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ABSTRACT

Many surgeries are trending toward minimally-invasive procedures to reduce
patient recovery times and produce fewer complications. These procedures are
characterized by having small surgical openings, making it difficult to use medical
imaging equipment not specifically designed to fit into small openings. Clinicians use
laparoscopes or other optical microscopes as the primary tools for endoscopic
surgeries, but these tools only provide imaging at the surface and lack depth-resolved
information that would be of utmost value. Recently, a high-frequency endoscopic
phased-array imaging probe has been developed which provides an unprecedented
combination of depth-resolved imaging resolution with a minimally-invasive form
factor (2.5 x 3.0 mm). This technology has the potential to provide enhanced image
guidance capabilities to a wide array of surgical applications. To be suitable for
medical imaging applications we developed a suitable electronic imaging system,
commonly referred to as a beamformer, to support this imaging probe. This system
was the world’s first real-time beamformer for high-frequency phased array imaging
and uses a newly developed variable sampling scheme termed the ‘One Sample per
Pixel’ technique for image formation. This hardware and imaging technique generate
high-quality ultrasonic images in real-time. We improved on the system’s capabilities
by implementing ultrafast imaging techniques that greatly increased the system’s
usefulness while simultaneously developing a new ultrafast imaging technique for
sector imaging called sparse orthogonal diverging wave imaging (SODWI), which
offers a variety of advantages over similar techniques. These capabilities were applied
to functional ultrasound imaging in a preclinical setting where we were able to detect
the neurological activation of auditory structures in rats, in particular, the inferior
colliculus. This functional ultrasound experiment was performed through a 3.5 x 6.0
mm opening, which is smaller than any previous functional ultrasound experiments
in the literature. Future directions for developing the system and new applications

of these technologies are described.

Xiii



LIST OF ABBREVIATIONS AND SYMBOLS USED

Abbreviation/Symbol  Description

| Attenuation coefficient
| Temperature-dependent attenuation coefficient
— Steering angle
Incident angle
— Reflected angle
Transmission angle
l Wavelength
, o Spatially varying apodization function
Density
” Standard deviation
MD Scalar velocity potential
Plane wave emission angle

Field transfer function

Po6 w Percent bandwidth

w Geometric focus of a concave transducer
CT Computer tomography

@ Longitudinal speed of sound

0 Contrast

0 Mechanical index unit conversion factor
DFT Discrete Fourier transform

DNLL Dorsal nucleus of the lateral lemniscus

Xiv



Abbreviation/Symbol

Description

00 O
DWI
Q

ESM

Qa
Q¢ v

fMRI

FPGA

FSM

"Ow 00
"Ow 00
Q0
"0Q0

HMSTA

Depth of field

Diverging-wave imaging

Distance to the i element
Electrocortical stimulation mapping
Doppler ensemble length

Element pitch

Beamformed envelope amplitude
Functional magnetic resonance imaging
F-number

Field programmable gate array

Finite state machine

Frequency

Center frequency

Doppler frequency

Sampling frequency

Lateral full-width half maximum of a concave transducer
Lateral full-width half maximum
Ultrasound pulse

Fourier transform of an ultrasound pulse
Hadamard encoded multi-element synthetic transmit
aperture

Spatial impulse response

Hadamard matrix

Sparse Hadamard matrix

XV



Abbreviation/Symbol

Description

IC
IEEE

IP

LSF

MLA
MRI

MSTA
00

OCT
pPC
PET

Inferior colliculus

Institute of electrical and electronic engineers
Intellectual property

In phase and quadrature phase

Identity matrix

Power doppler signal

Tissue-dependent frequency attenuation coefficient
Line spread function

Length of the aperture

Multi-line acquisition

Magnetic resonance imaging

Multi-element synthetic transmit aperture
Mechanical index

Number of transmissions

Number of virtual point sources

Number of elements in the array

Number of plane wave angles

Number of pulses per color flow sequence
Number of focal zones

Number of lines per image

Number of pulses ultrafast compound doppler sequence
Optical coherence tomography

Personal Computer

Positron Emission Tomography

XVi



Abbreviation/Symbol

Description

PRF
PRI
PSF
PWI
p-value
n

n

n

n

RSLL

—_—

< < < v

—_—

SA
SNR
SODWI

STEDI

Pulse repetition frequency

Pulse repetition interval

Point spread function

Plane-wave imaging

Probability value

Incident pressure

Reflected pressure

Transmitted pressure

Peak negative pressure

Range sidelobe level

Radius

Position in space

Hadamard encoded receive data
Reflection coefficient

Distance between a transducer and a position in space
Radius at pixel )

Position of a transducer element
Synthetic aperture receive data

Synthetic aperture

Signal-to-noise ratio

Sparse orthogonal diverging-wave imaging
Synthetic transmit-element delay insertion
Transducer surface

Average signal energy inside a region of interest

XVii



Abbreviation/Symbol

Description

<
"
Y o

8,
3
=¢

< < < << < << < < <
" ™
3(
[

Average noise energy

Average signal energy outside a region of interest
Average signal energy

Time-of-flight

Time

Transmit delay matrix

Transmission coefficient

Element delay

Transmit delays for diverging wave imaging
Thermal index

Pulse repetition interval

Transmit delays for plane wave transmission
Receive delays in polar coordinates

Transmit delays for synthetic aperture imaging
Two-way time-of-flight delay

Transmit delays for focused transmission in cartesian
coordinates

Transmit delays for focused transmission in polar
coordinates

Variable-gain amplifier

Virtual point source

Spatially varying normal particle velocity
Electrically applied normal particle velocity

Projected velocity in the ultrasound beam

Xvilii



Abbreviation/Symbol

Description

0

0

Angular frequency

Angular center frequency

Power required to increase a given tissue by 1°C
Attenuated output power

Lateral position

Lateral position of the focus

Lateral position of the n element

Lateral position of the virtual point source
Longitudinal position

Depth position

Characteristic acoustic impedance

Depth position of the focus

Filtered and beamformed IQ data

Frequency spectrum of the filtered and beamformed 1Q
data

Depth position of the virtual point source

XiX



ACKNOWLEDGEMENTS

I would like to thank:

My lab mates, Kate, Andre, Jeff, Eric, Nick, and Matt. You have helped make

these years a pleasure.

NSERC and NSGS for funding this research, without them this would not have

been possible.

Dr. Thomas Landry for his help with the preclinical experiments and other lab-

related tasks.

Deborah Wright and Shane Grant for managing the lab’s affairs and making

sure things ran smoothly so that I could focus on research.

Dr. Robert Adamson, for helping me think through tough problems and

challenging me at the right times.

My supervisor, Dr. Jeremy Brown, for his unwavering guidance, technical
expertise, and his compassionate approach. I could not have asked for a better

Supervisor.

XX



1 INTRODUCTION

In the sphere of medical imaging, ultrasound is considered one of the primary
imaging modalities along with the likes of X-ray imaging, Computed Tomography
(CT), Positron Emission Tomography (PET), Magnetic Resonance Imaging (MRI),
and Optical Coherence Tomography (OCT). Each by their characteristics, exhibit
strengths, and weaknesses. These strengths and weaknesses ultimately decide which
applications use each imaging modality. Ultrasound imaging at conventional
frequencies, between 3-10MHz, has resolution similar to that of MRI and CT, lower
than OCT, and higher than X-Ray and PET. Ultrasound is also non-destructive
(unless it's purposefully intended to be), giving it a clear advantage over imaging
modalities using ionizing radiation such as X-ray, CT, and PET. MRI acquisitions
can take seconds or minutes, whereas ultrasound frame acquisition rates can reach
thousands of frames per second. Furthermore, MRI systems require controlled
environments rendering them relatively unusable in the operating room. MRI
systems are particularly difficult to access given limited hospital resources and
excessive wait times. Given this limitation, other imaging modalities are preferred to

MRI if the diagnostic outcomes are equivalent.

High-frequency ultrasound is a sub-category of ultrasound with increased
resolution. Its operating frequency is an order of magnitude greater than
conventional ultrasound frequencies, roughly 30-70 MHz, compared to 3-10 MHz for
conventional frequencies, and therefore its resolution is also increased by an order of
magnitude. The major trade-off between ultrasound and OCT is concerning
resolution and depth of penetration. Due to optical absorption and scattering, OCT

suffers from reduced penetration depth compared to ultrasound, but typically



exceeds the resolution of high-frequency ultrasound systems. The resolution and
penetration depth trade-off decides which of the two modalities is more suitable for
a given application. However, high-frequency ultrasound also has the advantage of
array-based imaging transducers, which can provide a more uniform focus distributed
throughout the image. High-frequency ultrasound's utility as an imaging modality is
thus positioned for applications where: damaging tissue is undesirable, real-time
frame rates are required, and the depth of penetration is larger than what can be

attained with OCT.

1.1 Project Motivation

For the most part, the clinical use of high-frequency ultrasound has been small
in comparison to other imaging modalities, and currently, most high-frequency
ultrasound is focused on pre-clinical small animal imaging. The one exception to this
is catheter-based intravascular ultrasound (IVUS), which has been widely adopted
by interventional cardiologists. Apart from IVUS, the reason for limited clinical
adoption is due to the relative newness of the modality. High-frequency ultrasound
is still only a couple of decades old, and due to the complexity of the transducers
and electronics, it has only just recently reached the point of clinical acceptability.
These human applications are primarily limited to topical applications including the
eyes [1]-[3] and skin [4]-[6] with again the one widely used application of
intravascular imaging [7]-[9]. IVUS imaging catheters typically have poor resolution
and/or suffer from poor SNR due to their limited number of elements and small size.
The development of high-quality high-frequency array transducers dating back to

the 1990s was critical to unlocking the potential of these new clinical applications
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[10]-[21]. This disrupting technology replaced the previous generation of fixed focus
transducers which had limited depth of field and frame rates. These were severely
limited by the mechanical scanners needed to physically translate the transducers to
construct an image.

The work in this dissertation makes use of a recently developed 64-channel
high-frequency array transducer in an endoscopic form factor ( 2.5 mm x 3.0 mm )
[10], [12]. This transducer has the potential to open new applications for high-
frequency ultrasound, specifically, in guiding minimally invasive surgeries. In these
types of surgeries, commercially available high-frequency probes are much too large
and are prohibited from fitting down the surgical pathway.

The trend towards minimally invasive surgeries is powered by quicker patient
recovery times and fewer complications. This shift in patient care requires that
modern technology rise to meet its needs. Performing procedures through small
incisions introduces a fundamental problem. The small opening combined with using
a variety of tools through the opening drastically limits a surgeon’s field of view, and
often the tips of the probes are even out of sight. For endoscopic procedures such as
those seen in the digestive tract, illuminated laparoscopes are used with much success
as a guidance tool [22], [23]. This approach is perfectly suitable for conditions where
surgeons are interested in what lies on the surface. When depth information beyond
the surface becomes invaluable, low-resolution ultrasound is sometimes used as a
guidance tool when conventional laparoscopic techniques are no longer sufficient.
Many studies have reported the potential value that even low-resolution ultrasound
can provide in guiding various surgical applications. These include but are not
limited to: neurosurgery [24]-[26], testicular resections [27], breast cancer [28], [29],

orthopedics [30], prostate cancer [31], and gastrointestinal surgeries [32]. However, if



the depth of penetration and resolution trade-off prevent an external ultrasound
probe from being used, i.e. the size of the structures to be imaged are so small that
the depth of penetration needed to reach that area is impossible, then a high-
frequency endoscopic ‘phased array’ probe is the ideal solution. The endoscopic form
factor allows it to be inserted through small incisions, and the ‘phased array’ design
produces a field-of-view that is very large compared to the size of the probe. These
types of applications are ideal for the high-frequency phased array endoscopes
developed by Bezanson et al. [10], [12], and this probe is used throughout this
dissertation.

To unlock this endoscopic probe's full potential a high-quality electronic
beamforming platform is needed. High-frequency beamforming requires higher
sampling rates and timing accuracy in comparison to conventional ultrasound
frequencies. When this project had started, there was no off-the-shelf commercial
system capable of supporting such an array. Research in this area was and is of
paramount importance to maximize performance and enable the most cutting-edge
imaging technologies for high-frequency endoscopic phased arrays. Developments in
this area will increase the likelihood that the medical market will adopt high-
frequency endoscopic ultrasound probes as a guidance tool for minimally invasive
procedures. The primary motivation of this thesis was the development of a first-of-
its-kind high-frequency electronic beamformer to support the previously developed

high-resolution endoscope for the application of guided neurosurgery.



1.2 Research Objectives

The overarching goal of this dissertation was to develop a specialized
beamforming platform for high-frequency phased array imaging and leverage the
minimally invasive endoscopic probe for applications not possible for other existing
probes. Three core studies were performed to meet this goal. The author is the
primary contributor to these studies which are: development and evaluation of a 64-
channel high-frequency phased array beamformer using a novel variable sampling
technique, the evaluation of a new ultrafast imaging technique for phased array
imaging, and detecting the auditory response in rats using functional ultrasound

imaging of the brain through a minimally invasive burr hole.

1.2.1 Development and Evaluation of a 64-channel High-
Frequency Phased Array Beamformer Using a Variable
Sampling Technique

The objective of this study was to develop a beamforming platform capable of
supporting real-time imaging for a 64-element high-frequency phased array while
simultaneously evaluating a novel gj T _ variable sampling technique. The hypothesis
for this study was that the data capture rate, which is typically prohibitively high
for high-frequency ultrasound imaging, could be substantially reduced by combining
variable sampling concepts with a 0] T _ demodulation scheme. This approach was
modeled and experimentally evaluated on a custom system designed specifically for

this application.



1.2.2 Evaluation of a Novel Ultrafast Imaging Technique for

High-Frequency Phased Arrays

This study evaluated the use of a novel Hadamard based encoding technique for
ultrafast phased array imaging on the high-frequency phased array beamforming
platform. The technique, named sparse orthogonal diverging wave imaging
(SODWI), was developed with the hypothesis that Hadamard based encoding
techniques could be used for phased array applications to extract synthetic aperture
equivalent data by applying a diverging wave delay profile to the array elements to
preserve directivity. This study also evaluated a second hypothesis that the
aggravation of the grating lobe level from using larger affective apertures from sparse
encoding could be reduced by using a new synthetic transmit element delay insertion
(STEDI) technique. Both simulations and experimental data support these
hypotheses, and it was also found that image quality can be improved using these

techniques.

1.2.3 Detecting the Auditory Response in Rats Using
Functional Ultrasound Imaging of the Brain Through a
Minimally Invasive Burr Hole

This goal of this third study was to show that the combination of the minimally
invasive endoscopic phased array, the high-frequency beamformer, and the newly

developed ultrafast imaging implementations could be combined for minimally



invasive pre-clinical functional ultrasound investigations. The hypothesis was that
the system could be used to detect functional brain activation in the inferior
colliculus of anaesthetized rats in the presence of auditory stimuli. Early
experimental results proved the feasibility of this approach with only needing a 3.5

x 6.0 mm craniotomy.

1.3 Document Structure

The objectives of this project were: to develop a 64-channel beamformer
implementing a novel 'One Sample per Pixel' variable sampling technique (Chapter
3), to implement ultrafast imaging using novel emission schemes (Chapter 4), and
demonstrate the feasibility of high-resolution ultrafast imaging for functional

ultrasound imaging of the brain (Chapter 5).

Chapter 2 will provide a concise background pertinent to high-frequency
ultrasound beamforming. This includes some history into the development of high-
frequency transducers and transducer arrays, various beamforming concepts, imaging
performance parameters, encoding methods, Doppler methods, and various high-

frequency applications.

Chapter 3 will introduce the 'One Sample per Pixel' variable sampling
technique and the 64-channel beamformer that was developed as a platform for its
evaluation. Theoretical background for the sampling scheme is provided, the system
design and architecture are explained in detail, and the experimental and simulated

results are compared as well as a discussion of the results.

Chapter 4 is focused on the implementation of novel ultrafast imaging

algorithms on the beamforming platform. It highlights the beamformer modifications



necessary to implement ultrafast imaging. The theoretical concepts used to optimize
compounding performance are described. Experimental and simulated results are

provided and discussed before future experiments are outlined.

Chapter 5 presents a preclinical functional ultrasound imaging study. The study
leverages the ultrafast imaging capabilities used in Chapter 4 to detect the brain

response of anaesthetized rodents to auditory stimuli.

Lastly, Chapter 6 summarizes the work in this document and discusses future
directions of study. System improvements and modifications to the preclinical study
are suggested. New applications for sparse orthogonal diverging wave imaging
(SODWI) and the synthetic transmit element delay insertion (STEDI) techniques
are proposed and preliminary data supporting some of these applications are
provided. Next potential improvements and future directions for the functional study

are detailed and closing remarks are provided.

1.4 Contributions

In study 1, I was responsible for designing the digital electronic system
architecture for the 64-channel beamforming platform to support real-time high-
frequency ultrasound imaging for phased array imaging. This was done in two phases:
the first being a system that multiplexed 8 channels at a time, and the second was
a fully parallel 64-channel beamforming platform. I wrote all the FPGA firmware for
this system from scratch and was heavily involved in the Python software
development for this project. I modeled the Field II impulse response simulations

used in this work and performed the mathematical analysis of the impact of the



0] T _ demodulation scheme implemented in this study. I performed all the system
integration and conducted all the experimental work. This work was published as a
conference proceeding at the International Ultrasonics Symposium 2015 in Taipei,
Taiwan [33]. I was the first and presenting author for this work. This work was later
expanded upon and published as a journal article [34], for which I was also the first

author. This work also led to a patent and I am a co-inventor.

In study 2, I redesigned the system firmware to capture and output channel data
and wrote a new Python interface for extracting and analyzing channel data from
the beamforming platform developed in study 1. I wrote a library of MATLAB scripts
and functions to implement a wide range of beamforming techniques related to
ultrafast imaging for phased arrays and developed a new imaging technique presented
herein named SODWI, as well as the synthetic transmit element delay insertion
(STEDI) technique. I performed the theoretical and experimental work for this study.
This work was first presented at the International Ultrasonics Symposium 2018 in
Kobe, Japan [35]. I was the first and presenting author for this work. I subsequently
expanded on this work and it was published in journal format where I was the first

author [36]. This work was also patented, and I am a co-inventor.

In study 3, I made the necessary Python modifications needed to capture large
Doppler ensembles used for functional ultrasound imaging. I designed the
experimental system architecture that synchronized the auditory stimuli with the
image acquisition. I developed the post-processing software used for Doppler
processing and statistical analysis of the data. This work was presented at the

International Ultrasonics Symposium 2019 in Glasgow, Scotland [37].



Despite not being presented throughout this dissertation, I contributed to many
other research projects throughout this time. I implemented a hardware-based sign
coherence grating lobe suppression techniques on the beamforming platform that was
presented at the International Ultrasonics Symposium 2016 in Tours, France [38], I
was the first and presenting author of this work. This work included major firmware
changes to enable this technique to be applied in parallel with the variable sampling
beamforming scheme discussed in Study 1 and required that I modify the software

to apply the apodization.

The system and channel data firmware/software configuration have been used
by many in the lab and as such, I have provided system support and custom
configurations for a variety of applications. Most notably, I was heavily involved in
the work by Katherine Latham related to 3D imaging using a crossed-electrode array
based on electrostrictive material, where I developed much of the firmware necessary
to support the beamforming strategies used in those studies. For this work, I was a
supporting author for four conference proceedings to the International Ultrasonics
Symposium from 2016-2019 [39]-[42] and was the presenting author for the work in
2017 [40]. This work was expanded upon and published in journal format for which
I was also a supporting author [43]. This work also led to a patent and I am a co-
inventor as I helped develop the idea of simultaneously compounding in both
elevation and azimuthal planes. I similarly provided firmware, software, and field
modeling support for a single-channel Hadamard encoded endoscope published as a
conference proceeding at the International Ultrasonics Symposium 2019 in Glasgow,
Scotland [44], for which T was a supporting author. Lastly, I provided firmware,

system, and beamforming support for an FPGA based ultrafast beamformer which
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was published as a conference proceeding at the International Ultrasonics Symposium

2019 in Glasgow, Scotland [45], for which I was a supporting author.
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2 BACKGROUND

The following chapter will provide basic background knowledge relevant to high-
frequency ultrasound imaging. The topics include the basic concepts for pulse-echo
ultrasound imaging, transducer arrays, acoustic modeling, beamforming concepts,
image quality, coded excitation, Doppler and its application to functional ultrasound,

and high-frequency ultrasound applications.

2.1 Pulse-Echo  Ultrasound Imaging:  Reflection,
Refraction, and Scattering

As compressional waves propagate through a medium, they are subjected to
scattering, absorption, diffraction, and dispersion. Scattering is the key phenomenon
that leads to pulse-echoes and ultimately, ultrasound imaging. At boundaries
between different media, waves are transmitted and reflected at the boundary
interface. The physics governing the properties of transmitted and reflected waves
can be predicted by the angle and pressure of the incident wave as well as the
characteristic acoustic impedance of the media surrounding the boundary. Fig 2.1
depicts a wavefront propagating towards a boundary between two mediums with
different acoustic impedance, as well as the reflected, and transmitted, or refracted,
pressure waves. Characteristic acoustic impedance, @, is defined as a product of a

material’s density, ", and its speed of sound, @

€

(2.1)
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Fig 2.1 Transmission, ] , and reflection, ] , across a heterogeneous boundary of acoustic impedances,

® and @ , from an incident pressure wave, 1 .

The relationship between an incident plane wave reflected, and transmitted
waves are governed by Snell’s law, ( 2.2 ). The angles relating these wavefronts as
well as the characteristic acoustic impedance of adjacent media can be used to
calculate the reflection, ( 2.3 ), and transmission coefficients, ( 2.4 ). The reflection
coefficients define the ratio of the reflected pressure ‘p,’ relative to the incident

pressure ‘p;” amplitude: Y = —. The transmission coefficient defines the ratio of

incident pressure to transmitted pressure ‘p;% Y  —.

O+ OE+ OEH

o 5 ) (22)
v ® Al ® Al-©
© AT© & AI-D (23)
y ¢ AT-©
O AT© @ AT-O (24)
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Consider a simplified case where the incident wave, ] , is normal to the acoustic

boundary. The reflection and transmission coefficients simply to ( 2.5 ) and ( 2.6 ).

5 e (25)
. Gl
L (26)

This phenomenon is the basis for pulse-echo imaging. After transmitting a
pressure wave into tissue, the receive echoes are recorded as shown in Fig 2.2. This
illustration shows an ultrasound probe imaging a heterogeneous medium with 3
distinct homogeneous media, each having a different characteristic acoustic
impedance. The receive echoes occur at the boundaries where the acoustic impedance
changes. In this example, attenuation is ignored, as such, the intensity of the receive
echoes is a product of the incident pressure and the two-way transmission and
reflection coefficients. Envelope detection is performed on the receive echoes to
provide an amplitude line (A-line), and this information is typically log compressed
and mapped to grayscale to generate a brightness-mode line (B-mode). Combining
adjacent B-mode lines produces a 2D or 3D B-mode image, which is the gold

standard in ultrasound imaging.
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Fig 2.2 A simple heterogeneous medium with 3 homogeneous zones with characteristic acoustic

impedances, @ ,, V¢, and @ 5. The receive echoes measured at the tranducers are plotted with the
associated envelope. On the right, a B-mode grayscale mapping shows how the receive echoes are

used to construct an image line.

In complex media such as tissue, boundaries are not always well defined as was
shown in Fig 2.2, and scattering is the fundamental phenomenon needed to
understand the receive dynamics for this complex media. Tissue consists of many
scatterers per unit volume which can vary in acoustic impedance and density. The
receive echoes from this common media, is the superposition of the interactions
between the incident ultrasound wave and its interference with the scatterers within
the beam’s path. Scattering is categorized into three sub-types based on the scatterer
size relative to the ultrasound wavelength: specular, diffractive, and diffusive.
Specular scattering occurs when the size of the scatterers are much larger than a
wavelength, such as large cysts. Diffusive scattering occurs when the scatterers are
much smaller than a wavelength such as the background tissue matrix. Finally,

15



diffractive scattering is used to define the scatterers that fall between specular and
diffusive scattering, such as small cysts. Under specular scattering, the effects of
reflection and refraction are more pronounced since the acoustic impedances defining
the boundary between the scattering cluster and the incident angle of the pressure
wave play a larger role. This scattering phenomenon typically leads to undesired
artefacts since the incident angle of the pressure wave can not always be normal to
the scattering surface in practice. Diffusive scattering, where the wavelength is large
relative to the scatterers, produces the opposite effect. The incident angle of the
pressure wave relative to the scatterer is irrelevant and can be ignored. A diffusive
scatterer emission after it is excited from an incident pressure wave will produce a
point source emission characterized by a spherical wave being emitted from its
location. Diffusive scattering is primarily used to model biological media and blood
[46] since the tissue and blood aggregate is a superposition of cells that are much
smaller than the ultrasound wavelength. Diffractive scattering falls between these
two extremes where the interference of the incident wave with the primary and

secondary side of the scatterer produce an interference pattern that is recorded.

2.2 Transducers and Arrays

The transducer is at the heart of any ultrasound system. It provides the
necessary transduction from electrical to acoustic energy by exploiting the
piezoelectric effect. In the presence of an electric field, a piezoelectric material will
undergo strain. The reverse is also true, the stress-induced strain on a piezoelectric
material will induce a proportional electric field across the substrate. These

properties are essential for ultrasound imaging as the transducer is responsible for
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delivering acoustic energy into tissue, as well as converting acoustic echoes into
electrical energy, which is monitored by the system. This effect has been exploited
for over 100 years beginning with sonar technology. Sonar was originally developed
to detect submarines and was deployed as early as 1918 [47].

Piezoelectric transducers can be made from a single element or an array of
elements. Single element transducers are typically curved or lensed to laterally focus
the ultrasound beam. Acoustic reflections along the central axis of a focused
transducer that are captured and converted to an electrical signal, are referred to as
amplitude mode lines or A-scan lines. The lateral resolution is commonly defined as
the full-width at half maximum ("Ow™O0  of the acoustic beam. For a single
element concave circular transducer, the "Ow "O0 |, is defined by ( 2.7 ) where _
defines the wavelength, 0 defines the extent of the transducer aperture, and @

defines the geometric focus of the transducer.

o~ w
"Ow "0V pa T

(2.7)

It is similarly useful to define the axial depth of field of a transducer, O 0 "@Jsing
(2.8 ), the depth of field defines the 3 dB axial beam width for which the transducer

provides good focusing and is a function of wavelength, _, and f-number, "O

OU0 O x&_0 (28)
To create an image, several adjacent A-scan lines can be recorded and stitched
together. The amplitudes are converted into grayscale values and mapped to a
brightness level, referred to as a B-mode image. When using a single element
transducer, the transducer is mechanically translated with a positioning or motor
stage to capture adjacent A-scan lines which are used to construct a B-mode image

as shown in Fig 2.3. Fig 2.3 also shows how array-based technology removes the need
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for mechanical translation to capture 2-D images since the array can be electrically

2.3

24

18














































































































































































































































































































































































































































































