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Problem Description

New methods for estimating ultrasonic transducer parameters are under development at the MR
ultrasound group, Department of Circulation and Medical Imaging. The parameters are complex
and their estimates will enable the designer to incorporate measured transducer parameters in
improving the modeling of the ultrasound system.

Tasks:
o Find improved reflectors for pulse echo measurements
o Develop a reliable and repeatable experimental set up for pulse echo measurements

using an ultrasound array

Design and develop a method for transducer alignment with respect to the reflector
Evaluate estimation schemes for complex transducer parameters including variation of:
pulse

filters

elimination of propagation delay

Implement a simple uncertainty budget for the above estimations.
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Abstract

In this thesis, a measurement set-up has been developed to characterize high frequency medi-
cal ultrasound transducers using a pulse echo set-up. This work is a continuation of an earlier
project. The aim of this project is to improve the instrumentation to get more reliable, re-
peatable and consistent results. The transducer used in this project was a 20MHz annular
array transducer with 8 elements. Parameters such as the electroacoustic transfer function and
reflection coefficients of element 1 and 2 have been found for a sinusoidal burst excitation and
a Gaussian excitation, to give examples for the estimation of these parameters. Developing
the right instrumentation for the pulse echo set-up and transducer for pulse echo measure-
ments has been emphasised, where a transducer holder and reflector have been constructed for
characterization of elements 1-5. A cylindrical water resistant reflector with a curved top was
designed giving certain degrees of freedom as opposed to the pure spherical reflector concerning
positioning of the reflector with respect to the transducer. A slanted bottom was included in
the design of the reflector causing reflections from the bottom to diffract and thus stopping
these from interfering with the reflections of interest happening at the top of the reflector sur-
face. A transducer holder was also designed and custom made for the transducer used in the
project, where both mechanical and electrical considerations have been taken, as the holder
makes alignment of the transducer with respect to the reflector easier and coaxial cables have
been introduced to get more control over the signals going to and from the transducer array.
Coaxial cables were chosen as these are easy to model, and have clear specifications in addition
to having the property of shielding noise signals. Alignment of the transducer has been empha-
sised to make radiation into the focus of the reflector easier, although the design of the reflector
also allows the reflector to be tilted in the allocation of its focus point. By taking detailed
lateral scans of echoes received by the transducer using a robot, in addition to varying the
distance between the transducer and the reflector with an increment of 0.2 mm, the reflection
coefficients were found to be very sensitive to lateral positioning, and to some extent sensitive
to axial positioning of the transducer with respect to the reflector. The elimination of propa-
gation delay due to the signals travel in waterpath and electrical transmission and reception
chain leading to the transducer ports has also been compensated for, as these delays will effect
the complex values of the transfer function. The electrical propagation delay is eliminated by
using a simulation program, and analysis of the time between two consecutive echoes is done
in order to find the physical time delay in the water path the pulses travelled. The electro
acoustic transfer function has also been found for element 1 and element 2, but with a much
greater time delay than what was expected. An uncertainty budget of the obtained parameters
has also been done to see the impact of laboratory equipment on the meaurements. Estimation
schemes to obtain reflection coefficients and the electro acoustic transfer function have been
developed, which are repeatable for further characterization for the whole transducer array.
Existing MATLAB codes have been modified in simulations and some new codes have been
written for analyzing measurement based estimation of transfer functions, reflection coefficients
and effects of various filters on their characteristics. Different types of filters have been used on
the recorded echo signals to eliminate noise from the estimated reflection coefficients. A better



control of the parasitic inductances due to the non coaxial cables in the system should perhaps
be evaluated, and for further characterization of the transducer, the mechanical admittance
can also be found by using the estimated reflection coefficients and electro acoustic transfer
function.
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Chapter 1

Introduction

1.1 Background

Ultrasound imaging is very popular because it is considered reliable, simple, cheap and nearly
free of risk in comparison to other imaging techniques. The transducer is the most important
component of any ultrasound imaging system, converting electrical energy into mechanical en-
ergy in the form of vibrations in transmission mode and converting mechanical energy back to
electrical energy during receiving mode. The transducer, in many applications, is excited with
a variety of transients or impulses. In many practical cases, the specifications and properties of
the transducers are unknown. The characteristics of a transducer is what utimately determines
the image quality. Pulse echo imaging and the analysis of the transmitted pulses and the echoes
from a known target is a useful way to obtain information characterizing the transducer. Re-
flection coeflicients, electroacoustic transfer functions, terminated/open circuit insertion losses
and the transducer efficiency are examples of parameters commonly used to characterize the
transducer. These parameters are determined by analysis of the transmitted pulses and the
recieved echoes, when the equivalent electrical input impedance and the electrical termination
of the transducer are known.

1.2 Applications of High Frequency Ultrasonic Transduc-
ers

The first transducers suitable for high frequency clinical imaging (30-100 MHz) were developed
in the 1980’s, providing images of subsurface structures with microscopic resolution. Most
applications of high frequency ultrasound are therefore for surfaces, as the high frequencies
increase the resolution, but get attenuated more, so penetration decreases, as seen in Figure
1.1, where the resolution for transducers with a range of f-numbers ' and the penetration are
both given for a range of frequencies. The penetration is given to be 0.5 dB/(cm MHz!'/2) in
tissues [7]. Medical applications of high frequency ultrasound include eye imaging, catheter
based intravascular imaging, intra-articular imaging and in vive imaging of mouse embryonic
development. Some examples of such clinical applications of high frequency ultrasound are
described briefly below. Further information about medical and biological applications of high
frequency ultrasound can be found in [13] and [7].

IThe f-number is given as f =focal distance/diameter



1.2.1 Imaging Anterior Segment of the Eye

The anterior segments of the eye shown schematically in Figure 1.2 can be imaged very well
by ultrasound backscatter microscopy (UBM), as structures of clinical importance lie in the
range of the high frequency beam coming from the UBM. Ultrasound backscatter microscopy
is an extension of the B-mode ultrasound backscatter methods, though operating at higher
frequencies. In Figure 1.2 the ultrasonic image of an excised eye is shown. This image shows
the anterior segments of the eye at 50 MHz and was obtained by using a prototype ultrasonic
backscatter microscope 2 developed at the University of Southern California [21]. Special areas
of importance are the ciliary and zonules, as these areas are prone to cyst and tumor growth.
The area where the iris and cornea join is important as this is where glaucoma starts. Examples
of transducer configurations used for such opthalmic studies are shown in Figure 1.3, where
frequency ranges of 50-80 MHz and f numbers ranging from 1.1 to 2.2 have been used.
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Figure 1.1: Resolution and penetration varying with frequency
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(a) Anterior chamber of the eye, [7] (b) Image of the excised eye at 50 MHz using a UBM, [21]

Figure 1.2: Structures within anterior chamber (a), Ultrasonic eye imaging (b)

1.2.2 Intravascular Imaging

Intravascular ultrasound is a currently available technique that provides real time cross- sec-
tional images of coronary arteries in vivo. Rotating single element catheters with center fre-
quencies 30 or 40 MHz are currently used for clinical purposes [9], an important application
being improved diagnosis of the diseased coronary artery. Below in Figure 1.4, the cross sections
of a rabbit aorta in vivo using intravascular ultrasound tissue harmonic imaging is shown.

2The Ultrasonic Backscatter Microscope system has same component blocks as a conventional B-mode
imaging system, but the operating frequency is an order of magnitude higher, 7]
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Figure 1.5: B-mode images at 100 MHz, left: healthy skin at wrist transition, right: nevus at
the forearm, [8].

1.2.3 Skin Imaging

High frequency ultrasound in the range 20MHz has become a standard in skin imaging, and
imaging of the upper layers of the skin * is of medical interest, as this can give valuable
information about skin diseases. For this purpose, higher frequencies such as 100 MHz is
desirable, as 20 MHz gives restrictions in spacial resolution due to limitations in bandwidth
and center frequency [8]. The images of skin with and without a nevus ® is shown in Figure
1.5.

1.2.4 Non Medical Applications

High frequency ultrasound transducers are also used in non-destructive testing (NDT), for
detecting miniscule flaws on pipes and structures. Here the high frequency transducers can
be used for high resolution ultrasonic imaging of materials like microelectronic components
and ceramic parts, where an axial resolution better than 0.025 mm can be achieved in some
cases. Thickness gaging of very thin nonmetallic coatings on nonmetallic substrates, like paint
on plastic, and measuring individual layers of multilayer coatings are also examples of such
applications. In addition, high frequency ultrasonics is also used in material analysis, such as
in thickness gaging of very small polymer tubing with very thin wall thickness, for example
medical catheters [13].

1.3 Limitations with High Frequency Ultrasound

With applications in ultrasound changing from low frequency to high frequency, the design
of system hardware to provide reliable operations will become a challenge for the electronic
and system designer. For example, noise tolerance should be stricter, due to the increased
attenuation at higher frequencies [5].

1.4 Motivation for this Thesis

There are many reasons for characterizing and testing ultrasonic transducers. It is important
to ensure that a suitable transducer is selected to perform a given task, especially in NDT
applications. The transducers’ performance should also meet the expectations given on the data
sheet from the company or specified by the user. It is common that transducer performances
deviate from its specifications. Transducer characterization is also important when analyzing

4also called epidermis
Snevus is a skin disease



the transducer’s effect on the ultrasound signal, especially when signal processing and analysis
are going to be performed. In order to obtain transducers with consistent and predictable
performances, it is important that the supplier of the transducer is provided with the required
specifications that deal with all significant design and performance characteristics. Even so,
incoming transducers should be inspected to see whether they fulfill the purchase specifications.

A benefit of transducer characterization is the on-site assurance that the transducer’s per-
formance is as expected. One cannot assume that transducers of similar size, frequency, model
and type produce equivalent results. They can in fact have very differing performances. It is
important to measure transducer performance periodically throughout its life, as transducer
elements tend to degrade in performance with usage and time. In fact an inspection procedure
can become invalid if an appropriate routine is not tried and executed to remove or adjust for
transducer deterioration. The transducers’ effect on significant parameters of the ultrasound
signal can also be accounted for through transducer characterization, especially when signal
processing is to be performed, and uncommon signal parameters are being measured [23].

In this thesis, the reflection coefficient and the electro-acoustic transfer function of the
transducer is determined in order to characterize the transducer. The electro-acoustic transfer
function gives the direct relationship between the amplitude of the pressure wave hitting the
transducer surface and the amplitude of the current wave generated in the piezoelectric element
in the transducer due to surface vibrations caused by the pressure wave. The electro-acoustic
transfer function is used to determine the transfer efficiency which describes how the reflection
level is, according to the noise level of the electrical transmission chain. When sending an
acoustic pressure wave (transmission beam) with the highest possible amplitude into a reflector,
the signal will generate acoustic noise produced by the transmit beam itself in the target. Noise
from the side lobes will be generated and added to the received signal, which are results of
reflections from structures outside the observed region of the reflector. Acoustic noise will also
be generated due to multiple reflections from structures within the region of interest around
the reflector. In addition to this, the reflected wave will only be partially reflected from the
transducer surface, when it is received. The reflection of the backscattered wave is described
by the reflection coefficient.

Pulse echo measurements with a reflector are considered to be a good and simple way to
obtain the reflection coefficent and the electro-acoustic tansfer function. There have been other
methods before in order to characterize transducers, but as these involve using hydrophones
and several transducers involving a complex set-up, pulse echo measurements are the prefered
alternative, as it is also chosen in this thesis.

The mechanical positioning of the transducer with respect to the reflector is very important,
in order to get the proper and undistorted pulses and echoes. Inaccurate positioning can lead
to added energy loss due to diffraction in the transmitted pulses due to loss of directivity.
This is a challenge in reflector measurements as it is vital that the transducer is positioned
so that the transmitted pulses hit the focus point of the reflector and thus avoiding multiple
reflections and reverberation effects. This requires that there is a stable mechanical fixture for
the transducer so that there is a certain amount of control over the actual positioning of the
transducer with respect to the reflector can be exercised.

The reflection coefficient and electro-acoustic transfer function are, in addition to the elec-
trical impedance, parameters that describe the electro-acoustical behaviour of the transducer.
By knowing these two parameters, one can introduce components with the transducer and
make a software to calculate how the added components will affect the system. By deter-
mining the reflection coefficient and the electro acoustic transfer function together with the
electrical impedance at the transducer ports, all the components in the the transducer’s mul-
tiport structure matrix can be found, and by knowing the reflection coefficients and electro
acoustic transfer function, the mechanical admittance at the transducer ports can also be
found. In addition to this, the reflection coefficients can reveal to a certain extent whether
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Figure 1.6: An overview of a typical ultrasound system, [14]

or not the transducer is radiating into the focus of the reflector. By ultimately characterizing
an ultrasound array by finding the various parameters mentioned above, including bandwidth,
directivity measurements and cross coupling effects & the ultrasound array can then be inte-
grated in a probe housing and be interfaced into an ultrasound system. An example of such
an ultrasound system is shown below in Figure 1.6.

1.5 Previous work in Transducer Characterization

There have been some previous work characterizing transducers, where different parameters
have been found. L.Medino et al. [17] have studied the spatial and temporal characteris-
tics of the acoustical pressure field generated by pulsed ultrasonic transducers under different
boundary conditions. These parameters were determined both experimentally and numerically,
where the simulations were performed using the temporal convolution between the numerical
derivative of the impulse response and the longitudinal wave velocity with rigid and soft baf-
fles as boundary conditions. T.P Lerch et al. [25] used an ultrasonic measurement model
approach to determine the probe’s effective radius, effective focal length and system efficiency
factor. This was done by modeling both the transducer and the measurement system, where
the whole measurement model process was expressed theoretically in the model. They used a
simple measurement system with a spherical reflector [25]. P.G Kenny et al. [23] characterized
an ultrasonic transducer by measuring the beam image, as this gives information about beam
parameters as the propagation direction, beam diameter, divergence and cross sectional uni-
formity. They also measured the transducer electrical impedance, as this provides information
about the structure of the transducer and the impedance matching between the transducer and
the pulser/receiver. The insertion loss, which is a relative measure of the power conversion at
a given frequency, was also found. The transducer impulse response was also found, which is
a measure of the transducer sensitivity and flaw resolving capability. Most of their tests were
performed using the pulse echo technique, similar to the method used in this thesis [23].

E. Lacaze et al. did work on characterizing a 20MHz ultrasound array and implementing
it into a medical ultrasound system. The reason a 20MHz transducer was used was because
this particular frequency gave an interesting combination of penetration or sensitivity and the
expected image resolution. Electro acoustic characterization was performed on the full 128
element array, and in addition to this, the bandwidth, insertion loss and crosscoupling was
also found. Finally the array was implemented in a medical ultrasound system after being

Scrosscoupling is a disadvantagous effect that can occur in ultrasound arrays, in form of crosstalk between
the array elements.



integrated into a probe housing. [6].

A recent study in transducer characterization was done by A.L. Lopéz Sanchez and L.W.
Schmerr Jr. [24] where they determined both the transducer’s sensitivity and impedance in
a pulse echo set-up. They used a new model based approach to determine these parameters
and at the same time compensating for cabling effects in the measurements, as these are
significant at high frequencies. Considering the transducer as a linear, reciprocal device, the
acoustical and electrical parameters are related through a 2 x 2 transfer matrix. A component
of this matrix is the electro-acoustical transfer function. In principle, the elements of the
transfer matrix can be obtained by taking a series of electrical and acoustic measurements
at the transducer ports, but no such practical procedures currently exist that allows one to
completely characterize a transducer in this manner. Therefore, A.L Lopéz Sanchez and L.W.
Schmerr Jr. used the electrical impedance (obtained easily with an impedance analyzer) and a
sensitivity in addition to an acoustic radiation impedance to account completely for the effects
that an ultrasonic transducer has on an ultrasonic measurement system, when it acts either as
a transmitter, or as a receiver.[24].

This thesis has used a similar set-up to that of S. Fath [10] for experimentally estimating the
electro-acoustic transfer parameters as the reflection coefficient and the electro acoustic transfer
function for piezoelectric ultrasound transducers. These are the same parameters determined
in this thesis. Fath found that the existing setup used in his work was in some ways crude,
and emphasised the importance of finding a better way to align the transducer with respect
to the reflector with his existing experimental set-up. This thesis focuses on implementing an
improvemed design of the measurement set-up. Using this set-up, the electroacoustic transfer
function and the reflection coefficients are determined.

1.6 Outline

The first part of this report consists of theoretical principals and equations relevant to this
project. Basic linear acoustic principles, pulse echo theory and theory concerning piezoelectric
transducers are described briefly. The second part of this report covers the practical part of
the project, where simulations, measurement set-up and results are described and discussed.
Chapter 2 treats the general acoustic theory this project is based upon. Reflection and trans-
mission principles during normal incidence, and pulse echo theory is covered briefly. Chapter
3 treats the general theory concerning ultrasonic transducers. Modeling of the transducer and
the transceiver system is covered briefly, to give a general idea of how the transducer works.
The Simulations done for this project and the transmission and receiver chain models used to
compensate for the electrical path leading to the transducer electrodes are explained in Chap-
ter 4. Simulations of what can be expected of the electro acoustic transfer function and the
reflection coefficients are also included in order to give a general idea of what is to be expected
in the results. Chapter 5 gives an overview of the instrumentation and measurement set-up
used for the practical part of this thesis. As a major part of the instrumentation used was
designed and therefore was an important part of the results of the project, this chapter also
covers preliminary results needed to establish the main results, which are treated in Chapter
6. This chapter presents the reflection coefficients and the electro acoustical transfer functions
found for the different pulses and the elements. Chapter 7 discusses the results, where an error
analysis is taken on the main results of this work. Finally the conclusion gives the main results
and observations of this project, hence suggesting further work that can be done on transducer
characterization.






Chapter 2

Reflection and Transmission of
Ultrasonic Waves

2.1 Acoustic Waves

Acoustic waves can either be described as shear waves, or compression waves, depending on how
the particle movement is directed according to the wave propagation. If the particle movement
is directed parallell to the wave propagation, the wave is a compression wave, also known as a
longitudinal wave. If the particle movement is directed perpendicular to the wave propagation,
the wave is a shear wave, also known as a transverse wave. With a plane compressed wave,
the medium the wave propagates in is compressed and decompressed with a certain frequency,
causing a pressure wave. The distance between two neighboring pressure maxima is given by
the wavelength, . The wavelength is given by the simple relationship between displacement,
speed and frequency, as

A=c/f (2.1)

Where c is the sound speed and f is the frequency.
The characteristic or acoustic impedance of the medium Z is then given as

Z = pc (2.2)

Where p is the density of the medium.

2.1.1 Reflection and Transmission

When an acoustic wave hits a layer between two media with different acoustical properties, part
of the wave will be reflected and part of the wave will be transmitted. The degree of reflection
and transmission is dependent on the properties of the materials at the interface. There are
two important boundary conditions that should be satisfied at all times when treating waves
at an interface, and these are continuity of pressure and continuity of the normal component
of the particle velocity. The incoming wave with a normal incidence is shown in Figure 2.1.

Conditions of continuity at the boundary yields the following equation for the pressure p
and the normal component of the particle velocity, u

pP; + P, = Py (2.3)
u; +u, = uy (24)
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Figure 2.1: Normally incident wave at the boundary between two media, [16]

Where p; is the incident wave traveling in the +x direction and p, is the reflected wave
traveling in the —z direction. Likewise, for u; and u,. Division of (2.3) by (2.4) is a statement
of the continuity of the normal specific acoustic impedance across the boundary, Z; and Z5 in
medium 1 and medium 2 respectively, illustrated in Figure 2.1. For a plane wave, p/u = +7,
resulting in the reflection coefficient R given in the equation below.

Zy — 7y

R=—— 2.5
77 7, (2.5)
Similarly the transmission coefficient T is given as
275
T=1+R= 2.6
Zy+ 7y (2:6)

2.1.2 Ultrasonic Attenuation

Attenuation is affected by many variables and it’s generally hard to give exact values of the
attenuation that can later be used for qualitative analysis. However, attenuation can often be
obtained experimentally for a given material [26]. Ultrasonic attenuation is usually frequency
dependent, and proportional to the depth of the wave propagation. As an ultrasound travels
through tissue the wave intensity is attenuated due to three main factors [2],

Power absorption The absorption of wave energy to heat, this usually causes the strongest
attenuation

Scattering Losses - The wave gets reflected and scattered, and thus it gets attenuated. Less
than 10 percent of the attenuation is due to this form of attenuation

Geometric spread - Attenuation due to diverging regions of the beam.
The absorption attenuation of the intensity of a plane wave is modeled to be [10]

I(r) = Toe— 7 (2.7)

Where Ij is the intensity of the incident wave, I(r) is the intensity at a depth r, and

wu(f) is the intensity absorption coefficient, and is as mentioned earlier, frequency dependent.
Similarly, the attenuation of the pressure is found to be

p(r) = poe FalHr (2.8)

10



Where py is the pressure of the incident wave and k4 is the amplitude absorption coefficient.
With the intensity being the pressure squared, we get that

u(f) = 2ka(f) (2.9)

In the range 1-10 MHz, the absorption coefficient follows a power law in frequency given as

p(f) = CU ()™ = Clofen)™ (210)
Where C is a constant with the unit [Np/cm]. For the relationship Ip/I it is common to
use the decibel unit, dB given as

dBgy = r~1101g Iy /1(r) = r~1201g po /p(7) (2.11)

2.2 Pulse Echo System

"A pulse echo system is any system that uses the scattering of electromagnetic waves (electrical
or acoustic) from an object to obtain information about that object, "[22]. In other words pulse
echo based measurement is a technique in which an ultrasonic transducer in transmission mode,
emits a high frequency acoustic pulse into an object or medium. The pulse is reflected back
to the same transducer operating in reception mode, [27]. In pulse echo imaging, a single
transducer is therefore used to transmit an acoustic pulse and later recieve acoustic echoes.
An example of this is A-mode imaging !.

Important physical principles in pulse echo imaging such as reflection, transmission and
attenuation have already been mentioned.

As mentioned earlier in this chapter, pulse echo imaging is often used to obtain information
about materials or objects the waves propagate in, by analyzing the echoes and the initial wave.
The objects mainly investigated in medical ultrasonic pulse-echo techniques can be described
in two different ways:

Geometrical information Mapping of major structural boundaries as organ and tumor out-
lines by measuring the range of echoes generated at interfaces which usually are strong
reflectors.

Physical information Observing changes in the image due to adjustments of the scanner
controls

In order to extract physical information, one can either analyze the features of a single
echo, or several echoes. When analyzing a single echo, its shape and amplitude can be used
to characterize properties of the reflecting interface. When analysing several echoes, their
amplitudes and spectra of signal wave numbers are evaluated over a region of tissues to provide
criterias for tissue characterization. If however the reflectors characteristics are known, both
physically and geometrically, characteristics about the transducer itself can be obtained by
analysing the pulse and echoes from the given reflector [12].

By analyzing the bands of the pulses and the echoes, useful information about the signal
energy in for different frequencies can be determined. The distribution of frequencies in the
signals can also be analyzed by looking at the frequency spectra of the signals. In amplitude
spectrum analysis, the fundamental frequency and its harmonics are observed as the freqency
where the largest amplitude peak can be found. To obtain the fundamental frequency, the first
largest amplitude can be found and its corresponding frequency, or the distance between two
harmonics can be measured.

LA mode imaging is done by transmitting an ultrasonic pulse into an object and then recieving the backscat-
tered signal with the same transducer

11
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Chapter 3

Ultrasonic Transceiver System

3.1 General Qualities

The high frequency medical ultrasonic transducer is often essentially small element based arrays
due to the higher frequency and the need for beam steering. An example of an ultrasound
system is already given in Figure 1.6 of Chapter 1. Borrowing the terminology from radio, as
the transducer in the system under discussion functions both as transmitter and receiver, the
term transceiver will be used to describe the ultrasonic system used in this thesis. When the
function is specific, the normal terminology will be used.

3.1.1 Piezoelectric Ultrasound Transducers

Consider an ultrasound transducer made as a plate of PZT ! with the characteristic impedance
Zy mounted on a backing material with characteristic impedance Zp and connected to a load
with the characteristic impedance Zp. Surfaces of the plate are mounted with electrodes
in order to drive a voltage across the plate thickness. By applying a voltage between the
electrodes, the plate will be deformed due to the piezoelectric effect. The plate will either
expand or contract, depending on the polarity of the applied voltage. By applying an oscillating
voltage, the thickness of the plate will vibrate, and if the surface of the transducer plate is in
contact with a material, the vibrations will excite an acoustic pressure wave into the material
and the transducer is then acting as a transmitter. When a reflected or backscattered acoustic
pressure wave hits the transducer plate surface, it excites vibrations in the surface which
generates a voltage between the electrodes, and the plate functions as a receiver. Figure 3.1
gives an illustration of the plate transducer.

Resonance occurs when the transformation from electrical to acoustical energy is at it most
efficient. This occurs at certain frequencies. With the PZT plate transducer, we get resonances
when the plate has a certain thickness 2, given by conditions to the impedances Zy, Z; and
Zp. In most practical applications, Z; < Zy < Zp and the first thickness resonance will occur
when the plate has a thickness of half a wavelength.

L=X/2,fo=c/2L (3.1)

In situations where a large bandwidth is not needed however, such as in underwater appli-
cations, the A\/4 resonance may be used instead, as this minimizes energy loss into the backing

Nead zirconate titanate [15]
2this type of resonance is also refered to as thickness resonance
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Figure 3.1: The plate transducer, cross section of piezoelectric plate, [2]

material. A A\/4 resonance can be achieved by using a very high impedance backing material
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Figure 3.2: The crossection of a single element transducer made up of composite material, [2]

A typical ulatrasound tranducer is shown in Figure 3.2. The piezoelectric plate is mounted
on a low impedance foam backing. An impedance transformer in form of a A\/4 thick impedance
plate is attached to the front in order to increase the front vibration amplitude and to couple
energy more effectively into the load. In high frequency applications (above 10 MHz), the
electrodes must be taken into account of and should be treated as seperate elastic layers in
addition to the impedance matching layers.

3ideally this means using a material with infinite impedance
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To simplify analysis of the wave propagation in the transducer, it is common to assume
the transducer has an infinite width and wave propagation is one dimensional and normal to
the faces of the transducer. In order to avoid resonant modes outside the A/2 wave thickness
in pulse echo measurements, composite piezoelectric materials are implemented, where the the
piezoelectric plate is divided into small bars of A\/2 width, and the spacing between the bars
are filled with epoxy as shown in Figure 3.2. Introducing composite material also reduces re-
verberation artifacts and increases the energy going to the load. The one dimensional model is
a simplification, though, as it does not take into account the transversal vibration modes that
occur due to transversal piezoelectric coupling. These transversal modes are of larger signifi-
cance in array transducers, which are composed of several elements, as opposed to the single
element transducer depicted in Figure 3.2. The three dimensional shape of the piezoelectric
transducer must therefore be taken account of with practical transducers. This requires three
dimensional wave analysis and this can only be done numerically for certain ideal situations.
Basic analysis of the transducer can however be performed using the one dimensional case,
and the analysis and theory this report is based on is that of the one dimensional case. It is
therefore assumed that the transducer is transversally clamped.

3.1.2 Relevant Transducer Theory

The general model that is relevant for the work done in this project is what is called the
passive two port model. We say that we have a passive model of the transucer, as a passive
transducer contains no internal source of power. Figure 3.3 shows the lumped electrical model
of a transducer. This is found by using one dimensional analysis of the thickness vibrations on
a plate transducer as shown in Figure 3.1. The pressure p(z,t) and vibration velocity u(z, )
are found to be functions of the plate thickness coordinate z and the time ¢. This analysis can
also be used on focused transducers with curved plates *.

O O

Figure 3.3: Lumped equivalent model of a transducer, [2]

3.1.3 Mason Model

In order to simplify analysis of the transducer it is common to use models. Parameters as the
transmitting voltage and the transmit transfer function can be described theortically as will
be mentioned in this chapter, but often it is physically hard to get these parameters directly
in experiments. A thin plate of piezoelectric material with metallized electrodes as Figure
3.1 can be modelled by an equivalent circuit using standard transmission line equations. The

4where the radius of curvature is much larger than the plate thickness
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Mason equivalent circuit of the transducer shown in Figure 3.4 is derived from the lumped
model shown above in Figure 3.3, when the electrical to mechanical coupling is taken into
account, in other words when h in Figure 3.3 is not zero. An ideal transformer will then
convert mechanical variables into electrical variables, where particle velocities are transformed
into electrical currents and pressure is transformed into electrical voltage. It is usual to focus
on the energy transfer between the electric port and the front face of the transducer °.

Py
y=kL

—1/h°Cy

1:hCp
g I

Figure 3.4: The Mason Equivalent Circuit for a piezoelectric transducer, [2]

The transmit and receive model for the transducer is based on the Mason Model, and is
given below in Figure 3.5
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Figure 3.5: The Mason Equivalent Circuit for the transducer in transmit and recieve mode, [2]

5The backface is usually a load made as light as possible to improve the sensitivity, although it can in some
cases be made heavy to increase bandwidth [2]
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3.1.4 Transducer in Transceiver Mode

To generate a shortest possible transmit pulse, the ultrasound transducer is driven by con-
necting it to a fixed positive or negative voltage for a short period T' < 1/2f, where fy is
the open circuit resonance frequency 9. A somewhat more detailed figure of the transmit and
receive situation is given in Appendice III. The transfer functions in the transmit and recieve
situations can be calculated using the circuits given above in Figure 3.5 as the transducer
operates as a linear 2-port filter in form of a transmission line. The input impedance of the
transmitting transducer is Z;(w), given as Z,, in Figure 3.5. The transmitting transducer is
driven by a voltage generator supplying the voltage v, (¢), with an internal impedance Zg(w),
causing a voltage drop over Zy(w), resulting in that the driving voltage on the electrical port
of the transducer in the frequency domain is

Vir(w) = Hii(w)V(w) (3-2)

Zi (w)
Zit(w) + Zy(w)

In pulse echo applications, the drive voltage vy (t) is a short burst of oscillations. This burst
is then bandpass filtered by the transmit transfer function Hy(w). This is the transfer function
of the combined piezoelectric plate and the A/4 impedance matching plates of the voltage driven
transmit transducer. The outcome after filtering is the velocity of the transducer, u(¢). In the
frequency domain, the relation between the velocity and the drive voltage of the transducer is

Hii(w) = (3.3)

Up(w) = Hy(w)Vig(w) (3.4)

The receiving transfer function is found by the theory of reciprocity 7.
The signal out of the receiver amplifier referred to the transducer output is given as

V(W) = Hyi () Hyo(0)2F3 () (3.5)

Zir (W) Zr(w)
Zir(W) + Zypw
Where F; is the force on the face of the transducer, which can also be expressed by the pressure
P; given in Figure 3.5.

The transfer function from the pressure amplitude of the incoming wave to the receiver
voltage is then

Hyi(w) = (3.6)

Ve (w
Hyp(w) = () = Hyi(w)Hyi(w) (3.7)
2F;
The transfer function from the drive voltage to the received voltage, becomes
Vi (w)
=2H,i(w)Hi(w)ZL AH, 3.8
Vir (@) (w)Hyt(w)Zr, AHp (w) (3.8)

Where Zj is the load impedance and A is the area of the transducer. In pulse echo
measurements, one transducer is used for both transmit and receive as mentioned earlier in
2.2, 50 Hyt(w) = Hy(w). Inserting this in (3.8) gives

60pen circuit resonance occurs when the charge between the electrodes are constant [2]

7a voltage V in one branch of an electric circuit results in a measured current in another branch, shorting
the voltage in the first branch and placing it in the other will result in a current I in the first branch

8when transmitter and receiver are in close acoustic range so power losses to beam diffraction and divergence
can be neglected
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B 1 Vi(w) 1
Hue = \/2ZLA Vir(w) Hyi(w) (3.9)

3.1.5 Multilayered Structures and Admittance

In Figure 3.1 we see a set of piezoelectric plates with the area A, coupled to each other in
layers. Usually only one of the layers is piezoelectric and is used for coupling between the
acoustic and electrical energy, whilst the other layers are used for impedance matching and the
forming of the frequency transfer function. A A/4 layer between the piezoelectric plate and
the load is used for impedance matching. The structure is a linear multiport structure that is
given a matrix admittance ? in the frequency domain by

i Y o Hy 14
<U> - (Htt Ym> (23) (3.10)

Where I and V are complex amplitudes of the currents and voltages into the electric ports,
U is the vibration velocity of the transducer surface, Hy; are the transmit transfer functions
for voltage driven ports, and Y is the admittance matrix of the electrical ports when the
transducer is radiating into the load. The mechanical admittance Y,, into the transducer’s
front face is found by setting all voltages V' = 0. A transducer can be fully characterized if
all the components of the multiport structure matrix are known. The mechanical admittance
gives an idea of the load of the transducer system, and can be found through the reflection
coefficients of the transducer and the transducer’s electro acoustic transfer function.

9the admittance is the inverse of the impedance
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Chapter 4

Simulations

4.1 Transmission Line Simulations

As it is difficult to access the transducer ports directly when doing the measurements, due to
inner cabling inside the transducer and the set-up as a whole, it is important to compensate
for this difference. This is shown in more detail in Figure 4.1

Inductance due
/ to the normal
m wires

Holder l:l Want to

Actual coaxial measure

measurement transducer  here
point
/

Figure 4.1: The transmission circuit

Lab
coaxial

In order to find the transfer functions between the point of physical measurement and the
transducer ports, the simulation program AmpMod was used. By allocating different ports in a
given and specified circuit, the different voltage transfer functions at the different ports can be
simulated and found. Below in Figure 4.2 and in Figure 4.3, the different ports at transmission

and reception are shown respectively.

®
SRS
[ ]

transducer

= =

Figure 4.2: Model for transmission mode simulation

It can be observed that the ports in transmission mode and reception mode are numbered
differently, as port 1 in transmission mode is by the pulse generator, whilst port 1 in reception
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Figure 4.3: Model for reception mode simulation

mode in by the transducer.

The program AmpMod compensates for all the unwanted elements caused by the fact that
we are measuring at port 3, and not in the port of interest 5 in the transmission mode situation,
shown in Figure 4.2, corrosponding to port 3 and port 1 in the receive situation, seen in Figure
4.3. However the input impedance is different in transmission mode and reception mode, where
in transmission mode the input impedance is dependent on port 2 in in Figure 4.2, while in
reception mode, the input impedance is dependent on port 5 in Figure 4.3. However, we assume
a negligeble difference between the input ports in the transmission and reception situation, since
both are connected to the same coaxial cable and a 502 impedance. In transmission mode,
502 will be seen from port 2 in Figure 4.2, and in reception mode, 252 (two 50 € in parallell)
will be seen from port 5 in Figure 4.3, which is not much of a difference.

The expression for the transfer function is dependent on the voltage in transmission mode
given in the previous chapter, in Equation (3.9). This is the voltage at the transducer ports,
which is physically impossible to access, and hence compensation is needed to transform the
actual measured voltage into the desired voltage at the transducer ports.

Let Vi5 be the desired voltage at transmission mode and V;3 be the physically accessible
and measured voltage at transmission mode seen in Figure 4.2. Similarly, V,4 is the desired
voltage at reception, and V.5 is the physically accessible and measured voltage at reception
mode seen in Figure 4.3, where the numbers in the subscript for the voltages all represent the
port numbers in the respective figures in the transmit and the receive situations.

The following relations in Equations (4.1),(4.2) and (4.3) are then given, where the voltage
transfer functions at each port is included.

H,5
Vis = Vi3 - Hitg (4.1)
t

In reception mode, the following equation is valid
Hrl
Hr5

Combining the two equations above, an expression for the transfer function between the
voltages between the desired and the actual voltages at transmission and reception are obtained

Vii=Vis5- (4.2)

Vi1 _ Vis Hp
Vis  Vis Hys

- HizHis (4.3)
Where the expression
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H,s H;s

is the transfer function between the desired and actual voltages measured in the given
set-up, giving the expression

H= (4.4)

Vs =Vis- H (4.5)

For the reflection coefficient however, these compensations are not nescessary, as the transfer
function between the voltage at the desired measuring port and the actual measured voltage
gets eliminated in the expression for the reflection coefficient as seen below in (4.7). The
reflection coefficient is found by

V;&z,e2

Ry = k(f) Vw1

(4.6)
Where Viz 1 and Vi, o, are the voltages measured at port 5 at transmit corrosponding
to Figure 4.2, of echo number one and two in the frequency domain, and k(f) is a frequency
dependent function that includes the attenuation in water and the reflection coefficient between
water and brass explained more in detail in Chapter 5.
Using the experimentally measured voltages, measured at port 3 at transmission, cor-
rosponding again to Figure 4.2 the reflection coefficient is found to be the same as in (4.6)

. Vig oo
Rr = k(f) 375 = k() - 57 (4.7)
tx,el
And hence we see that the reflection coefficient is independent of where in the circuit the
measurements are taken with respect to port 3 and port 5 in transmission mode.

4.2 Parameters inserted in AmpMod

The components in Figure 4.2 and Figure 4.3 where all inserted as blocks in the MATLAB
subroutine AmpMod. The impedance values for the pulse generator, the coaxial cables and
the oscilloscope were all taken from datasheets and specifications. Impedance measurements
were taken however, as the non coaxial cables were expected to contribute with a parasetic
inductance as shown in Figure 4.1. This inductance includes contributions from both the
visible non coaxial cables outside the transducer and the hidden non coaxial cables inside the
transducer. The value of the complex inductance with inductance compensation Zgomp, Was
found by measuring the complex impedance impedance of element 1 at the array holder Z,,rqy
where the non coaxial cables were soldered onto the coaxial cables as shown in Figure 4.4, and
then subtracting this with the impedance due to the inductance L, where the impedance of
L is given as Zy, = jwL, shown below in Equation (4.8). The value of the inductance L was
obtained by trying to get the phase information as near —90° as possible at 40 MHz, without
overly distorting the impedances and phases. By taking these points into consideration, the
parasitic inductance L was estimated to be around L =70 nH. Figure 4.5 shows the impedance
without inductance compensation, and with inductance compensation.

Zcomp = Zholder — 41, = Z — jWL/ (48)

The other components were as mentioned found using the datasheets of the coaxial cables
and the oscilloscope and generator. The capacitance for the coaxial cables were given as 94
pF/m thus giving the inductive value of
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L=2%c=50*94-10""2 = 235nH/m (4.9)

The impedance due to the resistance of the coaxial cables was chosen to be a small number,
where 0.1 was chosen for practical purposes. The component blocks inserted in the AmpMod
program both under transmission and reception, are given more in detail in Table 4.1.

Table 4.1: Component values in AmpMod

Component/Block Impedance [©}] | Capacitance [pF] | Inductance [nH] | Length [m)]
Input impedance, pulse generator 50 - - -
Coaxial cable 0.1 94 235 2
Oscilloscope 50 - - -
Coaxial cable 0.1 94 235 0.17
Inductance - - 70 -

4.3 Implementation of the Simulation to the Measurement
Results

After inserting a circuit with parameters corresponding to the one used in the measurement
set-up, the different voltage transfer functions involved in the main voltage transfer function
H given in Equation (4.4) were taken from a file scm,up,es given by the Ampmod simulation
program, and interpolated in order to be used with the measurement data, using the interpl
function in MATLAB. After doing that, it was only a question of multiplying the measured
data with the voltage transfer function H in order to get the desired value V5 and V.1 as shown
in Figure 4.2 and Figure 4.3. Below the transfer functions for the voltages at the different ports
in transmit mode and receive mode corresponding to the circuits given in Figure 4.2 and Figure
4.3 respectively are given in Figure 4.6. When considering voltages, port 2 and 3 are equivalent
in both transmission and reception mode.
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(a) Voltage transfer function during transmission
Figure 4.6: Voltage transfer functions

It can be observed from Figure 4.6 that there is a considerable difference between the
voltage transfer function at port 3 and the voltage transfer function at port 5.
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(b) Voltage transfer function during reception




4.4 Parameter Simulations

The electro acoustical transfer function at transmission, explained in the previous chapter
in Equation (3.9) and the reflection coefficients of a 20MHz transducer with 1 layer was also
simulated, in order to get an idea of what was to be expected of the results. This was done using
a simulation program in MATLAB called atrans. The parameters used to model the transducer
are given in the appendix. Below in Figure 4.7, the simulated electroacoustic transfer function,
H,; and the reflection coefficient, Ry for the transducer are shown '.
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(a) Simulated Hy; (b) Simulated Rr, red plot

Figure 4.7: The simulated values of Hy and Ry

The phase given for Hy; generated by the simulation program atrans in MATLAB shown
in Figure 4.7 is however programmed in such a way that a straight line is subtracted from
the phase value in order to remove effects of time delays. Figure 4.8 therefore shows a more
realistic plot of the phase for Hy;, obtained directly from the simulated value of the parameter
Htt~

By approximating linearity and finding the slope of the plot in Figure 4.8, an idea of the
time delay Tsimulated,r,, Of the system can also be found, given by the following expression

AAH“

Tsimulated,Hy; = A (410)

and is found to be 47.7 ns by using the above equation and inserting Aw =2 -7 - Af and
converting the degrees to radians in AZH;;. This corresponds to approximately 1 period of
a 20 MHz transducer. It is assumed that the pulse propagates approximately one period into
the transducer, from the electrodes to the transducer plates.

Inote that the red plot is the relevant plot
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Chapter 5

Instrumentation and Measurement
Set-up

Details in the measurement setup and instrumentation is given in this chapter. The equipment
used is specified. The measurements were performed in bubble free water, as bubbles scatter
the signal, a highly undesirable effect for the measurements taken in this project.

5.1 General instrumentation and measurement set-up

5.1.1 Pulse echo measurement set-up

The transducer holder was mounted on the robot and coaxial cables were coupled directly
from the transducer holder to a digital oscilloscope and an arbitrary waveform generator.
The electronics of the holder is explained below. It was intended that the signals go straight
from the Arbitrary Waveform Generator to the transducer, and back, where the generator
acts as a pulser and a receiver. This was done by putting the coupling of the oscilloscope to
1MQ. However, this resulted in some unexpected behaviour, resulting in that the coupling
on the oscilloscope was set to 50§2. Reasons for this is given in Chapter 6. Different types
of pulses were programmed from and into the arbitrary waveform generator and sent into the
transducer, using a software called ArbConnection. The pulses and the echoes shown in the
digital oscilloscope were recorded using a regular laboratory PC using a MATLAB program laap
(Lab Application), also used to control the oscilloscope with respect to setting delays, when
manually turning of knobs was tedious and inaccurate. An overview of the measurement setups
are shown more in detail in Figure 5.1, Figure 5.2 and the practical setup in the laboratory is
shown in Figure 5.3.

Coaxial Cable used between Connectors, Oscilloscope and Generator

The coaxial cables that were plugged directly to the oscilloscope and the Arbitrary Waveform
generator, were 2m long 502 with BNC plugs on one side and MCX plugs on the other, in
order to connect to the connectors on the circuit board.

The Pulses used in the Measurements

There were two kinds of pulses used in the experiments, and these were sinusoidal burst pulses
and Gaussian pulses, with different frequencies. The sinusoidal burst is a often used to char-
acterize transducers in NDT applications. In addition to this, it has a broad bandwidth. The
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Figure 5.1: Hardware and software used in the measurement set-up
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Figure 5.2: Measurement overview of the set-up

Figure 5.3: Practical set-up in lab
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s

Figure 5.4: Connectors used in the measurement set-up, MCX for the circuit board and BNC
connected to the oscilloscope or generator

Gaussian pulse has more limited bandwidth, and can in this way have desirable characteristics.
Another important observation is that the smaller a Gaussian pulse, the more it resembles a
¢ function, and hence the temporal response will become more like the inverse Fourier trans-
form of the system transfer function '. The Gaussian pulse also has lower sidelobes than the
sinusoidal pulse. Figure 5.5 and Figure 5.6 give examples of the pulses and their frequency
spectra. The frequency range of interest, is approximately 0-40MHz, and the pulses used in
this example were taken via the oscilloscope when coupled to the waveform generator.

Sinusoidal burst pulse. time and frequency domain
T T T T T

Amplituce, [V]

Time, [us]

|Spectrum|, [dB]

5 10 15 20 25 30 3 40
Frequency. [MHz]

Figure 5.5: Sinusoidal burst pulse

It can be observed that the sinusoidal burst pulse has a very broadbanded frequency spec-
trum, it has nearly a 70 percent bandwidth, and this can be interesting to use as there is some
energy in all the frequencies in the area of interest, mainly from 10 to 40 MHz.

As seen in Figure 5.6, the Gaussian burst pulse has slightly more limited bandwidth than
the sinusoidal pulse. The complete spectral information shows that the Gaussian pulse had
lower sidelobes for f > 40MHz than the sinusoidal pulse. However, in the range of interest, we
see that the Gaussian had slight sidelobes compared to the sinusoidal, which did not have any.

Iby taking the inverse Fourier transform of a system fed with a ¢ function, the direct system response can
be found
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Gaussian pulse in time and frequency domain
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Figure 5.6: Gaussian burst pulse

The sinusoidal burst pulse was programmed directly from ArbConnection and it was given
an amplitude of 16V.

The Gaussian pulse was first made in MATLAB using the function gauspuls, creating a
Gaussian modulated sinusoid. This was a 50 kHz Gaussian RF puls med 60 percent bandwidth
og truncate pulse where it falls 40 dB below the peak and a samplerate of 1IMHz. It is then
converted into a 16 bit representation, and then using the built in MATLAB functions fid, fopen
and fwrite to create and store the pulse in x.wav format. After that it was downloaded into the
Waveform Generator using the ArbConnection software. The Gaussian pulse was constructed
in such a way that its spectrum had a peak at around 20 MHz. Generally when creating a self
defined pulse in ArbConnection, as was done with the Gaussian pulse, the desired frequencies
are picked by a variation of the pulse length or the sampling frequency to create a signal with
a desired frequency spectrum. This frequency was therefore selected by altering the number of
points in the MATLAB code used to generate the pulse. The sampling frequency used was 242
MS/s, and in order to have a peak around 20 MHz, the four period Gaussian pulse created in
Matlab was to have approximately 48 points. The relationship between these values are given
in Equation (5.1) and Equation (5.2) below

Npulse Npulse . 1

Tgaussian [5] = 'Ts*ample,gene?“ator = (51)
4 4 fsample,generator
Rearranging the above equation to obtain the frequency of the Gaussian pulse gives
1 242M S/ s
= ian = ———— -4~ 20|MH 5.2
Tgaussian fgausszan 48S [ Z] ( )

5.1.2 Instruments used for the Measurements

Below is a list of the equipment in the laboratory used for the measurements

Optimal Positioning with Robot

After positioning the transducer in the best way possible into the geometrical focus of the
reflector by looking at the amplitude and duration of the echoes, a 3d-scan was performed in
order to obtain the optimal positioning of the transducer with respect to the reflector. The
software used to perform the 3d-scan was laap. The 3d-scan was performed by first doing a
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Table 5.1: Main laboratory equipment used in the measurements

HP4194 Impedance Analyzer -
Galvanic power transformer -

Instrument Type Registration nr
Pulse Generator Tabor Electronics Waveform Generator (250 MS/s) 00810
Oscilloscope Lecroy Waverunner LT262 350MHz 1GS/s 00391

scan in the z direction (the axial direction), where the optimal distance between the transducer
and the reflector was obtained. After that, scans in the x and y directions were performed to
find the best lateral positioning. The data was then processed and the best pulses from the
optimal position was chosen for further data processing by looking at the radiation profile from
the scans. The radiation profiles were acquired directly by using the invegseq, function in the
lab application (laap) software. An example of such a radiation profile is shown in Figure 5.7
and Figure 5.8, and it was observed that all the echoes had their maxima at the same position,
as opposed to what was observed in the work done previously, [19]. This indicates that the
constructed reflector served its purpose, as it didn’t corrode in water causing unexpected
results. In order to verify that the echoes all had maximal values at the same scan position, a
3d scan was performed on all the echoes, in all the depths. The depths were varied by varying
the time delay between the transmitted and the reflected pulse. The time delay between the
echoes were selected to be in the range from 2.2 us to 4.3 us, corresponding to a distance of
1.65 mm to 3.23 mm with an increment of 0.2 mm between the transducer and the reflector.
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Figure 5.7: Contour diagrams matching in optimal position
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The optimal axial distance between the transducer and the reflector is expected to be
somewhere close to the following calculated value. As the geometrical focus of the transducer
is at zp = 27,5mm, and the radius of curvature for the reflector is zg = 25mm, the transducer
should be around Az = zr — zg = 2,1 mm away from the reflector surface. As it is not possible
with the given equipment to accurately measure the distance in length from the transducer to
the reflector, time considerations between the first and the second echo are observed in order
to then be able to calculate the distance between the transducer and the reflector. For this, it
is a simple question of linear displacement as the time between two consecutive echoes is given
as

t=2d/c (5.3)

Where t is the time between two consecutive echoes, d is the distance between the transducer
and the reflector, and c is the speed of sound in water, given as 1492 m/s [4]. The desired time
between two echoes is then found using equation (5.3), to be 2.8us. This is seen manually on
the oscilloscope, by observing the time between the first and the second echo. By recording
pulses and echoes around the desired distance of 2.12 mm, the optimal distance is found.

5.1.3 Impedance Measurements

The impedance measurements were taken with an HP impedance analyzer, after compensating
for the impedance due to the connecting wires from the transducer to the impedance analyzer.
Open and short circuit compensations were performed on the wires, and then the impedances
were measured at each element at the connectors on the circuit board on the transducer holder.
The impedance analyzer was coupled to the laboratory PC, and the data was recorded by using
a software on the PC called impMeasure. In order to see the effects of the coaxial wires soldered
onto the normal wires on the signals, an impedance measurement at the termination of the
normal wires was also done in order to see the coaxial cabling effects. This is presented later
in the Chapter 7.

5.2 The Transducer Holder

The transducer holder was designed in order to ensure that the transducer is held fixed and
parallell to the water surface. It is initially a small block with a hole slightly larger than the
diameter of the transducer, where the transducer fits in, and then sealed using epoxy. By
fitting the transducer into this pipelike hole only slightly larger than itself, it is secured against
tilting and remains fixed in position. The holder and the transducer is therefore a component
in the measuring system displayed in Figure 5.2. Below in Figure 5.9 the designed transducer
holder in different angles is presented.

5.2.1 The Electronics in the Transducer Holder

The normal wires connected to the element pads of the transducer were cut and 50¢) coaxial
wires were soldered onto these. As it was desired to have two connectors for one element, two
coaxial wires were soldered onto the normal wire coming from each element on the transducer
pad. The coaxials where then soldered onto MCX connectors on a regular circuit board. As
the transducer had 8 elements, and each element had two connectors; one for coupling to the
oscilloscope,and one for coupling to the pulse generator, the circuit board had altogether 16
connectors on it. In order to connect the elements to the oscilloscope and waveform generator,
a new pair of 502 coaxial cables where used, with BNC plugs on one side, to couple to the
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Figure 5.9: The transducer holder in different perspectives

oscilloscope and the waveform generator, and MCX plugs on the other side, to plug into the
connectors on the circuit board leading to the elements.

Coaxial Cable used between the Normal Wires and the Connectors

The coaxial cables used were 5000 RGB cables,and they were approximately 17 cm in length.
With the capacitive value and calculated inductive values of 235 nH/m given in Equation (4.9),
and with the coaxial wires being 17 cm, the capacitive and inductive value this wire introduces
into the system, is 94 - 0.17 = 16pF and 235 - 0.17 = 40nH respectively.

Normal Wires

The normal wires were the wires directly soldered onto the transducer pad, and these were
approximately 2.5 cm long. Figure 4.4 in the previous chapter shows how the transition
between the normal wires from the transducer pad and the coaxial wires are, when looking at
the dismantled transducer holder, where one part is the plate with the circuit board on it, and
the other part is the plate with the transducer itself. The lengths of the cables are also given.

5.2.2 The Transducer

The transducer used in this work was a Panametrics 3853B102 annular array focused trans-
ducer, with a center frequency of 20 MHz, the 5 first elements having a radius of curvature of
27.12 mm. Annular array transducers hold certain advantages to high frequency single element
transducers, as single element transducers have limited focal depth and deterioration of the
image quality beyond the focal zone of the one element. By using arrays, dynamic reception fo-
cusing can be achieved by introducing time delays to each element of the array, thus improving
the depth of focus and retaining the same resolution as a comparable single element transducer.
The annular array maintains nearly uniform lateral resolution thus getting a better depth of
field [5]. An annular array transducer consists of several concentric rings, and a steerable focus
is obtained by putting a spherical delay on the excitation signals for the different elements.
The transducer used here is constructed in such a way that element 1 has a small hole in it
for design purposes, in order to align the elements to one another. This will influence the
impedance of the element, as the effective area is reduced, and as the impedance is inversely
proportional to the area of the element. Other characteristics as the reflection coefficients and
transfer function can also vary due to this. Element 1-5 have the same area, with the ring
diameter being 1.9 mm. Element 6 is twice the area of element 1, element 7 is thrice the area
and element 8 is four times the area of element 1.
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5.3 The Reflector

The reflector was chosen to be a cylindrical brass reflector with a curved top, with the same
radius of curvature as the focused transducer. It was slightly slanted at the bottom, to avoid
unwanted echoes from the bottom dispering with the echoes from the top of the reflector. The
reflector used is shown below in Figure 5.10.
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Figure 5.10: Geometrical specification sketch and actual reflector with holder

5.4 Preliminary Results and Calculations

5.4.1 The complex electroacoustic transfer function

The electro acoustic transfer function is found by using the expression in Equation (3.9).
However, there are some important considerations that should be accounted for, as both V;; and
the time delay compensation should be compensated for, as Vit measurea should be multiplied
by the transfer function found in the third chapter, given in Equation (4.5), in order to find the
desired voltage at the transducer ports in transmit mode, V;;, given in the theoretical Equation
(3.9). Since the complex transfer function is desired, it is also important to get the right phase
information, and in order to do that, time delay compensation in water should be done, as
the pulses also travel the distance between the transducer and reflector in the water. This is
described in the following section.

Time Delay Compensation in Water

As the transfer function is complex, the time delay should be accounted for. There are two
main time delays that should be accounted for in the set-up, the first one being the time delay
due to the pulses’ travel path in the water, called 7 between the transducer and the reflector,
and the second being the time delay the pulses go through the electrical circuit leading to the
transducer ports, called 7. The simulation model explained in Chapter 4 deals with the delay
T2.

The time delay between the transmitted pulse Vit measureda and the first echo is not the best
way to obtain the time between two echoes, as the wires inside the transducer also contribute
to the delay. Therefore, the time between the first and the second echo is obtained by finding
the value where the respective pulses start. This can be done, by measuring the beginning of
these pulses. Internal reflections inside the transducer itself do not affect the measurements, as
illustrated in Figure 5.11. This contributes to an added time delay, and an added uncertainty
due to a lack of knowledge as to where the acoustic pulse starts between the ports of the
transducer.
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Figure 5.11: Internal reflecions inside the transducer

By measuring the time at the beginning of the pulses, and then taking the time difference
between two consecutive pulses, the best ones being echo 1 and echo 2, as the pulses get
stretched in time the higher the echo number is?, one can therefore establish the time delay in
the water-path using the time difference between two consecutive echoes.

However, as the expression for the transfer function is dependent on pulses and echoes in
the frequency domain, it is important to be aware that the time windows for the different
echoes are not the same, so the fft in MATLAB will start where the time window starts. The
time window must therefore also be compensated for in the expression of the time delay due
to the propagation in water. The time delay in water is

Twater = techo,Q - techo,l (54)

Where tecpoo is the time measured at the start of echo number two, and t.cn01 is the time
measured at the start of echo number one. With a reference point at ¢ = 0, the following
relationship between the measured pulse and desired pulse in the Fourier domain exists

Viulf) = Wt,m(f) ce ItV (5.5)

Where Vi o (f) is the measured echo and Vi, (f) is the voltage without the time delay caused
by the oscilloscope window. This time delay is given by the factor e/“!o.vi+ specified by the
window of the oscilloscope.

Similarly, the expression for echo 1 is given as

V;f:r,el(f) = V;fa:,el,m(f) : e_th(J’d (56)

In addition to this, there is also the time delay caused by the pulses’ travelpath in the water,
as mentioned in Equation (5.4). As this delay contributes with a factor of e=/¢Twater this is
compensated for by multiplying with the factor e/“7weter | as this eliminates out the delay. This
gives the following expression

2when doing the pulse echo measurements, stretching in time was observed, especially in the third and the
fourth echoes
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‘/tac,el (f) _ e—jwﬂuater V;ta:,el,m(f) e Iwto,e1 (57)
Vi (f) Vit,m (f)
Table 5.2 below gives the different values for the time delay in water and the recorded
delays from the oscilloscope window for the different pulses.

Table 5.2: Time delay in water and the recorded delays from the oscilloscope

Pulse type | Element number | Tyater = techo,2 — techo,1:1t8] | to,v;, [18]
Gaussian 1 2.7597 -0.5000
Sinus Burst 1 3.1379 -0.5000
Gaussian 2 2.7070 -0.5000
Sinus Burst 2 2.9435 -0.5000

The time delay introduced into the electrical circuit due to the difference in the actual mea-
surement point and the optimal measurement point can be found by the relationship between
the measured signal, and the desired signal of interest, as indicated in Chapter 4 in Equation

(4.3) and Equation (4.4).

transducsr

reflector

Figure 5.12: The transmitted and reflected pulses from transducer to reflector

}

Figure 5.13: Transducer/reflector arrangement in water

36



Reflection Coefficients

In order to obtain the modulus and phase of the reflection coefficients from the data obtained,
the following formula was used, as the coefficients are the relationship between two consecutive
echoes in the frequency domain. Physically, the pressure wave Py, with a corrosponding voltage
amplitude V| travels from the transducer and gets reflected at the reflector surface. However,
the reflection coefficient between water and brass, and the attenuation in the waterpath the
pulse travels should also be taken into consideration, as shown in Figure 5.14, giving the
following expression for the reflection coefficient for the transducer,

Vogr 1
Vn wa -a?
where n is the echo number, explaining whether it is the first, second, third or fourth echo,

R, is the reflection coefficient between water and brass and « is the attenuation in water.
The reflection coefficient between water and brass is given by the following expression

RT,n—Q—l,n = (58)

_ Ly — Ly _ PbCh — Pwlw
Zw+ 2y pwCw + PoCh

wa (59)

where Z,, is the acoustic impedance of water and Z; is the acoustic impedance of brass,
given as 37.30 - 10° kg/m?2s, [20]>. The acoustic properties of air free water at latm at 20°,
is given as p, = 998.2071kg/m? [11]. The acoustic impedance of water, is then given as
Zy = puw + Co = 1.4893 - 10%kg/m?s, when using a speed of sound in water given as c,, = 1492
m/s. By inserting the values given for Z,, and Z,, the value for the reflection coefficient between
water and brass becomes R,,;, = 0.9232. The logarithmic attenuation in water, cgp, cm is given
by the frequency dependent attenuation expression [1]

QdB.em = 2.17-1071 . f2[dB/cm)] (5.10)

So, in order to use the attenuation formula directly in the expression for the reflection
coefficient, agp,cm should be multiplied by the distance the pulse travels in cm, and converted
into a non logarithmic scale, as given below

o= 100.1.2.17.10*15-]”2[dB/cm]~Ad — 100-1'@aB,em-Ad (5_11)

where Ad is the distance the pulses travel in water, also the distance between the transducer
and the reflector. With all the above values inserted, the expression for the reflection coefficient
finally becomes

Vn—i—l 1
Rypy1n = v 079233 100 BT AT (5.12)

The phase of the reflection coefficients was established by adding the time delay compensa-
tion in water to the complex expression of the reflection coefficients, as done with the electro
acoustic transfer function above. The phase characteristics can be obtained using two con-
secutive echoes reflected between the reflectors surface and the transducer. The phase shift
between two consecutive echoes can then be found due to the pulses’ travelling path in water.
This is done directly in the Fourier domain by multiplying the expression for the reflection
coefficient by the factor e/«(Twaterten.io=€nt1.10) gimilar to the factor given in Equation (5.7),
and then using the unwrap* and angle function in MATLAB to directly obtain the phase of
the reflection coefficients. Part of the expression used to obtain the phase of the reflection
coefficients is given below

3This was the numerical value of the acoustic impedance of naval brass
4to prevent the phase jumping +180 degrees for each crossing of the negative real axis
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Figure 5.14: Ultrasonic propagation path between the transducer and reflector

Vn+1 _ Vn-',-l,me_jw(anrl’tO) . erJTwater (5 13)
Vn Vn,meijw(v"‘t”) -

Where 7qter is found as the difference between the first and the second echo.
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Chapter 6

Results

In this chapter, the main results are be presented, these being the reflection coefficients, and
the electro acoustic transfer functions. All measurements were done mainly on element 1 and
element 2 of the transducer array.

6.1 Electroacoustic Transfer function

When calculating the transfer function in MATLAB using Equation (3.9), a variation of the
square root was used in MATLAB, as taking the square root directly created troubles due to
that the fft operation recognized two numbers, and therefore centered most of the signals in
the right side of the polar plot. The sgrt() function in MATLAB was therefore interchanged
with the following relation

Vo = el €400 (6.1)

The electro acoustical transfer functions and their phases obtained for Gaussian and sinu-
soidal burst excitations for element 1 are given in Figure 6.1. The signals used to calculate
the transfer function are unfiltered, but the DC components have been removed from echo 1
of both the signals.
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Figure 6.1: Complex electroacoustic transfer functions for element 1
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It can be observed that the amplitude characteristics are flat for both the sinusoidal and
gaussian pulse in the region 15-22 MHz. Possibly this is because the transducer has been
custom designed for operation in and around 20 MHz. The amplitude characteristics will
therefore be flat having its peak value in the set region.

Corrosponding results are given for element 2, where Figure 6.2 show the complex electro
acoustical transfer functions of element 2, for a Gaussian and a sinusoidal excitation. As in
the case of element 1, the DC component of the echo signal has been removed but otherwise

no filtering was done.
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Figure 6.2: Complex electroacoustic transfer functions for element 2

By observing these figures more, it is clear that there is some noise and unwanted signals
outside what seems to be the passband of the transfer functions, which is around 5-30 MHz
for the sinusoidal excitations, and around 10-27 MHz for the Gaussian excitations for both
elements. However, the fact that the amplitude of the transfer function tends upwards toward
40 MHz, especially for the sinusoidal excitations can be due to some aliasing effects that
possibly have not been taken into account for.

The phase of the transfer function was found by approximating linearity. By taking data
from two points in the plots, the total phase was then found as the calculated slope of the
phase curve using the following relationship

ZHtt = WTtot (62)

where 7, is the total time delay of the system, where the electrical delay and water-path
delay is included, mentioned in Chapter 6 and Chapter 7. The total time delay is then found

by

AZHy,
Aw

where the AZHy; comes from the difference between two points of the phase plots, as these
were as mentioned approximated to be linear, where Aw = 27 - Af. The Table 6.1 below gives
an overview of the time delays approximated for element 1 and 2 for the different pulses.

The estimated values for the time delay is quite substantial, as the expected delay is half
the period of the center frequency 0.5- %, where fj is the center frequency of the transducer, as
found in the simulations. With a center frequency of 20 MHz, the expected time delay therefore
becomes 25 ns. We see that the delays calculated from the results are in the range 100 ns.

(6.3)

Ttot =—
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Table 6.1: The approximated time delays for the different pulses

Pulse type Element nr %, [ns]
Sinusoidal burst 1 91.7
Gaussian 1 103.2
Sinusoidal burst 2 96.0
Gaussian 2 145.5

This is quite a deviation from what was expected. However, the shape and trend of estimated
phase of the transducer transfer function seem to coincide quite well with the simulated value.
Both the simulated and the experimentally estimated phase has a transition from positive to
negative values around 10 MHz. A positive phase value is not desirable, as this doesn’t make
sense physically.

Butterworth, Chebychev and Elliptic filters were used on the signals in the expression for
the transfer function in Equation (3.9), but these did not improve the amplitude characteristics
of the transfer function, sometimes even giving higher noise levels on the sides of the trans-
fer functions. Introducing filters also distorted the phase information of the electro acoustic
transfer function, so the use of filters was not pursued further for this parameter.

6.2 Reflection Coefficients of the Transducer

The reflection coefficients obtained for element 1 and element 2 of the transducer array, using a
sinusoidal burst pulse, and a Gaussian pulse is given. The figures give the reflection coefficients
obtained at different distances between the transducer and the reflector, in order to find the
distance giving the best results for the reflection coefficients. All the plots of the reflection
coefficients in general are colour coded, where the blue plot is the relation between the second
and the first echo, Rr 2 1, the red plot is Ry 32 and the black plot is Ry 4 3.

6.2.1 Results from Element 1

To start with, the reflection coefficients at different depths, the pulses corresponding to the
optimal depth and the frequency spectra of these pulses are given for element 1, where a
Gaussian burst pulse was used to excite the transducer.

Gaussian pulses

Below are the results obtained when exciting the transducer with a Gaussian burst puls de-
scribed more in detail in Chapter 5.

It can be observed that the best results are for the 2.05 mm distance between the transducer
and the reflector. The following echoes for this depth and their corresponding frequency spectra
in Figure 1 shows the echoes taken at the optimal position, and is given in the appendix I.
The spectra are shown in Figure 6.5.

These pulses were unfiltered, only their DC component had been removed. By observing
the curves for the reflection coeflicients it is clear that there is mostly noise dominating in the
region below 10MHz, this can be due to reflections from surrounding surfaces including the
periphery of the reflector in contact with water. One important thing to be pointed out here
is the fact that low frequency ultrasonic ultrasonic signals undergo relatively less attenuation
than the high frequency ultrasonic signals. This means that the low freqency signals can
survive multiple reflections and longer propagation distances. The Reflection coefficient Rz 2 1
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Figure 6.3: The reflection coefficients, element 1, Gaussian burst pulses 2.05-2.39mm distance
from transducer to reflector
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Figure 6.4: The reflection coefficients, element 1, Gaussian pulses 1.72-2.04mm distance from
transducer to reflector

42



Echo 1 and 2, Gaussian. frequency spectrum
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Figure 6.5: The frequency spectra for the echoes for Gaussian pulses

goes toward 0 at approximately 16MHz. A reflection coefficient that is 0 means that there are
no internal reflections inside the transducer, meaning that there is a maximum of transfered
power. In this case it means that there is a maximum transfer of electrical to mechanical
energy at 16 MHz. It is also expected that the reflection coefficients follow one another in
form, as it is the same signal being reflected back and forth. If the reflection coefficients do not
have the same trend, it can be due to spurious reflections from other surfaces. The reflection
coefficients are observed to follow the same trend to some degree in the region of interest, which
is from 10MHz to 30MHz. It is also seen that there is a slight deviation of height between the
reflection coefficients in the frequency range of interest, where the largest deviation closest to
20 MHz was measured at 18.55 MHz to be RT,473 — RT,372 = 0.08, RT,473 — RT,271 = 0.1255
and Rp392 — Rrpo1 = 0.0455. By observing the frequency spectra for the echoes, a sudden
dip in the amplitude characterisitics can be seen at 16 MHz for echo 2, while this dip occurs
somewhat earlier for echoes 3 and 4, but echo 4 is slightly higher than echo 3 at exactly 16 MHz.
The sudden dip at echo 2 can explain the similar sudden dip observed above in the reflection
coefficient Rr o 1 corresponding to the Gaussian pulse in Figure 6.3. A sudden dip at a certain
frequency means that there is minimal energy of the signal at that particular frequency. This
also explains that there is a minimal reflection at 16 MHz, as perhaps the pulse is too low to
be able to reach the reflecting boundaries within the layers of the transducer, as it possibly
gets attenuated before it reaches the boundaries.

Sinusoidal Burst Pulses

Below in Figures 6.6, 6.7, 2, 6.8 are the similar results for the sinusoidal burst pulse, where
no filtering has been done, except for the removal of the DC component of the pulses. We
can again see that the range of interest is from 10MHz to 30MHz, and again, we observe a
sudden dip at 16 MHz for echo 2. However, there is a substantial amount of noise outside the
frequency range 10-30 MHz.

With 2.39 mm distance between the transducer, the corresponding frequency spectra shown
in Figure 6.8 are obtained. The corresponding echoes are given in the appendix I.
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Figure 6.6: The reflection coefficients, element 1, sinusoidal burst pulses 1.49-1.89mm distance
between transducer and reflector
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Figure 6.7: The reflection coefficients, element 1, sinusoidal burst pulses 2.01-2.39mm dustance
from transducer to reflector

44



Echo 1 and 2, Sinusoid, frequency spectrum
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Figure 6.8: The frequency spectra for the sinusoidal burst pulses, element 1

6.2.2 Results from element 2

Similar measurements were also done on element 2 of the transducer array, and the following
results were obtained.

Gaussian pulses

Reflectioncoefficients for 2.68 mm Reflectioncoefficients for 2.46 mm

4

HT,EIe mentz, gauss

Frequency. [MHz] Frequency. [MHz]
Reflectioncoefficients for 2.28 mm Reflectioncoefficients for 1.70 mm
4 4

HT,EIe mentz, gauss

o 10 20 30 1] 10 20 30
Frequency, [MHz] Frequency, [MHz]

Figure 6.9: The reflection coefficients, element 2, Gaussian burst pulses 1.70-2.68mm distance
between transducer and reflector

The 2.09 mm distance between the transducer and the reflector was found to be the best,
giving the following frequency spectra shown in Figure 6.11. The corresponding echoes are
given in 3 in appendix I
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Figure 6.10: The reflection coefficients, element 2, Gaussian pulses, 1.72-2.0lmm distance
between transducer and reflector
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Figure 6.11: The frequency spectra of the pulses found in Figure 3
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Table 6.2: The difference in optimal distance for the different elements and pulses
Pulse Type || |Adeciement|s [mm] || Adpuise, [mm]
Gaussian 2.39-2.05=0.34 2.26-2.05=0.21
Sinusoidal 2.26-2.09=0.17 2.39-2.26=0.13

Similarly as for element 1, the reflection coefficients obtained when exciting the transducer
with a sinusoidal burst pulse is found for different depths.
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Figure 6.12: The reflection coefficients, element 2, sinusoidal burst pulses 1.69-2.16 mm from
transducer to reflector

The 2.26 mm distance between the transducer and the reflector was found to be the best,
giving the following frequency spectra shown in 6.14 and their corresponding echoes are given
in Figure 4 in appendix I.

The general observation is that the reflection coefficients are optimal for different distances
between the transducer and the reflector. This can also be due to uncertainties involved in
measuring the distance between the transducer and the reflector using time considerations.
However, it can also be due to deviations in the placements of foci of the elements. There can
be a slight deviation of focus points for the different elements when the elements are arranged
in an array, even though elements 1 and 2 are specified to have the same depth of focus.
When comparing the optimal distances obtained for element 1 with the sinusdoidal burst pulse
and the Gaussian pulse, we see a difference of distance 0.34mm. In element 2, the difference
between the best distances between the transducer and the reflector obtained for the Gaussian
excitation and the sinusoidal excitations is 0.17 mm. Table 6.2 below shows the best distances
found for the different pulses and elements, and gives an idea of the difference between the
best distances with respect to the reflection coefficients, where Adejemen: gives the difference
between the distances found for the different elements of the same pulse type, and Adpse gives
the the difference between the distances found for different pulse types for the same element.

The increment in the depth scans were from approximately 0.1 mm to 0.15 mm. From this
it can be seen that the optimal distance between the transducer and the reflector is varying to
some extent with the different pulses and elements.
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Figure 6.13: The reflection coefficients, element 2, sinusoidal burst pulses 2.25-2.76mm from
the transducer to the reflector
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Figure 6.14: The frequency spectra of the pulses found in Figure 4
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Table 6.3: The different filters used with their coefficients

Pulse Element nr. Filter MRy1 | MRss | MRy,
Sinus burst 1 Butterworth, order 2 1.0615 | 0.2398 | 0.0444
Sinus burst 1 Chebychev (II), order 1 | 0.4689 | 0.1223 | 0.0148
Sinus burst 1 Chebychev (I), order 2 | 0.9467 | 0.2159 | 0.0449
Sinus burst 1 Elliptic, order 2 0.9467 | 0.2158 | 0.0320

Gaussian 2 Butterworth, order 2 8.7232 | 1.0377 | 0.1395
Gaussian 2 Chebychev (II), order 2 | 4.0815 | 0.5396 | 0.0860
Gaussian 2 Chebychev (I), order 2 | 4.2471 | 0.5608 | 0.0893
Gaussian 2 Elliptic, order 2 4.7133 | 0.6228 | 0.1217
Sinus burst 2 Butterworth, order 2 1.8073 | 0.2776 | 0.0476
Sinus burst 2 Chebychev (II), order 1 | 0.7417 | 0.1295 | 0.0287
Sinus burst 2 Chebychev (I), order 2 | 1.6106 | 0.2506 | 0.0650
Sinus burst 2 Elliptic, order 2 1.3422 | 0.2504 | 0.0540

6.3 Reflection Coefficients with Filtering

In order to get improved quantities, where the coefficients followed the same trend to a greater
extent than what was found using unfiltered signals, some filtering techniques were applied
to the rf data of the echo signals in the fourier domain. This was also done to remove the
unwanted noise outside the range 10-30 MHz. The different filters used were Butterworth,
Chebychev type (I) and type (II) and Elliptic filters. In addition to this, a type of Wiener
filtering has also been applied. A true Wiener filtering has not been done but an appropriate
constant has been added to the denominator of the expression for the reflection coefficient as
used in MATLAB, shown below in Equation (6.4), in order to cut the noise outside the pass
band of 10-30 MHz from a certain value, as shown in Figure 6.15.

Vos1 - Vo ri * 1
n+1 n,f;ltered ) n . (6.4)
Vn,filte'r‘ed +m wh *

Where = is the conjugate, and « and R, are given in Equation (5.8). V,, and V41 are
the Fourier transforms of the rf data for the recorded echoes, n is the echo number and m is
the constant in the denominator of Equation (6.4), where it was calculated in MATLAB as
the maximum of V), fiitereqd squared divided by a constant v which was found individually for
all the reflection coefficients for the different pulse types and elements '. An overview of the
filters used for the sinusoidal burst excitations and the Gaussian excitations is given in Table
6.3, for element 1 and element 2.

The resulting plots for the different elements and pulses are given in the following sections.

6.3.1 Element 1

Gaussian pulse

When attempting filters on the signals used to obtain the reflection coefficients for the element
1 when using a Gaussian excitation, an opposite effect of what was expected was observed. The
resulting reflection coefficients became worse, and Rp 2 1 lost it’s original shape, and exceeded
1 at 23 MHz, when using a second order Butterworth filter on the signals. After trying various

Im = ma:v(Vn,fmcde/% where «y is a chosen constant

49



[dB]

Figure 6.15: Effect of the modified Wiener filter

types and orders of filters on element one, including Elliptic and Chebychev filters and not
getting a more desirable plot, filters were therefore discarded for element 1 for the Gaussian
pulse.

Sinusoidal burst pulse

In order to eliminate as much noise as possible, different filters were used and they seemed
effective in this case. The filters were used for the echoes in the expression for the reflection
coefficient as used in MATLAB, given in Equation (6.4). Below in Figure 6.16, the reflection
coefficients after doing a Butterworth filtering of order 2 is shown, and in the lower part of the
window, the modified Wiener type of filter has also been applied.
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Figure 6.16: Effect of Butterworth second order filter, and modified Wiener filter
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Figure 6.17: Effect of Chebychev (I), order 2 filter, and modified Wiener filter
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Figure 6.18: Effect of Chebychev (II), order 1 filter, and modified Wiener filter

Reflectioncaefficients far 2.3 mm, Elliptic filter, arcer 2

IR \ }
T | }

WAl i

AR [

S A4

Frequency, [MHz]
Reflectioncaefficients for 2.39 mm. Elliptic filter, and Wiener filtered

e

o 5 10 15 20 25 30
Frequency, [MHz]

Figure 6.19: Effect of Elliptic, order 2 filter, and modified Wiener filter
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It can be observed here that the modified Wiener type of filter has removed all signals from
frequencies outside the range of 10 to 30MHz, as this was mainly noise, it made it easier to
see the informative part of the plot. It has, however, also contributed to the fact that all the
reflection coefficients for all the echoes were very close to zero at around 16 MHz, and hence
some information was lost.

6.3.2 Element 2
Gaussian pulse

Filtering the echoes from the Gaussian excitation pulse on element 2 proved effective, opposed
to element 1, using the same excitation. Figure 6.20, Figure 6.21, Figure 6.22 and Figure 6.23
all show the filtered reflection coefficients, where the filters are given in Table 6.3.
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Figure 6.20: Effect of Butterworth, order 2 filter, and modified Wiener filter
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Figure 6.21: Effect of Chebychev (I), order 2 filter, and modified Wiener filter

Unlike the sinusoidal burst pulse in element 1, the gaussian pulse responded badly to a 2
order type (II) Chebychev filter, so a first order filter was used instead. It can be observed
that the filtering led to that the reflection coefficient obtained between echo 4 and echo 3 is
nearly reduced to zero at around 17 MHz.

Sinusoidal burst pulse

Filtering the echoes obtained with a sinusoidal excitation is found for the four different types
of filters specified in Table 6.3, in Figure 6.24, Figure 6.25, Figure 6.26 and Figure 6.27.
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Figure 6.22: Effect of Chebychev (II), order 2 filter, and modified Wiener filter
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Figure 6.23: Effect of Elliptic, order 2 filter, and modified Wiener filter
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Reflectioncoefficients for 2.8 W s. Ghebychev (1) filtered, order 2

|

|
il

W

0 18 20 25 30
MHz
Reflectioncoefficients for 2.8 1 s, Ghebychev filtered, and Wiener filiered
08
06
o w
0z
0
0 5 10 15 20 25 30
MHz

08
06

04

Reflectioncoefficients for 2.8 L s, Chebyshev (1) filtered, arder 2

T ]

[

|

|

02

it

|

el

i

5 10

Reflectioncaefficients for 2.8 1, Gh

15
MHz

ebychev filtered, and Wiener filtered

20 25 30

08
06
0.4 ﬁ.
02 I Dy,
. s AW/
0 5 10 15 20 25 30
MHz

1
08
0.6
04
0.2

0

0.8
0.6
04

0.2

0 5 10

Reflectioncoefficients for 2.8 u s, Elliptic filter, order 2

I

M

I

|
w

I
T

i

15
MHz

Reflectioncoefficients for 2.8 1 s, Elliptic filtered, and Wiener filiered

20 25 a0

54

25



6.3.3 Phase of the Reflection Coefficients

The phase of the reflection coefficients found between echo 1 and echo 2 is given in the Figure
6.28 below, in order to give an idea of how the phase looks like. This is the phase obtained
after the waterpath in water was eliminated. As one can see, the phase characteristics of the
reflection coefficients are not as linear as the phase characteristics for the transfer functions.
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Figure 6.28: Reflection coefficient phase
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Chapter 7

Measurement Errors and Discussion

7.1 Cabling Effects

Cabling has a considerable amount of influence on the performance of a high frequency system.
Normal wires can distort the signals rather severely, so coaxial cables were chosen, as these are
easier to control and have specified values as to how the cables might affect the system. The
normal wires were cut shorter than they initially were, however, the results seem to indicate
that they were not cut short enough, due to that an inductive value of 70 nH had to be
subtracted from the system. In order to see the effect of the coaxial cables coming from the
normal wires from the elements on the transducer, the impedance was measured at the end of
the normal wires, at the array holder, and then at the connectors on the circuit board seen
in Figure 4.4. We see that the coaxial cables contribute to an inductive value by looking at
the phase characteristics, and the calculated value of the inductance due to the coaxial cable
was found to be 40 nH in Chapter 6. Wires resembling the non coaxial cables were cut to the
same length as the ones used in the set-up, and the 2.5 cm referance cable was then modeled
as an LC circuit in the impedance analyzer to calculated the inductanctive value associated
with such a cable. This gave a value of 20 nH. As the inductances are presumed to be in series,
that leaves 10 nH as the inductive contribution of the wires inside the transducer.

7.2 Pulse Splitting

When observing the echoes from the reflector, some pulses were observed to be split and
therefore stretched in time, especially echoes 2 and above. Factors contributing to the structure
of echoes, for example the amplitude and shape of the echoes from major reflecting boundaries,
is dependent on the pulsed nature of the emitted sound field. This can introduce complex
variations in the echoes shapes, as mentioned in [12], where the echo structure in medical
ultrasonic pulse echo scanning is discussed in detail, where the reflections are from tissue
boundaries. Nevertheless, the principles can also be applied in this case. The importance of
positioning of the transducer with respect to the reflector was discussed, as seen in Figure
7.2, and it was illustrated for a plane circular transducer, that splitting occured when the
transducer and reflector were off axis compared to one another, and that the off axis echo was
amplified with a factor of 10 relative to the axial echo, as seen in Figure 7.3. Lateral positioning
was also found to be important here, as seen in Figure 7.4

Although this illustration was taken in the far field, and the transducer used by [12] were
plane circular transducers, pulse splitting and pulse stretching due to positioning problems
applies to many cases. This was was also observed in our experiments, when the transducer
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Impedance. element 1

at array holder
at cable connector

Freqguency, [MHz]

Figure 7.1: Effect of cabling on impedance measurements

Figure 7.2: Illustation of how a pulse can be distorted if the positioning of the transducer with
respect to the reflector is not right, [12]
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Figure 7.3: Pulse splitting in the field of a 2.5 MHz plane circular transducer, where the upper
pulse was measured on axis, and the lower was measured 7mm off axis, and it was amplified
with a factor of 10 relative to the axial pulse [12].

Figure 7.4: Variations seen in the echostructure from a plane disc reflector when laterally
transversing the field of a 2.5 MHz plane circular transducer [12].



was not positioned in the optimal lateral position, as seen in Figure 7.5.
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Figure 7.5: Pulse splitting with non optimal positioning

7.3 The Oscilloscope as a Component in the Set-up

Another valid issue is that the ocilloscope is an active component in the electrical transmission
chain. This will also have an effect on the signal flow of the system. As it has a 502 impedance
it cannot be ignored from the circuit, as power also will go into the oscilloscope. Initially, in
[19], the oscilloscope had a coupling of 1MS2, and results were achieved from this. However, if
one analyzes the effect of high frequencies with the transmission line equation, one can see the
following from the input impedance of the transmission line circuit

Zse +jZ.tankL

.1
‘Z.+ JZsctan kL (7.1)

Ziscp =

Where Z;s.p is the input impedance seen looking from the cable into the oscilloscope, Z.
is the parallellcoupling of 1M and 10pF at the entrance of the oscilloscope, and Z. is the
cable impedance, set to be 50€2. Where the oscilloscope is the load, and the impedance of the
coaxial cable, Z. is 509). For k = 27/X and L = A\/4, we see that Equation (7.1) simplifies to

z?
7. 0 (7.2)

This implies that there is effectively a short circuit at the oscilloscope input. Some of the
results obtained when using 1M can be explained by this effective short circuit experience at
the oscilloscope input. When applying a 1M(2 coupling, it was observed that the echo plot on
the oscilloscope had an upwards slanting time axis. When increasing the amplitude sensitivity
for the channels, it was nearly impossible to aquire the signals, as the offset on the oscilloscope
created difficulties to even locate the signal on the amplitude axis.

There are solutions to the problem of the influence of the scope in the electrical circuit. For
example, one could

Ziscp =

e Use a shorter cable between the pulse generator and the oscilloscope. This was tried, but
the results weren’t very impressive, so further investigations on this was not done.
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e Set the scope coupling to 50€2. This was done for the experiments done for this thesis, as
this gave results without causing complications and delays due to redoing the set-up. By
setting the oscilloscope coupling to 502, impedance matching with the cable impedance
Z. was achieved.

e Another option would have been to have been to get a probe/measuring cable with an
amplifier and couple it into the oscilloscope, as this would ensure that when looking into
the circuit, only the amplifier would have been seen in input impedance considerations.
In addition to this, the signal to noise ratio would be improved, as the signal would be
stronger due to the amplifier. With the current set-up, this could have been done by
cutting the coaxial cable with the MCX connectors in one end and the BNC connectors
in the other end shown in Figure 5.4 and soldering an amplifier into the cable. This is
certainly an interesting idea for future research. A suggestion to this is using a regular
x10 probe.

7.4 Surrounding Noise and its Effects

When doing the experiments, there was at certain times observed a great deal of noise when
tuning up the sensitivity of the oscilloscope and looking at the later echoes. The noise did
not respond to switching the robot off, as the robot was known to contribute to quite a lot of
noise. In some cases before finding the optimal position as was done when takig a 3dscan, the
noise level nearly dominated over the signal level of the fourth echo, as shown in Figure 7.6.
A theory is that the normal wires took up the noise, as the coaxial cables are well shielded.
In order to investigate the possible noise isolation as an attempt to shield the normal wires,
the bottom part of the transducer holder can be shielded with a metall coating in order to
get similar effects of a coaxial cable. The noise in the laboratory varied generally from day to
day, depending on which of the surrounding equipments were turned on, so an important note
for further work would be to perhaps do these measurements in another noise free location, or
to be sure that the electrical equipment in the laboratory is turned off when performing the
experiments.

x 40° Echo 4, Gaussian
s ‘ : : :

Amplituce, [V]

Time, [u3]

Figure 7.6: Measured Echo 4, where noise is dominating
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7.5 Pulse Distortion at High Frequencies

Another interesting observation was that the sinusoidal burst pulses were to a certain extent
distorted when a frequency of 20 MHz was used, as seen in Figure 7.7. This might be due to
that the Arbitrary Waveform Generator possibly has some difficulties when transmitting high
frequency burst pulses,as observed in Figure 7.7. Instead of giving a pulse of one period, some
ringing is observed.

Amplitude, [V]

1
o 002 004 006 D08 01 012 014 016 018 02
Time, [us]

Figure 7.7: Distorted sinusoidal burst pulse, 20 MHz

7.6 Time Delay Compensation in Water

When calculating the time delay compensation in water, there are some accuracy demands that
should be taken into consideration. The period of the pulse driven at f; = 20MHz, is 50ns.
It is therefore important that the time measurement error is less than 50ns for the results to
be accurate. A reasonable demand would be to have a 10° deviation corrosponds to a % of a
whole period resulting in a % = 1.4ns. The differing time windows of the recorded echoes and
pulses are therefore significant in comparison to this number. Further investigation to obtain
accurate quantities of the time delay may be vital for the phase information of the complex

parameters.

7.7 Uncertainty

As this was an experimental set-up, measurement uncertainties have to be estimated to set
the whole picture. An uncertainty budget of type B is made for the set-up, meaning that an
analysis based on the underlying uncertainties of the equipment is taken account for in the
measurements, [18]. Table 7.1 gives the uncertainties of the instruments used in the measure-
ments.

The logarithmic differentiation expressions for the electro acoustic transfer function Hy;
and the reflection coefficients Ry both use the equations defining these parameters, given in
Equation (3.9) and Equation (5.8) respectively, by defining the uncertainty in each of the com-
ponents in the equations. Equation (7.3) and Equation (7.4) give the logarithmic differentials
for the amplitudes of the electro acoustic transfer function and the reflection coefficients re-
spectively, where d|Hy| is the differential for the electro acoustic transfer function and d|Rr|
is the differential for the reflection coefficients.
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Table 7.1: Uncertainties in the instruments and derived parameters

Quantity | Measured Instrument Uncertainty Derived
L X Impedance Analyzer 0.17% for Impedance -
Z, X Arb. Waveform Generator 1.0% -
H,; - - -
Hi - - -
VA - +0.0005 - 10° X
V. X Oscilloscope 2% and 1.5% -
Vit X Oscilloscope 2% and 1.5% -
A - 0.005-1073 -

dHy| _dVe| d|Zp] dA  d|Vi| dlHy

|Hy| Vi ZL] A Vel [Hy

In the expression for the logarithmic differential of the reflection coeflicient, the attenuation
« is assumed to be constant, and therefore eliminated from the Equation (7.4) for the sake of
simplicity, giving the following expression

(7.3)

diBr| _ dVasi| Vil
|RT| ‘Vn+1| |Vn|

By taking the square root of the sum of squares of Equation (7.3) and (7.4), the following
expressions are found

(7.4)

dRr|* _dVZ,| | dVy|

_ (7.5)
[Rrl? [V2al o V2
finally giving the expression for the uncertainty of the reflection coefficient ug, as
2 2
uV,n+1 ’U’V,n
ury = [Rp ("= + )12 (7.6)
uV,n+1 uV,n
and the uncertainty of the transfer function amplitude is given as
du?  u u? u? u?,
= [|H. r ZL A Vit Hril/2 o
wit = Hul G + 3720+ 3 + qyz + a2 (7.7)

For finding errors in the phases of the complex parameters, the parameters are expressed
in polar form. H,; is then given as

Hyi = (ZviZe)(Zyi + Zp) = Xpi + §Y0i = | Hygle?? (7.8)
giving the following expression for dH,;
X2 Y2
d|Hpi|/|Hypi| = ﬁ(d)(ri/)(ri) + m(dﬁ-i/ym) (7.9)

similarly df,; can be found as
XridYri - Yrieri

These equations are equivalent to the following

dari =

(7.10)

63



= €08 (0,)(dX0i/ Xoi) + sin® (0,1) AV ;) (7.11)
dgm' = COSs Hm- sin HM- (de/(Ym) — de/Xm) (712)
The similar relations given in Equation (7.10) and Equation (7.11) are given for dl‘z"l and

d|Vie]

VttThe values of the parameters dX,;/dX,;,dX,/dX, and dX/dX are all found by using
practically sound assumptions using the manufacturers specifications and based on the values
given in Table 7.1, giving a conservative estimate of these values.

The expression for the electro acoustic transfer function Hy; therefore becomes

1 Wl
V2AZL \ |Vie| [ Hyil

H,, 3(05/2—004/2—0,:/2) _ ‘Httejd)“l (7.13)

where

b1t = 0r/2 — 014/2 — 0,4/2 (7.14)

With corrosponding differentials for 6, and 6 based on the real and imaginary parts of V.
and Vi given by V,. = X, + jY, and V; = Xy + jY3 and

b, = (X,dY, — Y,dX,)/(X2 +Y?) (7.15)

similarly for dfy;
dOy = (XpedYye — YiedX10) /(X2 4 Y32) (7.16)

The given relations above are then inserted into the expression for the transfer function’s
amplitude differential expression given above in Equation (7.3).

The errors in the amplitude values for the reflection coefficients and the transfer functions
are given below in Figure 7.9 and Figure 7.8. It can be seen that the errors are very small for
the reflection coefficients in the regions that aren’t distorted by noise. This can also be because
the reflection coefficients are amplitude values. The error for the transfer function gives a band
of approximately 10dB around 20 MHz.

Band of uncertainty IDan

Hy. &

L s e N S S S RS

- ; ; ; ; ‘ ; ;
0

Frequency. [MHz]

Figure 7.8: The uncertainty plot for |Hy|
The errors in the phase of the transfer function is also given in Figure 7.10 and 7.11
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The reflection coefiicients with erors
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Figure 7.9: |Rp| with uncertainty band
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Figure 7.10: Phase uncertainty of Hy;, with zooming window
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Figure 7.11: The phase error of Hy; using zooming window in Figure 7.10
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It can be observed that the phase error due to the uncertainty contributions from the
equipment is not dominant, as seen in the Figures above. This indicates that the big difference
between the simulated phase of the transfer function and the experimentally aquired phase is
due to some error in the estimation scheme. The delay found for the electrical transmission
chain transfer function H found in Chapter 6 was found to be minor. Further investigations
as to phase deviation due time delay considerations should therfore be performed. The system
accuracy essentially boils down to the accurate determination of the time delays involved for
the pulses considered for the estimation of the transfer function.
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Chapter 8

Conclusion

8.1 General conclusion

An instrumentation and measurement set-up for characterization of an ultrasonic transducer
has been developed, by constructing a reflector to give maximum echoes and reflection from its
surface, and by designing a transducer holder that fulfills mechanical requirements of transducer
alignment and electrical requirements of more control over the electrical signal propagation.
The reflection coefficients and electro acoustic transfer function are estimated, as these com-
bined with the electrical impedance of the transducer can fully characterize the transducer.
The reflection coefficients only gave plausible values from a frequency band of 10-30 MHz, the
estimated signal outside this band was mainly noise. The measured values agreed to some ex-
tent with the simulated values, although a big deviation in time delay for the electro acoustic
transfer function was observed. This should be investigated further. Emphasis on developing
a repeatable method to characterize the transducer by finding the reflection coefficients and
electro acoustical transfer function has been done by characeterizing element 1 and element 2
of the transducer array, so that the same measurements and instrumentation can be repeated
for all the other elements, though different reflectors should be used for element 6-8. Different
types of filters were used to improve the results of the reflection coefficient, and the best param-
eters for the filter algorithms used were found. Positioning turned out to be vital to get good
values for the reflection coefficients, so great care must be taken in finding the optimal position
of the transducer with respect to the reflector. The optimal distance between the transducer
and the reflector differed for the various excitations types and the different elements, some
deviating from the expected distance of 2.12 mm, calculated using the focal depth of the trans-
ducer elements and radius of curvature of the reflector. The electro acoustic transfer function
also agreed to some extent with the simulations, but the amplitude characteristics were more
bandwidth limited than the simulated values, and there seemed to be effects indicating alias-
ing, which should perhaps be investigated further. The instruments used in the measurements
were found to give a reasonable amount of uncertainty in the amplitude characteristics of the
estimated parameters, giving mimimal errors in the reflection coefficients and an uncertainty
band of 20dB for the electro acoustic transfer function.

8.2 Further Work

In this project, measurements have mainly been taken on element 1 and element 2 of the 8-
element array transducer. In order to fully characterize the array, similar measurements and
analysis should be done for all the elements. However, as element 6-8 all have a different
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radius of curvature, these should have individual reflectors constructed with the same radius
of curvature as each of these elements. Noise control is also an important issue that should
be looked more into, as the noise in the present surroundings of the laboratory was quite
substantial. Better electromagnetic screening of the non-coaxial cables in the system could
be an idea to decrease the noise. More sensor based control of the actual distance between
the transducer and the reflector would also be useful, as timedelay considerations between two
consecutive pulses indicated some errors in the estimated distance. This was mainly due to
noise, as reading the start of each pulse brought a certain amount of uncertainty and could be
dependent on the individual taking the measurements. A more flexible mechanical fixture for
the holder would also be useful, as this had to be frequently assembled and dismantled onto
the robot. A knob device would perhaps make the set-up more user friendly. The length of
the holder can also be decreased as it becomes prone to vibrations with increasing length. In
order to shorten the non coaxial cables even more, the depth of the transducer holder can be
reduced, as the deeper the holder is, the longer the non coaxial wires are. A metallic shielding
for the area where the non coaxial cables are can also be tried, as this can potentially reduce
the noise these cables tend to pick up. The oscilloscope as a component in the set-up is also
an issue that should be adressed. Using probes with built in amplifiers makes the oscilloscope
superfluous at the same time giving a stronger signal. With the given set-up, using the coaxial
cables with MCX and BNC connectors on each end, this can be done by soldering an amplifier
into the cable. Better control and quantification of the non coaxial cables is also an important
measure to make the transmission line model as accurate as possible. While quantifying the
effects from the outer non coaxial cables is important, a better analysis of the wires inside the
transducer array itself should also be done in order to account for all the cabling effects in a
more accurate way. By compensating for all the cables and components in the electrical circuit
leading to the transducer ports, the electrical impedance can for example be determined to a
better degree of accuracy at the transducer ports, and this quantity can help determine other
parameters that can characterize the transducer, like the admittance and the electroacoustical
transfer function, [24]. An interesting and important parameter that follows naturally from the
reflection coefficients and the electroacoustic transfer function is the mechanical admittance,
a component in the multiport structure matrix for the transducer that with the electrical
impedance and electro acoustic transfer function can fully characterize the transducer, hence
giving the user freedom to decide which load to give the transducer. Finding this parameter
is a natural way of following up and completing the aims of the work done in this project.

For multi element arrays with a large number of elements !, the design and measurement
setup can be tedious, as this means that each element should be measured manually. In multi
element cases with a high number of elements, field programmable gate arrays (FPGA)/field
programmable analog arrays (FPAA) can be of use, as the user or designer of the transducer
can specify certain characteristics beforehand, as for example the amplitude and phase charac-
teristics of the transducer, where these quantities are specified to lie within a certain band while
performing characterization experiments. When the characteristics of an element falls out of
the band, the FPGA /FPAA can be programmed to adjust the characteristics to lie within the
desired band. A more varied use of different pulses could also be interesting for further work,
for example the use of a sinusoidal modulated pulse with a long period, could be interesting,
as the frequency spectrum of this pulse has peaks at specified frequencies. As this pulse is very
narrow banded, a lot of information around the specified frequency can be obtained, and by
shooting pulses with peaks from a range of 10-40 MHz, a discrete pointwise value for reflection
coefficients and transferfunctions within the frequency range can be obtained.

lin example 128 elements
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Appendix

The echoes found at the optimal axial positions when performing a 3d-scan.
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Figure 1: The echoes obtained with optimal positioning, element 1, Gaussian excitation.
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Echo 1, Sinusoid Echo 2, Sinusoid
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Figure 2: The echoes obtained with optimal positioning, element 1, sinusoidal excitation.
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Figure 3: The echoes obtained with optimal positioning, element 2, Gaussian excitation.
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Echo 1, Sinusoid Echo 2, Sinusoid
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Figure 4: The echoes obtained with optimal positioning, element 2, sinusoidal excitation.
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