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ABSTRACT

In this thesis the technique for measuring distances in the range of several centimetres with micron accuracy
and a millisecond response time is presented. The measurements can be made on most optically rough
surfaces such as metals, plastics, papers etc. The advantages of the technique are (i) a short response time
which makes it possible to work with fast-moving objects, and (ii) the possibility of making measurements on
extremely rough surfaces where other sensors such as, for example, triangulation [1] do not reach the required
performance.

The proposed technique is based on the well-known speckle effect discovered in the 1960s. Since that time it
has been known that moving objects illuminated with a laser produce dynamic speckles [2,3]. Basically the
dynamic speckle velocity at the observation plane depends on the distance between the laser and the object
surface [4]. This provides an opportunity to build a simple profiler, as speckle velocity can be easily
measured using the technique of spatial filtering [5]. However, the speckle method was also known to
provide highly dispersed measurement results due to the stochastic nature of speckles. Consequently,
dynamic speckle distance measurements were known to provide quite low accuracy, which is not satisfactory
for industrial applications.

In this thesis it is demonstrated that object velocity is a key point in improving dynamic speckle method
performance. The high velocity of the illuminating beam over the object surface results in an appreciable
decrease in the response time of the method. The short response time allows the accumulating and averaging
of data, thus greatly improving accuracy. Since most objects in typical industrial applications are quite slow
(< 1 m/s) or even static, it was suggested that scanning over the surface of the object should be used.
Scanning techniques are well developed and allow velocities of hundreds of meters per second to be
achieved. Thus the response time becomes very short and averaging over many scans can be done. Scanning
not only improves the performance of the method but also makes it possible to use it with static objects.

It was also found, however, that scanning over a static object produces correlated measurement series. The
analysis of spatially filtered dynamic speckles revealed the way to optimize sensor performance. It was
shown that the scanning rate should be kept in line with the velocity of the moving object. The analysis of
spatially filtered dynamic speckles also suggested an easy way to improve speckle sensing by using many-
channel spatial filtering.

Finally, the speckle distance sensor prototype was tested with industrial objects in a manufacturing
environment, and performance suitable for industrial applications was demonstrated.

The results of this research are presented in five original papers and one submitted manuscript. Paper |
demonstrates velocity-independent dynamic speckle measurements using two spatial filters simultaneously.
However, this method still depends on the object motion, since the sensor is idle if the object stops. To make
measurements completely independent of the motion of the test object, it was decided to generate dynamic
speckles by scanning over the object surface. Papers 11-V study and compare various scanners for a dynamic
speckle sensor. The analysis in papers 11-V makes it possible to choose the most efficient scanner and
optimal geometry of the speckle sensor to achieve the highest performance. Paper V analyses the correlation
properties of dynamic speckles generated with a scanning beam, as these properties differ from the statistical
properties of speckles generated with a moving surface.
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AOD -acousto-optic deflector
DFT- Digital Fourier Transforms
IFE - instant frequency estimation
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SFV - spatial filtering velocimetry
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TOF - time of flight

n - ratio of translation/boiling regime
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rp - radius of the spot on the object

A - wave length (of illuminating beam)

Vsp - speckle velocity

Vos - object surface velocity

V15 - scanning laser beam velocity in respect to the surface
z - distance to the object surface

D, - distance form observer to the beam waist position.

Zg - Rayleigh range

A - pitch of spatial filter (period)

& - the relative inaccuracy of frequency measurements

& - relative measurement inaccuracy of distance measurements
wo - beam waist
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CHAPTER I

1 Introduction

Distance (along with time) is one of the most important features of our world, reflecting the essence of the
space-time continuum. In animated nature even before the arrival of homo sapiens, distance and size were
central concerns in the successful evolution and survival of living beings in a hostile environment. With the
advent of homo sapiens, the measurement of distance became rational. For tens of thousands of years of
human existence, the prosperity of mankind has required increasingly sophisticated measuring devices and
techniques. Nowadays human beings operate with extremely wide ranges of distances, from the size of the
visible universe (~10** m) down to the subatomic range (~10"* m) and even less. Of course, there is no
universal measuring device for such a wide distance range and each range refers to some particular method
and is limited by a given interval. In this way distance measuring methods vary from basic manual techniques
to sophisticated automatic controls and even indirect theoretical estimations. Due to the increasing
acceleration of the pace of modern life, human activities require faster and more accurate distance measuring
devices for determining position on the earth’s surface, for navigation in space, for microscopy, and, of
course, for industrial applications. The requirements for industrial sensors are increasing with the speed of
technological progress - machines become faster, more intelligent; quality of control systems and
manufacturing tolerances become stricter in terms of accuracy. Thus, more accurate sensors are needed.

This thesis is devoted to the measurement of the distance to an optically rough surface in the range of several
centimetres. The accuracy of the measurement depends on the measuring window. In the case of a single
channel sensor (single photo-receiver), micron accuracy is achieved within several milliseconds. A short
response time is a very important parameter of any sensor. Objects in industrial environments are moving
sometimes with extremely high velocities: in paper lines, for example, it is tens of meters per second, while
an accuracy of microns is required. It is clear that with a slow sensor the displacement of the object during
measurement will greatly reduce lateral resolution. At the same time micron accuracy usually requires some
averaging (long measuring window), which means that the measurement process is not as fast as desired.
This is quite a challenging task for any sensor. However, the speckle sensor considered here is able to
complete measurements within microseconds, depending on the required accuracy. For a 1 ms measuring
window, the displacement of an object moving with a velocity of 10 m/s is equal to 10 mm, which can be
considered a "good" result.

The other advantage of the proposed sensor is the possibility to work with optically rough surfaces. Usually
surfaces which produce high scattering reduce the accuracy of measurements. For triangulation sensors this is
because of the speckle effect when using a laser or a not well-defined reflected beam profile for a non-
coherent light source. For contact sensors that is impossibility to achieve accuracy higher then the object
roughness and slow response (< 1 kHz) when the surface roughness is high. In contrast, a speckle sensor does
not work with specular surfaces, while with rough objects its performance is sometimes higher than with
other techniques. As rough surfaces are more common than specular ones in industrial environments, the
speckle sensor can find a wide area of applications.

In addition to the above-mentioned abilities to work with fast-moving objects and to provide measurements
on rough surfaces, another advantage of the speckle sensor is that it does not involve any sophisticated
expensive mechanics, optics or electronics. Basically the sensor measures the dynamic speckle velocity
generated by a moving object illuminated with a laser. In this case speckle velocity is a function of the
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Introduction

distance between the optical head (laser) and the object surface [3,6]. Spatial filtering [5,7] allows fast
measurement of speckle velocity: a speckle moving across a periodic transmittance (e.g. simple diffraction
grating) produces light power modulation behind the transmittance, whose frequency is directly proportional
to the velocity of the speckles. Modulation frequency can be measured using any common frequency
measurement technique (zero-crossing, Fast Fourier Transforms etc.), and the frequency value represents
speckle velocity and therefore z-distance.

The technique described in this thesis is optical and therefore non-contact, which is preferable in modern
industry. The method of measurements is original, and to the best of the author's knowledge no sensor of this
type has been applied in industrial environment so far. Due to its rather simple construction and high
performance, it is expected that the speckle distance sensor will replace the outdated devices which are
currently in use in some industrial applications.

14



CHAPTER I

2 The aims and contents of the thesis

The aim of this thesis is to propose a novel method for distance measurement in the 0.1 - 50 mm measuring
range with micron accuracy. One of the targets of proposed method is measuring the thickness of spray
coatings. The spray coatings are widely used to provide thermal, corrosion and other protection for different
surfaces. The thickness of coating is typically within several hundred of microns while required accuracy of
coating thickness is of microns. The control of spray coating must be realized in real time during deposition
and the duration of deposition is typically very short (several seconds). Due to the beating (object is typically
rotating while the coating is sprayed on the object) and thermal expansion of the object (high temperature of
plasma jet) the position of the target surface can vary within several millimetres. Thus coating thickness
measurement is quite challenging task for any conventional sensor and no universal solution was found yet.
In this thesis the performance of proposed method is demonstrated by the example of protective coating. The
other anticipated examples of proposed technique applications are rolled metal thickness measurement, weld
seam inspections, online measurement of paper-web thickness, profile monitoring of fast-rotating rolls and
reels in papermaking machine, to mention a few.

The proposed method exploits dynamic speckles; for this reason, throughout the thesis the prototype of the
distance sensor is called a Speckle Distance Sensor (SDS) or speckle sensor or simply semsor. The
distinguishing features of a SDS are

non-contact operation mode

applicability to most optically rough surfaces
short response time (s)

capability to work with fast-moving surfaces
simple optic and electronic construction

The method is optical and therefore non-contact. Non-contact measurements are preferable in most cases, as
contact sensors are usually subjected to deterioration. This decreases accuracy with time and some contacting
parts of such sensors must be replaced sooner or later, which means that the manufacturing process has to be
stopped for maintenance inspections occasionally. Moreover, in some cases contact measurements are
impossible or can be accomplished only with great difficulty due to certain manufacturing factors:

. aggressive media (high temperature etc.)

. scratch-sensitive components

. soft or easily deformable components (paper etc.)

. contact measurements with accuracy higher than object roughness

The most remarkable feature of the technique is the response time, which can be extremely short. The
shortest response time in distance-estimating experiments was just 12 ns. However, such short response time
does not provide acceptable accuracy. To increase accuracy, averaging over a series of measurements is
needed. To get acceptable accuracy after averaging, the total response time was increased up to several
microseconds.

The proposed method works with most optically rough surfaces (metals, plastic, papers etc.). The best results
were obtained with strongly scattering surfaces without light penetration into the media, such as metals.
Nevertheless, the method also works with paper but then the response time is longer. Some conventional

15



The aims and contents of the thesis

methods do not work with very rough surfaces especially when the required accuracy is higher than the
roughness of the surface. The speckle sensor copes perfectly with the task, as the rough surface is an integral
part of the measurement.

The other advantage of the proposed method is the possibility to work with rapidly moving surfaces due to
the short response time of the sensor. Various applications of speckle metrology also involve object velocity
measurement [8,9,10]. Fast-moving surfaces are an integral part of many industrial processes. Let us consider
a production line continuously moving with a velocity of 10 meters per second. In this case, to achieve a
resolution of 1 cm along the surface motion direction, the measurement time should be reduced to just 1 ms.
Achieving an accuracy of microns in such a short time is really challenging for both contact and non-contact
techniques.

The other distinguishing feature of the technique is a simple optical and electronic arrangement, which results
in a relatively low cost of the final product. Simple optics means that no expensive multi-lens objectives are
needed. Conventional thin lenses are adequate to ensure high performance of the sensor. Simple electronics
mean that the device is quite inexpensive but it is still capable of working in real time with a response time of
microseconds.

16



CHAPTER III

3 Review of alternative measurement techniques

As a result of ever shorter production cycles, the demand for industrial metrology increase simultaneously
with the demands on manufacturing quality. Estimating the distance to objects, acquiring information about
object profiles and object surfaces, and 3D vision applications require fast, robust, and accurate solutions.
Current methods can be divided into two main categories: touch mechanical and non-contact sensing. Contact
measurements have obvious disadvantages: a long response time, deterioration, and required constant contact
with a surface. There are also more advanced technologies based on non-contact principles, including several
techniques based on various physical phenomena: electromagnetism, acoustics, and optics. In this review
some basic details of mechanical probes and non-optical techniques are given, and then a more detailed
description of optical distance sensing principles and their advantages and disadvantages are provided.

3.1 Conventional contact measurements

Conventional touch range sensors are based on a touch trigger probe installed in a coordinate measuring
machine [11]. The end of the probe stem is deflected by the contact surface thus producing a corresponding
step voltage, which indicates instant position. Such probes are well developed and have excellent accuracy
and repeatability. However, the application of touch probes is limited. Due to the need for mechanical contact
with a surface, touch probes require careful surface contact and therefore they are quite slow (~ 1 kHz). A
low measurement frequency makes it impossible to make measurements with fast-moving objects. The other
problem is the measurement of the surface profile when the roughness of the surface is comparable to or
higher than the profile variation. In this case, due to the need for uninterrupted contact with the object, fast
accurate measurements are impossible.

3.2 Non-optical contactless sensors

Typical non-optical contactless range sensors use electromagnetic and acoustic phenomena. Inductive sensors
and capacitive sensors are referred to as field-based sensors [12,13,14]. Inductive sensors are limited only by
measuring distance to metallic surfaces. Capacitive sensors can be activated with either conductive or non-
conductive materials but the sensor cannot work with several different materials simultaneously. The typical
sensing range of field-based sensors is the same as that of the speckle sensor (within 5-20 mm); however,
field-based sensors are not accurate and usually are used as presence sensors. Besides, field-based sensors are
strongly affected by environmental conditions such as humidity, dust etc.

Acoustic [13,15] methods are referred to as the time-of-flight technique and are described below in section
3.3.1. The disadvantage of such methods is low resolution in the x-y plane, which is defined by the acoustic
beam diameter.

3.3 Optical methods

The main advantages of optical measurements [16] are the absence of direct contact with the test product and
the possibility of making measurements extremely fast. Many optical measurement methods are still in the
research stage. Optical techniques can be divided into several independent groups: geometric (triangulation,
auto-focus, image processing), time-of-flight, interferometry, diffraction. Optical methods are preferable
because of their rapidity and the absence of physical contact with the test objects.
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Review of alternative measurement techniques

3.3.1 Time-of-flight

The time-of-flight (TOF) method [17] measures the signal carrier (acoustic or electromagnetic waves) travel
time, assuming that the propagation velocity is known. Typically, an observer emits a signal; the signal is
reflected from the object and comes back, while the observer registers the total travelling time. TOF ranging
using light is known as LIDAR (light detection and ranging) [17]. Using a laser is preferable as a laser is
capable of producing very narrow beams to get accurate resolution in the x-y plane. The main problem is that
improving z-accuracy requires measuring very short time intervals because of the extremely high velocity of
the light. To operate with even 1 m length, measurement of one billionths of a second is needed. TOF using
acoustics is much more precise in the z-coordinate. However, it is much more difficult to concentrate the
sound energy into a narrow beam to get high x-y resolution.

3.3.2 Interferometry

The interaction of two coherent beams leads to interference and light intensity variation at the observation
plane. If one beam is the reference beam and the other is sent to the object and reflected back, then the
position of the fringes in the interference picture depends on the distance to the object, which defines the
phase difference between the reference and the object beams. Interferometric range measurements are divided
into modulated and unmodulated [18]. The unmodulated technique uses only one wave length for
measurement, so the measurements interval is limited as light intensity alternation is a periodic function of
the z-distance with the period equal to the wavelength. However, it can be an extremely accurate tool, with a
resolution of 0.01 pum.

Using modulated light makes it possible to increase the range. The output signal in the case of modulated
interferometry is also a periodic function of the object range. However, the period now is equal to the
modulation wavelength, which is under the experimenter's control. These wavelengths can be long. Thus,
high resolution range measurements require very high resolution phase measurement of the modulated signal
returning from the object. This, in turn, requires time averaging over many periods of modulation. Thus, there
is a direct trade-off in range resolution and temporal resolution. In spite of the available longer measurement
range, interferometric measurements [19] are quite a challenging problem especially if the surface is very
rough and moving.

3.3.3 Triangulation

Triangulation has become a standard method for distance measurement. In the SDS application field it is the
most advanced and most investigated of the optical distance measurement techniques [20], and it can be
considered to be the main competitor of the dynamic speckle sensor. Triangulation utilizes the basic
geometrical properties of a triangle, enabling calculation of the other sides of the triangle when the base of
the triangle is known and the adjacent angles are measured. Measuring the angles implies object observation
from two different points. It can be either measurement of displacement of an image point from a reference
point in the detector plane (active: point projection, grids projection techniques etc.) or the acquisition of two
images (passive: stereo imaging).

Triangulation has evident advantages:

. simple concept, easy and straightforward to implement
. easy to scale over a large range

But there are also disadvantages:

. a generic problem with triangulation techniques is missing data. As the object is being viewed from at
least two perspectives, there can be points which are visible in only one of the views

18
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. non-specular surfaces complicate the measurement due to irregularly scattered light. Rough surfaces
noticeably reduce the accuracy of defused light detection

. both the passive and the active triangulation techniques are resource-intensive from the data
processing point of view.

These last two disadvantages of triangulations can be overcome by the dynamic speckle sensor, which thus
fills a niche in the distance measurement field.

3.3.4 Diffraction-based techniques

Diffraction techniques are based on the scattering of coherent light in an inhomogeneous medium. If a spot
on a test object is coherently illuminated, the scattered light will form a speckle pattern on a screen (at the
observation plane). The properties of the speckle pattern depend on the distance between the test object and
the screen. For example, measuring the speckle pattern correlation length provides information about the
distance [21,22,23].

The main advantage of speckle metrology is the speed of data acquisition. For the previously discussed
systems, kilohertz data rates are difficult to obtain and the measurement process is generally much slower.
With a speckle approach, the entire field of interest is illuminated in parallel and can be viewed with a video
camera, for example. A simple analogue filter is used to measure the fringe contrast on the video signal; thus,
megahertz data rates are achieved. In a SDS, the function of narrow-band-pass filter is realized by means of
periodic transmittance (spatial filter). Due to the modulation effect which periodic transmittance has upon
dynamic speckles, the intensity of the light passing through the spatial filter is modulated at a frequency
proportional to the velocity of the speckles. Using spatial filtering and taking into account the very high
speckle velocity generated in a SDS by means of scanning, a modulation frequency of 80 MHz was achieved.
Thus, the response time of a SDS can be as short as 12 ns.

3.4 Conclusion

In comparison with other optical methods, the speckle distance sensor has incontestable advantages in its
particular measurements range. In contrast to TOF and interferometry techniques, the SDS satisfies all these
requirements at once: a high dynamic range (1,000:1), micron z-accuracy, sub-millimetre x-y resolution, and a
short response time. Together with being able to work with fast-moving rough surfaces, the above- mentioned
parameters of a SDS are very promising. In some fields, especially concerning strongly scattering surfaces,
the SDS is far better than any other range technique. For example, in the case of as-deposited protective
coatings, the coating thickness control often fails to operate in real-time when using conventional methods.
As for triangulation, which can be considered to be the main competitor of the SDS sensor, the dynamic
speckles method has the advantages of rapidity and being independent of object roughness. Comparing a
dynamic speckles sensor with a triangulation sensor, we see that:

. both the SDS and triangulation are very simple and straightforward to implement

. the response time of the SDS is extremely short (~ 12 ns)

. the range of the SDS cannot be extended to meters. However, in its particular range the speckle sensor
is much faster than any other method

. data missing due to a rapidly changing surface profile is a challenge to both the speckle sensor and the
triangulation sensor. However, in some cases the speckle sensor can easily measure even abruptly
changing profiles (see a profile measured with a double-face mirror sensor in paper I11)

. a diffused object surface is an integral part of the measurement process. The speckle sensor works
with metals, plastics, and papers. While it cannot work with any specular objects, the SDS still has a
wide application field since diffused objects are typical in industrial environments.
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. the only resource-intensive procedure in data processing using the SDS could be frequency
measurements (1-100 MHz) in real time. However, frequency measurement techniques are well-
established, e.g. using the zero-crossing technique one can measure frequency in real time even
without advanced electronics.

Thus one can see that the speckle distance sensor is faster in its application field than touch range sensors and
other optical techniques, making it possible to work with fast-moving objects (tens m/s), which is difficult
with other methods. Usually the accuracy of range measurement techniques diminishes when measuring on a
rough surface. The most developed triangulation method reduces the response time because of speckle effect
when measurement is applied to the rough objects. In its turn, the SDS uses the speckle effect and requires a
rough surface for making measurements.

The scanning speckle sensor does not involve any sophisticated optics, mechanics or electronics. State-of-the-
art scanning techniques are widely using in commercial products, from laser jet printers to bar-code readers.
The optics and electronics of the SDS do not require any expensive solution: a simple semiconductor laser,
several spherical lenses, basic grating for spatial filtering, and conventional counting electronics for
frequency measurements. This means that the production cost of the industrial sensor can be very
competitive.

Measuring in the centimetre range with micron accuracy is quite a common industrial task (material
production, evaporating thin films and spraying on protective coatings, surface deterioration detection etc.)
and this is the purpose of the speckle distance sensor. Rough surfaces are common in the ambient
environment and also in industry. Fast-moving surfaces are common in many industrial processes. Velocities
are continuously increasing, reaching tens of m/s and demanding very high measuring rates.

In this thesis it will be demonstrated that the speckle sensor satisfies all those strict requirements in its
particular range. Considering the quite simple arrangement of the SDS and the prevalence of rough as
opposed to specular surfaces in the ambient environment, it is shown that the SDS can be used in many
applications where it will be more competitive than other methods, or where other methods do not work at
all.
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4 Review of speckle-based distance measurements

4.1 Speckles and their application in distance measurement

Speckle patterns, or speckles, are known as a random intensity light patterns produced by a coherent
wavefront scattered in an inhomogeneous medium [24]. However, speckle patterns can be produced by any
other coherent wave processes such as interference of other electromagnetic spectrum waves or acoustic
waves or even the waves on the surface of water. One well-known example of visible light speckle patterns
are the highly magnified images of a star seen through imperfect optics or through the atmosphere. Another
example, relevant directly to this thesis, is the random intensity light pattern created by a laser beam reflected
off an optically rough surface. The speckle patterns considered in the thesis are generated with visible and
near infrared light; however, other wavelengths are also allowable. The typical speckle patterns are shown in
Fig. 4.1(a,b).

When the illuminated surface undergoes displacement or any deformation, the speckle structure shows
changes as well. If the speckle pattern is produced by visible light, then the displacement of speckles can be
easily observed even with the naked eye everywhere in space. The changes in the speckle pattern contain
information about the object displacement and deformation. The speckle pattern properties are determined by
the distance to the point of observation from the object surface, the illuminating beam numerical aperture, and
the diameter of the illuminating spot on the object surface. Using this knowledge and analysing the behaviour
of speckles, one can obtain such information as the direction of the scattering object motion, its velocity, and
distance to the object.

Speckle displacement can be quantitatively represented as the displacement of the peak position of the cross-
correlation function of the light intensity distribution before and after the object was moved [25]. Fig. 4.1
shows two speckle patterns before (Fig. 4.1(a)) and after (Fig. 4.1(b)) in-plane translation of an object and
respective 2-dimensional auto-correlation (Fig. 4.1(c)) and cross-correlation functions (Fig. 4.1(d)).
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Figure 4.1 Speckle pattern at the image plane before (a) and after (b) object displacement. Speckles which preserved their shape after
displacement are marked with a dash line. Autocorrelation and cross-correlation functions are shown in (c) and (d).

As the auto-correlation peak is always located at zero, the peak position of the cross-correlation function in
general deviates from zero, see Fig. 4.1(d). This deviation of the peak corresponds to speckle displacement,
while the change of peak height (see Fig. 4.1(d)) is referred to as decorrelation of speckles or the change in
speckle pattern structure after displacement. Speckle displacement and decorrelation are caused by the
random summation of phases of interfering waves. The phase change results from variation in the optical
paths of many scattered waves from a rough object surface.

Since speckle displacement is proportional to the amount of object deformation / translation, speckles can be
used for random marking of the surface. Detection of speckle displacement / speckle velocity is a key point of
speckle measurement. Speckle displacement detection methods include various techniques, which are
discussed in detail in many sources: speckle photography [26,27,28], the one-dimensional speckle correlation
method [29,21] and spatial filtering [5]. The latter method, spatial filtering, was developed mainly for small
particle velocity measurement, and this method is also used in the SDS for speckle velocity measurement.

The parameters of a speckle pattern and its behaviour strongly depend on the numerical aperture and diameter
of the illuminating beam, the wavefront curvature at the object plane, and observer location. Speckle motion
can be categorized as boiling and translation motion. In boiling motion the speckles change their shape and
size with the motion of the object. Translation speckle motion is related to motion of the speckle pattern as a
whole. In pure boiling motion there is no point in defining speckle displacement. Usually in arbitrary
conditions there is no pure boiling or translation motion of speckles, but a mixture of both. The
translation/boiling regime of speckle motion is defined as a ratio of the translation distance, rr, to the average
speckle radius, s [30]:

’
n=-=" .1
s
where
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Here the translation distance, 77, is calculated for the illumination with a Gaussian beam [30]; Ds is the
distance between the illumination and observation point; Ry is the illuminating beam wave-front curvature at
the object plane; r is the radius of the spot on the object; A is a wavelength generated with a laser.

According to Eq. 4.1 if 7 = 0, the dynamic speckles show pure boiling; if | 77| < /, boiling becomes dominant;
if |7 > 1, translation becomes dominant. Using this factor7, one can evaluate two types of motion of
dynamic speckles.

Pure boiling

Ds/a

Figure 4.2. The type of motion of dynamic speckles under Gaussian-beam illumination as a function of object position z and position
of the observer Dg. The symbols B and T indicate the boiling and translation regions, respectively, of the speckle motion. Here a = 7
wo2/A; w, - beam radius at the beam waist position.

For distance and velocity measurements, which use dynamic speckles, translation motion must be
predominant. In the thesis, only illumination of the object with the Gaussian beam using a simple convex lens
to focus the laser beam in TEMy, mode is considered. The speckle motion regime should be chosen in
accordance with the diagram in Fig. 4.2. Here the solid lines indicate pure boiling motion of speckles and
shaded areas around the solid lines refer to predominance of boiling motion. Unshaded part of the figure
refers to predominance of translation speckle motion. In the case of the divergent / convergent illuminating
beam, the speckle displacement is directly proportional to the displacement of the object and inversely
proportional to the distance between the beam-waist position and the object surface, z [3]. The displacements
can be easily transferred to velocities and thus the dependence of speckle velocity on the object in-plane
motion velocity and z-coordinate can be expressed by a simple equation [3]:

Dy(2)
Ry (2)
Here, Vp is the speckle velocity, Vos is the object surface velocity. Both Dg(z) and Ry(z) are functions of the
z-distance.

Vep(2) =V s [l + (4.4)

23



Review of speckle-based distance measurements
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Figure 4.3. Principle of z-distance measurement or object velocity measurement using dynamic speckles in divergent (a) and
convergent (b) illuminating-beam configurations. In both cases the wavefront curvature Ry is a function of z-distance from the beam
waist position, and the wavefront curvature defines the speckles velocity V(z) at the observation plane according to Eq. 4.4.

For translation speckle motion one can define the velocity, Vsp, which is a function of the object surface
velocity, Vos, and the geometry of the experiment. The geometry includes the distance between the points of
observation and illumination, Ds, and the wavefront curvature of the illuminating beam, Rj. The wave front
curvature is implied to be much larger than the curvature of the object surface within the illuminated area.

Here the wavefront radius Ry is measured from the position of the waist of the illuminating focused beam
denoted by z. For the illuminating beam of the Gaussian TEM, mode, the wavefront radius is equal to the

distance z when z is larger than the Rayleigh range, z >> Zp = m{ //1 . The object under study can be located

either after beam waist position as shown in Fig. 4.3(a) or between the beam waist position and focusing lens
as shown in Fig. 4.3(b). In both cases according to Eq. 4.4 the speckle pattern velocity represents the z-
distance to the object surface, if the object surface velocity Vg is known. Thus at a constant object velocity
the distance to the object surface can easily be calculated if speckle velocity is measured, and to measure
speckle velocity, the simplest and fastest spatial filtering technique is utilized.

4.2 Spatial filtering

A spatial filtering method is an integral part of the SDS. Spatial filtering has been attracting the interest of
many researchers since the 1960s, when lasers were developed and various novel optical measuring methods
were introduced. Spatial filtering is quite a simple alternative to Laser Doppler Velocimetry (LDV), which
allows non-contact measuring of the velocity of moving objects, images, small particles in air and water
flows, and laser speckles. The first definite mention of spatial filtering (SF) was made in 1963 in [31], where
the operation of a parallel-slit reticle was simulated. The first experimental demonstration of SF for fluid flow
velocity measurements is given in [32]. The SF technique has been developing since then, many experimental
data have been collected and many theoretical backgrounds have evolved. In 2006 the book "Spatial Filtering
Velocimetry" by Y. Aizu et al.[5] was published. The book covers all the aspects of SF including principles
and properties, optical setup, signal analysing, and applications. This thesis refers to this book very often.
However, the book is mainly devoted to object velocity measurement. The thesis presents some new
properties of spatial filtering from the point of view of distance measurement (see paper V1), which, to the
best of the author's knowledge, have not been presented previously.

The principle of spatial filtering velocimetry (SFV) is based on the light intensity modulation caused by an
image moving through the periodic transmittance. Fig. 4.4 shows the basic operation of SFV. Here the
moving object is represented by a number of small particles moving in one direction. The image formed by a
lens of each small particle is moving with constant velocity, v,  in the direction x, perpendicular to the slits of
a spatial filter (here the SF is a sequence of light-transmitting and -blocking strips). The light passed through
the spatial filter is received by the photodetector. The total intensity of detected light varies periodically
because the image moves with constant velocity, v,, perpendicular to the periodic transmittance having a
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period A (spatial period), see Fig. 4.4. Thus the output from the photodetector provides a periodic signal
containing period T, = A / v,. By measuring the frequency f, = I / T, of modulated signal, one can find the

velocity of particles as v, ~ % fo» where M is the optical magnification of the imaging system with the

lens.
The same process takes place when speckles are moving across a spatial filter in free space. In this case no
optics for magnification is used and, as M=1, the speckle velocity, Vsp, is simply determined as
Vsp ~ A, 4.5)
where £, is the frequency of the modulated photocurrent.
Moving object Spatial filter
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Figure 4.4 (a) Basic optical system of spatial filtering velocimetry, (b) spatial filter response to moving image.

In this way by combining Eq. 4.5 and Eq. 4.4 the main equation for distance speckle sensor is derived
[4,30,7]:

Ry (2)
Remembering that out of the Rayleigh range the wavefront radius is equal to the distance from the beam
waist position to the object surface, one can easily calculate this z-distance assuming that Ds ~ D, + z, where
D, is the distance form the observer to the beam waist position. If the modulation frequency is measured then
the relationship between fsp and z-distance is as follows:

fsp(2)= %[2 + 2 } 4.7

Jsp(2) =VXS{1+DS (2)} )

o
z
Equations 4.6 and 4.7 are valid for moving surfaces and static laser beams. The main part of the thesis is
devoted to a scanning laser beam. If the laser beam moves with velocity ¥,z in respect to the static observer
and the static surface, then both equations 4.6 and 4.7 are slightly changed. In this case speckle velocity in the
observer's reference frame, Vsp, is smaller by the velocity of the laser beam, Vsp = V'sp - Vi , here V'sp is the
speckle velocity in the laser beam reference frame. The analogue of equations 4.6 and 4.7 for scanning beam
are shown below (equations 4.8 and 4.9, respectively):

Vip Ds(2)

fSP(Z)ZTRW(z) (4~8)
Fop() =L 1+ 22 (4.9)

The position of the spatial filter, D,, and its spatial period, A, can be measured accurately. If the object
velocity, Vs, (or scanning velocity, V) is known, then the z-distance is completely determined by the
measured frequency of the modulated photocurrent. The modulated photocurrent shape is close to sinusoidal.
However, the photocurrent has a random amplitude and phase fluctuations due to the stochastic nature of
speckles (typical photocurrents are shown in Fig. 4.5(a) and Fig. 4.6). In case of speckle measurements
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among other parameters the shape of the photocurrent is defined by the aperture of the SF. The relative
spectrum width of the modulated photocurrent for the square profile of the SF is inversely proportional to the
number of grating lines within the interval of speckle translation and the total number of grating lines [40].
However, the reasonable size of and profile of the SF for practical measurements is under consideration. For
example, as it is shown in this thesis two adjacent spatial filters can produce uncorrelated photocurrents. In
this case it is reasonable to use two smaller spatial filters instead of bigger one and average the measurements
from two channels. The minimal size of the SF at the same time is defined by the sensitivity of photoreceiver
and electronics. As it is demonstrated in this thesis the signal-to-noise ration (SNR) in the photocurrent is
strongly depends on the light power collected to the photodiode. Therefore, optimization SF profile and the
number of SF require additional study. It is worth noting that spatial filtering can be realized not only by
means of grating as it is shown in Fig. 4.4 but also by using an array of optical fibers. The laser speckle
velocimeter based on optical fibers is demonstrated in [9]. However, from the signal processing point of view
any type of spatial filter results in a narrow band random signal, which central frequency defines the average
speckle velocity (and for the SDS also z-distance to the object). Proper frequency measurement techniques
for this type of signal are described in next section.

4.3 Signal processing techniques

Measurement of the z-coordinate in the SDS is indirect: it is done through measurement of the frequency of
modulated light power after spatial filtering. To get better accuracy of the z-coordinate, the frequency should
be measured in an optimal way using appropriate electronic equipment. The modulated signal from the
photodetector is non-ideal sinusoid, as was mentioned, but it is a narrow-band random signal sometimes
intermittent with no signal intervals or drop-outs. Simple frequency counters or a spectrum analyzer can be
used for frequency measurement. However, the accuracy provided with these methods is usually
unsatisfactory for real SF signals: low SNR, and drop-outs erroneously processed as informative components
strongly impair the accuracy. Fortunately, the type of SF signal is quite similar to that of LDV and some of
the signal-analyzing approaches from LDV can be applied to SFV. In this section several signal-analyzing
techniques for frequency measurements are considered. The emphasis is placed on the techniques utilized in
experiments with distance sensor prototypes. Typical LDV measurement equipment is reviewed in
[33,34,35].

A continuous periodic signal is very rare in SF measurements (and with scanning it is certainly
discontinuous). Typical oscilloscope traces are shown in Fig. 4.5(a). It can be seen that well-defined
modulation is alternated with drop-outs and with periods of low SNR. This is the result of the summation of
modulations provided by many speckles on the spatial filter. As was mentioned above, the motion of the
speckles cannot be referred only to translation one but simultaneously some boiling component is always
included. This means that the shape and size of the speckles vary in time, introducing stochastic noise into the
modulation. The phase and amplitude fluctuations bring to resultant spectrum broadening [36]. In Fig. 4.5(b)
the photocurrent is simulated by the summation of 10 sinusoidal signals with different periods. Each of the
sinusoids in the simulation has a random period, which deviates about 7-10% from the period of the central
sinusoid. It can be seen that the shape of the simulated photocurrent has much in common with a real
photocurrent acquired with SF. Both signals contain informative bursts, which are intermittent with drop-
outs.
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Real-photocurrent

(b)
Figure 4.5. a) Real photocurrent, (b) sum of 10 sinusoids with variable periods (47/T ~ 10%).

Due to the non-continuous nature of the signal, a signal-processing technique, operating only with well-
defined modulated intervals, is required to detect dropouts. There are several signal processing techniques
which may be chosen for SFV. A review of suitable techniques is given in [5]. These techniques are
represented by: spectrum analysis, frequency tracking, and counting techniques.

In the present research the following main methods of frequency estimations were utilized: Fourier
transforms (referred to as spectrum analysis), and the zero-crossing method (counting technique). These
methods were used in all cases except the estimation of correlations for the longitudinal object displacement
in paper VI, where the method of instant frequency estimation (IFE) was used for correlation estimations
[37]. Fourier transforms realised by means of Fast Fourier Transforms (FFT) [38,39] give the highest
accuracy. However, utilization of the MatLAB processing tools box showed that this method cannot compute
in real time for frequencies of 10-100 MHz using current personal computers. IFE allows the estimation of
the instant value of the frequency and is also resource-intensive. The zero-crossing method is the fastest one.
In spite of having the worst accuracy, it gives the best ratio of accuracy/execution time. This method can be
easily and cost effectively realized with electronics, so it is the most appropriate technique for this case
especially if one takes into account the multi-channel spatial filtering described in paper VI. The zero-
crossing method was applied not only using digital oscilloscope and MatLAB but also using an electronic
frequency-meter (0.1-25 MHz) and was utilized in some experiments for data acquisition using a PC.

In the thesis, the above-mentioned three methods were not studied in respect to speckle measurements from
the computational and mathematical points of view because that is beyond the scope of this work. However,
such a study would be very interesting. The optimisation of algorithms and the constantly increasing power of
electronics make it likely that in the near future the procedure for data processing will be chosen according to
the best accuracy and not for electronic processing speed.

4.3.1 Fast Fourier Transforms

The frequency spectrum of a photocurrent can be obtained using the Fourier transform. There are several
conventional definitions for the Fourier transform. Here are the formulas accepted in communications and
signal processing:
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S(f)= [e@-e " i (4.10)
g = [S()-e*df, @11

where g(?) and S(f) are the signal function and its Fourier transform, respectively. When the independent
variable ¢ represents time (with SI unit of seconds), the transform variable f represents ordinary frequency (in
hertz). The complex-valued function, S, is said to represent g in the frequency domain. In this case the
function A( f):‘S(f )| represents the power spectrum or the amplitude of the harmonic with frequency, f,

which is the target of the distance sensor measurements. The power spectrum was typically used in the
laboratory for fast frequency estimation.

Digital oscilloscope digitises the signal from the photodiode. Therefore utilization of Discrete Fourier
Transforms (DFT) is needed. DFT is defined as

N-1 24
S,=>gr-e N, wheren=0,.., N-I (4.12)
k=0
N1 2
gr=>S,e N wherek=0,., N-1 4.13
k n
n=0

Here n and £ are the discrete frequency and time for sampling the spectrum and the signal. N is the number of
sampling data. If the sampling theorem is satisfied then the discrete spectrum can be a good approximation of
the continuous Fourier transform.

The FFT is an efficient algorithm to compute the DFT. Evaluating these sums (see Eq. 4.12) directly would
take N° multiplications and N-(N-1) additions with the DFT. An FFT [38] is an algorithm to compute the
same result in only N-log,N operations.

As was said above, the typical signals in speckle measurements are narrow band random signals and
they normally contain a range of harmonics. Due to the stochastic nature of the speckles, the
amplitude and phase of modulation are randomly changing. Therefore, Fourier transforms cannot
give precise frequency estimations to micron accuracy for short time intervals. The main reason for
this is that usually the spectral profile is irregular and can contain not one but two or even more
extremums. As the spectral profile is close to the Gaussian shape [40], accuracy improvement

. .. . . . . . _ (=) 2ch) )
requires additional approximation with the Gaussian function fx)=a-e . In this case the
position of the centre of the Gaussian function peak represents the sought value of the frequency.

Both operations, FFT and Gaussian approximation, are recourse-intensive procedures. Estimations with
MatLAB using a Pentium IV processor show that those operations can hardly be realized in real time for the
above-mentioned frequency range. Nevertheless, due to the high accuracy of FFT together with Gaussian
approximation they have been used for research purposes very often where time of execution is not
important.

4.3.2 Zero-crossing

Zero-crossing is a commonly used term in electronics, mathematics, and image processing. In mathematical
terms, it means basically changing of the sign (e.g. from positive to negative), which is represented with a
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crossing of the axis (zero-value) in a graph of a particular function. In electronics, the zero crossing for
alternating current is the instantaneous point at which there is no voltage present. In a sine wave or other
simple waveform, this normally occurs twice during each cycle. The zero-crossing method works perfectly
with sinusoidal signals and it can be applied with spatially filtered dynamic speckles [41]. However, in the
case of the speckle sensor, due to intermittent modulation, measurement with the zero-crossing method

requires some modifications. Typical mistakes with zero-crossing are shown in Fig. 4.6
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Figure 4.6. Typical mistakes with zero-crossing frequency measurements. Application of zero-crossing to part C of the signal will
give a true result; application to parts B and A will give errors.

One can see in Fig. 4.6 that part C of the signal, which is referred to as information burst, contains almost
equal periods of modulation. In contrast, part A will produce clearly erroneous results and should be
considered a bad mistake. As for part B, measurement can hardly be accurately implemented using zero-
crossing due to low SNR. Therefore, including the results of measurements obtained with parts A and B of
the signal in the averaging procedure will only reduce the accuracy. However, simple logic, which can detect
and eliminate evident mistakes before the averaging, can make the result much more accurate. So parts A and
B of the signal will be not included in the averaging procedure.

In this study the zero-crossing technique was implemented not only by software simulation but also with a
zero-crossing frequency meter. A frequency meter measures frequency in real time and transfers it to a PC,
which processes the results and represents it as a text or graphics. The frequency meter consists of a
comparator and a digital counter, and can be connected to the PC by means of a USB. The comparator
generates short pulses when the input signal crosses the zero level. These short pulses are further transferred
into the counter, which calculates the number of pulses, Nsp, within the counting window, Ar. The
approximate length of the counting window is set by the operator. The length could be either 16 or 32 ps. The
actual length of the window is defined as the time between the first and the last signal pulse occurring inside
the approximate counting window. The actual length was measured by calculating the number of periods,
Mop, of the quartz generator operating at a frequency of 150 MHz. At the end of the counting window, the
number of the signal pulses and number of the quartz periods are introduced into the computer using a FiFo
circuit and USB port for further calculations. The next counting window starts immediately when the next
signal pulse enters the calculator. In this way continuous measurement of the frequency of the photodiode
signal was implemented. The frequency is calculated in the computer as
fSP:&fQG~ (4.14)

Here fy¢ is the frequency of the quartz generator. The first counting window starts synchronously with the
beginning of the laser beam scanning. A single measurement could include a maximum of 512 counting
windows. After the measurement is completed, the series of measured frequencies is acquired by the PC.
Specially developed software can eliminate bad mistakes, implement averaging and recalculate the result into
the z-distance by using Eq. 4.8 or Eq. 4.9. Finally the computer displays the measurement results, e.g. the
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dependence of the measured z-distance on the current time, s, which is readily re-calculated into the x-
coordinate of the surface as x = Vyp-tsc.

The main disadvantage of the used zero-crossing frequency meter is the minimal counting window size of 16
us. In the case of frequency of 10 MHz the minimal counting window includes about 160 periods of
modulated photocurrent. Therefore, if the counting window contains at least one bad mistake (see Fig.4.6)
then the result of measurement can be considered as a bad mistake also. This strongly decreases the
performance of frequency meter. For more accurate measurements the smaller counting window size of 3-5
periods of modulated photocurrent is preferable. Therefore, zero-crossing frequency meter was used rather to
demonstrate possibility to build the workable sensor prototype and most of the calculations and estimations
were made using personal computer and saved photocurrent traces.

4.4 Arrangement of dynamic speckles distance sensor

On the basis of the principle explained above, one can easily produce a speckle distance sensor. The principle
scheme is shown in Fig. 4.7(a). Here the laser beam expanded by a convex lens illuminates the moving
surface. The surface is located behind the beam waist position (however, one can place it also between the
lens and the beam waist position). The main condition to be satisfied is that the measurements should be
made close to the beam waist position (but out of the Rayleigh range) where the largest gradient of frequency
with distance change is observed, see Eq. 4.7 and Fig. 4.7(b). The scattered light is filtered with Ronchi
rulings (Ronchi rulings are equal bar and space patterns with various periods) and collected into the
photodiode. The frequency of the modulated photocurrent represents the distance to the object. The distance
can easily be found using Eq. 4.7. A simple way to observe z-displacement of the object is to connect the
photodiode to a digital oscilloscope and to apply FFT to the acquired signal. In this case the displacement of
the FFT peak on the display of the oscilloscope represents the z-displacement of the surface of the object.
Typical fsp(z) dependence on Eq. 4.7 is shown in Fig. 4.7(b).

The sensor needs some electronics to carry out the measurements and transfer data to the computer. The
computer can process acquired data and represent the results as a profile picture on the display for the control
or management of some industrial equipment of the working process in a feedback mode.
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Figure 4.7. (a) Principle scheme of surface profile measurements by means of dynamic speckles and (b) the dependence of fsp on z-
distance for Eq. 4.7 (Vos = 50 m/s, D, =50 mm, A =50 um)

In spite of obvious simplicity of the sensor, to the best knowledge of the author no industrial sensor of this
type has been built yet. The reason is discussed in next subsection.

4.5 Improvement of speckle distance sensor

There are two main disadvantages to the speckle sensor: (i) the short dynamic range of the dynamic speckle
method, as a result of the limited scale range and high dispersion of measurements, and (ii) the dependence of
the measurement procedure on the motion of the surface, which can be unstable or even discontinuous.
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(i) Limited to several centimetres, the scale range of a SDS requires micron accuracy of a single z-coordinate
measurement to provide an acceptable dynamic range. As was mentioned, measurement of the z-coordinate in
a SDS is indirect but it is realized through measurement of the frequency of modulated light power after
spatial filtering. The typical measurement procedure requires at least one period of modulation. For example,
in the case of a pure sinusoid, one period of oscillation completely defines the frequency, since all periods of
harmonic oscillations are equal. In the case of the speckle sensor, modulation of the photocurrent is stochastic
and periods are not equal to each other. Estimation of the accuracy of the speckle method discussed in paper
IV provides an accuracy of 110 pum after averaging over 50 periods of photocurrent oscillations. An accuracy
of 110 um does not provide the dynamic range suitable for most industrial application. It is clear that to
increase the accuracy one has to average more periods of oscillations. According to the central limiting
theorem, the deviation decreases as the square root of the ensemble length. Thus, averaging, for example,
over 500,000 periods of oscillation will result in 1-um accuracy, which already provides a much more
reasonable dynamic range: for the 1 mm range it is 1,000:1 (um).

However, to accumulate these 500,000 periods one requires a much longer measuring window. For the
frequency of 100 kHz, the measuring window providing 1-um accuracy is equal to 5 seconds. Such a long
response time makes the sensor also not suitable for most industrial applications. Besides, in this case
conventional touch sensors provide much better performance. However, there is a solution, which allows
decrease response of the sensor - increasing the modulation frequency. For example, with a modulation
frequency of 20 MHz required 500,000 periods are acquired within just 25 ms. This is equal to 40
measurements per second with 1 pm accuracy within a range of several centimetres. According to Eq. 4.9 the
modulation frequency is inversely proportional to the period of a spatial filter and directly proportional to its
position and object velocity. The period and position of a spatial filter cannot be chosen arbitrarily and,
therefore, the modulation frequency is limited for any spatial filter, as it is shown in paper 1. But object
velocity is not limited. For the optimal location of a spatial filter (see paper I11) the object velocity of ~1 m/s
results in a frequency of ~100 kHz, see Eq. 5.7. To achieve a 20 MHz modulation frequency, an object
moving with a velocity of ~200 m/s is required. This is too fast for most industrial processes.

(i1) As was mentioned in the previous paragraph, the accuracy and response time of the speckle sensor depend
on the velocity of the object. It is assumed that this velocity is constant. If the velocity randomly varies in
time, then accurate measurements become difficult or impracticable even with fast moving objects (if the
velocity randomly varies with time, the measurement results will also vary in time even if the z is constant,
see Eq. 4.7).

The above-mentioned features (i) and (ii) greatly reduce the area of application of the sensor, and moreover if
the object is stopped, the sensor is idle.

Clearly, the speckle-distance measurement technique is very simple. However, it depends completely on
object motion. Therefore, some innovations are needed to improve the speckle technique. In this thesis a
novel approach to sensor development is taken, and a workable sensor with fast response time and high
accuracy is presented.

The simplest ways to improve the sensor are:

. Fast scanning over the surface with a velocity higher than the typical object velocity. Fast scanning
can be applied continuously to the same part of the object surface. This makes measurements
completely independent of object motion, and measurements can be applied to static objects. Fast
scanners are available on the market: acousto-optic deflectors (AOD), polygonal mirror scanners
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(PMS)), etc. The scanning velocity with modern scanners is hundreds of meters per second. This is
much faster than an object velocity in typical industrial applications.

. Utilization of at least two spatial filters simultaneously makes it possible to make measurements
independent of the object velocity (if it is not zero). In this case, there is a system of two equations 4.7,
where each equation refers to one of the spatial filters used (A, D; and A,, D;). By solving this
system, one can exclude velocity from the equations and represent the z-distance as a function of only
two measured frequencies, as is demonstrated in paper I. This is also another approach for averaging:
using several spatial filters simultaneously for measuring the frequency from several channels in
parallel. In this case, a high dynamic range can be provided even for moderate velocities.

In the next section, development of scanning SDS is described. First it is demonstrated that velocity
independence can be achieved by using two independent spatial filters (see paper ). However, at the same
time it is shown that in this case, the accuracy of the measurements decreases (the second spatial filter is not
used for averaging). Furthermore, it is suggested that the accuracy can be increased by increasing the
modulation frequency to average more modulation periods within the same measuring window. This can be
done by fast scanning over a static or slowly moving object. By using a basic (homemade) double-face mirror
scanner, it was demonstrated (see paper Il11) that the dynamic speckles created with scanning can be used in
distance measurement. The same double-face mirror scanner revealed that the modulation frequency is
limited by geometrical parameters (such as A, D, etc.) and can be increased only by using a faster scanner.
Thus, to improve SDS performance, more advanced scanners were required, and an acousto-optic deflector
(AOD) was chosen (see paper Il). It was shown that in the case of an AOD and diffraction from a variable
acoustic wave, the generated dynamic speckles are also suitable for distance measurement. Using an AOD at
scanning velocities of 50-150 m/s it was shown that an accuracy of 110 um can be achieved within just 2.5 ps
(see paper 1V). For further improvement of the sensor parameters, a faster AOD was used (see paper V) and
its performance was compared with that of the slower one. The properties of polygonal mirror scanners are
discussed at the end of the section, because a polygonal mirror scanner obtains the same order of scanning
velocity and can be an alternative to an AOD scanner.
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5 Ascanning dynamic speckle sensor

5.1 Velocity independent measurements
This subsection describes how the idea of using a fast scanner arose from consideration of a velocity-
independent measurements scheme. It also demonstrates the possibility of using several spatial filters
simultaneously for averaging. Consideration of Eq. 4.7 suggests a simple way to make distance
measurements velocity independent: by installing two different Ronchi rulings with spatial periods of A; and
A, at different distances D, and D, from the focal point. Thus, the power of the transmitted light will be
modulated at the frequencies of fsp; and fsp,, respectively, according to Eq. 4.7:
Ssp1 =V07S(2+ﬂ} Ssp2 =V07S(2+&} (5.0
Ay z Ay z
After simultaneous measurement of the modulation frequencies fsp; and fsp,, the distance z between the focal
point and the moving surface is calculated as in paper 11:
o _ Do fsp — DAy fspy
2(fsp1A1 = fsp2A2)
Here D; and A, are completely defined by the sensor geometry and can be precisely calibrated. Therefore, by

measuring fsp; and fsp; the absolute distance to the surface can be determined. To test the technique, the setup
schematically shown in Fig. 5.1 was used.
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Figure 5.1. Setup for distance measurements using spatial filtering of dynamic speckles. Inserted charts show typical oscilloscope
traces of electrical current recorded from both photodiodes simultaneously.
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Figure 5.2. Distance z as a function of the surface velocity Vg calculated from Eq. 5.2. Modulation frequency fsp; and fgp, of the
spatially filtered speckle patterns was measured using fast Fourier transforms of photodiode signals.

The results of the measurements are shown in Fig. 5.2, where the calculated value of z is plotted as a function
of the surface velocity. As can be seen, it is independent from Vys in the wide range of velocities. The
average value of z = 14.6 mm coincides with z=15.0 £ 0.5 mm measured by the conventional technique.

The root-mean-square error of the z-measurements shown in Fig. 5.2 is Az = 0.7 mm, resulting in the relative
measurement inaccuracy of & = Az/z = 0.048, which is in accordance with the theoretical estimation given by
the next equation:

(22+D1)-(22+D2)
= Py 5~3
\/E.z‘Dl —Dz‘ & )

here & is the relative inaccuracy of the frequency measurements.

z

The accuracy of the z-coordinate can be improved at the expense of x-coordinate resolution by acquiring a
longer modulated photocurrent. However, the inaccuracy in the case of two filters and unknown object
velocity is worse in comparison with a single spatial filter and known object velocity. With a single filter and
known constant surface velocity, the relative inaccuracy is given by the next equation:
(2z+Dy)
&, =—7& 5.4
z, ) f (5.4)
From Eq. 5.3 and Eq. 5.4 it can be seen that if & is constant then & is larger in the case of unknown velocity
measurements by means of two spatial filters, due to the greater multiplier factor of &
e, D (2z+D,)

&, 2.z |Di-D (5.5)
Using reasonable filters positions of 20-150 mm and a z-coordinate of 1-10 mm, the ratio & /g, is always

greater than one. Therefore, the accuracy of measurements with two spatial filters when the object velocity is
unknown is worse than in the case of one spatial filter and known object velocity.

Simple realization of spatial filtering suggests utilizing an array of filters for data averaging. In this case, if
object velocity is known and each spatial filter is independent, then simple averaging of two channels will
improve accuracy whatever is the position of each filter. The use of more than two spatial filters can make
measurements velocity independent and more accurate, due to averaging over many channels.

The other approach to making measurements independent of object velocity is scanning over the object
surface. This solution is preferable since, in contrast with two filters, it works even with static objects. Using
an acousto-optic deflector or polygonal mirror scanner, the scanning velocity can achieve hundreds of meters
per second and measurements can be independent of slow object motion.
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5.2 Review of various scanning techniques

Light beam deflection techniques are well-developed and are utilized in a number of commercially available
products such as printers, scanners, IR imagers, optical inspection machines, bar-code readers, etc. The most
commonly used beam deflectors are polygonal mirror scanners, holographic scanners and acousto-optic beam
deflectors (AOD) [42]. Although the operational principle of holographic scanners is different from that of
the rotating mirror, holographic scanners provide a generic equivalent of the rotating mirror. Ultimately the
scanning velocity of both is defined by the rotation speed of the electrical motor used, and limited by several
hundreds of meters per second. In contrast, there are no mechanically moving parts in an AOD [43,44] and it
can provide even higher velocities of the deflected beam (up to 1,000 m/s). The operational principle of the
AOD is light diffraction from the acoustic wave running inside an acousto-optic crystal. Frequency
modulation of the excited acoustic wave leads to a change in its wavelength and so to a change in the
diffraction angle, thus providing deflection of the readout beam. The scanning velocity achievable in an AOD
is determined by the parameters of the acousto-optic crystal and by the optics and electronics used.

In this thesis, polygonal and acousto-optic scanners are considered. The principle of an AOD and a PMS, and
the parameters of the deflectors utilized, are given in appendix A. Both scanners possess the same order of
scanning velocity, which is within 500 m/s. Both scanners were studied experimentally and the results are
presented below. In the next subsection a basic polygonal scanning profilometer, which uses a double-face
mirror, is described.

5.3 Double-face mirror profilometer

5.3.1 Operation of mirror profilometer

The operational principle of a polygonal mirror SDS is as follows: the expanded laser beam is deflected with
a PMS and thus it scans over the object surface; the light scattered from the surface is optically filtered by
Ronchi rulings and then collected into a photodiode; the temporal frequency of the photodiode current is
continuously measured with a zero-crossing frequency meter and it is further recalculated into the distance z
using Eq. 4.9. In this work a simple double-face mirror located on the axis of an electrical motor was used. A
block-diagram of the experimental set-up is shown in Fig. 5.3. For more details see paper Il1I.
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Figure 5.3. Dynamic-speckle profilometer. A dynamic speckle pattern is generated by the laser beam scanning the surface under
study. Scanning is accomplished by means of deflecting the laser beam from the rotating double-face mirror fixed on the axis of the
electrical motor. To improve SNR, the power of the reflected light was used together with the transmitted light.

To demonstrate the feasibility of the proposed technique for surface profile measurements, a metallic plate
with a 1 mm step was used as the test object. A photograph of the plate is shown in the inset of Fig. 5.4(a). In
this experiment, the laser beam scans the object surface with a velocity of V3 = 12 m/s. The plate was

situated so that the distance from the illuminating beam waist to the upper level is 3 mm.
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Figure 5.4. (a) Profile measurements of the aluminium plate with 1 mm surface step using a dynamic-speckle profilometer with
scanning implemented by a rotating mirror. Photograph of the plate is shown in the upper right corner, (b) A typical photocurrent

A typical experimental 2D-scan of the plate is shown in Fig. 5.4(a). Each scan was accomplished within the
time window of 800 ps. The upper level measurements include 28 counts of the zero-crossing frequency
meter resulting in z; = (4.0 £ 0.3) mm while there are 20 counts for the lower level with z, = (3.0 £ 0.2) mm.
The modulation frequency at the upper level is 0.8 MHz and 0.6 MHz at the lower level. A typical trace of
the photocurrent is shown in Fig. 5.4(b). The measurement accuracy for both levels was calculated as the
root-mean-square deviation from the averaged value. Therefore, the measured step is (1.0 £ 0.3) mm and it is
in accordance with the measurements accomplished by the conventional method (by means of the vernier
caliper with a resolution of 0.03 mm).

The resolution of the technique along the direction of scanning is defined by the laser spot at the surface
and/or by the displacement of the spot during the measuring window Az, depending on which of these two
values is larger. In this particular experiment the illuminating spot displacement was 200 microns and its
diameter on the lower step (which is situated farther from the beam waist then the upper level) was 320
microns. The latter value can be considered as the resolution along the scanning direction in this particular
implementation of the profilometer.

Detailed analysis of the measured profile shows that the main reason for the inaccuracy in z-measurements is
erroneous calculation of the number of zero-crossing points using the frequency meter. In this particular
implementation of the profilometer the program managing the zero-crossing meter did not detect the bad
mistakes. Therefore, for example, Fig.5.4(a) contains the noticeable downward excursion in the middle of the
chart as the signal from the respective step on surface possesd low SNR. The accuracy can be improved by
decreasing the counting window and including the algorithm of detecting and eliminating bad mistakes into
the electronics. In its turn, the response time can be easily decreased by increasing the modulation frequency.
The modulation frequency depends on the geometry (see Eq. 4.9) and on the scanning velocity. Further
research revealed that the modulation frequency can be increased only with faster scanning.

5.3.2 Limits of the spatial filtering technique

To optimize the profilometer and find the limits of its performance, the experimental geometry was changed.
The aim was to increase the modulation frequency with the given object velocity by varying the period and
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location of the spatial filter. The dynamic speckles in this experiment were generated with a disk rotating at a
constant angular speed illuminated with a static laser beam. The disk was mounted on the translation stage
allowing precise positioning of the surface in the range of 0-50 mm. The spatial filter was also mounted on
another translation stage. Five different Ronchi rulings with spacing A of 25.4 um, 42.5 pm, 64.5 pm, 125
um, and 254 um were sequentially tested for spatial filtering of the scattered light. The photodiode current
was stored by digital oscilloscope and FFT was applied to estimate the SNR, and the modulation frequency,
fsp. The rotating disk had a flat surface so the distance from the beam waist to the disk surface was constant.
An invariable distance to the surface provides constant frequency of the spatially filtered light power
modulation. SNR measurements were carried out in a wide range of D, and z variations.

Figure 5.5 shows the position of the surface as a function of the spatial-filter position for the condition of
SNR = 5 dB measured for spatial filters with different spacing, A.
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Figure 5.5. Pairs of filter positions and distances to the surface at which SNR = 5 dB (estimated using FFT) for spatial filters with
different spatial periods. The area above each line corresponds to the geometry when the signal is modulated at a well-defined
frequency, while in the area below the modulation is irregular.

One can see that the dependence z(D,) is linear. The area above each line in Fig. 5.5 defines the combination
of z and D, where regular modulation of the light power can be confidently measured, while below the line
regular modulation is not observable. To explain this, it should be pointed out that the average diameter of the
speckles (see Eq. 4.3) depends on the distance between the illuminated area and the position of the spatial

filter, as follows:
2-1 D
dep =2r¢ =——|1+—2|. 5.6
sp == ﬂ~NA[ z} -0

Therefore, locating the spatial filter at a larger distance D, or approaching the tested surface to the beam waist
will lead to increasing the average speckle size. The linear dependence z(R) shown in Fig. 5.5 means that the
signal always disappears when the average speckle size reaches a certain value. This boundary value (see
paper 1) was found to be equal to the spatial period, A, of the spatial filter used. By comparing Eq. 4.9 with
Eq. 5.6 it can be deduced that the modulation frequency and average speckle size have a similar dependence
on z and D,. The equation for the highest achievable frequency of the light modulation can be readily derived
from equations 4.9 and 5.6, introducing the condition of dsp = A:
-NA
max_y, T8 5.7
JsP B (5.7
It can be seen that the modulation frequency for a given spatial filter is limited by f3" . Moreover, the

highest achievable frequency is independent of the filter position, its spacing and distance to the surface. In
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max

accordance with Eq. 5.7, fg" is directly proportional to the scanning velocity, ¥;5, and it depends on the

numerical aperture of the illuminating beam and the light wavelength. This was experimentally proved for
different NA and A.

Therefore, a double-faced mirror SDS, a detailed analysis of which is given in paper Ill, demonstrated that it
is impossible to obtain regular modulation with any spatial filter if the spatial period A is smaller than the
average speckle size. The boundary condition dg, = A is true in all geometries of the experiments for all the

filters used. Since NA is limited, there is an absolute maximum of the modulation frequency that can be
theoretically achieved for a given scanning velocity and light wavelength when the spatial filtering technique
is used for speckle velocity measurements. However, fast continuous scanning over the object surface many
times can improve the accuracy by the factor/N , where N is the number of scans (it is assumed that scans
are statistically independent). The disadvantage of multiple scanning is the longer response time of the
sensor. Therefore, it is preferable to use a faster scanner rather than a homemade double-face rotating mirror.
The fast reliable scanner can be realized by using an AOD.

5.4 A scanning speckle sensor based on an acousto-optic deflector

The first experiment was accomplished using an AOD based on a TeO, crystal and it is presented in paper I1.
A piezoelectric transducer generated transverse acoustic waves propagating along the [110] crystal axis with
a velocity of V=690 m/s. The scheme of measurements is the same of that of the polygonal SDS. The only
difference was that the beam was deflected with an AOD. The main result of the experiment with the AOD
was to demonstrate the possibility of getting pronounced modulation with a laser beam deflected by an
acousto-optic crystal. The wavelength of the laser beam deflected by the AOD is a function of the deflection
angle due to the Doppler shift acquired by the beam when it diffracts from the running acoustic wave. This
leads to variable phase shift of the illuminating beam during the scan and may affect the formation of the
dynamic speckle pattern. However, our experiments showed that such an influence is insignificant, so the
spatial filtering technique of dynamic speckles can be used for distance measurements.

In the series of experiments it was demonstrated that an AOD sensor is capable recognizing the same plate
profile as was done with the polygonal SDS (see Fig. 5.4). A typical measurement of the profile is shown in
Fig. 5.6. It is worth noting that length of the scan at the object surface in case of the AOD was smaller (5
mm) than in case of double-face rotating mirror scanner (10 mm). Therefore, only the central part of the test
object near the step on the surface was scanned.

N w S

z - coordinate of the surface, mm

N

X - coordinate of the surface, mm
Figure 5.6. Profile measurements of the aluminium plate with 1 mm surface step using an AOD sensor with scanning implemented by
an AOD. A photograph of the object (plate) is shown in Fig. 5.4.
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A scanning velocity of 10 m/s leads to the modulation frequency of the spatially filtered light varying in the
range of 100 — 500 kHz depending on the z-position of the surface. The scanning velocity is naturally defined
by the total scanning time provided by the acousto-optic deflector. The minimal time supported by the AOD
is the travel time of the acoustic wave through the aperture of the AOD. For the particular deflector used in
the experiment, the travel time is 13 ps. According to Eq. 4.9 the modulation frequency is directly
proportional to the scanning velocity. However, the experiments showed that the function fsp(¥5) remains
linear only up to 40 m/s (respective scanning time of 100 ps). Thereafter, the modulation frequency is
saturated even though the modulation is well pronounced. The reason for the frequency saturation is
discussed in paper IV.

The experiment was successful, however, it was not carried out in optimal conditions, according to the
findings of paper Il11. The highest modulation frequency is achieved when the speckle size is equal to half of
the filter period, as was discussed in the previous section. In this case the maximal frequency is proportional
to the scanning velocity and independent of the filter position and its period. The experiment with the double-
face mirror sensor was made in optimal geometrical conditions and the frequency of 2 MHz was achieved
with a scanning velocity of 16 m/s. As the scanning velocity with an AOD was of 130 m/s, a modulation
frequency of 16 MHz was expected. However, only 6 MHz was achieved. This is believed to be a
consequence of the non-optimal geometry of the experiment. Optimization of the geometry was made in the
experiment described in paper IV, where the phenomenon of frequency saturation with growth in the
scanning velocity is also analyzed.

5.5 Estimation of AOD sensor performance

5.5.1 An AOD sensor in an optimal geometry

o
o
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frequency,
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60 [

Modulated
photocurrent

Figure 5.7. Optical set-up of the distance sensor based on spatial filtering of dynamic speckles generated via acousto-optic deflection
of the laser beam over an optically rough object surface. 1 - Laser, 2 - AOD driver, 3 - Spatial filter and collecting optics, 4 -
Photodiode, 5 - Focusing optics, 6 - Object surface, 7 - Digital oscilloscope.

The experiment with the AOD described in the previous section was not optimized in terms of the position of

the spatial filter. As was demonstrated by the example of the double-face mirror profilometer, the average

speckle diameter should be equal to the half-period of the spatial filter (see paper Ill). In this case, the
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modulation frequency is maximal. In this section the experiment with the AOD is optimized and sensor
performance in optimal conditions is estimated. The layout of the setup for the experimental study of the
proposed distance sensor is shown in Fig. 5.7 and a detailed description of the experiment is given in paper
IV. The photocurrent was measured by a digital oscilloscope. Due to the optimal sensor geometry and
scanning velocity of 100-150 m/s, a modulation frequency of 15-20 MHz was expected.

A typical oscilloscope trace of the photocurrent recorded in optimal geometry is shown in Fig. 5.8. As can be

seen, the shape of the light power modulation is much close to the sinusoidal.
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Figure 5.8. Typical oscilloscope traces of the photocurrent recorded at a scanning time of 20 ps (a).

The maximal modulation frequency observed in the experiment with the optimal sensor geometry was
35MHz, which was 2 times higher than expected (15-20 MHz). This is explained by the higher output power
of the Nd:YVO, laser compared with the He-Ne used in previous experiments. Higher output power of the
laser increases the number of photons collected to the photodiode and results in higher SNR, as is reported in
paper V. The experiment proves that the modulation frequency is defined mainly by the scanning velocity.
Since the output power of the laser is limited, the geometry of the sensor is optimized, and the numerical
aperture of the illuminating beam cannot be greater than unity, increasing the scanning velocity is the main
approach to improve the sensor. The dependence of the modulation frequency on the z-distance is shown in

Fig. 5.9.

Frequency, MHz

10

Z, mm
Figure 5.9. Modulation frequency of the light power of the spatially filtered speckle pattern as a function of the z-distance between
the object surface and the illuminating beam waist. The squares are the experimental points and the solid line is the theoretical curve

of Eq. 4.9.

An AOD provides a fast scanning velocity. However, the scanning velocity of an AOD is limited by the
travelling time of the acoustic wave within the aperture of the acousto-optic crystal (or through the beam
diameter if the latter is smaller then the active crystal aperture). Note that the travelling time of the acoustic
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wave through the crystal aperture is 13 ps, which is a bit smaller than the scanning period of 20 ps for the
trace in Fig. 5.8. In this case, different parts of the light beam diffract from the acoustic wave at different
angles because the wave frequency varies faster than the wave propagates through the beam, as is
demonstrated in paper V. This is a well-known effect of the dynamic defocusing of the light beam in an
AOD at fast rates of deflection [45].

When the scanning time approaches the travelling time, saturation of the modulation frequency takes place.
The dependence f;;™ (T;‘) has been measured for different diameters of the laser beam incident into the
AOD. This dependence was expected to be linear according to Eq. 4.9. However, it was found that deviation
from the expected linear growth of the modulation frequency becomes pronounced when the light beam
diffracts from an acoustic wave whose frequency is swept along the light beam diameter. As can be seen in
Fig. 5.10, the wider the variation of the acoustic wave frequency within the light beam, the larger the
observed deviation from the initial linear dependence. These experiments show that the increase in the
modulation frequency (which is the key parameter for improving the accuracy and response time of the
sensor) is limited by the travelling time of the acoustic wave. By using a deflector operating with acoustic

waves of higher velocity, a higher modulation frequency can be achieved.
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Figure 5.10. Dependence of the highest achievable modulation frequency on the inverse time duration of the beam scan.

5.5.2  Accuracy estimation

The accuracy of z-coordinate measurement estimation was reported in paper 1V. The accuracy is completely
defined by the accuracy of the frequency measurements. Photocurrent oscillations excited by spatially filtered
dynamic speckles are not constantly regular. In this case, the simplest way to improve accuracy is
accumulating and averaging the results of measurements. Data accumulation increases the response time of
the sensor, creating a trade-off between accuracy and response. To estimate this trade-off, the scanning beam
of the maximal diameter, which is equal to the optical aperture of the AOD, according to paper 1V, was used.

Experimentally the trade-off between z-accuracy and response time was estimated using a plain metal plate
located at the distance z; = 11.5 mm from the focal plane of the illuminating beam. The flatness of the plate
surface was checked with a conventional contact profiler and was within 2 um. The sample was held in a
precise computer-controlled support which allowed plate displacement in three orthogonal directions with an
inaccuracy of less than 0.5 um. The support was oriented so that one of the directions of displacement
coincides with z. One hundred statistically independent measurements of the z-distance were carried out. The
AOD deflector was oriented to scan the sample surface in the x-direction with the scanning time 7, = 20 ps.
After each measurement, the sample was randomly displaced along the y-axis, keeping the position z, equal
to 11.5 mm. During the scan the photodiode signal was recorded within the time window of 2.5 us, which
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includes approximately 50-55 periods of oscillations. In this experiment the modulation frequency fsp» was
estimated by measuring each oscillation period of the recorded signal by means of peak detection, and then
averaging the data within the time window. The distance to the plate surface was calculated using Eq. 4.9.
The measured distance is dispersed around the mean value z = 11.50 mm, which coincides with z, = 11.50

mm. The standard deviation from the mean value is 110 um. Both the mean value and standard deviation
were estimated for the ensemble of 100 measurements. The dispersion of the measured z-coordinate is shown
on Fig. 5.11. The square points in Fig. 5.11 show experimental estimation of the z-distance probability
density function, which was calculated from experimental data. The solid line in Fig. 5.11 is the Gaussian
probability density function, which fits well the experimental data if the standard deviation is equal to 110
pm. According to the central limiting theorem, the deviation decreases as the square root of the ensemble
length. Therefore, by collecting the data after multiple scanning of the surface and/or measuring frequency

with several spatial filters simultaneously, sensor accuracy can be improved.
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Figure 5.11. Dispersion of the measured z-distance around the fixed position z, in the set of 100 measurements, each of which was
done during 2.5 ps.

These experiments demonstrate that the regime of acousto-optic deflection from the wave of variable
frequency is still applicable for distance measurements using dynamic speckles, but it creates limitations for
the improvement of the response time and accuracy. According to the data shown in Fig. 5.10, it is the
velocity of the acoustic wave that finally defines the maximal achievable modulation frequency. The higher
velocity of the acoustic wave, the smaller the travelling time achieved for the same aperture of the light beam.
In the particular AOD used in the experiments, the velocity of the acoustic wave was 690 m/s. Using the
same TeO, crystal but in a different geometry, the wave velocity can be increased up to 4200 m/s. By using
such a fast AOD it is expected that the modulation frequency can be increased by an order of value and thus
reduce the response time. A comparison of two AODs with different acoustic wave velocities is given in
paper V.

5.6 Comparison of acousto-optic deflectors

In this section two AODs with different acoustic-wave speed are compared. The detailed comparison of two
deflectors is reported in paper V. The first deflector, named "slow", with an acoustic wave velocity of 690
m/s is the one which was used in the experiment described in the previous sections. In comparison with the
slow deflector, the second, named "fast", possesses a higher acoustic wave velocity. The fast AOD was made
of the same acousto-optic crystal TeO, as the slow one but the transducer generates a longitudinal acoustic
wave along the [001] axis. The acoustic wave velocity for the fast AOD is Voo; = 4200 m/s, which is six
times larger than for the slow AOD, V(g = 690 m/s.

The parameters of both deflectors are listed in Table Al, see appendix A. The main difference between the
slow and fast deflectors are the diffraction efficiency and the size of the active aperture. The slow AOD has
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uniform diffraction efficiency at the level of 80 % along the whole optical aperture. In contrast, the
diffraction efficiency of the fast AOD is non-uniform and rapidly attenuating along the optical aperture. The
relative area of the active optical aperture in the fast AOD is at least 100 times smaller than that of the slow
AOD. Moreover, the active aperture of the fast AOD is stretched along the acoustic-wave propagation
direction.

The active optical aperture of the crystal defines the numerical aperture of the illuminating beam, and the
latter defines the maximal modulation frequency in Eq. 5.7. The diffraction efficiency of the AOD is also an
important parameter for the SDS. The number of photons collected to the photodiode defines the SNR of the
electric signal. Experiments described in paper V demonstrate an increase in the modulation frequency with
an increase in the light power of the laser. This phenomenon can be explained by the fact that SNR increases
at high laser power, thus allowing a closer approach to the focal plane of the focusing lens. Smaller z results
in higher frequency, in accordance with Eq. 4.9.

Light power collected to the photodiode is a more critical issue for the fast AOD because its diffraction
efficiency is an order of value smaller. Moreover, the rectangular shape of the acoustic channel of the fast
deflector requires the use of cylindrical optics to transform the incident laser beam from a circular cross-
section to a truncated rectangular beam. Cylindrical optics allows a notable increase in the diffraction
efficiency. However, the diffracted light power for the fast AOD is still 10 times less than for the slow one.
Therefore, in the case of the 1-W-laser (which was used in the experiment), the maximal frequency for a
slow AOD can be expected to be about 2 times smaller than for the fast one, as was shown in paper V. In
Fig. 5.12 the dependence of the modulation frequency on z-coordinate is shown, see Eq. 4.9. It can clearly be
seen that the maximal frequency in the case of the fast AOD is 2.3 times higher. This is well in accordance
with the shorter footprint (defined by angular band, see appendix A) and smaller diffraction efficiency of the
fast AOD.
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Figure 5.12. Modulation frequency of the light power of the spatially filtered speckle pattern as a function of the z-distance between
the object surface and the illuminating beam waist. The squares are the experimental points and the solid line is the theoretical curve
of Eq. 4.9: (a) fast deflector and (b) slow deflector.

The fast AOD demonstrates the same frequency saturation as the slow one. As was expected, the frequency
saturation for the fast AOD is achieved later because the acoustic wave velocity is greater and, consequently,
the travelling time through the crystal aperture is shorter.

Fig. 5.13 shows typical oscilloscope traces for slow and fast deflectors. In spite of the fact that the modulation
frequency with a fast deflector is higher and the response time is shorter, the filling up of the scan with
informative modulation is smaller. In the case of the fast deflector, only 15-20% of the scan is filled with
well-defined modulation, while the other part of the scan is just noise. In the case of the slow deflector, the
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informative modulation is more pronounced and it takes almost 50% of the scan. After averaging data of
many scans, the same number of oscillations per averaging time will be obtained with both deflectors.
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Figure 5.13. Typical oscilloscope traces. Only informative parts of the scans containing well-defined modulation are presented here:
(a) slow deflector, central frequency fc; ~ 10.5 MHz, scan duration 7 = 20 ps, informative part duration ~ 10 ps, (b) fast deflectors,
central frequency fc; ~ 65 MHz, scan duration 7p = 4 ps, informative part duration ~ 0.6 ps. Both traces are filtered with band
frequency filters with cut-off frequency of for = fc £0.2fc.

Comparison of two acousto-optic deflectors for scanning implementation in the dynamic-speckle distance-
measurement application showed that the most important deflector parameters which affect the performance
of the proposed sensor are

. the acoustic wave velocity in the crystal

. the active aperture of the acousto-optic crystal

. the diffraction efficiency

. the angular band
A higher modulation frequency was achieved with the fast deflector than with the slow one. However, the
maximal frequency of 80 MHz with the fast deflector is only 2.3 times higher than that of the slow deflector,
35 MHz, whereas an increase proportional to the acoustic velocity ratio Vig; / Vo) , i.e. 6 times, was
expected. The main reason of smaller frequency with the fast deflector than expected is the much smaller
diffraction efficiency of the fast AOD, which reduces SNR of the modulated light power. In addition, the fast
AOD has a smaller active aperture and smaller angular band, which also diminished the maximal achievable
frequency.

In spite of the smaller than expected modulation frequency, the experiments clearly proved that the response
time of the technique is defined by acoustic wave velocity. However, the speckle-distance measurements
require averaging over several scans to increase the accuracy of the measurements. In the case of the fast
deflector, only 15-20% of the scan is filled with informative modulation, while in the case of the slow
deflector it is 50%. Thus, after averaging the number of oscillations, obtained with the fast scanner is almost
the same as with slow one for the fixed time window and it does not give any important benefit.

5.7 Polygonal mirror scanner

In section 5.3 an alternative to an acousto-optic deflector double-face mirror scanner was presented. The
mirror was taken from a laser jet printer and contained only two facets. The mirror was set into motion by a
conventional electrical motor with a maximal achievable rotation speed of 15,000 rpm. The declared rotation
speed was limited to 5,000 rpm, and rotation at faster angular velocities was accompanied by noticeable
vibrations. The scanning velocity corresponding to the rotation speed of 15.000 rpm was limited to 50-70
m/s. However, the use of zero-crossing frequency meter for profile recognition (see section 5.3.1) was
possible only for scanning velocities within 20 m/s (5000 rpm). At faster scanning speed (> 5000 rpm), owing
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to the vibrations, SNR in acquired photocurrent was low and for the 15000 rpm angular speed the zero-
crossing frequency meter could not resolve even the 1 mm step of the aluminium plate.

Vibrations and low scanning velocity prevent the use of homemade double-face mirror scanners in a SDS.
However, polygonal mirror scanners are well-developed and available on the market. The operation of such
scanners is not subject to vibrations, and the rotation speed achieves 50,000 rpm and even higher. The mirrors
utilized in the PMS can have up to 72 facets, which is an important parameter for scan size optimization. The
principle scheme of the polygonal scanner, basic equations and explanations concerning its operation are
given in appendix A.

In this section a SDS using a fast polygonal scanner is presented. The scheme of a SDS based on a PMS is
shown in Fig. 5.14. Here the number of mirror facets was 8 and the maximal rotation speed of the electrical
motor was 30,000 rpm.

Modulated photocurrent, mA

ok N w
=3

(@) (b)
Figure 5.14. Principle scheme of an 8 facet SDS: (a) side view, and (b) view from the top. 1 - Photodiode, 2 - Spatial filter and
Collecting Lens, 3 - Object Surface, 4 - Focusing Lens, 5 - Scanner, 6 - Laser.

The SDS scheme shown in Fig. 5.14 allows a modulation frequency of 10-15 MHz to be achieved. A typical
photocurrent trace using the suggested scheme is shown in Fig. 5.15. It can be seen that the modulation is
well-pronounced and the frequency can be easily estimated using even the zero-crossing method.
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Figure 5.15. Typical oscilloscope trace obtained with a polygonal mirror scanner. Modulation frequency is ~10 MHz. The upper chart
(a) represents 0-25 s part of the scan, and the lower chart (b) represents 2-8 us part of the scan.
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The length of the informative component with an 8-facet PMS was 30-80 ps, which is much longer than with
an AOD at the fastest regime. However, in the case of the AOD, 50% of scan contained well-defined
modulation, whereas in the case of the 8-facet polygonal scanner the ratio of the informative modulation to
scan duration was only 15-30%. This was defined by the entire scan duration of 250 ps for the 30,000 rpm
angular speed and small number of facets. However, this ratio can be improved for a mirror with more then 8
facets. It is expected that the informative component ratio in acquired modulation can achieve 80% using a
72-facet mirror. The high informative component ratio together with the modulation frequency of 30 MHz
achievable with a faster electrical motor equalizes the performance of a sensor based on a PMS and one using
an AOD.

In this section detailed analysis of scanning was introduced. Fast scanning is quite easy to implement using
either an AOD or a PMS. Both scanners result in a high modulation frequency of tens of megahertz and a
corresponding short response time of a hundred nanoseconds. This allows the accuracy to be increased by
means of averaging over time using information about the z-distance accumulated from many scans.
Averaging brings up the question of a statistically independent sample. The basic example of a statistically
dependent sample appears when the sensor repeatedly scans the same part of the object surface. In this case
the photocurrent shape is constantly the same and averaging does not work. This is a very important issue for
the optimal operation of a SDS. This issue is investigated in the next section.
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6 Statistical properties of spatially filtered dynamic speckles

6.1 Importance of correlation

The statistical properties of dynamic speckles have attracted the attention of many research groups since the
1960s [46,47], when it was recognized that changes in the speckle pattern are somehow related to the object’s
motion. The search for deep understanding of dynamic-speckle behaviour was stimulated by a number of
promising applications. The typical configuration considered in most previous works dealing with dynamic
speckles involves an object moving in respect to the rest laser beam and the rest observer (concerning both
velocity [48,49] and z-distance [4] measurements). Scanning the object with a laser beam and subsequent
spatial filtering of dynamic speckles, reported in papers Il and 111, also exploits dynamic speckles but in
another configuration. In the case of scanning over the surface, the laser-beam is moving in respect to both
the object and observer, repeatedly illuminating the object surface. Since this configuration differs from the
classical one, the statistical properties of dynamic speckles have some specific features. Particularly, two
sequential scans of the same rough surface result in the formation of two dynamic speckle patterns which are
highly correlated in both time and space domains. After spatial filtering, highly correlated speckle patterns
produce correlated photocurrents which have the same spectrum and the same shape. Therefore, any method
for frequency estimation will result in the same constant value of measured frequency. Averaging the
constants does not improve accuracy, and scanning over the same part of the object is useless.

To get uncorrelated photocurrent, either the object surface should be displaced in respect to the previous scan
or the photodetector should be moved in respect to its position during the previous measurement. In both
cases, either the speckle pattern is changed or the Ronchi rulings filters a new portion of dynamic speckles.
Thus, the photocurrents become uncorrelated and averaging improves the accuracy. The minimal required
displacements of the spatial filter and object surface to get independent measurements are termed correlation
parameters. The first correlation parameter, Lcp, defines the distance on the object surface at which the
adjacent scans should be displaced to result in uncorrelated responses of the photodiode. This parameter
refers to the multi-scanning sensor operation mode. The second correlation parameter, Lcp, is the distance
between two non-overlapped areas at the observation plane (at the plane of the spatial filter) situated so that
the light collected from them into different photodiodes generates uncorrelated responses. This parameter
refers to the multi-channel sensor mode. A detailed analysis of the correlation of spatially filtered dynamic
speckles is given in paper VI. This section presents a general explanation and experimental estimation of
speckle correlation phenomenon in the case of a SDS.

6.2 Multi-scanning sensor
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Figure 6.1. (a), (b), and (c) oscilloscope traces of the photocurrent for different displacements of the object surface perpendicular to
the direction of the laser-beam scanning. (d) The maximum of cross-correlations calculated between a randomly selected scan and all
others from the set of recorded data.
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To study the correlation phenomenon, the standard scheme of the experimental setup was used (see Fig.
5.14). To demonstrate the correlation, the object under study was displaced a small distance and scanned
again. Thereafter, the cross-correlation of the recorded photocurrent traces was calculated. The experiments
were carried out with both transversal and longitudinal displacement of the object.

In this experiment, the light beam at the surface had an elliptical shape size of 600 pm in the direction of
scanning and size of 60 um in the orthogonal direction. Each subsequent scan was shifted 2 um in respect to
the previous one. By sequentially displacing the object surface orthogonally to the scanning beam, 2300
oscilloscope traces were recorded. Fig. 6.1(a,b,c) shows three typical responses from the recorded set of data.
The surface was shifted 2 um between the moments of recording traces 1 and 2, while the shift was 50 um
between traces 1 and 3. It can be seen that the shape of trace 2 is almost the same as that of trace 1 but trace 3
has a completely different shape from both the previous traces.

To estimate the correlation parameter L¢p, cross-correlation of a selected trace with all other traces was
calculated. A typical result for one scan in the middle of the set is shown in Fig. 6.1(d). Here, zero in the
abscissa axis is referred to as the scan position at the surface corresponding to the chosen trace. Repeating
calculations of cross-correlations for differently chosen traces, it was found that the average width of the
correlation peak was 30 pm. Given that the size of the illuminating beam in the direction of surface
displacement is 60 um, the correlated displacement is equal to 7. The theoretical explanation for this is given
in paper VI.

The experiment was repeated with different cylindrical lenses which allow the beam size in the direction
orthogonal to scanning to be changed while keeping the other size the same (600 pm). With beam sizes of
400 and 1400 pum, the correlation parameter Lcp was equal to 200 and 700 um, respectively, i.e. equal to r5.
The correlation parameter L¢p in the case of longitudinal displacement of the surface (see paper VI) was
found to be also equal to half of the full size of the illuminated spot at the surface, 7.

6.3 Multi-channel sensor

In previous sections, the correlation properties of filtered dynamic speckles where measurements are
performed by a single photodiode were discussed. However, there are many kinds of objects which provide
light scattering in a wide solid angle while only a small part of the scattered light is collected into a
photodiode. For example, with a metallic plate, which was used as a test object, only 0.15% of the reflected
light power was spatially filtered and collected into the photodiode: the rest of the scattered light was not
used. Installation of additional spatial filters and photodiodes, with averaging of their signals, would allow
the distance measurement accuracy to be increased if the responses of these photodiodes are not correlated.
This section presents the results of experimental study of the correlation properties of dynamic speckles when
scattered and filtered light is collected into at least two photodiodes.

Many-channel spatial filtering is a very promising sensor performance improvement. However, it is clear that
photodiodes located very closely to each other can produce correlated photocurrents. Therefore, identifying
the minimal distance between adjacent photodiodes at which their responses are uncorrelated (correlation
parameter defined above as L¢p) is very important for the proper location of photodiodes in a multi-channel
sensor. Estimation of the correlation parameter L is quite simple: the laser beam continuously scans a static
object while the photodiode is displaced from point 1 to point 2 in the observation plane, as shown in Fig.
6.2(a).
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Figure 6.2. (a) Experimental setup for measuring the correlation length in a multi-channel dynamic-speckles sensor. Numbers 1 and 2
indicate adjacent positions of the photodiode at which its responses are uncorrelated, (b) Correlation length Lcp as a function of the
reciprocal size (2r5)" of the scanning beam measured in a direction orthogonal to the scan. The red solid line is the average diameter
of the speckles at the plane of the spatial filter.

The displacement of the photodiode is orthogonal to the direction of scanning. The photodiode aperture is
0.25 x 1.9, where the first size is measured along the direction of its displacement. Two cylindrical lenses
were added in the illuminating part so that their axes were perpendicular to the plane of the drawing in Fig.
6.2(a). By varying their position it was possible to change the size of the scanning beam in a direction
orthogonal to the scan while the other size was kept the same, since it is defined by the biconvex lens.

For each position of the cylindrical lenses in the illuminating arm, oscilloscope traces of the photocurrent at
different positions of the photodiode were recorded. Cross correlations of the photodiode responses were
calculated in a similar way as described for the multi-scanning sensor operation mode. Thereafter, the
correlation parameter, Lcp, was estimated as a correlation-peak width. By repeating the measurements for
different positions of the cylindrical lenses, the dependence of the correlation length Lcp on the beam size 2rp
was obtained, and it is shown in Fig. 6.2(b). As can be seen, in contrast with the multi-scanning operation
mode, the correlation parameter, Lcp, is inversely proportional to the beam size. It is worth noting that the
correlation displacement is equal to the mean speckle size, which is actually defined by the beam width, as
reported in paper VI.

6.4 Discussion

Further increase in z-distance accuracy can be achieved by multiple scanning using multi-channel spatial
filtering. In this case each subsequent scan should be shifted from the previous one by the distance of
L., =r, . Suppose that during scan number ";" the mean frequency of the photocurrent in the i-channel is

measured to be f,, . If the total number of photodiodes is N, then after M scans over the object surface, the z-

distance will be
zZ= QZN: ii . 6.1)
NM [ Ai./PD,/ - VBS

Multiple scanning of the object surface can be readily implemented with continuously moving production
lines. By scanning the surface in a direction orthogonal to the line movement, one can adjust the footprint
width and scanning-repetition rate to the actual velocity of the line so that optimal covering of the surface
with beam scans will be achieved. At the same time it is reasonable to use a single spatial filter with an array
of photodiodes. In this case the footprint width at the surface defines the minimal distance between the
photodiodes in the array to produce uncorrelated measurements.
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On the basis of the experimental study of a single-photodiode dynamic-speckle sensor reported in paper 1V,
which estimates z-distance accuracy Az = 110 pm for scan duration fsc = 2.5 ps, it is feasible to design a 25-
channel sensor capable of measuring distance with an accuracy of 1 um in the time-window of 1 ms. In the
next section, SDS performance is demonstrated; the necessity of taking the correlation phenomenon into
account by using a scanning sensor is shown.
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7 Demonstraation of speckle sensor performance

In all the above-mentioned experiments, including estimation of SDS accuracy, the test objects were made of
metallic plates. The object surface was typically polished with a sandpaper to achieve light scattering in a
smaller solid angle. At the same time, the test objects typically possessed high reflection power. Both high
reflection power and small scattering angle allowed the collection of more photons to the photodiode and thus
increasing the SNR. To demonstrate the functionality of a SDS with non-tailored objects, two experiments
are presented in this section. The first experiment was made with a metallic tube and the target of
measurement was a protective coating which was sprayed over the tube surface. Due to this coating, the
reflection power of the surface was noticeably smaller than that of pure metallic objects. In addition, the light
reflected from the coating was scattered uniformly into the spherical cap, which was almost equal to the
hemisphere. The experiment was conducted in both a laboratory and a manufacturing environment. Thus, the
first demonstration proves the feasibility of speckle ranging in actual operating conditions. The aim of the
second experiment was to demonstrate that a SDS can work with non-metallic objects. In this experiment, a
sheet of office paper was chosen as the test object. Both experiments and their results are presented below.

7.1 Profile measurement of protective coatings

Measurement of the thickness of protective coatings is a wide area of applications [1,50,51,52]. In this
experiment the test object was a metallic tube with a diameter of 16 cm and lateral length of 20 cm. The
profile of the tube was covered with a sprayed coating. The diameter of the tube was constant along the tube
axis, and since the coating was sprayed non-uniformly the small variations (< 200 um) in it correspond to the
test profile. The aim of experiment was the measurement of the relative profile depth. The test object and the

scheme of the experiment are shown in Fig 7.1.
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Figure 7.1. (a) A tube with a variable profile, (b) Profile of the tube measured using a conventional profiler, (¢) Scheme of profile
measurements using a SDS.

Fast scanning over the tube surface was implemented with an AOD. Scan duration of 20 us provided a

scanning rate of 50,000 per second. To measure the whole profile, the tube was slowly (relative to scanning

velocity) moving in a direction parallel to the laser footprint. Each subsequent scan was displaced 4 um,
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while the beam radius was 300 um and the footprint length was 1,100 um. Thus, the sensor repeatedly
scanned almost the same part of the tube surface many times, and the photocurrents acquired from adjacent
scans correlated with each other. The whole tube profile (18 cm) was scanned within one second (net time),
thus 50,000 traces of photocurrents were collected and saved to a digital oscilloscope. Thereafter, the
collection of 50,000 traces was processed off-line with the MatLAB Signal Processing Toolbox. Each saved
trace, 7, was filtered with high- and low-pass filters. Then FFT was applied to each filtered trace i and after
the FFT shape was approximated by a Gaussian function. The frequency corresponding to the maximum of
the Gaussian function was taken as a mean frequency value of the photocurrent trace, fsp;. Each frequency
was recalculated to the sought distance z using Eq. 6.1. Thus, a collection of 50,000 measured z-distances was
obtained. The results of profile measurements using the SDS are shown in Fig. 7.2, where they are compared
with a profile measured with a conventional profilometer (solid lines). In each of the three charts of Fig. 7.2
the collection of 50,000 measured z-distances was processed in different ways to estimate data correlation:

a) The collection of 50,000 z-distances was averaged by 100 measurements. The 500 points obtained are
displayed.

b) The collection of 50,000 z-distances was reduced to 2,000: only each 25th point was taken from the
collection. The new collection of 2,000 points was averaged by 30 points, and these averaged 70
points are displayed.

c) The collection of 50,000 z-distances was averaged by 750 measurements. The 70 points obtained are
displayed.

The most remarkable result of those calculations is that in case (a), despite using 100 averaging points, the
dispersion of measurements is much stronger than in case (b), where each point on the chart is the result of
averaging over only 30 points. This clearly proves that consideration of the correlation properties of speckles
is of primary importance for the SDS. In case (a), 100 consequent points correspond only to 400 um of scan
displacement along the profile. Taking into account the scan length of 1,100 pm, this means that all 100 scans
refer to almost the same part of the tube surface. Scanning of the same part of the surface resulted in highly
correlated signals (as was shown in paper V1), and, therefore, the same measured frequency. Thus, averaging
did not improve accuracy in case (a). At the same time, in case (b), in spite of the fact that only 30 scans were
averaged, the distance between the first and last scan in the averaging sequence was 3,000 um; thus, the
correlation was less pronounced and, therefore, averaging appreciably improved the accuracy, in contrast to
case (a).

Fig. 7.2(b,c) shows that the speckle sensor accurately measured the profile, and all small variations are clearly
visible. The standard deviation calculated for the constant parts of the profile depth is equal to 2-7 pm (using
data in Fig. 7.2(c): the profile acquired within 1 sec included all 50,000 measurements). This value is smaller
than the surface roughness, which is 10-12 pm. In case (b), the net time of data acquisition of the whole tube
profile was just 40 ms; however, the 40 um step of the profile can easily be distinguished. By slightly
increasing the measuring time, by using multi-channel filtering system, and taking into account the
correlation phenomenon, one can easily achieve micron accuracy in the measurement of the protective
coating thickness.
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Figure 7.2. The solid line is a tube profile measured with a conventional profilometer; the points indicate the profile measured with a
SDS: (a) The collection of 50,000 z-distances was averaged by 100 measurements. The 500 points obtained are displayed.; (b) The
collection of 50,000 z-distances was reduced to 2,000: only each 25th point was taken from the collection. The new collection of
2,000 points was averaged by 30 points, and these averaged 70 points are displayed. (c) The collection of 50,000 z-distances was
averaged by 750 measurements. The 70 points obtained are displayed.

Measurements to the test object (tube) were repeated on-line directly in a manufacturing environment with
the compact prototype of the sensor, and were found to be feasible. However, due to the poor performance of
the electronics (zero-crossing frequency meter), a measuring window of about several minutes was needed to
distinguish the variation in the protective layer of 30 pm.

Analysis of the frequency measurement technique with the MatL AB showed that using zero-crossing with
detection of bad mistakes instead of FFT slightly decreases accuracy. However, profile details can also be
easily distinguished by applying zero-crossing to the collection of 50,000 measurements if the zero-crossing
procedure detects and eliminates bad mistakes. At the same time, zero-crossing is considerably faster and is
expected to be preferable for the multi-channel sensor.

7.2 Paper thickness measurements

The test objects in all the experiments described above were metallic surfaces: aluminium, iron, steel etc. To
prove that the dynamic speckle method works with other rough surfaces, the method was tested with paper.
Recently the first on-line system for paper thickness measurement using triangulation was demonstrated [53].
Here it is demonstrated that the SDS can measure paper thickness as well [52]. Measurement of paper
thickness by means of speckles is quite difficult because illuminating light penetrates inside the paper and the
formation of the speckle pattern is a result of light scattering from many different paper layers. The thickness
of office paper is typically limited to 100 um. Therefore, the speckle pattern contains information not only
about the upper layer of the paper but about all the other layers inside.

To check the possibility of measuring distance to the paper, a sheet of standard office paper was fixed on the
micro-translation stage to change the z-coordinate of the object. In the experiment the distance to the paper
was varied in the range of 7-15 mm from the beam waist position with a step of 1 mm. The modulation
frequency measured for each paper position was recalculated into the z-distance. The results were averaged
over 5 scans. Scanning velocity was 20 m/s while the single scan duration was 250 ps.
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Fig. 7.3 shows a schematic drawing of the light scattering (a) from a metallic surface, and (b) from paper. The
respective modulated photocurrents are shown in Fig. 7.3(c,d). The SNR in modulation produced by paper is
lower; however, its frequency can still be measured precisely. In Fig. 7.4(a) the Fourier transforms calculated
for the modulated photocurrents acquired from the metal and the paper are compared. Both photocurrents
were recorded when the test objects were located at the same z-distance. In spite of the fact that the Fourier
peak with the paper is smaller than with the metal, the modulation frequency for both materials is the same.
The results of distance measurements to the paper are shown in Fig. 7.4(b). Here the position of the paper
sheet is estimated using the speckle method for the displacement 7-15 mm. The accuracy of the
measurements was calculated as a standard deviation and it is within [300-1,000] microns. The dependence of
the frequency on the z-coordinate is shown in Fig. 7.4(c). For all object positions except very close to the
focus, the experimental dependence is well in accordance with the theoretical one.
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Figure 7.3. (a) Light scattering from the metallic surface, (b) light scattering from the paper, (¢) modulation of photocurrent produced
by the metal, (d) modulation of photocurrent produced by the paper.
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Figure 7.4. (a) FFT of photocurrents (upper line - metal, lower line - paper), (b) measured z-coordinate of the paper sheet using a
SDS, (c) frequency dependence upon z-coordinate.

In spite of a poor accuracy of 300-1,000 um, which is far beyond the requirements of the paper industry, the
experiment showed that in principle it is possible to measure the thickness of papery objects using dynamic
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speckles. The author would like to underline that the experiments with paper did not take place in optimal
conditions: the scanning velocity was low, the same part of the object surface was scanned, and the
correlation phenomenon was not taken into account.

It is expected that using a faster scanner and multi-channel spatial filtering will greatly improve the accuracy
of paper measurements, while keeping a reasonably short response time.
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8 Conclusion

In this thesis a novel approach for distance measurement using dynamic speckles is demonstrated. The
possibility of using dynamic speckles for measuring the distance to moving objects has been known since the
1970s. The arrangement of a speckle distance sensor is as follows: the distance between the moving object
and the illuminating laser defines the speckle velocity at the observation plane; the speckle velocity is
measured by means of spatial filtering. In spite of the simple arrangement, speckle distance sensing does not
attract enough attention among researchers and sensor manufacturers. In the opinion of the author, the reason
for this is the short dynamic range expected for the speckle method. That is because the speckle measurement
range is limited by several centimetres. In the case of a centimetre scale range, micron accuracy of
measurement is required to achieve an acceptable dynamic range of the sensor. However, providing micron
accuracy is quite a challenging task for a speckle sensor. The stochastic nature of speckles results in high
dispersion of measurements and therefore low accuracy. The accuracy of the measurements can still be
improved but at the expense of the measuring window. Acceptable accuracy can be achieved for measuring
windows greater than 1 second. The long response time nullifies all the advantages of the method because
conventional touch sensors perform better.

In this thesis it is demonstrated that the response time of the dynamic speckle method is defined mainly by
the velocity of the test object. When illuminated with a laser beam the test object generates dynamic speckles.
If the object moves faster, the velocity of the generated speckles rises. Fast speckles reduce the measurement
response time and, therefore, more measurement results are accumulated within the same time window, and it
is possible to increase the accuracy by means of averaging. Object velocities in a visual environment are
limited typically to several meters per second. Low object velocity cannot provide a short enough response
time to implement averaging within a reasonably short time window. This thesis proposes that fast scanning
over the object surface improves the dynamic speckle ranging performance. Modern scanners provide
scanning velocities of hundreds of meters per second. This is much faster than the movement of typical
industrial objects. Rapid scanning greatly reduces the response time of the speckle sensor. Fast response
allows the accumulation of more measurements results within a short time window and the use of averaging.
Averaging provides micron accuracy of the speckle sensor; therefore, the dynamic range of the sensor
becomes suitable for various ranging applications, as is demonstrated in this thesis. Scanning over the object
is an important approach for ranging also because it allows measurements to be made to static objects, which
was previously completely impossible.

Scanning techniques are now well-developed. Two fast scanners, an acousto-optic deflector and polygonal
mirror scanner, are considered in the thesis. Several different models of both scanner types were extensively
studied, and optimal parameters for each were identified.

Using an optimized speckle distance sensor, the trade-off between accuracy and sensor response was found to
be 100 um within a time window of just 2.5 ps. According to the statistical law, averaging over a longer time
window increases the accuracy. Thus, for a time window of 25 ms one can achieve 1 pm accuracy and obtain
the sensor dynamic range of at least 1,000:1 within 1 mm. It is worth noting that in addition to fast and
accurate measurements, the speckle sensor can provide measurements to

. extremely rough objects where alternative methods decrease performance or even unable to operate
. fast-moving objects (tens m/s), as the scanning velocity is much faster (hundreds m/s)
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Conclusion

Improving the performance of a dynamic speckle sensor requires knowledge of the correlation properties of
dynamic speckles. Whereas the correlation properties of speckles produced by moving objects have been
extensively studied, the correlation properties of spatial filtered speckles generated with scanning laser beam
were studied for the first time in this thesis. Revealed correlations properties allow developing many-channel
speckle distance sensor, which uses several photodiodes simultaneously. Averaging data from several
channels allows increase accuracy without impairing response. For example, photodiode array size of 25
allows getting 1-um accuracy within 1 ms.

The sensor performance was tested with various types of materials (metals, papers, etc.) and not only with
tailored objects in laboratory conditions but also with object taken from industrial environment. As an
example, the protective coating of the tube (length of 18 cm) was measured within just 1 second with
accuracy of 2-7 um which is higher then the object coating roughness 10-12 pum. The experiment was
repeated during coating spraying over the tube surface in manufacturing environment where the sensor
demonstrated also good performance.

The future work with sensor prototype requires some improvements and optimisations. The main
optimization concerns development of optimal electronics for real time data processing. The most of data
processing procedures during sensor testing were made off-line with a personal computer. Required
electronics should measure frequencies of tens of megahertz continuously; it should take into account
intermittent nature of an acquired signal, be able to eliminate bad mistakes and implement averaging.
However, this seems to be not a complicated problem because zero-crossing method perfectly copes with
frequency measurement. Zero-crossing method is not resource-intensive and can be easily realised with
modern electronics even in case of multi-channel sensor.

Conducted research found the way to improve performance of dynamic speckle ranging technique, which to
the opinion of the author was undeservingly neglected. Developed speckle ranging method demonstrated high
accuracy and short response. High performance of the sensor was also corroborated by testing the sensor
prototype in manufacturing environment. Author asserts that supplemented with appropriate electronics the
sensor can find a lot of applications. Especially it concerns strongly scattering and fast moving objects where
other techniques do not provide requited performance.
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Appendix A

Principle of scanning with acousto-optic and polygonal mirror deflectors.

An acousto-optic deflector (AOD), also called a Bragg cell, uses the acousto-optic effect to change the
angular position of laser beam propagating through the aperture of the deflector [44,43]. Acousto-optic
deflection is based on changing the frequency of an acoustic wave, f,., activated in an acousto-optic crystal to
vary the laser beam diffraction angle, ®. Laser beam angular position is linearly proportional to the acoustic
frequency, so that the higher the frequency, the larger the diffracted angle

A0~ . Nae (A1)
a
where A is optical wavelength, V, is the acoustic velocity, and Af,. is the acoustic wave frequency band. The
scheme of diffraction in AOD is shown in Fig. Al.
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acoustic
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A activate acoustic wave
with linearly changing
frequency

Figure Al. Scheme of laser beam diffraction in AOD.

The activated acoustic wave varies refractive index inside an acousto-optic cell along its propagation
direction thus forming a diffraction grating with the period of A,. ~ 1/ f... The acoustic wave is induced by the
piezoelectric transducer bonded to the crystal. The angular position of the diffracted laser beam is linearly
proportional to the frequency of generated acoustic wave. By applying a saw-tooth waveform to the AOD-
driver, the acoustic waves with swept frequency is excited in AOD thus providing scanning of the surface by
the laser beam.

Optimal position of AOD in the speckle sensor is in the focal point of the focusing lens as it is shown in Fig.
A2. In this case the scanning beam moves perpendicularly to the object surface and z-distance between the
optical head and the object is kept the same for any points in the scan. This also means that the modulation
frequency does not change along the scan. This greatly simplifies measurement procedure. In the case of
noticeable displacement of AOD from the focal point, z-distance between the lens and the object can be
appreciably changing along the scan. Thus the modulation frequency, which is a function of z-distance, can
be changing greatly along the scan. If z-distance changes too fast along the scan, the modulation can be even
not observed.
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Figure A2. (a) Optimal position of AOD in respect to focusing lens; z-distance form focusing lens to the object is the same for any
angular positions of scanning beam. (b) not optimal position of AOD in respect to focusing lens.

Optimal position of focusing lens results in a simple dependence of the scan length, L, on the maximal
scanning angle, 24, the focal length of the focusing lens, f,, and the diameter of the lens, see Fig. A3. It is
worth noting that the optimal position of the focusing lens in the case of the polygonal mirror scanner located
before the focusing lens is the same as for AOD.
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Figure A3. The Scan length, L, in the case of the optimal scanner position as a function of the scanning angle, 2/, the focal length, £,
and the diameter of the lens.

Here the scan length is equal to L = 2-fo-tg(f). In the most of the experiments f, = 50 mm. The use of the
lenses with different focal lengths changes the scan length and therefore, the scanning velocity. However,
using lens with a longer focal length in spite of the higher scanning velocity does not increase the modulation
frequency, which is expected according to Eq. 4.8. This is because the lens with a longer focal length reduces
the numerical aperture of the illuminating beam and the numerical aperture is the crucial parameter, which
defines the maximal achievable frequency, see Eq. 5.7

In this thesis two different AOD were utilized with 1.5° and 1.8° angular band. Both AODs were
manufactured in Scientific Instruments, Ltd., Russia and their parameters are listed in table Al. The focal
length of 50 mm and given angular bandwidths results in scan size of 1.3 and 1.6 mm (which is in accordance
with experimental estimations 1.1 and 1.5, respectively). For the polygonal mirror scanner the angular band is
not limited as for AOD and it is defined by the number of facets of the mirror, n, because & = 360-2/n, see
Fig. A3. Therefore, the scan length in the case of the polygonal mirror scanner can be much longer. For the 8-
facets mirror @ = 90° and the respective scan length is 100 mm. Parameters of 8- and 72-facets mirror
scanners are given in the table A2.
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Table Al. Parameters of acousto-optic deflectors.
Acoustic Minimal A\c;)auvsenc
Acousto- wave Angular Diffraction Scanning
optic crystal velocity band sean Scan length  frequency efficiency velocity
AOD (m/s) (degrees) duration (mm) band %) (m/s)
o
(us) (MHz)
Slow  TeO,[110] 690 1.8 10-20 1.6 60 - 100 80 >100
Fast TeO, [001] 4200 1.5 2-4 1.3 275 - 450 10 > 500
Table A2. Polygonal mirror deflector parameters.
Minimal
Angular scan S
Number band duration ler‘ia?h Scannin
of facets (degrees) for 30,000 s nning
(mm) velocity (m/s)
1pm (us)
8 90 250 100 ~400
72 10 28 8.7 ~ 320

From tables A1 and A2 one can see that the scanning velocity with polygonal scanners is the same order of
value as with the AODs. Polygonal scanner has about 10 times longer duration of the scan but it is
compensated by the length of the scan.
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