtained in displacement

reconstruction was below +6pum, corresponding to £11.3% of the total displacement range measured.
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Displacement (right view) (m)
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Displacement (left view) (m) <10°

Figure 5.10. Reconstructed displacement from left view (obtained by LD1) against the reconstructed
displacement from right view (obtained by LD2) for four rotations with the frequency of 12.5Hz. The straight
black line stands for the ideal case of the displacement of a smooth surface.

5.a.5. Validation of the measurements
To validate the measurements obtained using the proposed technique, a commercial Polytec OFV-303
laser vibrometer has been used. Figure 5.11 shows the experimental setup, with the Polytec vibrometer

pointing to one side of the shaft centreline and the LD pointing to the opposite side, collinearly and at the



5.a. Motor shaft runout tracking

same height. The goal is to measure the lateral displacement of the shaft centreline by both vibrometers
comparing them once the difference in displacement direction and deviation from axis centreline has been

compensated.

Polytec
Vibrometer

Figure 5.11. Experimental configuration for shaft runout measurement using two laser vibrometers for

validation purposes.

Figure 5.12 shows the reconstructed signals of both vibrometers for the lateral displacement of the
rotating shaft of a typical PMSM. In this measurement, the rotation frequency of the shaft was set to 25Hz
and the acquisition time corresponded to two rotations of the shaft. The maximum variation of amplitude

of the difference signal is about 12um (£6um) as presented in Fig. 5.12.

s (a) Displacement (by SMLD)

Figure 5.12. Signal reconstructions of a typical PMSM shaft displacement at horizontal direction using a
Polytec vibrometer and an OFI vibrometer (SMLD) for two rotations at a frequency of 25Hz. The difference is

the subtraction of the two reconstructed signals.
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This difference is in full agreement with the £6um uncertainty calculated for the setup in section 5.a.4 due
to mechanical imperfections on the shaft surface. Thus, the OFI sensor has been shown to deliver valid

results with a much cheaper sensor, which shows only a higher level of noise than the reference ones.

5.a.6. Experimental results

Once the validity and accuracy of the technique has been analyzed in extent, we will present results for

the 2D trajectory of the lateral axis displacement using two LD arranged orthogonally (see Fig. 5.13).

To observe the capabilities of the technique in NDT testing of PMSM motors, both a healthy PMSM and

a faulty one which has some magnets demagnetized have been measured using the same setup.

Figure 5.13. 2D measurement configuration for motor shaft runout tracking.

Figure 5.14 depicts the 2D displacement reconstruction of the shaft displacement in both motors. In the
experiment, the signal of two rotations acquired when the motors were running at 25Hz is shown. Figure
5.15 shows the 2D trajectory of the displacement in polar coordinates. The shaft trajectory of the faulty
PMSM may be seen to have a significantly higher amplitude and eccentricity. Detailed finite element
method simulations have shown that a demagnetized machine generates unbalanced radial forces which
may generate mechanical effects. The model of the measured shaft trajectory presents realistic results for

fault diagnosis of demagnetization for a PMSM subject to test.
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Figure 5.14. Reconstructed shaft displacements in X and Y axes for a healthy and a faulty PMSM when

running at 25Hz. Two periods are acquired in the measurement.
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Figure 5.15. 2D trajectory of the shaft displacement in X-Y plane for a faulty and a healthy PMSM running at

25Hz. Faulty PMSM exhibits a much larger displacement and eccentricity

5.b. Beam deformation measurement

As a second experimental implementation, an OFI sensor has been applied as proximity probe to monitor
the bending of large polymer reinforced beams used in civil engineering applications, under dynamic

loading. As in the previous Section, a detailed description of the problem and the measurement procedure
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used is presented with view to potential applications in the analysis of mechanical structures, where
continuous monitoring on bridge conditions using bridge dampers was proposed. Structural non-
destructive testing of composite elements was another potential application which could benefit from the

results of this Section.

5.b.1. Introduction

The correct characterization of materials has been for several years a keystone of modern engineering
design. It is possible to find references to mechanical properties of materials such as Young’s module,
yield strength or rupture limits in mechanical design books [Beer 2001]. However, those values only are
well known for a limited number of materials. When the material used in a given design is out of the
scope of such tables, or when properties are dependent on the geometry of the element, it becomes
necessary to measure the performance of the material in a given application with a reliable sensor. A good
example of materials which typically need to be tested are composites [Hashin 1983], which can easily
vary its mechanical performance with shape due to its anisotropic structure. Even though material
characterization is of general interest to every design, it is more important in the case of structural

building materials, which are subjected constantly to different dynamic and static loading effects.

It is not possible to measure all characteristics of one given material in a direct fashion. Usually, indirect
methods that consist on quantifying the strain (4L/L) or the deformation produced on the loading axis are
applied to measure those properties. The evaluated deformation is then compared with the known applied
effort to get a relationship from which it is possible to extract a local value of the property. Thus, a sensor
capable of quantifying accurately deformation in a linear fashion is a requirement for material

characterization.

Most commonly, the deformations measured in material testing are limited to a range that goes from a
few microns to a couple of millimeters. This implies the sensor used should have submicron resolution
and a bandwidth from sub-Hz to several hundred Hz in the case of fatigue testing [El-Tawil 2001]. Many
types of sensors are used in material testing [Medlock 1983], although amongst the most common we find
LVDTs and strain gauges. Recently other sensors based in fiber-optics have started to be applied in this

type of measurements [Lawrence 1999].

Strain gauges are probably the most usual sensors for material testing. They are contact sensors which
increase or decrease their resistivity depending on the strain applied on them. The use of strain gauges is
largely extended because of their low cost, linearity, and availability in many sizes [Chalmers 1993].
Usually they are used in resistive electronic arrays such as Wheatstone or Kelvin bridges. One main
problem which appears while measuring strain with gauges is related to the selection of the geometry, its
calibration and its contact with the sensed material. The selection of the geometry is not obvious if there
is no information on the expected deformation. Contact depends on the use of good adhesives, and the

ability of the user to place the gauges in the correct position. Finally, previous calibration with an external
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comparison tool is needed to assure the measured values using the gauge agree with the real

displacement.

LVDTs are electromechanical transducers which can convert rectilinear motion into its corresponding
electrical signal. The output is quantified as a differential value between two secondary coils [Fan 2001],
induced by an electromagnetic moving core. In this case, the contact between the tip of the LVDT
moving core and the tested material has to be assured. Some of the main advantages in strain
measurement with this type of sensors are the lack of mechanical hysteresis, the fast dynamic response
and their insensitivity to radial movements. The main disadvantages rely on their limited displacement

range, the sensitivity to temperature changes, their linearity and their cost.

Looking carefully at the measuring needs, and to the advantages and disadvantages which other sensors
present, we propose the use of OFI as a suitable transducer for strain measuring. The technique is useful
for measuring sub-micron vibrations with high accuracy. Furthermore, as described in chapter 2, OFI has

shown to be a reliable method for measuring vibrations, displacement and absolute distance.

In this section, we demonstrate the use of an OFI sensor for measuring the beam deformation under
dynamic loading. Since the deformations may be potentially large (may reach up to some millimeters or
even centimeters) speckle effects are expected to appear in the acquired OOP of the LD, leading to
frequent signal fading. Thereby, the adaptive speckle control technique which has been presented in this
thesis is expected to be an efficient solution for speckle management in this application. However, once
on the field application, the reflectivity conditions of the beam yielded just a fading zone in the complete
displacement range, which could be easily managed using the same procedure for adjustment of spot size
which was proposed for the motor runout application. It should be stressed that this is not the general
condition, as far as displacements of some centimeters typically involve some unavoidable fading regions,

which was not the case in this particular case.

Next we will cover the measurement procedure and the solution for speckle management. Then, the
results of the test done using the OFI sensor for measuring the deformation of a composite beam subject
to dynamic loading will be presented. Results will be compared with those of a LVDT sensor to show the
agreement of results between the proposed OFI non-contact measuring method with a classical contact
mechanical transducer. This work was performed in collaboration with Prof. Lluis Gil, from the LITEM

research group at the Terrassa Campus of UPC.

5.b.2. Measurement procedure

In the measurements we used a Hitachi HL7851G LD emitting at a wavelength of 793nm and a maximum
output power of 50mW. The LD is directly pointing to a beam which will undergo dynamic loading tests.
This testing will introduce changes in the optical path in the LD external cavity which will result into

frequency beats. The FCM algorithm has been applied for signal processing. The resolution of A/2
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provided is far over the requirements of most civil engineering applications. The whole signal processing
scheme after signal acquisition is shown in Fig. 5.16. The process is equivalent to the one applied to
motor shaft runout tracking at section 5.a.3 but for the misalignment correction stage, which has been
removed as it has no sense in this application. As a first step, a moving-average low-pass filter (LPF)
[Zabit 2009] is applied to the acquired OOP to eliminate the high frequency noise which typically appears
in real applications, especially in harsh environment. The phase signal and displacement are then obtained

as in the previous Section.

X (t
p() s (®) Integrator Gain Gain
P(t) pt modn [ Fri 4 x (t D(z)
—»| LPF /5] AGC ﬂ»lﬂl—» nmee L _[ ,f()
' detector t, . 4 2
1 1
1 1
1 1
1 1
Filtering : Estimation of phase X , (1) : Estimation of D(t)
—>, < > | < >

Figure 5.16. Block diagram of the signal processing procedure for displacement reconstruction in a beam

deformation application.

5.b.3. Management of speckle effect

The main disadvantage of using an OFI sensor is the appearance of speckle effect modulating the
amplitude of the OOP signal in large displacement ranges, due to the roughness of the target surface
roughness. The fading regions which appear, as explained, lead to degradation of the accuracy of the data

taken, and to loss of relevant information in the measurement.

Due to the small speed of the target, the adaptive speckle control solution and the optimization of spot
size should be considered for speckle management in this application. It should be taken into account that
spot size adjustment is suitable for relatively large displacements given that only one or two black-out
zones may appear in the signal depending on surface roughness. For larger displacements this technique
can’t manage the speckle effect so it will not be possible to remove the fading zones of the OOP. In these
cases, the adaptive solution is the most effective one, as its limitation to slow displacements (< 0.2mm/s)

is not a problem in this application.

5.b.4. Experimental results

As an experimental proof to use OFI as a sensor for measuring beam deformation under dynamic loading,
the deformation of a composite beam made of GFRP (Glass Fiber Reinforced Polymer) was measured.
The measurement configuration is shown in Fig. 5.17. A GFRP beam was under loading at its center
using a controlled electro-mechanic machine (Suzpecar 50kN), with both ends of the beam placed on the

fixed, rounded metallic cylinders which acted as reliance points.
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The OFTI sensor together with a HBM WA/20mm LVDT sensor which will be used for comparison were
placed at 155mm from the loading point, in order to monitor the vertical displacement of the GFRP beam
surface at the measurement point. At the loading point a displacement of roughly a millimeter with low
speed (about 0.067mm/s) is applied to the beam. At the measurement point the displacement is expected

to be some hundreds of microns (below a millimetre).

Although it is physically impossible to place the LVDT sensor head exactly at the point where the laser
spot is pointing, efforts were made in order to minimize the distance between both points and to place
them under an optimized geometry where comparable displacements were expected. As may be seen in
Fig. 5.18, both sensing points were placed at the same distance from the loading point and as close

together as possible.

Figure 5.17. Experimental configuration for beam deformation measurement.

Figure 5.19 shows the experimental OOP signal affected by the speckle effect having one fading area in
the signal. As seen in the figure, in the fringe detection algorithm of the normalized OOP, the fringes of
the fading region were undetected due to its low SNR, which made impossible to recognize the fringes
out of the noise. To recover the lost fringes and achieve the correct detection, the spot size was adjusted to
change the position of the speckle spot in order to obtain the OOP signal without fading. Figure 5.20

shows the results of the same experiment under the new spot size condition. As seen, in the OOP now
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there is neither a speckle modulation nor a black-out region, so the fringes are correctly detected leading

to displacement reconstruction with half-wavelength resolution

LVDT Head Laser Spot

Figure 5.18. Sensor configuration; OFI sensor and commercial LVDT sensor used for comparison
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Figure 5.19. Experimental results; OOP of the LD affected by speckle effect showing a fading region in the
signal, leading to undetected fringes in the signal processing.
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Figure 5.20. Experimental results; OOP of the LD without speckle modulation.

Figure 5.21 illustrates the displacements measured by both sensors (OFI and the LVDT sensor), and the

difference of the obtained displacements for comparison purposes.
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Figure 5.21. Beam displacement measured by OFl and LVDT sensors and their difference for comparison

purposes.
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Although the measurement resolution by OFI is the basic resolution of the sensor (396.5nm), the LVDT
signal was quite noisy and presented a high-frequency variation equivalent roughly to a 20um

displacement, as seen in the figure.

To better compare the displacements achieved by the sensors, a low-pass filter has been applied to the
LVDT signal to eliminate the high frequency noise. Figure 5.22 shows the filtered LVDT sensor signal
together with the OFI signal for better comparison. The difference between the reconstructed

displacements is shown in Fig. 5.23 was kept below 20um (about 2.9% of the measurement range).
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Figure 5.23. Difference in displacements measured by OFI and LVDT sensors.



5.c. Conclusion

The small differences present in both signals are interpreted essentially as due to the noise in the LVDT
signal, and to the physical impossibility of measuring in slightly different points, so small torsions or
other effects may appear in the measurement. The results prove the feasibility of using OFI as a sensor for

material deformation measurements under dynamic loading conditions.

5.c. Conclusion

In this chapter, two new applications of OFI in which the speckle effect may significantly affect the
measurements have been presented, and speckle noise has been managed properly in both of them.
Results show the capabilities of the OFI sensor to be used as proximity probes in a number of applications

in industrial, harsh environments.

In one of the applications, a complete methodology for the measurement of the motor shaft runout using
OFI has been demonstrated in detail. The experimental results have shown the capability of OFI sensors
to provide the detailed trajectory of a motor shaft, suitable for being used as a new proximity probe for

non-contact motor fault diagnosis.

In the second application, an OFI sensor was proposed for measuring the deformation of composite GFRP
beams under dynamic loading. Simultaneous displacement measurements were taken on a dynamically
loaded beam with an OFI sensor and a LVDT sensor, to validate the performance of the proposed sensor.
The reconstructed displacement signal shows that the difference of both signals is kept below 20um
during the experiment, validating the capabilities of the OFI sensor as proximity probe for the proposed

application.
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6. Conclusion & future works

The present thesis was started with the aim of improving the performance of OFI-based sensors
combining them with optical systems, in particular with the incorporation of some adaptive optics
capabilities, without large increments in the complexity of the setup. It broke ground at CD6 as it was the
first PhD work related to OFI, and added a novel point-based interferometric technique to the background
of the Optical Metrology Group. The technique has developed into a very interesting and innovative
research line with both scientific and practical interest, with three more PhD works under development at
present. The first conclusion of this Thesis, thus, is that a novel, very promising research line in Optical

Metrology has appeared within CD6 enhancing the problem-solving capabilities of the Centre.

As a general scientific conclusion, we have shown for the first time that the control of the feedback level
of a laser diode, and the control of the SNR of a speckled OOP, can be performed using an electro-optical
lens. An auto-adaptive OFI sensor, operator-free, and precise even for large displacement ranges when
speckle effect appears has been designed, built and demonstrated. Adaptive feedback control has been
complemented with adaptive speckle control, a solution able to cure the signal fading affecting the OOP
due to speckle effect in large range displacements. Some applications have been presented showing the

usefulness of the approach.

A number of detailed conclusions with more reduced scope have also been presented along this Thesis,

and are recovered here as a summary of the work performed.

Commercially available variable-focus liquid lenses have been analyzed in order to enable an electrically
controlled focusing of the laser beam, and its active real-time control out of signal parameters. Among the
available solutions, voltage-programmable electrowetting-based liquid lenses were found to be the best
choice for our purposes. However, since it was not possible to use them alone in front of the laser for long
range focusing, an appropriate optical system (the adaptive optical head, AOH) including an aspheric lens

combined with the liquid lens was designed and built to enable a long range of focusing distances.

A number of experiments were presented showing the capabilities of controlling the feedback level using
the proposed solution. By changing the focal distance of the liquid lens using the AOH, it was possible to
modify the feedback level from the weak regime to a moderate regime with large hysteresis, yielding
severe fringe loss conditions. The capability of the AOH to keep feedback level (or, equivalently, the
coupling factor) in a desired condition was experimentally demonstrated. Experiments also showed how |
fringes lost due to an excessive feedback level can be recovered by modifying the focal length of the

liquid lens, and subsequently the spot size on the target, using the AOH.

This control of the coupling factor enabled the proposal of a novel high resolution sensor based in the
comparison of the OOPs of two laser diodes. This novel technique improves the accuracy and the

resolution of the measurements of displacement using OFI sensors, enabling for the first time
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measurements of amplitudes below the A/2 limit. The technique compares the positions of the fringes
which appear in the OOP of the two lasers, one of them stationary and pointing to a moving stage, where
the second laser is mounted while pointing at the target to be measured. The stationary laser plays the role
of reference sensor and the vibrating laser is used as measurement sensor. The vibration of the
measurement laser brings on the appearance of fringes in the OOP of both lasers. The performance of the
system was validated by simulation yielding resolutions in the nm level, well beyond the displacements
normally measured using OFI sensors, with magnitudes below the A/2 value. Simulations also showed the
relevance of the matching of the feedback levels to a coupling factor close to 1 in both lasers in order to
achieve the best experimental results, a matching easily performed using the adaptive solution proposed.
A preliminary experimental setup was built to test the capacities of the proposed high resolution sensor.
Experimental results for a sampling rate of 160Hz showed an average error of 3.6nm for a target
displacement of 265nm. This accuracy accounts for A/200, well beyond the A/25 values attained as

maximum accuracy in the literature.

Beyond feedback control, it was also proposed to use spot size adjustment using the AOH to modify the
speckle pattern of the laser and cure signal fading effects by improving the SNR of the OOP. Thereby, the
speckle affected OOP signal was experimentally characterized, finding that over the undesired reduction
of the SNR in the signal, the appearance of speckle modifies the coupling factor, and subsequently the
feedback regime, along the displacement of the target. Based on experimental results on controlled
roughness samples, it has been demonstrated that the speckle pattern is related to the roughness of the
surface of the target, and that it changes with the size of the beam spot on the target. This results showed
the potential feasibility of modifying the speckle pattern by adjusting the spot size of the beam on the

target (by changing the focus at the AOH), in order to avoid signal fading along the measurement.

From these results, a real time speckle control algorithm based on the control of the SNR of the OOP was
implemented to modify the spot size by focus adjustment when the signal faded below a threshold value.
A real-time algorithm was programmed and tested in an experimental case of large displacements, a
typical real-world experiment where speckle effects are bound to appear. The control algorithm showed
its capability to actively adjust the spot size during the complete target displacement to compensate for
reductions in SNR, and to acquire the complete OOP without fading. This enabled the acquisition of the

full OOP signal without losing any fringe for target displacements up to 20mm.

However, this adaptive solution cannot be applied to fast displacements as the speckle control speed is
limited by the time response of the liquid lens to modifications in focal length. The maximum target
speed in which the speckle control algorithm could successfully manage to avoid signal fading was
0.2mm/s. For higher target velocities, another solution for speckle control based on the sensor diversity
principle has been proposed. Sensor diversity uses two lasers pointing to the same target with slight

differences in the experimental conditions. Differences can be either spatial (lasers pointing at different
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points of the sample or with different spot sizes) or in the frequency domain (lasers with different
wavelengths). Slightly different experimental conditions take advantage of having different speckle
pattern in the OOPs in both lasers. This method has also been implemented and tested in this thesis,
showing how the probability of fading reduces very significantly although it cannot guarantee the full

disappearance of the problem.

Furthermore, two real experimental applications developed have been presented to demonstrate the
applicability of the adaptive solution in the OFI based sensor configuration for speckle control when large

target displacements are present.

In one of the applications, shaft runout measurements in electric motors where performed in order to
enable non-destructive maintenance procedures. In this setup, the expected displacements were in the
order of some tens of microns introducing speckle shift. Spot size adjustment enabled to have no fading
area in the acquired OOP signal. A full measurement procedure for the measurement of the 2D trajectory

of the runout in a motor shaft was also developed, and validated using a commercial vibrometer.

Another application of OFI based sensor was material characterization, applied to the measurement of
reinforced polymer concrete beams used in civil engineering. The displacement range in these
applications, where the beam is loaded to test its resistance, can be from a few millimetres to some
centimetres. For such large displacements, the speckle phenomenon can obviously affect the
measurements, so the adaptive solution is proposed as the best way to deal with the speckle for this type
of applications. Measurements on beams have been compared with results obtained using a conventional

LVDT sensor, showing total agreement.

All contributions have been presented as peer reviewed publications (two still under evaluation), patents

and international conferences, listed in chapter 8.

Regarding future work, several options are open. Since an FPGA based electronic card incorporating the
OFI sensor has been proposed for OOP signal processing, spot size control either for speckle or for
feedback level management could be incorporated in the same electronic card. The algorithms for
feedback adjustment, speckle control for large displacements, and specific algorithms for given
applications (like the ones developed for shaft runout tracking in electric motors) can be included within
the same card. In the event of a successful implementation, an autonomous, robust, operator-free, and

user-friendly sensor for short and large displacements will be available to everyone at a very low cost.

Besides, the performance of the double laser solution here proposed was theoretically and experimentally
investigated in this thesis, but a lot of space was left for detailed analysis and implementation of the
proposed solution. A new PhD thesis is currently under development at CD6 for the analysis of such a
solution, the analysis of the experimental constraints involved, the optimization of its performance, and

the development of related applications.
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