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Abstract

The superior piezoelectric coefficients of ceramics, including Lead Magnesium Niobate-
Lead Titanate (PMN-PT) and Lead Zirconate Titanate (PZT), make them ideal for high-
performance transducers, driving their extensive use in industrial and medical sectors.
However, the presence of lead in these materials has raised apprehensions about potential
risks to the environment and human health. To comply with global regulations, the prompt
adoption of lead-free alternatives is essential to advance the development of

environmentally sustainable piezoelectric materials.

In Non-Destructive Testing (NDT) contexts, the growing complexity of components has
driven the development of flexible ultrasonic probes, allowing efficient inspection without
requiring custom wedges to accommodate to intricate surfaces. In medical settings,
piezoelectric transducers such as those based on PMN-PT are the preferred choice for
commercial Intravascular Ultrasound (IVUS) catheters owing to their mature fabrication
processes. Nonetheless, the lead content in these materials raises health and safety
concerns, and this work explores the application of scalable, lead-free, flexible, high-

frequency (~20 MHz) ultrasonic arrays in these two settings.

Coded excitation strategies in conjunction with Full Matrix Capture (FMC) and Total
Focusing Method (TFM) were applied to inspect thick non-planar industrial components.
The Golay-based TFM demonstrated superior performance compared to the pulse-based
TFM. Golay excitation strategies offer reduced data acquisition and frame rate (by a factor

of two) compared to single transmission excitations, and can introduce motion-dependent



decoding errors. Therefore, investigations on single transmission Barker and chirp signals
were also undertaken. Moreover, a novel Signal-to-Noise Ratio (SNR) approach was
introduced, enabling the evaluation of a single-cycle pulse, Barker and chirp excitation
schemes in simulation and experimentation. The ultrasonic array demonstrated excellent
conformity to the non-planar components, and the coded excitation schemes consistently

achieved better imaging quality in relation to pulse excitation.

The medical context introduced a scalable, RoHS-compliant, 5 French gauge ultrasonic
array, leveraging its fabrication benefits for IVUS imaging. Despite exhibiting lower
piezoelectric coefficient values in relation to its lead-based counterparts, resulting in
reduced signal quality, the lead-free array demonstrates effective imaging performance
through the use of coded excitation strategies, enabling the detection of calcified plaques
in ex-vivo porcine heart arteries. The array was then characterised through electrical
impedance and pulse-echo responses. Coded chirp and Barker excitations were used to
image the arteries, detecting calcified plaques, with chirp offering better imaging quality.
A 10-um haematoxylin and eosin histological section of an artery was used for comparison

with an IVUS image, showing strong concordance in detecting the calcified plaque.

The accumulation of this work underscores the potential of flexible lead-free RoHS-
compliant arrays as an effective approach to address the increasing complexity of
industrial components and a sustainable solution for the next generation of IVUS systems.
Combining the array with coded excitation provides additional SNR gain and increases
penetration depth, which enhances the scope of industrial and medical applications to

which this flexible lead-free array can be deployed.
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Chapter 1

Introduction

1.1. Industrial Motivation

Piezoelectric ceramics, including Lead Zirconate Titanate (PZT) and Lead Magnesium
Niobate-Lead Titanate (PMN-PT), are extensively employed in industrial and medical
ultrasonic imaging applications due to their high piezoelectric coefficients, which enables
high-performance transducer operation. Nevertheless, concerns regarding the human
health and environmental risks associated with the lead content in these materials have
been raised [1]. In accordance with global regulatory frameworks, such as the Restriction
of Hazardous Substances (RoHS) directive established by the European Union (EU) and
similar legislations in China and Japan, the timely adoption of lead-free alternatives is
essential for advancing the development of environmentally sustainable piezoelectric

materials [2-4].

Fig. 1.1 depicts the annual number of published articles on various transducer materials
from 1985 to 2022, as recorded in the Web of Science platform, revealing a notable
increase of over 200 % in publications between 2004 and 2022. Particular emphasis is

placed on sodium bismuth titanate (BNT) and potassium sodium niobate (KNN), with



additional consideration given to materials such as polyvinylidene fluoride (PVDF) and
barium titanate (BT). The data indicates that research in the field of lead-free
piezoceramics has attained a significant level of maturity in recent years. Numerous
findings regarding the piezoelectric properties of lead-free materials have been reported
over the past two decades. However, challenges remain in translating these results into

large-scale production [5-7].
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Figure 1. 1: Annual number of published articles from 1985 to 2022, with emphasis on
BNT and KNN-based materials as documented by the Web of Science platform.

The increasing intricacy of industrial components has spurred the development of
conformable ultrasonic probes, enabling efficient inspection without the need for custom-
designed wedges to adapt to complex surfaces. In alignment with these advancements and
considering medical applications, flexible ultrasonic arrays have been explored for their

capability to inspect complex, non-planar surfaces [8-15]. For example, a flexible lead-



based ultrasonic array was employed to acquire high-resolution Total Focusing Method

(TFM) images of flaws within components with irregular surfaces [11].

Piezoelectric transducers, such as those utilising PMN-PT, remain the preferred choice for
commercial intravascular ultrasound (IVUS) catheters due to their well-established
fabrication processes. However, the presence of lead in these materials poses substantial
environmental and human health-related concerns, necessitating imperative consideration

for sustainable alternatives [16, 17].

The ultrasonic arrays utilised in this work incorporate zinc oxide as a piezoelectric
material, produced through a thin film fabrication process. An overview on ultrasonic
arrays, encompassing their configurations, benefits, and limitations, is elaborated in sub-
section 2.1.4. Lead-free thin-film piezoelectric materials including zinc oxide and
aluminium nitride are among the most commonly utilised compounds in this field [18, 1].
These lead-free arrays exhibit a markedly inferior piezoelectric coefficient relative to their
lead-based counterparts, contributing to reduced signal-to-noise ratio (SNR), and thereby
limiting their widespread adoption in conventional industrial and medical applications.
Conventional strategies for improving the SNR in ultrasonic arrays entail either
decreasing the frequency or averaging signals over multiple transmissions. However,
these methods inherently compromise resolution and data acquisition speed, respectively
[19]. Coded excitation schemes hold promise for integration with these lead-free arrays to
improve their SNR. A comprehensive review on coded excitation is provided in sub-
section 2.5. Coded excitation techniques improve SNR without sacrificing acquisition

speed by employing extended coded pulses rather than repeated pulses. The fundamental



resonant frequencies of piezoelectric films are generally around 1 GHz, which makes
these materials impractical for NDT and medical applications. By introducing a thin,
flexible metallic substrate combined with mass loading to the piezoelectric film, operating
frequencies have been successfully reduced to below 50 MHz, providing opportunities to
investigate its use in both industrial and medical applications. Precise control over
thickness, composition and scalability is achieved, thereby enabling large-scale
production that is both efficient and cost-effective [1, 18, 20]. This thesis investigates the
application of coded excitation strategies with the lead-free array technology to develop
systems which are appropriate for application in real-world applications associated with

industrial and medical sectors.

1.2. Contribution to Knowledge

The contributions to knowledge generated as a result of the work of this Doctor of

Philosophy are outlined below:

e Application of advanced phase-modulated dual transmission Golay coded
excitation technique and TFM imaging algorithm combined with a high-frequency,
lead-free, flexible ultrasonic array for inspection of thick non-planar industrial
components.

e Examination and comparison of the performance associated with the single
transmission phase-modulated Barker signal and the frequency-modulated chirp
signal excitation schemes to improve the ultrasonic array operability in thick

convex and concave test specimens.



¢ Anovel SNR methodology, enabling the characterisation of the image noise region
and the identification of parameters where the SNR achieves stabilisation.

e Development of a novel lead-free array transducer system for intravascular
ultrasound catheters. The system incorporates a lead-free, high-frequency, flexible
array transducer combined with coded excitation schemes to improve the signal
quality, allowing imaging and detection of calcific plaques in ex-vivo porcine heart

arteries.

1.3. Thesis Structure

The organisational structure of this work is as follow: Chapter 2 provides the essential
theoretical foundation necessary for understanding the research presented throughout the
rest of this thesis. This encompasses a brief overview of the core principles of ultrasonic
inspection, including piezoelectricity, wave propagation, attenuation as well as the
functionality of single-element and array transducers. This is followed by information on
the inspection of complex-geometry components, highlighting current flexible ultrasonic
array technologies in both research and commercial phases. Sub-section 2.3 presents
technical background on intravascular ultrasound, covering atherosclerosis, essential
system components of [IVUS, and considerations of transducer materials in catheter design.
Sub-section 2.4 contains information on the Zinc Oxide-based ultrasonic arrays utilised in
this work. The parameters of the arrays used in the industrial and the medical settings are
detailed in this sub-section. The next sub-section details information on modulated signals

and background on pulse compression. Sub-section 2.6, the last sub-section in chapter 2,



contains information on ultrasonic data presentation. This includes details on A-scans, B-

scans, C-scans, FMC

and TFM, as well as Hilbert Transform considerations. Chapter 3 introduces novel work
on the application of phase-modulated dual transmission Golay coded excitation scheme,
combined with FMC/TFM imaging algorithm and the high-frequency, lead-free, flexible
ultrasonic array. This allowed inspection of thick non-planar industrial components.
Chapter 4 investigates and compares the efficacy of the single transmission Barker and
chirp strategies to optimise the ultrasonic array performance in thick convex and concave
test specimens. Moreover, a novel SNR methodology is introduced, facilitating the
characterisation of image noise regions and identification of parameters at which SNR
stabilisation is achieved. Chapter 5 presents a 5 French gauge, approximately 1.67 mm
diameter, 32-element ultrasonic array transducer with a 163 pm pitch and a 3.82 mm
elevation, enabling radial scanning in ex-vivo porcine heart arteries. This represents a
novel lead-free array transducer system for intravascular ultrasound catheters. In Chapter
6, a summary of the research detailed in prior chapters of this thesis is provided and

directions for future work in both industrial and medical applications are proposed.

1.4. Publications and Awards

The journal publications as lead author produced during the completion of this Doctor of

Philosophy are outlined below:

e Germano, E., Tabatabaeipour, M., Mohseni, E., Lines, D., MacLeod, C. N., Lam,

K.-H., Hughes, D., Trodden, H., & Gachagan, A. (2025). Application of Golay-



based total focusing method using a high-frequency, lead-free, flexible ultrasonic
array for inspection of thick non-planar industrial components. NDT & E
International, 150, 103282. https://doi.org/10.1016/j.ndteint.2024.103282
Germano, E., Mohseni, E., Lines, D., Tabatabaeipour, M., MacLeod, C. N., Lam,
K.-H., Hughes, D., Trodden, H., & Gachagan, A. (2025). Single transmission
phase- and frequency-modulated coded excitation for enhanced inspection of thick
complex industrial components using a scalable, flexible, lead-free, ultrasonic
array. NDT & E International, 158, 103564.
https://doi.org/10.1016/j.ndteint.2025.103564

Germano, E., Core, G., Metzger, H., Russell, D., Kinney, J., Mohseni, E., Lines,
D., Lam, K.-H., Hughes, D., Trodden, H., & Gachagan, A. (2025). Calcified
plaque detection in ex-vivo porcine heart arteries using a scalable, zinc oxide-
based intravascular ultrasound array with real-time coded excitation schemes. In

preparation.

The conference contributions as lead author produced during the completion of this Doctor

of Philosophy are outlined below:

Germano, E., Core, G., Kinney, J., Russell, Mohseni, E., Lines, D., Lam, K.-H.,
Hughes, D., Trodden, H., Gachagan, A. Detection of Calcified Plaques in ex-Vivo
Porcine Heart Arteries Using a scalable, eco-Friendly Zinc oxide-Based
Intravascular Ultrasound Array with real-Time Coded Excitation. Lecture

Presentation session presented at IEEE International Ultrasonics Symposium

(IEEE IUS 2025), Utrecht, Netherlands.



Germano, E., Mohseni, E., Lines, D., Tabatabaeipour, M., Lam, K.-H., Hughes,
D., Trodden, H., Gachagan, A. Single Transmission phase- and frequency-
Modulated Signals for Enhanced Inspection of Thick Complex Industrial
Components Using a Flexible eco-Friendly Ultrasonic Array. Lecture Presentation
session presented at IEEE International Ultrasonics Symposium (/EEE [US 2025),
Utrecht, Netherlands.

Germano, E., Mohseni, E., Lines, D., Tabatabaeipour, M., Lam, K.-H., Hughes,
D., Trodden, H., Gachagan, A. Ultrasonic Inspection of Industrial Components
with Complex Geometries Using Optimised Single Transmission Modulated
Signals and a Flexible Eco-Friendly Ultrasonic Array. Presentation session
presented at BINDT — 62" Annual British Conference on NDT (NDT 2025),
Edinburgh, United Kingdom.

Germano, E., Tabatabaeipour, S. M., Mohseni, E., Gachagan, A., Lam, K. H.,
Hughes, D., & Trodden, H. Improving industrial inspections with high-frequency
flexible ultrasonic arrays. Presentation session presented at The Doctoral School
Multidisciplinary Symposium (DSMS 2023), Glasgow, United Kingdom.
Germano, E., Tabatabaeipour, M., Mohseni, E., Gachagan, A., Lam, K., & Lines,
D. Improving industrial inspections combining high-frequency flexible ultrasonic
arrays and coded excitation. Presentation session presented at BINDT - 60th
Annual British Conference on NDT (BINDT 2023), Northampton, United

Kingdom.



Germano, E., Tabatabaeipour, S. M., Mohsenti, E., Lines, D., Gachagan, A., Lam,
K. H., Hughes, D., & Trodden, H. Golay-based total focusing method using a high-
frequency, lead-free, flexible ultrasonic array to improve industrial inspections.
Presentation session presented at Anglo-French Physical Acoustics Conference
(AFPAC 2024).

Germano, E., Walker, J., Mills, B., Javadi, Y., Buffa, G., MacLeod, C. N.,
Gachagan, A., Pierce, G., Mineo, C., Tamimi, S., Mohseni, E., & Lam, K.
H. Enhancing additive friction stir deposition through comprehensive ultrasonic
defect detection and process optimisation. Poster session presented at UK &
Ireland IEEE Ultrasonics, Ferroelectrics And Frequency Control Chapter (/IEEE
UFFC 2024), Glasgow, United Kingdom.

Germano, E., Tabatabaeipour, M., Mohseni, E., Lines, D., MacLeod, C. N., Lam,
K.-H., Hughes, D., Trodden, H., & Gachagan, A. Application of Golay-Coded
Excitation Schemes with a Lead-Free, High-Frequency, Flexible Ultrasonic Array
for Defect Detection of Thick, Non-Planar Components. Presentation session
presented at UK & Ireland IEEE Ultrasonics, Ferroelectrics And Frequency
Control Chapter (IEEE UFFC 2024), Glasgow, United Kingdom.

Germano, E., Deans, M., Lam, K. H & Bailet, G. Application of Total Focusing
Method in Thin, Strongly Attenuating Materials for Aerospace Applications. Poster
session presented at UK & Ireland IEEE Ultrasonics, Ferroelectrics And

Frequency Control Chapter /EEE UFFC 2024), Glasgow, United Kingdom.



Germano, E., Tabatabacipour, M., Mohseni, E., Lines, D., Gachagan, A., Lam,
K.-H., Hughes, D., & Trodden, H. Synergizing High-Frequency Flexible
Ultrasonic Arrays and Coded Excitation Schemes for Advanced Industrial
Inspections. Presentation session presented at 20th World Conference on Non-
Destructive Testing (WCNDT 2024), Incheon, Republic of Korea.

Germano, E., Lines, D., Tabatabaeipour, M., Mohseni, E., Gachagan, A., Lam,
K.-H., Hughes, D., Trodden, H. & MacLeod, C. N. Application of phase and
frequency modulated signals to improve defect detection in thick, non-planar
components using a lead-free, high-frequency, flexible ultrasonic array. Poster
session presented (online) at IEEE Ultrasonics, Ferroelectrics, and Frequency
Control Joint Symposium (UFFC-JS 2024), Taipei, Taiwan.

Germano, E., Lines, D., Tabatabaeipour, M., Mohseni, E., Gachagan, A., Lam,
K.-H., Hughes, D., Trodden, H. & MacLeod, C. N. Application of phase and
frequency modulated signals to improve defect detection in thick, non-planar
components using a lead-free, high-frequency, flexible ultrasonic array. Poster
session presented at The Advanced Nuclear Research Centre (ANRC 2024)
Research Showcase, Glasgow, United Kingdom.

Germano, E., Tabatabaeipour, M., Mohseni, E., Lines, D., Gachagan, A., Lam,
K.-H., Hughes, D., Trodden, H. & MacLeod, C. N. Application of phase-
modulated Golay codes for defect detection in thick, non-planar components using

a lead-free, high-frequency, flexible ultrasonic array. Poster session presented at
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The UKRI EPSRC Centre for Doctoral Training in Future Ultrasonic Engineering
(FUSE CDT 2024) Annual Scientific Meeting, Glasgow, United Kingdom.
Germano, E., Deans, M., Lam, K. H & Bailet, G. Application of Total Focusing
Method in Thin, Strongly Attenuating Materials for Aerospace Applications.
Poster session presented at The UKRI EPSRC Centre for Doctoral Training in
Future Ultrasonic Engineering (FUSE CDT 2024) Annual Scientific Meeting,
Glasgow, United Kingdom.

Germano, E., Walker, J., Mills, B., Javadi, Y., Buffa, G., MacLeod, C. N.,
Gachagan, A., Pierce, G., Mineo, C., Tamimi, S., Mohseni, E., & Lam, K.
H. Enhancing additive friction stir deposition through comprehensive ultrasonic
defect detection and process optimisation. Poster session presented at The UKRI
EPSRC Centre for Doctoral Training in Future Ultrasonic Engineering (FUSE
CDT 2024) Annual Scientific Meeting 2024, Glasgow, United Kingdom.
Germano, E., Core, G., Mohseni, E., Lines, D., Lam, K.-H., Kinney, J., Russell,
D., Gifford, J., deGuzman, B. J., Hughes, D., Trodden, H., Gachagan, A. Calcified
plaque imaging and detection in ex-vivo porcine heart arteries using a scalable,
lead-free intravascular ultrasound array. Presentation session presented at The
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Annual Scientific Meeting, Aberdeen, United Kingdom.

Germano, E., Mohseni, E., Lines, D., Gachagan, A., Lam, K.-H., Hughes, D., &
Trodden, H. Towards lead-free transducers: Employing Zinc Oxide-based, high-

frequency, flexible ultrasonic arrays for industrial and medical settings.
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Presentation session presented at The UKRI EPSRC Centre for Doctoral Training
in Future Ultrasonic Engineering (FUSE CDT 2025) Annual Scientific Meeting,

Glasgow, United Kingdom.

The awards as lead author produced during the completion of this Doctor of

Philosophy are outlined below:

e Student Pitch Competition: 3™ Place. IEEE International Ultrasonics
Symposium (IUS). September 15-18, 2025. Utrecht, Netherlands. Detection of
Calcified Plaques in ex-Vivo Porcine Heart Arteries Using a scalable, eco-
Friendly Zinc oxide-Based Intravascular Ultrasound Array with real-Time
Coded Excitation.

e Best Oral Presentation: Runner-Up. FUSE CDT Annual Scientific Meeting.
June 4™ 2025. Glasgow, United Kingdom. Towards lead-free transducers:
Employing Zinc Oxide-based, high-frequency, flexible ultrasonic arrays for

industrial and medical settings.

1.5. Industrial Collaboration

The research conducted during this Doctor of Philosophy has been supported by
Novosound Ltd., with a particular focus on advanced ultrasonic Non-Destructive
Evaluation (NDE) activities for complex-geometry inspection, and advanced ultrasonic

medical imaging activities for imaging ex-vivo porcine heart arteries.

Working with Novosound has allowed engagement and collaboration opportunities with

industry. This included a 3-month secondment that enabled the integration of coded
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excitation schemes for intravascular ultrasound imaging applications. This showcased
some of the contributions of this doctoral research, as well as served as an opportunity to
acquire insights and expertise through engagement with industry specialists. Moreover,
participation in numerous site visits has allowed deployment of on-site inspections. These
visits played a pivotal role in translating this research from academia to real-world
industrial contexts, aligning the work with both present demands and future technological

needs.

This work was supported by the UKRI EPSRC Centre for Doctoral Training in Future

Ultrasonic Engineering (FUSE CDT) under the EPSRC Grant reference EP/S023879/1.
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Chapter 2

Technical Background

The capability to assess the integrity of materials, structures and tissues non-destructively
is an essential process in numerous industrial and medical applications. Typical medical
imaging techniques include radiology, magnetic resonance and ultrasound, while the
common methods for industrial asset inspection include eddy current, ultrasound, liquid
penetrant, radiographic and thermographic testing [21-25]. Nevertheless, among the
versatile and practical inspection techniques widely employed in both industrial NDT and
medical imaging, ultrasound remains an effective imaging technique. The propagation of
acoustic waves through a medium has applications such as inspection of complex-
geometry industrial components [8, 26] and evaluating coronary artery disease in the
medical field [27]. This chapter provides the essential theoretical and technical
foundations required to understand the original contributions developed in the subsequent

chapters of this thesis.
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2.1. Fundamentals of Ultrasonic Inspection

2.1.1. Piezoelectricity

Piezoelectricity, initially demonstrated in 1880 by the Curie brothers, Pierre and Jacques
[28], has become fundamental to the design and fabrication of ultrasonic transducers
utilised in NDT and medical applications. It is attributed to the reversible conversion
between mechanical and electrical energy. The piezoelectric effect describes the behaviour
of piezoelectric materials that generate an electrical charge proportional to the applied
mechanical stress. The converse of the conversion of energy is known as the inverse
piezoelectric effect [28]. Ultrasonic transducers in both industrial and medical sectors

generate and detect ultrasound energy through these effects.

2.1.2. Wave Propagation

The term ultrasound refers to acoustic waves with frequencies exceeding the human
auditory range of 20 Hz to 20 kHz [29]. Acoustic energy produced by a transducer
propagates through a medium by inducing vibrational motions in the particles of the
medium. The velocity of ultrasound propagation in a medium, ¢, is determined by the
product of its frequency, f, and the wavelength 4 [29], as described in Equation 2.1. The
velocity of ultrasound remains constant within a given medium under uniform temperature

and stress conditions.

c=fA 2.1
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The primary ultrasound wave types utilised in industrial and medical imaging are
longitudinal and shear (or transverse) waves. Longitudinal waves result from particle
vibrations that oscillate parallel to the direction of the wave propagation. Shear waves
arise from particle oscillations perpendicular to the direction of the wave propagation.
Both wave types are present in tissue, however, shear waves are typically disregarded in
standard B-mode (brightness mode) imaging due to their significantly lower velocities
relative to longitudinal waves and their high attenuation at high frequencies [30].
Longitudinal and shear waves can propagate in solid media. The selection of wave
propagation type is commonly referred to as the wave mode, with bulk waves restricted to
longitudinal and shear modes [31]. Several additional wave types can be observed,
especially at the interface between two materials. These encompass Rayleigh, Guided, and

Love waves, which are not pertinent to the research presented in this thesis.

When an ultrasound wave propagates perpendicularly through a material and encounters
a boundary interfacing with a material with different acoustic impedance, reflection of the
wave occurs at that interface. The acoustic impedance, Z, of an isotropic material is
defined as the product of its velocity, ¢, and density, p, as expressed in Equation 2.2. It is
frequently required to assume lossless media with perfect energy transfer between
molecules in order to comprehend how sound propagates over a boundary where changes
in impedance occurs. The proportions of incident acoustic energy transmitted Er and
reflected Er , for a wave incident normal to the boundary between two media with acoustic

impedances Z; and Z> , are quantitatively described by Equations 2.3 and 2.4, respectively.
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This relationship indicates that as the difference in acoustic impedance between the two
media increases, a larger fraction of the incident acoustic energy is reflected at the
interface, with the correspondingly smaller portion transmitted through the boundary [28,
31]. This is illustrated in Figure 2.1. The transmission is at its peak when Z> = Z; . The
impedance ratio is 1, and this suggests that the materials have the same properties and no
energy is reflected (0 %). As the acoustic impedance ratio deviates from 1, whether below
or above, the transmitted energy decreases, while the reflected energy increases. This

principle underpins the fundamental application of ultrasonic wave for inspection.
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Figure 2. 1: Effect of impedance mismatch on transmitted and reflected energy [31].
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When a wave is incident obliquely on a boundary, the situation becomes more complex
and multiple factors considered, including reflection, refraction, and mode conversion.
For an acoustic wave incident on a boundary between two materials with differing
acoustic impedances at a non-zero angle of incidence, the angle of reflection equals the
angle of incidence. The relationship governing the angles of incidence and refraction in
this context is known as Snell’s law, expressed through the equation provided in (2.5) [28]:

sin(6;) ¢

sin(6,) ¢, 2:5)

where 6; is the angle of incidence; 8, is the transmitted angle; ¢, is the sound wave speed
at medium 1; ¢, is the sound wave speed at medium 2. According to Snell’s law, for a
given pair of media, the ratio of the sine of the angle of incidence to the sine of the angle

of refraction equals the ratio of the respective wave speeds in the two media.

2.1.3. Attenuation

As ultrasonic waves propagate through a medium, their energy diminishes due to
interactions with the material. This phenomenon, termed attenuation, results from
combined effects of absorption, scattering and reflection. Absorption occurs when
acoustic energy is converted into thermal energy. Scattering is the effect where acoustic
energy is dispersed by structural inhomogeneities within the material, such as grain
boundaries, voids, impurities, and crystalline structures. Reflection occurs when acoustic
energy is redirected at interfaces with differing acoustic impedances. Furthermore,
attenuation is proportional to the frequency of the acoustic wave and the thickness of the

medium through which it propagates [30, 32].
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2.1.4. Single-element and Array Transducers

Single-element transducers employ a single piezoelectric element to both transmit and
receive ultrasonic waves. In NDT, for example, they are commonly used in direct contact
with the test specimen, facilitated by a thin layer of liquid coupling — such as water, oil,
or glycerine gel — to enhance energy transfer by eliminating air gaps between the
transducer and the specimen. Moreover, these transducers can be paired with an angled
delay line, known as a wedge, to direct sound propagation at an angle relative to the
surface of the test specimen, facilitating the generation of refracted shear waves. This
approach is commonly employed for inspecting industrial welded components, especially

when direct examination of the rough weld cap is impractical [31].

Array transducers integrate multiple piezoelectric elements within a single housing,
expanding the scope and versatility of transducer applications. In NDT and medical
imaging settings, ultrasound transducers predominantly employ array configurations.
They offer superior coverage, sensitivity, flexibility and adaptability compared to
conventional single-element transducers, enabling independent control of individual
elements to achieve electronic beam focusing and steering. Ultrasonic array transducers
can be broadly categorised into One-Dimensional (1-D), Two-Dimensional (2-D), or
annular configurations. While these configurations represent the simplest forms of array
design, numerous alternative element patterns are possible. Among them, 1-D linear
arrays remain the most prevalent in industrial applications [33]. Figure 2.2 shows a

schematic of a 1-D linear array, with its elements distributed in the x direction. The
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element pitch or spacing (p) can be described by the summation of the element width (w)
along the array axis and the gap between adjacent elements (a). The element length is

usually termed elevation (e).

v
ry

Figure 2. 2: Schematics of a 1-D linear array indicating its typical parameters including
the element pitch (p), width (w), gap (a) and elevation (e).

The selection of pitch size is essential for the performance of linear phased array
transducers. The optimal element pitch, adhering to the half-wavelength criterion
(requiring it to be less than half a wavelength), is essential for supressing grating lobes.
The ultrasonic beam is formed through the constructive interference of acoustic waves
emitted by individual transducer elements, coherently aligned to reinforce propagation in
the intended direction. In certain instances, this interference may also be constructive in
unintended directions, resulting in secondary energy maxima, known as grating lobes,
emitted beyond the electronically controlled direction. Grating lobes divert energy from
the primary ultrasonic beam, potentially causing undesirable reflections and interference

during inspection, which may degrade SNR and introduce artifacts [33-35]. This implies
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an inverse proportionality between the element pitch of an optimal phased array transducer
and its operating frequency. Figure 2.3 shows an illustration of an ultrasonic phased array
transducer deployed on a 70° wedge on a steel test specimen. The influence of the element
pitch size on the generation of grating lobes is examined. No grating lobe generation is
observed when the pitch is equal to half a wavelength. Grating lobe generation, at different

levels, occurs when the pitch is equal to at least a wavelength.

Gp=41

Low level
grating lobe ‘

(c)p = 1.61 (d)p = 22

Medium level ‘ Higl} level
grating lobe grating lobe

Figure 2. 3: lllustration of the impact of the element pitch size (p) on the generation of
grating lobes [33]. (a) No grating lobe generated. The pitch is half a wavelength. (b)
Low level of grating lobe generation. (c) Medium level grating lobe generation. The

pitch is just over a wavelength. (d) High level grating lobe generation. The pitch is twice
the wavelength.

Array transducers can be individually controlled using programmable differential time

delays. This enables steering or focusing of the ultrasound beam to specific locations
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through constructive interference of phase-delayed waves. The differential time delays are
commonly referred to as focal laws [31-33]. An unfocused normal plane wave can be
transmitted by applying zero delay to the elements, enabling simultaneous firing (in-phase)
as illustrated in Figure 2.4 (a). Ultrasonic beam steering can be achieved by applying a
linear delay across the transmitting elements, as depicted in Figure 2.4 (b). The focusing
capabilities of an ultrasonic array are demonstrated in Figure 2.4 (¢). This can be achieved
by applying symmetric delay laws to focus directly beneath the aperture centre. Steering
and focusing can be integrated to focus the ultrasonic beam at a point offset from the

aperture centre, as illustrated in Figure 2.4 (d).
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Figure 2. 4: Ultrasonic phased array transducer beamforming characteristics. (a)
Unfocused plane wave. (b) Beam steering. (c) Focusing. (d) Focused steering. The
delay, array elements and acoustic field are highlighted in (a).
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In ultrasonic NDT and medical applications, data acquisition can be performed by either
using a single transducer functioning as both transmitter and receiver, or by employing
two distinct transducers, with one serving as the transmitter and the other as the receiver.
The pulse-echo method is a well-established and easily implemented approach, where a
single transducer performs both transmission and reception. In addition to pulse-echo
mode, transducers can also be configured to operate in tandem for through-transmission
and pitch-catch modes, enabling greater flexibility in inspection techniques depending on
the application requirements. Through-transmission configurations position the test
specimen between a transmitting and a receiving transducer. Pitch-catch configurations
involve the use of two separate transducers positioned on the same side of the test
specimen, one functioning as the transmitter and the other as the receiver. Figure 2.5
shows an illustration of the different configurations used in ultrasound data acquisition. In
all scenarios, the data acquired by the transducer is presented as a time series plot known
as an A-scan. A key advantage of the pulse-echo approach is that it requires access to only
one side of the sample. However, its effectiveness depends on material characteristics with
sufficiently low acoustic attenuation to allow sound to travel twice the sample thickness
while maintaining an adequate energy to provide the SNR required for detection at the
receiver. In the through-transmission method, precise alignment is essential, necessitating
meticulous calibration of the scanning paths for each transducer. This poses particular
challenge when dealing with components with complex geometries. As sound waves only
need to pass through the sample once, through-transmission is frequently employed for
highly attenuating components or air-coupled ultrasound applications, where low SNR

values present significant challenges. In the pitch-catch setup, the transmitter and receiver
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transducers are maintained at a fixed distance and firing angle relative to each other,
enabling them to be scanned together across the surface of the sample. This configuration
is particularly effective for detecting defects that are not orientated normally with respect
to the beam propagation path (and reception), crack-tip diffractions, as cracks on the
bottom surface of the material will reflect ultrasonic waves differently compared to
reflections from a defect-free backwall, thereby aiding the identification and

characterisation of such defects [31, 32, 36].
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(a) Pulse-echo

(b) Through-transmission

(c) Pitch-catch

Figure 2. 5: Schematic of different configurations for data acquisition. (a) Pulse-echo
configuration. (b) Through-transmission configuration. (c) Pitch-catch configuration. Tx
represents the transducer used for transmission and Rx corresponds to the transducer
used for reception. The sound propagation path is highlighted in yellow.
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2.2. Inspection of Complex-Geometry Components

2.2.1. Overview

To improve the compliance and suitability of the applied ultrasonic inspections for the
increasingly complex designs of industrial components, flexible ultrasonic arrays have
been introduced to enable efficient inspections without the necessity for time taking and
costly manufacturing of custom-designed wedges to conform to irregular surfaces. These
wedges, as illustrated in Figure 2.6 (a), must be precisely engineered to match the specific
curvature and geometry of each component, requiring detailed measurements and bespoke
design. Thus, this can be time-consuming and expensive, particularly for components with
varying diameters or non-standard shapes. Moreover, this introduces limitation in
reusability, as they become incompatible with other components, lacking versatility.
Multiples wedges are therefore required to allow inspection of a variety of curvatures,
escalating maintenance costs [37]. Furthermore, the use of a standard rigid ultrasonic
phased array probe, either alone or paired with a flat wedge to direct the acoustic beam
toward the region of interest in components with complex geometries, faces significant
limitations. These include difficulties in achieving contact with intricate surfaces,
limitations posed by small pipe diameters, and spatial constraints arising from adjacent

structures. Consequently, limited accessibility, and surface conformity, as depicted in
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Figure 2.6 (b), leads to ultrasound beam distortion, reduced sensitivity, and challenges in

quantitative defect analysis and evaluation [38].

(a) (b)

Figure 2. 6: (a) lllustration of a custom-designed wedge to fit the curvature of the outer
diameter of a pipe [37]. (b) Accessibility limitation when inspecting complex-geometry
components. The dashed red region highlights the difficulty in achieving surface
conformity. While a custom wedge could be engineered to conform to the surface, this
case highlights the requirement for multiple specialised designs and fabrication
processes [38].

2.2.2. Existing Solutions

To overcome the challenges associated with custom-designed wedges, the potential of
manufacturing/using flexible ultrasonic arrays to conform to and effectively inspect
complex surface geometries has been investigated. For example, the Commissariat a
I’énergie et aux énergies alternatives (The French Alternative Energies and Atomic

Energy Commission, CEA List, Saclay, France), developed a flexible array transducer to
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inspect components with complex geometries, as depicted in Figure 2.7. The array
comprises 24 mechanically interconnected piezoelectric elements, configured into a
flexible linear array arranged with overall dimensions of approximately 50 x 20 mm,
operating at a centre frequency around 2.5 MHz, and exhibiting a bandwidth of
approximately 50-60%. The array elements are configured to conform to radii as small as
15 mm. The ultrasonic sensor is integrated with two complementary sub-systems: a
mechanical apparatus that ensures contact of the 24 elements to the inspection surface and
an instrumentation module that measures the irregular surface profile encountered by the
transducer. Real-time processing of profile measurements is executed by an algorithm that

computes delay laws optimised to the specific surface profile [15], [39-41].

Figure 2. 7: Flexible linear array developed by the French Alternative Energies and
Atomic Energy Commission [39]
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The underlaying concept of these transducers, which enables real-time delay law adaption
based on the precise positioning of individual elements, is protected by a patent registered
with the CEA. Imasonic SAS (Voray sur I'Ognon, France) possesses the exclusive licence
to utilise this patented technology for the design and fabrication of these transducers [42].
Hence, enhanced robustness and suitability for industrial applications was achieved with
these transducers. Figure 2.8 shows examples of these flexible array transducers
manufactured by Imasonic SAS (Voray sur I'Ognon, France) which are available

commercially.

(a) (b)

Figure 2. 8: Commercially available spring-loaded flexible ultrasonic arrays
manufactured by Imasonic SAS (Voray sur ['Ognon, France) [42].

An alternative strategy to inspect components with complex geometries, developed with
support from Rolls-Royce, employs a membrane-coupled phased array device. The initial
method leverages the phased array for surface profiling, followed by adjusting the delay
laws to conform to the variable geometry. Developed for operation with FMC acquisition,
the device has undergone multiple iterations. Its second-generation design incorporates a
rigid standard ultrasonic phased array with a water-filled standoff encased in a

polyurethane rubber membrane. Figure 2.9 depicts a visual representation of the second-
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generation membrane-coupled conformable phased array device. The system incorporates
a linear 80-element transducer with a 1.25 mm pitch and a 2 MHz centre frequency,
integrated with a header tank arrangement to maintain consistent water pressure within
the standoff. The housing is designed to improve device robustness and facilitates rapid

membrane replacement [43].
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Figure 2. 9: Photograph of the second-generation membrane coupled conformable
phased array device [43].

Further alternative approaches for inspecting complex components utilise low-profile
ultrasonic arrays. These arrays provide numerous advantages, notably their suitability for
in situ inspections in environments with restricted access. In [11], a 1-3 Lead Zirconate
Titanite (PZT) composite linear ultrasonic array was employed to obtain high-resolution
TFM images of defects in components with irregular surfaces. The 1-3 refers to the
connectivity pattern in piezoelectric composites where piezoelectric ceramic pillars,

aligned in the vertical axis, are embedded within a polymer matrix, connected in all three
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dimensions surrounding and supporting the piezoelectric pillars. Relative to isotropic
piezoelectric ceramics, the incorporation of a polymer matrix in the 1-3 piezocomposite
configuration reduces the overall density and enhances the thickness-mode vibration,
which optimises the conversion of electrical energy into mechanical vibrational energy
[8]. Figure 2.10 shows an illustration of a 1-3 connectivity pattern. Characterised as
narrowband, the probe response operates at a peak frequency of approximately 5.5 MHz,

and consists of 64 elements with a I mm element pitch and measures 2 mm in thickness.

M Piezoelectric ceramic pillars
Polymer matrix

Figure 2. 10: Illustration of a 1-3 connectivity pattern in piezocomposites. The
piezoelectric ceramic pillars are aligned in one direction, the vertical axis “3”, and the
polymer matrix is connected in all three directions, axes “1”, “2” and “3”.

In [9], a shape-sensing optical fibre was integrated into a low-profile 1-3 PZT composite
linear flexible ultrasonic array to image a component with a curved surface. The probe
features a centre frequency of 5 MHz, comprising 64 elements, with a 1 mm element pitch
and a total thickness of 2 mm. It is noteworthy that all cases use a 1-3 PZT composite
configuration. In relation to the isotropic PZT, the anisotropic structure of 1-3 composites

offers enhanced electromechanical coupling coefficients in thickness mode, enabling
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efficient transduction of electrical energy into mechanical vibrations (acoustic output) [8].
Figure 2.11 displays the low-profile arrays. Furthermore, another existing solution to
inspect complex structures is water jet (squirter) ultrasonic inspection. This consists of a
non-contact method that uses controlled water stream to couple ultrasonic waves from the

transducer to the test specimen [44].

(a)

(b)

Figure 2. 11: Low-profile ultrasonic arrays employed for inspecting complex-geometry
components. (a) Flexible ultrasonic array transducer as detailed in [11]. (b) Shape-
sensing fibre (in yellow) integrated with the flexible ultrasonic array (in black) deployed
on a cylindrical test specimen [9].
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2.3. Intravascular Ultrasound

2.3.1. Atherosclerosis

Atherosclerosis is a long-term vascular disease that typically remains asymptomatic
during its initial stages. It is characterised by the buildup of cholesterol, fibrous tissues,
inflammatory cells, and monocytes in arterial walls, resulting in progressive narrowing
and stiffening of the arteries [45, 46]. In the management of coronary artery disease,
Percutaneous Coronary Interventions (PCI) are a common therapeutic approach, utilising
minimally invasive catheter-based ballon dilatation and subsequent stent deployment to
re-establish arterial patency and enhance blood flow [45, 46]. Figure 2.12 shows an

illustration of this approach.
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Figure 2. 12: lllustration of the PCI approach [47]. The procedure is designed to
restore optimal blood flow by reopening blocked coronary arteries. The illustration
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highlights a catheter-mounted deflated balloon positioned at the site of atherosclerotic
plaque-induced narrowing within a coronary artery. The balloon is then inflated to
deploy a stent, expanding the artery, thereby re-establishing good blood flow.

2.3.2. Overview of Intravascular Ultrasound

Intravascular Ultrasound (IVUS) currently serves as a pivotal diagnostic modality for the
comprehensive assessment of Coronary Artery Disease (CAD), offering detailed insights
into the pathophysiology of coronary lesions. This advanced imaging method allows
clinicians to meticulously evaluate the morphology of atherosclerotic plaques within the
coronary arteries, thereby facilitating diagnosis and treatment planning. By providing real-
time, high-resolution cross-sectional images of the arterial wall, IVUS plays an essential
role in guiding PCI, ensuring optimal stent deployment, and assessment of post-procedural
outcomes, as documented in multiple studies [27, 16], [48-51]. IVUS employs a catheter-
mounted transducer to generate detailed visualisation of the coronary vessel wall and
atherosclerotic plaques, delivering important information about the coronary arteries,
including the degree of luminal stenosis, the structural characteristics of the vessel wall,
and compositional attributes of the plaques, such as their calcific, fibrous, or lipid-rich
nature [46, 52, 53]. Moreover, the integration of IVUS into PCI procedures has been
associated with substantial clinical benefits, notably a remarkable 50% decrease in
cardiovascular mortality following the procedure, as evidenced by prior research [45, 54].
Additionally, its widespread clinical adoption is underscored by its integration into over
85% of PCI procedures in Japan, reflecting its significant importance in modern
interventional cardiology practices [27]. This further reinforces that IVUS has solidified

its position as an indispensable tool in the management of coronary artery disease, with
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demonstrated contributions to improved patient survival and procedural success across

diverse healthcare settings.

2.3.3. System Components

An IVUS diagnostic system is primary composed of three essential components: an
imaging catheter, a Motor Drive Unit (MDU), and a controller. The imaging catheter is
equipped with an ultrasound transducer that radially emits ultrasonic signals, typically
operating within a frequency range of 10 to 60 MHz to capture detailed images of coronary
vasculature. The MDU facilitates precise catheter rotation and pullback, ensuring stable
and controlled movement to acquire sequential cross-sectional images. The controller
processes raw ultrasound data, converting it into high-resolution, real-time images
displayed for clinical interpretation [27]. IVUS systems employ two conventional catheter
configurations (Figure 2.13) utilised in clinical practice. The first uses a mechanically
rotating transducer probe, where a single-element transducer (generally spanning
0.33 x 0.33mm? to 0.5 X 0.5 mm?in aperture [16]), driven by the MDU, rotates to
emit and receive ultrasound signals at approximately 1° increments. The second
configuration is the electronically switched multi-element array transducer (typically
comprising 64 elements [46, 48], with diameters ranging from 0.9 — 1.2 mm, enabling
deployment through standard 5 or 6 French gauge guiding catheters, as dictated by clinical
requirements [54]), which activates individual elements within the array transducer using

precise time delays to achieve radial scanning [54, 55, 27, 51].
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Figure 2. 13: Conventional catheter configurations used in IVUS systems [54]. (a) The
mechanical-rotating catheter with a single-element transducer. (b) The electronic-
scanning catheter with the multi-element array transducer sending phased ultrasonic
pulses.

2.3.4. Considerations of Transducer Materials in Catheters

Piezoelectric transducers, most notably those based on Lead Magnesium Niobate-Lead
Titanate (PMN-PT), continue to dominate commercial IVUS catheter designs due to their
superior piezoelectric and electromechanical properties. However, the incorporation of
lead in these materials poses significant environmental challenges and raises human health
concerns associated with toxicity and bioaccumulation. These issues underscore the
urgent necessity for sustainable, lead-free alternatives to mitigate ecological impacts and
ensure safer clinical applications while maintaining the high-resolution imaging
capabilities essential for effective coronary disease assessment [17, 16]. The adoption of
lead-free alternatives is both essential and timely, aligning with global regulatory
frameworks such as the Restriction of Hazardous Substances (RoHS) directive [2-4],
alongside analogous legislation in China and Japan. These initiatives underline the

pressing need to advance environmentally sustainable piezoelectric materials, fostering
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the development of eco-friendly technologies that mitigate the health and environmental
risks associated with lead-based materials while supporting the continued evolution of
high-performance medical imaging systems. Despite extensive research over the past two
decades on the piezoelectric properties of lead-free materials, significant obstacles persist
in translating these scientific advancements into scalable, commercially viable production
processes. These challenges encompass optimising material performance to match or
exceed lead-based counterparts, ensuring cost-effective manufacturing at scale, and
maintaining consistent quality and reliability. Moreover, high raw material costs arise
from specialised compositions and complex fabrication processes, while limited global

supply chains constrain availability [5-7].

2.4. Zinc Oxide-Based Ultrasonic Transducers

A novel manufacturing method has been developed to enable scalable fabrication of high-
frequency, lead-free, flexible ultrasonic array transducers. This innovative approach
leverages advanced processing techniques to achieve precise control over thickness,
composition and scalability, aligning with the growing demand for environmentally
sustainable piezoelectric technologies in applications such as NDT and medical imaging,
while overcoming the limitations of traditional lead-based transducers. The ultrasonic
arrays introduced in this work utilise Zinc Oxide (ZnO) as its piezoelectric material,
manufactured via a sophisticated thin-film deposition process. As a lead-free and
environmentally sustainable thin-film material, ZnO represents a widely adopted
alternative in the development of next-generation ultrasonic devices. Alongside

aluminium nitride (AIN), it is among the most extensively explored thin-film piezoelectric
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materials. The intrinsic resonant frequencies of piezoelectric thin-films, typically 1 GHz,
render them unsuitable for ultrasonic medical imaging and NDT applications that typically
require much lower operational frequencies. By integrating a thin, flexible metallic
substrate, in conjunction with mass loading to the piezoelectric film, lower operating
frequencies (to below 50 MHz) were attained. This advancement improves the practical
deployment of these lead-free materials for a wide range of applications, including

medical imaging and NDT [1, 18, 20].

Figure 2.14 shows two ZnO-based arrays employed for industrial and medical settings,
respectively. In Figure 2.14 (a), a commercial low profile, flexible linear ultrasonic array
(Novosound Ltd., Motherwell, Scotland), capable of conforming to complex-geometry
components is depicted. Characterised as wideband, with approximately 60% of -6 dB
bandwidth, the probe features a centre frequency of 20 MHz, consisting of 64 elements,
with 1 mm element pitch, 5 mm elevation, a total thickness of 0.5 mm, and a bend radius
of 5 mm. Figure 2.14 (b) shows a multi-element ultrasonic array transducer, constructed
using a 3D-printed composite resin tube as the inner core. The tube was secured in place
via epoxy bonding, resulting in a compact diameter of 5 French gauge, approximately 1.67
mm. This design optimises the flexibility of the transducer and miniaturisation, making it
suitable for integration into minimally invasive intravascular applications. This
configuration facilitates radial scanning by selectively activating individual array
elements with programmable time delays. The array comprises 32 elements, with an

element pitch of 163 um and an elevation of 3.82 mm.
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Figure 2. 14: Photograph of Zinc Oxide-based ultrasonic arrays. (a) Commercial low
profile (0.5 mm in thickness), flexible (5 mm bend radius) linear ultrasonic array
employed to inspect industrial components with complex geometries. The array elements
arranged in a linear configuration. (b) Multi-element ultrasonic array capable of
performing radial scanning, and employed to image coronary vessel wall and plaques.
The array elements arranged in a circular configuration.
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2.5. Ultrasonic Excitation Strategies

2.5.1. Modulated Signals

The signal excitation trade-off between axial resolution, fundamentally determined by the
bandwidth of the transducer, and penetration depth is well established in ultrasound
imaging. Short-cycle pulses, as illustrated in Figure 2.15 (a), deliver reduced energy into
the medium, thereby achieving superior axial resolution due to their ability to resolve
closely spaced targets. However, this comes at the cost of limited penetration depth, as the
reduced transmitted energy restricts the ability of the ultrasound beam to propagate deeper
into the medium due to elevated noise floor. Conversely, multi-cycle pulses, as depicted
in Figure 2.15 (b), with longer durations impart greater energy into the medium,
facilitating improved penetration depth, enabling imaging deeper targets into the medium.
This increased penetration, however, compromises axial resolution, as the longer pulses

diminishes the ability to distinguish fine structural details [56].
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(2) (b)

Figure 2. 15: Traditional signal excitation trade-off in ultrasound imaging between
axial resolution and penetration depth. (a) One cycle representing a short pulse. Less
energy is transmitted, achieving good axial resolution and poor penetration depth. (b)

Eight cycles representing a long pulse. More energy is transmitted into a medium,
attaining poor axial resolution and good penetration depth.

The limitations imposed by the inherent signal excitation trade-off between axial
resolution and penetration depth can be effectively mitigated through the use of coded
excitation in combination with pulse compression methods. By employing longer coded
signals, which encode specific patterns, a greater amount of acoustic energy can be
transmitted into the medium, improving penetration depth. Upon reception, these signals
undergo compression, a process that shortens their duration. This enables the simultaneous
achievement of high axial resolution, comparable to that of the short-cycle pulses, and
improved penetration depth, similar to that of the longer multi-cycle pulses. Consequently,
coded excitation, in conjunction with pulse compression, expands the conventional
operational limits of ultrasound systems [56-60]. Coded excitation techniques have been
extensively explored to enhance the signal quality across diverse applications, including

radar [61-64], medical imaging [65-75] and NDT [76-84]. For instance, in radar research,
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[62] proposed a coded excitation approach that improved the depth resolution of thermal
wave radar in relation to conventional methods. Moreover, in a medical imaging study,
[72] used coded excitation methods in transcranial imaging across ten adult participants,
demonstrating a mean SNR improvement of 17.91 = 0.96 dB. Furthermore, [84]
investigated the use of coded excitation, in an NDT study, as a means to preserve SNR
under conditions of significant signal attenuation. These methods are broadly categorised
based on the number of transmissions (single or multiple), and the modulation strategy
employed, which may involve either phase or frequency modulation. In single-
transmission coded excitation schemes, a single, carefully designed code sequence is
employed, inherently possessing the desired pulse compression properties. In contrast,
multiple-transmit coded excitation strategies rely on the transmission of two or more
distinct code sequences, which must be collectively processed and combined to achieve
effective pulse compression. Table 2.1 shows phase and frequency coding strategies. The
typical phase codes are Barker and Golay with code symbols 1, and the most common
frequency code is chirp [56]. M-sequences are single-transmission phase codes that have
also been reported in literature [56]. The details on the specific modulated signals used in
this work, along with the construction process, considering each application (industrial or
medical) and the parameters of the ultrasonic array utilised, will be discussed in chapters

3,4, and 5.
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Table 2. 1: Types of codes in coded excitation.

Type Single transmission Multiple transmissions
Frequency Chirp -
Phase Barker, M-sequence Golay

2.5.2. Pulse Compression

Pulse compression techniques leverage temporally-extended modulated excitation signals
to concentrate or compress the received acoustic energy into a shorter time window. By
employing carefully designed, longer duration signals with specific modulation patterns,
this approach allows for increased energy transmission into the medium, without
sacrificing axial resolution [84]. The modulated excitation signals (phase or frequency)
possess favourable compression properties. The decoding filter, commonly a matched
filter, is designed to temporally compress the received signal into a short time interval.
Figure 2.16 illustrates the pulse compression principle. A long-modulated chirp signal is
presented and used for excitation, allowing increased energy in transmission. Pulse
compression occurs when the received signal, R(t), is convolved with a compression filter,
E.(t). In this case, the compression filter employed was a matched filter (time-reversed
modulated excitation signal), compressing the signal in time. A matched filter is designed

to maximise the SNR for optimal signal detection, irrespective of the specific modulation
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signal employed. Alternative compression filters exist. For example, mismatched filters,
consisting of the time-reversed excitation signal weighted by a Chebyshev window, have
been investigated as a strategy to suppress axial sidelobes, which can degrade image
quality. However, this improvement is accompanied by a trade-off, as mismatched
filtering typically results in a broadened mainlobe, which compromises axial resolution

compared to that achievable with matched filtering [56, 85].
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Figure 2. 16: Pulse compression principle. The modulated signal used for excitation is a
chirp waveform. Pulse compression occurs through a matched filter, compressing the
received signal to a short time interval.

2.6. Ultrasonic Data Presentation

The data acquired by the receiving element in a transducer can be presented to a user in
diverse formats and levels of complexity, tailored to meet specific application
requirements or to facilitate enhanced interpretation. Frequently, these data
representations are integrated to create novel imaging modalities or customised for
particular use cases. Several such approaches, which are widely employed across various

ultrasound applications, are elaborated in the subsequent sections to provide foundational
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insight into the principles of ultrasound inspection. Moreover, more advanced techniques

for post-processing and data visualisation enabled by ultrasonic arrays are also discussed.

2.6.1. A-scan

The term A-scan, short for amplitude scan, represents the most fundamental and
straightforward method for presenting received ultrasound data, offering a one-
dimensional profile of the received signal. Specifically, this format displays the amplitude
of the reflected/scattered ultrasonic energy as a function of time, typically measured in
microseconds. The majority of the ultrasound instruments designed to present A-scan data
offer the capability to display the received signal in its unprocessed, raw form as a Radio
Frequency (RF) waveform [86]. The time-domain signal typically contains distinct peaks,
which correspond to echoes reflected from internal features within the medium. The
temporal positions of these peaks can be utilised to calculate the depth of these features
by leveraging the calibration process and gaining the knowledge of the wave propagation
time to arrive at known features and bulk acoustic velocity of the material. This
relationship allows for localisation of structural variations, based on the time it takes for
the ultrasonic wave to travel to and reflect back from these features to return to source.
An example of an A-scan in its raw RF format with added random noise is illustrated in
Figure 2.17. This response corresponds to a reflection from a simulated single-point target,
modelled as an ideal, dimensionless, scatterer as defined by the simulation software

parameter.
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Figure 2. 17: Example of an amplitude scan on its raw RF format.

2.6.2. B-scan

The B-scan, an abbreviation for brightness scan, refers to a two-dimensional
representation of aggregated ultrasonic A-scan data. While a single-element transducer
requires mechanical scanning to produce a B-scan image, an array transducer only
requires electronic scanning for image formation. Mechanical scanning involves
physically moving the single-element transducer to cover the region of interest, leading to
reduced imaging speeds. Electronic scanning leverages multiple elements in an array

transducer, activated in a precisely controlled sequence to steer and focus the ultrasound

47



beam without mechanical motion, thereby facilitating higher scanning speeds. Typically,
the horizontal axis denotates the lateral position (reflecting the spatial progression of the
ultrasound probe, for the single-element transducer case) while the vertical axis represents
the ultrasonic path length or time-of-flight. Depending on the specific requirements of the
application, the orientation of these axes can be inverted to optimise the display for
improved interpretability. Fundamentally, a B-scan is constructed by compiling a series
of A-scans, each capturing the amplitude of the reflected ultrasonic pulses at successive
positions, effectively stacking these one-dimensional signals to form a cohesive cross-

sectional image [86].

For ultrasonic arrays, B-scans can be visualised in various formats, depending on the
scanning methodology employed to acquire the underlying A-scan data. The simplest
approach is the electronic scanning, where a two-dimensional image is generated through
the linear translation of an element or a group of elements across the array transducer.
This technique leverages sequential activation of array elements to capture a series of A-
scans. The ultrasonic beams in such scans can be electronically focused and steered to
target specific regions, improving image resolution. However, electronic scans are
frequently employed to image a region of interest directly beneath the array, as depicted
in Figure 2.18 (a). The setup employed a 64-element ultrasonic array coupled to a type B
steel calibration block to image side-drilled holes (SDHs), using a focused sub-aperture
of 16 elements during the scanning process [31]. The second type of B-scan, known as
sector scan, typically employs the full aperture of the array transducer to transmit

ultrasonic beam across a range of angles, enabling a comprehensive imaging of a sector-
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shaped region within the medium, as depicted in Figure 2.18 (b). To enhance beam
steering, sector scans frequently incorporate a physical angled wedge in NDT applications.
The wedge positions the array transducer at an inclined angle relative to the surface of the
specimen, thereby optimising directionality of the ultrasonic beam and improving the
detection of features. In this configuration, a 64-element ultrasonic array coupled to a 55°
shear wedge was employed to transmit shear ultrasonic beams at angles spanning from 10°
to 75°, facilitating the imaging of SDHs in an ASTM E2491 phased array assessment

block constructed from 1018 steel [31].
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Figure 2. 18: B-scan in two different formats. (a) Linear scan. (b) Sector scan [31].

2.6.3. C-scan

A C-scan provides a top-down, two-dimensional visualisation of the test specimen,

representing a planar slice parallel to the sample surface. A C-scan image can be generated
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by systematically acquiring B-scan data at regular spatial intervals across the sample. C-
scans represent the results of an ultrasonic examination as a two-dimensional image
depicting a cross-sectional view of the test specimen, oriented parallel to the scanning
surface. However, unlike a singular cross-sectional slice, C-scans often integrate
measurements acquired across the entire thickness of the specimen, providing a

comprehensive top-down map of internal features [31, 32, 86, 87].

2.6.4. Full Matrix Capture and Total Focusing Method

The fundamental methods for presenting ultrasonic data, namely A-scans, linear B-scans,
and C-scans, as previously described, are equally applicable to array probes as they are to
single-element probes. However, the enhanced versatility provided by array probes
extends beyond the conventional data presentation strategies of A-scans, linear B-scans,
and C-scans, enabling a broader range of advanced imaging techniques. Ultrasonic arrays
enable precise electronic focusing and steering of the acoustic beam, allowing targeted

interrogation of specific regions within a sample.

Advancements in phased array technology have enabled the selective or concurrent
excitation of individual array elements during both ultrasonic transmission and reception,
an essential capability underpinning the implementation of Full Matrix Capture (FMC)
acquisition. This technique involves capturing the complete set of time-domain signals
from every possible transmitter-receiver pair within the array. Each element of the array
transducer is sequentially activated to transmit an ultrasonic pulse, while all elements

simultaneously serve as receivers for each transmission event. This process is iterated until
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every element in the array has transmitted once, generating a comprehensive matrix of
time-domain signals that capture all possible transmit-receive pair of combinations across
the array. For example, in an array comprising N elements, the FMC process generates
N? A-scans per frame. The FMC comprehensive dataset offers significant advantages over
conventional phased array ultrasonic testing (PAUT), as most PAUT imaging can be
synthetically reconstructed through post-processing. However, this benefit comes at the
cost of slower acquisition and data transfer rates due to the large volume of data, along
with computationally intensive post-processing requirements, which may pose challenges
for real-time applications. The FMC acquisition facilitates the application of a number of
imaging algorithms during post-processing. The Total Focusing Method (TFM), widely
recognised as the gold standard in post-processing algorithms in ultrasonic imaging,
represents an advanced imaging technique that capitalises on the comprehensive dataset
acquired through FMC. The algorithm computes the propagation path length from each
transmitting element to every pixel and subsequently from each pixel to every receiving
element. The FMC-TFM imaging technique, an amplitude-based delay-and-sum approach,
provides uniform full-aperture focusing during both transmission and reception at every
point within a discretised imaging region [88, 89]. A schematic representation of the TFM

is provided in Figure 2.19.
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Ultrasonic array

Figure 2. 19: Schematic illustration of the TFM

The intensity of the image, I(x, z), at any point can be expressed as presented in Equation
2.6. The coordinate x denotates the direction along the ultrasonic array, while the z-axis
corresponds to the propagation direction, extending into the sample. This results in high-

resolution image reconstruction with improved sensitivity to features [88, 89].
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where c; represents the estimated constant longitudinal wave speed in the test specimen,
Xty and x,, consist of the x-coordinates of the transmit and receive array elements,
respectively. The complex Hilbert transform of the time-domain signal transmitted from
element tx to element rx is denotated as Ay . Ny, and N, are vectors containing the

active element numbers for the transmit and receive elements, respectively.
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2.6.5. Hilbert Transform Considerations

The Hilbert transform is a mathematical operation commonly used to extract the envelope
of ultrasonic signals, thereby facilitating the analysis of amplitude variations over time
and enabling clearer visualisation of features. For an A-scan signal s(t), derived from an
FMC dataset, it represents the real component of a complex analytical signal c(t), which

can be expressed as shown in Equation 2.7 [90, 31].

c(t) = s(t) +is'(t) = |c(t)|ef® (2.7)

where s'(t) represents the imaginary component of the analytical signal ¢(t), while 6(t)
denotates its instantaneous phase. The signal envelope is defined as the magnitude (or

norm) of the complex analytical signal, and is expressed in Equation 2.8 [90, 31].

lc(®)] = +/s(t)? + s'(t)? (2.8)

Figure 2.20 presents an exemplar A-scan signal s(t), experimentally acquired via FMC.
The real component of the signal s(t) is depicted in black, while its imaginary component
s'(t), derived through the Hilbert transform, is shown in red. The resulting signal envelope,
represented as the magnitude |c(t)| of the complex analytical signal, is illustrated in blue.
As indicated by Equation (2.8), the envelope |c(t)| remains independent of the

instantaneous phase 8(t) of the signal.
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Figure 2. 20: A-scan signal example, acquired through FMC experimentally. The real,
the imaginary and the envelope are highlighted.

The Hilbert transform is an essential tool in the processing of ultrasonic data for imaging
applications. Figure 2.21 presents a TFM image of an SDH, comparing reconstructions
with (part b) and without (part a) the application of the Hilbert transform. The use of the
signal envelope significantly improves the clarity of the feature visualisation. This
approach helps minimise interpretation errors in ultrasonic imaging, as the intermittent
response of the non-analytic signal image can be erroneously identified as complex
features such as multi-faceted cracks or porosity, leading to inaccurate characterisations.
By extracting the magnitude of the complex analytical signal, the Hilbert transform
ensures a more robust and interpretable visualisation of features, enhancing diagnostic
accuracy in settings including NDT and medical imaging. Accordingly, unless otherwise
specified, the Hilbert transform is applied as a standard procedure for image generation

throughout this work. In practical implementation, the signal envelope is computed
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following the completion of the imaging process to preserve phase information during the

focusing stage.

(a) Without Hilbert envelope (b) With Hilbert envelope
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Figure 2. 21: TFM imaging of a SDH. (a) TFM image without the Hilbert envelope. (b)
TFM image with the Hilbert envelope.
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2.7. Conclusion

Chapter 2 has provided essential background information for the findings presented in the
subsequent chapters while also establishing the rationale for the overall research. Sub-
section 2.1 presented the fundamentals of ultrasonic inspection, with details on
piezoelectricity, wave propagation, attenuation and ultrasonic transducers, including
single-element and arrays. Sub-section 2.2 discussed the considerations on the inspection
of complex components, where flexible ultrasonic arrays were explored to allow efficient
inspections. Current solutions include a flexible linear array developed by CEA List, with
Imasonic SAS holding the exclusive licence to employ this patented technology for the
design and manufacture of such transducers. Alternative inspection strategies employed a
membrane-coupled phased array device developed with support from Rolls-Royce.
Further alternative approaches utilised low-profile ultrasonic arrays and water jet
ultrasonic inspection systems. In sub-section 2.3, the background on IVUS was presented,
with details on atherosclerosis, an overview of IVUS, its system components, and
considerations of transducer materials in catheters. Sub-section 2.4 provides information
on the ZnO-based transducers used in this work. This encompassed description on the
manufacturing method and the two array configurations employed in this study. The
ultrasonic excitation strategies are detailed in sub-section 2.5, with information on
modulated signals and pulse compression techniques. Sub-section 2.6 shows different data
presentation options with considerations of the Hilbert transform at the end. The

subsequent chapters build on the comprehensive background to apply coded excitation
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combined with imaging techniques using the ultrasonic arrays presented for inspection of

industrial components and IVUS settings.
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Chapter 3

Golay-Based Total Focusing Method for
Inspection of Thick Non-Planar Industrial

Components

3.1. Chapter Overview

The compromise between axial resolution and penetration depth in ultrasound imaging
poses a challenge for high-frequency ultrasonic arrays, limiting their ability to effectively
inspect thick components in industrial applications. In this chapter, a commercial 20 MHz,
64 element, 1 mm pitch lead-free flexible linear array was characterised in terms of its
performance. The array was subsequently evaluated using Golay-coded excitation
techniques to enhance the SNR and operability on non-planar thick components. The SNR
improvement verification results were acquired with the array deployed on a 100 mm thick
flat aluminium test specimen. The imaging strategy employed a combination of FMC and
TFM to assess the performance variations between the conventional pulse excitation and
Golay-coded excitation. The Golay-based TFM demonstrated superior performance

compared to the conventional pulse-based TFM, with an SNR improvement of 4.95 dB
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when using the full array aperture to inspect the non-planar steel S355 specimen. A sub-
aperture selection approach, based on the effect of the array element beam spread, offered
additional SNR improvement of up to 8.2 dB. Greater imaging penetration depth was
achieved, with an increase of >40 % compared to conventional pulse-based TFM. Thus,
for inspection of thick non-planar industrial components using a lead-free high-frequency
array, Golay-coded excitation schemes show excellent potential to enhance SNR,

penetration depth and imaging quality.

3.2. Introduction

High-frequency ultrasonic arrays have gained significant attention in recent years due to
their ability to provide images with superior spatial resolution, offering higher sensitivity
to small targets in non-destructive testing (NDT) and medical imaging applications [91-
93]. In NDT, for instance, these arrays enable the detection of defects in materials or
structures at earlier growth stages as compared to lower frequency counterparts.
Conversely, high-frequency sound waves have limited penetration depth which can hinder

the inspection of thick components.

The growing complexity of industrial components has driven development of conformable
ultrasonic probes that enable efficient inspection without the necessity of custom-designed
wedges. In line with this development, with considerations for medical contexts, flexible
ultrasonic arrays have been investigated for their ability to examine complex and intricate
surfaces [8-15]. For instance, the effectiveness of a flexible lead-based 2-D array in

inspecting both flat and non-planar test specimens has been demonstrated [8].
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Additionally, FMC and TFM imaging strategies with a flexible lead-based linear array

have been utilised to detect flaws in planar and complex-geometry aluminium specimens

[11].

Research is ongoing into lead-free alternatives to lead zirconate titanate (PZT), the most
widely used piezoelectric material because of its high performance, to comply with the
Restriction of Hazardous Substances (RoHS) regulation set by the European Union [2-4]
and similar legislations in China and Japan, as well as environmental concerns. Although
many promising results of the piezoelectric properties of lead-free materials have been
reported over the last two decades, it is still challenging to transfer to large-scale
production [5-7]. Achieving optimal ultrasound imaging using lead-free materials

continues to pose a persistent challenge, particularly with respect to transducer sensitivity.

The constraints of traditional probe technology in the NDT industry, particularly regarding
material composition, flexibility and operational frequency, have driven the development
of a new manufacturing approach. This technique enables the production of a high-
frequency, lead-free, flexible, linear ultrasonic array, allowing it to adapt to non-planar
shapes commonly encountered in nuclear, aerospace, and other industries [94, 95]. A
pliable metal substrate is the core material of the array. Using vacuum deposition methods,
a piezoelectric thin film material is subsequently applied onto it. This enables precise
management of thickness, composition, and scalability for large-scale, cost-effective
production [1, 18, 20]. The practical operation of the array has been showcased [18], in
which experiments were undertaken using steel tubing and industrial samples that featured

common curvatures encountered in real-world structures.
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The benefits of using coded excitation strategies have been demonstrated [82, 83, 85] [96-
98]. Higher sensitivity was observed in defect detection when imaging thick carbon fibre
reinforced polymer samples with traditional NDT arrays [82]. Moreover, the most
common strategies to maintain the signal-to-noise ratio (SNR) in challenging applications
are either to reduce the frequency of the ultrasound array or to average the results over
multiple transmissions. However, these approaches compromise resolution and
acquisition rate, respectively [19]. In coded excitation schemes, the prevalent techniques
for phase modulation include Golay and Barker, while the commonly employed method
for frequency modulation is based on chirp signals [56]. For the scope of this study, Golay
complementary sequences (GCS) will be exclusively examined, as they minimise

anomalous effects from the inverse processing [56].

This chapter presents novel work on the combination of coded excitation schemes with
high-frequency, lead-free, flexible ultrasonic arrays. This improves the SNR and
penetration depth, allowing the inspection of thick components, especially those with
intricate surface geometries. The remaining organisational structure of this chapter is as
follow: Section 3.3 presents the methodologies of the flexible array characterisation,
followed by the inspection study, which included information on the phased-array
controller, theoretical information of the phase-modulated Golay-coded excitation and
details about the imaging strategy adopted. The experimental results and discussions are
detailed in Section 3.4. The performance of the array was evaluated, comparative analysis
in axial resolution at two different frequencies was performed, changes in the SNR as a

result of coded excitation was studied, and TFM imaging comparisons are shown for the
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conventional pulse excitation as well as the Golay excitation cases. A conclusion of this

chapter is presented in Section 3.5.

3.3. Methodology

3.3.1. Flexible Array Characterisation

A traditional pulse-echo technique was used to evaluate the performance of a 20 MHz, 64
element, 1 mm pitch flexible linear array (Novosound Ltd., Motherwell, United Kingdom)
with overall dimensions of 110 x 30 x 0.5 mm [99], as detailed in the photograph of the
array in Figure 2.14 (a). The schematic diagram of the geometry of the array transducers
in the x-y plane is shown in Figure 3.1 (a). The experimental setup is depicted in Figure
3.1 (b) and included a 6 mm thick flat aluminium plate, which functioned as a reflector, a
three-dimensional (3-D) printed Polylactic Acid (PLA) transducer holder to allow 4 mm
delay line between the array elements and the reflector in a small water tank. To facilitate
array characterisation, it was connected to a 128/256 MicroPulse 6 controller (Peak NDT,
Derby, United Kingdom) using an ipex female to Hypertronics male adapter. The system
was controlled by a separate laptop using a Gigabit Ethernet connection. The ArrayGen
software platform (Peak NDT, Derby, United Kingdom) was used to define the
configuration parameters including the array, sample and the acquisition strategy for
transmission and reception. A custom LabVIEW platform was employed for data

acquisition.
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Figure 3. 1: Flexible array configuration and characterisation configuration. (a)
Schematic of the geometry of the array transducers in the x-y plane; (b) Schematic of the
conventional pulse-echo setup in a water tank used for array characterisation.
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3.3.2. Inspection study

3.3.2.1. Phased Array Controller

To facilitate the investigation of coded excitation, a programmable ultrasonic research
system with tri-level excitation [+ V, 0, -V] capability (Vantage 128™, Verasonics Inc.,
Kirkland, USA) that can generate complex arbitrary waveforms was employed. The
Vantage 128™ has a programmable pulser amplitude ranging from 2 to 190 V p-p. The
receive frequency range is from 1 — 50 MHz in the high-frequency configuration and an
interleaved sampling acquisition scheme was used in this work to achieve an equivalent

sampling frequency of 125 MHz [100, 101].

The 14-bit analogue to digital converters (ADCs) offer a sample rate of 62.5 MHz. The
standard receive data acquisition scheme that the system uses is data sampling rate set to
4 times the transmit frequency. This is designated as 4 samplesPerWave. This leads to an
upper limit of 15.625 MHz for the centre frequency in the received data, with a Nyquist
bandwidth limit covering from direct current (DC) to 31.25 MHz. In instances where the
target bandwidth aligns within this spectrum for a given probe and application, the
proposed acquisition scheme can be employed, yielding good outcomes by configuring
the bandpass filter coefficients to correspond with the intended centre frequency and
bandwidth. Interleaved sampling is an acquisition strategy that doubles the sample rate of
the ADCs by merging samples from two consecutive transmit-receive sequences. The
sampling points in the second acquisition are shifted by half of the analogue to digital
sampling period in relation to those in the initial sequence. For instance, two acquisitions

at the 62.5 MHz sample rate can be combined or interleaved to produce a sample rate of
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125 MHz. The Vantage software automatically interleaves the data acquired with the two
transmissions provided the sample mode is set accordingly [101]. Figure 3.2 shows the

schematic diagram of the interleaved sampling principle. The Vantage 128™

can only
sample every 16 ns. Implementing two transmissions, each delayed by 8 ns from the other,
allows the acquisition of interleaved values. The purple curve is 8 ns later from the green
curve. It is simply shifted in time. To ensure functionality, the transmission of the purple
curve (representing the delayed transmission) preceded that of the zero transmission
(green curve). Subsequently, interleaved sampling mode was activated on the receive

structure within the acquisition file. The acquired data is automatically interleaved by the

Vantage software.
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Figure 3. 2: Interleaved sampling schematic diagram. The purple curve, delayed by § ns
relative to the green curve, reflects a mere temporal shift. To ensure functionality, the
transmission of the purple curve — denotating the delayed signal — was executed prior to
that of the zero-delay transmission, represented by the green curve.

The array was connected to the Vantage 128™

using an IPEX female to Hypertronics
male adapter that interfaced to a Universal Transducer Adapter (UTA) 160-DH/32 LEMO.

The acquisition data flow occurs from the array to the host memory of the computer. The

signals are sampled and digitised in 14-bit ADCs. They are then conditioned in the digital
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front end, with two digital filters and decimators providing low-pass or band-pass filtering.
The signals are locally stored and, subsequently, transferred to the host memory via

peripheral component interconnect express (PCle) cables [100, 101].

3.3.2.2. Golay-Coded Excitation

Golay complementary sequences (GCS) belong to a subset of binary code pairs found in
a larger collection of signals referred to as complementary pairs. These sequences
encompass two codes with the same length, L = 2™ cycles, where n represents an integer
with a minimum value of 1. Their auto-correlation functions exhibit side-lobes of
equivalent magnitudes but opposite polarities. Adding them together yields a combined
auto-correlation function featuring zero sidelobes [56, 19, 33]. The sequence, or code, is
transmitted to a transducer, and a decoding filter is applied during the reception phase.
The received data is compressed through cross-correlation, using a matched filter derived
from the initial excitation pulse. The summation is then performed on the pair of cross-

correlated signals.

Sets of GCS were constructed using a recursive method. The approach involves starting
with two shorter sequences that are subsequently combined through a prescribed method
to create longer sequences. Consider the variables a(k) and b(k) as the elements (k =
0,1,2,3,..,2™" — 1) of two complementary codes of length 2", with the elements equal

to either +1 or -1

ag(k) = 6(k) (3.1)
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by (k) = &8(k) (3.2)

an (k) = ay—q (k) + bp—y (k — 2771 (3-3)

bn(k) = an—l(k) - bn—l(k - 2n—1) (34)

where §(k) is the Kronecker delta function. In the case where n = 1, the variable k
assumes values of 0 and 1. Solving Equations 3.1 — 3.4 results in the complementary
sequences A = [1,1] and B = [1,—1]. Longer sequences can now be created. Another
Golay pair of length twice that of the pair A and B can be formed by concatenation [AB,
A(-B)]. For example, when n =2, the complementary sequences become A =
[1,1,1,—1] and B = [1,1,—1,1]. Executing these operations iteratively enables the
generation of more extended sequences. Table 3.1 displays GCS with lengths up to 32. A
compromise for achieving optimal range of sidelobe cancellation is the necessity for two

consecutive firings, thereby introducing motion-dependent decoding errors [56, 102].

Instead of employing direct transmission, the established technique for integrating binary
coded excitation encompasses modulation with a waveform [56, 103]. Thus, Golay-coded
pulse trains were programmed in the Vantage 128™ and modulated with a waveform at
20 MHz. The resulting waveforms were utilised to excite the array and for data

acquisition.
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Table 3. 2: Golay complementary sequences with different lengths.

Length n Sequence A Sequence B

(L=2"

2 I [1,1] [1,-1]

4 2 [19 19 1: '1] [15 15 - 1]

8 3 [L,1,1,-1,1,1,-1,1] [, 1,1,-1,-1,-1, 1, -1]

16 4 [1 L1-1,1,1,-1,1,1,1,1,-1,- [1,1,1,-1,1,1,-1, 1,-1, -1, -1,

1) 1) 1] 13 13 13 -1’ 1]

32 5 [1,1,1, L11,-1,1,1L11-1,- [1,1,1,-1,1,1,-1,1,1,1, 1, -1,
t-1,1,-1,1,1,1,-1,1,1,-1,1,- -1,-1,1,-1,-1,-1,-1, 1, -1, -1, 1,
L-1,-1, 1,1, 1,-1, 1] -1 L L L -1 -1 1 -]

A simulation using the Verasonics Vantage software was employed to demonstrate the
principle of sidelobe cancellation. The ultrasonic array was positioned on an acoustic
medium (longitudinal velocity of 6320 m/s) with only a single target. An illustration of
the imaging plane is shown in Fig. 3.3 (a). It highlights the location of the array elements
and the target. The excitation employed a single cycle, used for reference, and 4 cycles of
Golay waveforms, as depicted in Fig. 3.3 (b) — (d), with all signals in tri-level
representation as defined by the instrumentation. The green arrows for the Golay case
indicates the phase of the complementary sequences of length 4. Full matrix acquisition
was simulated and random noise was deliberately introduced to the received signals. The
response of a single cycle is depicted in Fig. 3.3 (e). For the Golay case, the received
signals undergo compression via convolution, employing a matched filter generated from
the excitation pulse, as shown in Fig. 3.3 (f). The A-scan of interest is derived from the

summation of the pair of convolved signals, as depicted in Fig. 3.3 (g).

68



(a)
Ultrasonic array
N

— +X

(b)

r T T T . T T T
o e& +Y 1.0 4
10
_ 05 B
El
- Target E
€ % 0o ]
£ 2
£ a
N E
<
-0.5- |
40
~1.04 J
50 - / 20 P
10 T T T T T T T T
5, e 20 D -005 000 005 010 015 020 025 030 035 04D
B h X (mm) Time [us]
Y (mm)
T T T T T v T T
1.0 1 104 |
_ 05+ 1 _ 05 ]
= 3
= )
[ L]
g o0 1 g 001 B
E E
<
< 054 4 -0.5 B
Phase is indicated Phase is indicated
1.0+ by the green arrows. -1.0 4 by the green amows. -
T T T T T T T T T T T T T T
02 00 02 04 06 08 10 12 14 -0z 00 02 04 06 08 10 12 14
Time [ps] Time [ps]
100 : . : . - . a00 ] : : . . . —
80 ] —— TxA*RXA
5001 —— TXB*RxB
60 4 J
_ ] _ 400 g
= -
& 20 1 ; 200 i
@ @
2 2"
;E ~20] 1 £ -200 1
40 ] <
-400 |
-60 J
-800 ]
-804 i
-100 : | ! . - } 800 . . T : i o
0 31 2 3 34 35 36 30 31 3z 33 34 35 6
Depth [mm] Depth [mm]
800 T r r r T —
TxA*RxA + TxB*RxB|
600 ' 4
400 4
E]
& 2001 4
g M
3 0
g -200 1 i
-400 4 E
-600 4
-800 | B
T T T T T T
30 31 32 33 3 35 36
Depth [mm]

69



Figure 3. 3: Simulation work to demonstrate the sidelobe cancellation principle. (a)
Hllustration of the imaging plane showcasing the array with emphasis on the position of
its elements and the target location. (b) Single cycle excitation waveform (tri-level
representation) utilised as reference. (c) Golay A excitation waveform (tri-level
representation). (d) Golay B excitation waveform (tri-level representation). (e) Response
of the single cycle excitation. (f) and (g) Demonstration of the principle of sidelobe
cancellation using the pair of complementary Golay sequences (Golay A and Golay B)
of 4 cycles. The convolution operator is represented by the “*” symbol. TxA and TxB
are the transmit signals in Fig. 3.3 (c¢) and Fig. 3.3 (d), respectively. RxA and RxB are
the receive signals A and B, respectively. The term “a.u.” means arbitrary units.

3.3.2.3. Full Matrix Capture and Total Focusing Method

To implement the CGS, two transmissions are required. A MATLAB-based platform was
developed to interface with the Vantage 128™ and allow FMC acquisition. In FMC, each
array element transmits in turn and all array elements receive on each transmission event.
This allows all possible transmit-receive combinations to produce a complete set of A-
scans. For each transmission, the dataset contains N X N matrix of A-scans, where N is
the number of elements in the array. The primary limitation of the FMC method is the
reduced acoustic power output from individual elements during transmission. This leads
to a decrease in SNR for each transmit-receive pair compared to conventional multi-
element aperture imaging techniques. The data was stored in a MAT-file format, and
subsequently processed in MATLAB. Following data collection, the principle of sidelobe
cancellation, where the pair of Rx signals are converted to a single A-scan and where the
sidelobes from the pair are removed, was applied and the resulting decoded signal was
further processed with a TFM imaging algorithm. In TFM, the beam is focused at each
point within the image region on both transmit and receive. This region is initially

discretised into a grid. Each point in the grid is estimated by summing the path-
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compensated amplitudes over the set of transmit-receive pairs, hence, producing a focus

at each point [89].

3.4. Experimental Results and Discussions

3.4.1. Flexible Array Characterisation

The array was excited with a 24 ns 80 V p-p electrical pulse, generated by the MicroPulse
6 controller, as depicted in Fig. 3. 1 (b), which was the closest the software permitted to
the ideal 25 ns for 20 MHz. The custom LabVIEW platform is set to acquire FMC data,
which was subsequently stored in a HDF5 Multi-Frame Matrix Capture (MFMC) file
format [104]. Data was then processed using MATLAB and the FMC diagonal,
representing each element pulse-echo response, was examined. Figure 3.4 represents the
average measured pulse-echo response of the array from the front face of the reflector,
indicating the typical time domain, Figure 3.4 (a), and frequency domain, Figure 3.4 (b),
responses of the array. The frequency spectrum was obtained from the individual time-
domain waveforms using the Fast Fourier Transform (FFT) method and then averaged.
The average peak frequency and the -6 dB bandwidth were determined, with the average
of all the peak frequencies (measured from 64 A-scans of the matrix diagonal) determined
to be 24.15 MHz, with a standard deviation of 1.88 MHz, and the average -6 dB bandwidth
calculated to be 64.70%. Notably, this novel lead-free, flexible array complies with the

BS EN ISO 18563-2:2017 standard [99].
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Figure 3. 4: Pulse-echo response of the array. (a) Time-domain response and (b)
corresponding frequency spectrum from the front wall reflection of the aluminium test
specimen. The schematic of the data acquisition setup is shown in Fig. 3.1 (b).

3.4.2. Inspection Study

3.4.2.1. Resolution

Next, the theoretical improvement in axial resolution offered by high-frequency ultrasonic
waves was examined. The performance of a 5 MHz, 64 element, 1 mm pitch Olympus
flexible linear array was evaluated against the 20 MHz 64 element 1 mm pitch lead-free
flexible linear array. The arrays were in direct contact with a 300 x 20 x 100 mm planar
aluminium test specimen through EchoPure ™ couplant gel (Echo Ultrasonics®, LLC,
Bellingham, USA). In TFM imaging, it is usual to include A-scan contributions from all
element pairs for each pixel. However, it is essential to ensure that the directivity of each
element is wide enough for its emitted beam to contribute usefully to the signal, rather
than simply adding noise. This is particularly important when imaging close to the array,
but applies more widely when performing TFM where the pitch of the array is greater than

the conventional A/2 criterion [89]. One approach that addresses this issue is to mask
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contributions from elements where the path of the ray exceeds a specified angle with
respect to the normal to the element. This threshold angle would typically be derived from
the element directivity angle [105-107]. Therefore, by considering the predicted array
element beam spread angle (or directivity angle), a sub-aperture imaging configuration
can be determined for each array experimental set-up and subsequently employed to
improve SNR. Figure 3.5 (a) shows a schematic of a single array element, highlighting
the beam spread angle for the arbitrarily selected threshold of —6 dB with respect to the
maximum at that range. This angle consists of the total angular extent measured from one
side to the other of the main lobe of the ultrasound beam in the far field. A beam
computation model of an unfocused longitudinal transmission was produced using the
NDT simulation software package CIVA [108] for the 20 MHz array case. Beam
computation models using CIVA have previously been employed for weld inspection
applications [109]. Hence, the beam spread angle (-6dB) obtained from a representative
single array element model is 22.63°. This compares favourably with the theoretical value

of 23.43° calculated using Equation 3.5 [110].

0_cup = 2sin"1(0.5141/4) (3.5)

where A is the wavelength in the specimen and A4 is the aperture of the array element. The
-6 dB width can then be obtained by applying trigonometry principles at the desired
imaging depth in the sample (z-axis). For example, at the depth corresponding to the
location of the second target (17 mm), the -6 dB width is 7.05 mm, thus, an 8-element
sub-aperture was employed. This the sub-aperture selection methodology is illustrated in

Figure 3.5 (b).
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Figure 3. 5: Beam spread analysis. (a) Single array element schematic with emphasis of
the beam spread angle. (b) Principle of sub-aperture selection based on the beam
spread or element directivity analysis. The element size is 0.8 mm.

Figure 3.6 (a) shows the schematic of the acquisition setup. A 64 g PLA block was
positioned on the array elements to ensure uniform pressure, thus facilitating consistent
signal acquisition. The test specimen featured four side-drilled holes (SDHs) machined
from the side, each with a diameter of 1 mm and a length of 20 mm. The SDHs were
positioned 8-17 mm into the sample with the centres spaced 3 mm apart along the axial
direction. The Vantage 128™ was used to acquire FMC dataset. The arrays were excited

using half a cycle at 80 V, with the receive gain set to 40 dB. Figure 3.6 (b) and (d) depict
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TFM images formed using the 5 MHz array (using a 48-element sub-aperture, by
considering the beam spread effect. The calculated -6 dB beam spread angle was 108.61°)
and the 20 MHz array (employing an 8-element sub-aperture), respectively. The SNR for
each target is higher for the 5 MHz, with a maximum value of 24.8 dB, compared to the
20 MHz array, which achieved a maximum value of 18.6 dB. The observed increase in
SNR at 5 MHz is consistent with expectations, attributed to the material properties of the
transducer, larger aperture and the resultant higher transmission energy. As anticipated,
the 20 MHz array demonstrated higher axial resolution compared to the 5 MHz array. The
SDHs can be clearly distinguished along the axial direction for the 20 MHz case, as shown
in Figure 3.6 (). In contrast, in the 5 MHz case, shown in Figure 3.6 (b), as expected from
the lower operating frequency, the SDHs are less well resolved and it would be

challenging to separate them at 5 MHz if the holes were positioned any closer.

75



(2)

Array ~ PLA EchoPure ™
- 4
g ¢o=1mm (.
(-] [ ]
o , ©
1 3
i 3
Aluminium specimen v
(b) (c)
0
2 T T T T T
4
0 i
i -6
E g —
] * e g
[ -4 o g
s 10 3 3
5 3 =
s 42 E £ -101 i
é -14 < <
-16
-18
-204, : I A .
iE 6. 45 18 38 8 10 12 14 16 18
Lateral distance [mm] Axial distance [mm]
(d) (e)
01 i
g o o
s : g
: E E
z g 10 l
< % <
20
8 10 12 14 16 18

Axial distance [mm]

Lateral distance [mm)]

Figure 3. 6: Axial resolution evaluation. (a) Schematic of the axial resolution setup. The
5 MHz and the 20 MHz arrays were directly coupled to the aluminium specimen in turn.
A PLA block (64 g) was placed on top of the array elements to ensure alignment, (b)
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TFM image corresponding to the 5 MHz array using a 48-element sub-aperture; (c)

Cross-section of the TFM image of the 5 MHz array through the central axis of the

SDHs, (d) TFM image corresponding to the 20 MHz array using an 8-element sub-
aperture; (e) Cross-section of the TFM image of the 20 MHz array through the central
axis of the SDHs. The element size of each array is 0.8 mm. The pattern observed in the
cross-section of the TFM images arises as a consequence of the sub-aperture selection.

3.4.2.2. Evaluation of SNR Improvement

This experimental study aimed to verify improvement in SNR experimentally as the length
of the Golay codes increased. Golay-coded excitations comprising of 2, 4 and 8 cycles
were used. The 20 MHz array was directly coupled to the 100 mm thick flat aluminium
sample (as depicted in Fig. 3.6) using EchoPure ™ couplant gel. In this case, the target
was an SDH with a 1.5 mm diameter, located at a 30 mm depth from the top surface of
the sample. To ensure consistent pressure is being employed on the array, a PLA block
(64 g) was placed on top of the array elements. The Verasonics Vantage 128™ was
operated to acquire FMC data. The array was excited with an excitation voltage of 60 V
and the receive gain was set to 40 dB. The beam spread effect was considered and a sub-
aperture of 14 elements was utilised. TFM images were subsequently produced and
Equation 3.6 [88] was used to quantify the SNR. Given the known locations of defects,
the SNR value was computed within a specified region surrounding each defect.
Moreover, the noise level was determined as the root mean square (RMS) of the image

noise, excluding any indication of defects [88].

SNR = 20logy, | ——2mex® (3.6)

[(Anoise)?)
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The SNR of the echo was evaluated across a series of acquisition modes, commencing
with the reference point of single-cycle excitation. The second instance used the same
setup but with a two-pulse excitation. Subsequent modes involved Golay acquisition and
processing for 2, 4, and 8 cycles each in sequence. Figure 3.7 shows the measured SNR
for the different excitation modes. As anticipated, improvement in SNR was observed as
the length of the Golay codes increased. It should be noted that extending the length of
the transmitting signals results in an increased dead zone before the detection of the first
receive signals. Figure 3.8 displays experimentally acquired A-scans obtained using
Golay-coded excitation, clearly demonstrating the progressive increase in dead zone
duration with the increasing code length. The dead zone extends to approximately 0.7 ps
for Golay 2, 1.2 us for Golat 4, and 2.2 ps for Golay 8. Therefore, selection of the
appropriate Golay length relies on the specific application and will be a compromise
between acceptable SNR and ensuring that the length of the dead zone does not

compromise the near-surface defect detection performance [19].
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Figure 3. 7: Measured SNR with respect to different excitation modes. Enhancement in
SNR noted with increase in the length of the Golay codes. The term “I cy-1 pulse”
indicates one cycle with a single pulse, while “1 cy-2 pulses” indicates one cycle with

two pulses.
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Figure 3. 8: Dead zone analysis using experimentally acquired data for Golay coded
excitation of 2, 4, and 8 cycles.
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3.4.2.3. Imaging a Non-Planar Component

The aim of this study was to evaluate the improvement in SNR on a non-planar component
using the designed Golay complementary sequences to excite the lead-free array. An
imaging comparison is presented in terms of the Golay-based TFM and the conventional
pulse-based TFM. Experimental work was conducted on a 150 x 20 x 70 mm non-planar
steel S355 specimen with a radius of curvature of 150 mm to represent non-planar
industrial components. The specimen is depicted in Figure 3.9 and has machined defects,
which consist of three SDHs, 2 mm in diameter, 20 mm long, drilled from the side of the
sample. The SDHs are positioned 15 mm apart from each other laterally and 10 mm apart

axially.

M H
! SDH1 !
e
: _égDHZ

Figure 3. 9: Schematics of the steel S355 sample displaying the arrangement of side-
drilled holes at various depths. Bottom view is depicted on the right. All dimensions are
in millimetres (mm).

Pulse-echo measurements were conducted using the 20-MHz, lead-free, flexible

ultrasonic array. The array was in direct contact with the sample using
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EchoPure ™ couplant gel. It was magnetically attached to the sample by means of two 10
mm diameter, 5 mm thick neodymium magnetic discs, carefully positioned to avoid
coverage of the array elements. The key acquisition parameters of the experimental setup
included 80 V for excitation, a receive gain of 40 dB and the sample rate set to 125 MHz.
A single cycle was initially used to excite the array and produce the conventional pulse-
based TFM image. Then, in the context of this particular application, where the positions
of the defects are known, and considering the enhancement in SNR as well as the impact
of the dead zone, 8 cycles of Golay excitation were employed to excite the array and the
Golay-based TFM image was produced. Figure 3.10 shows TFM images utilising all 64
array elements during FMC data acquisition for both scenarios corresponding to the region
of interest. To assess the enhancement in image quality, the SNR was quantified using
Equation 3. 6. Table 3.2 shows the measured SNR values from each TFM image depicted
in Figure 3.10. Figure 3.10 (a) and (d) show SDHI being detected for both excitation
cases, with an improvement of 4.95 dB calculated for the Golay result when compared to
the conventional pulse excitation. Transmitting 8 cycles of Golay sequences allowed
deeper penetration into the sample, as shown in Figure 3. 10 (e), enabling SDH2 to be
detected, with an SNR of 16.28 dB. The targets in Figure 3. 10 (b), (c¢) and (f) were not

detected.
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Figure 3. 10: TFM images employing all 64 elements for FMC data acquisition. (a)
Conventional pulse-based TFM image for SDHI. (b) Conventional pulse-based TFM
image for SDH2. (c) Conventional pulse-based TFM image for SDH3. (d) Golay-based
TFM for SDHI. (e) Golay-based TFM for SDH2; (f) Golay-based TFM for SDH3.
Golay-based TFM exhibits superior imaging contrast and higher SNR compared to the
conventional pulse-based TFM, indicating improvement in imaging quality.

Table 3. 3: SNR measurement from TFM images using all 64 elements. Golay-coded
excitation offers improved detection capability with higher SNR.

SNR (dB)
Targets Improvement
Pulse Golay
SDHI1 19.57 24.52 4.95 dB
SDH2 Not detected 16.28 Detection
SDH3 Not detected Not detected Not detected
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3.4.2.4. Effect of the Element Directivity

It has been noted (in sub-section 3.4.2.1.) that in TFM imaging, it is standard practice to
incorporate A-scan contributions from all possible element pairs for each pixel. This can
introduce unnecessary noise if the directivity of each element is not wide enough for its
emitted beam to contribute meaningfully to the signal. Hence, by accounting for the beam
spread angle of the array element, a sub-aperture from the initial FMC dataset can be
selected, resulting in an improved SNR. Figure 3.11 depicts the TFM images employing
a 6-element sub-aperture for the SHD1 region, a 12-element sub-aperture for the SHD2
region and a 16-element sub-aperture for the SDH3 region. The calculated beam spread
angle was 22.23°. SDH1 and SDH2 were detected in both excitation scenarios, as
depicted in Figure 3.11 (a), (b) (d) and (e). The selected sub-aperture, leveraging the
element directivity effect, enabled the detection of SDH2 in the pulse excitation case, as
shown in Figure 3.11 (b), which was otherwise undetectable with all 64 array elements,
as shown in Figure 3.10 (b). The Golay case also detected SDH2, with an SNR
improvement of 2.74 dB. Importantly, the detection of SDH3 was now successfully
achieved in the Golay case, as illustrated in Figure 3.11 (f), whereas the pulse excitation
case did not detect SDH3 (Figure 3.11 (c)). Table 3.3 displays the measured SNR values
corresponding to each TFM image depicted in Figure 3.11. The element directivity effect
resulted in further SNR improvement overall. For the Golay case, 8.2 dB of SNR
improvement was observed for the SDH2. For all cases, improvement in imaging quality

was obtained. The Golay-based TFM outperforms the conventional pulse-based TFM.
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Improved imaging penetration depth using a combination of a lead-free, flexible ultrasonic

array with coded excitation strategies has been demonstrated.
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Figure 3. 11: TFM images employing different sub-aperture considering the beam
spread effect. (a) Pulse-based TFM image for SDHI. (b) Pulse-based TFM image for
SDH?2. (c) Pulse-based TFM image for SDH3. (d) Golay-based TFM for SDHI. (e)
Golay-based TFM for SDH2. (f) Golay-based TFM for SDH3. Improved imaging depth
observed.
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Table 3. 4: SNR measurement from the TFM images in Fig. 3.11. The selected sub-
aperture, exploiting the element directivity effect offered enhanced detection capability
for both the pulse and the phase-modulated Golay excitation cases.

SNR (dB)
Targets Improvement
Pulse Golay
SDH1 23.16 24.67 1.51dB
SDH2 21.74 24.48 2.74 dB
SDH3 Not detected 17.15 Detection
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3.5. Conclusion

In this chapter, a 20-MHz, lead-free, flexible ultrasonic array has been characterised. The
array complies with the BS EN ISO 18563-2:2017 standard, with an average -6 dB
bandwidth of 64.70 %. Golay-coded excitation schemes have been designed and
implemented to overcome the limit associated to the axial resolution and penetration depth
trade-off. An improvement verification study has been conducted and as expected,
increase in SNR was observed as the length of Golay codes increased. The appropriate
length of the Golay codes depends on specific application, including acceptable SNR as
well as the dead zone not compromising the near-field defect detection performance. The
FMC technique for acquisition and the TFM algorithm for imaging were employed to
compare the performance of the conventional pulse excitation against Golay-coded
excitation strategies. Using the full-array aperture and in direct contact to a non-planar
steel S355 test specimen, the Golay-based TFM outperformed the conventional pulse-
based TFM, with 4.95 dB of SNR improvement observed. The selected sub-apertures
based on the beam spread effect provided further SNR improvement (> 8 dB) and greater
imaging penetration depth was achieved, surpassing the conventional approach by more
than 40 %, successfully detecting SDH3 with an SNR of 17.15 dB, which was
undetectable under the conventional excitation condition. The approach described in this
chapter, integrating a high-frequency lead-free flexible ultrasonic array with Golay-coded
excitation, holds promise for improving the SNR, penetration depth and imaging quality

for the inspection of thick section components with a complex surface profile.
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Chapter 4

Single Transmission Phase- and Frequency-
Modulated Signals for Enhanced Inspection

of Thick Complex Industrial Components

4.1. Chapter Overview

In this chapter, a scalable, RoHS-compliant, flexible ultrasonic array was employed to
improve operability in thick convex and concave components. However, the lead-free
array exhibits lower piezoelectric coefficient compared to its lead-based counterparts,
resulting in reduced signal quality. To tackle this shortcoming, single transmission phase-
modulated Barker and frequency-modulated chirp excitation schemes, in conjunction with
pulse compression, were employed to improve the signal quality. Subsequently, their
impact was studied in terms of imaging quality, through FMC acquisition methodology
and TFM imaging, and SNR measurements. A novel SNR method was presented. Existing

SNR approaches evaluate image quality by calculating it within a designated area

87



surrounding the target, where the noise level is quantified as the root mean square of the
image noise, omitting any indication of the target. In addition to the noise level, artifacts
from matched filters and sidelobes require quantitative evaluation. The new SNR
technique was proposed to automate the selection of regions when characterising the SNR.
The SNR was calculated across regions of varying size, with the region size where the
SNR values converged being selected. This technique was utilised in a comparative
analysis including a single-cycle pulse excitation, modulated Barker and chirp excitation
schemes with equivalent energy levels in simulation and experimentally. The simulated
and experimental results showed good agreement, with some discrepancies attributed to
imperfections in the experimental conditions. The flexibility of the array was assessed in
the subsequent two experiments to determine its effectiveness in improving operability in
complex-geometry samples. The convex and concave samples pre-aligned the array to
promote a converging and diverging ultrasonic beam, respectively. In all cases, the array
demonstrated excellent conformity with the components, and the coded excitation

schemes consistently achieved better imaging quality relative to the pulse excitation case.

4.2. Introduction

Chapter 3 has demonstrated the application of advanced phase-modulated dual
transmission Golay coded excitation scheme combined with FMC/TFM strategies using
the high-frequency, lead-free, flexible ultrasonic array for inspection of thick non-planar
industrial components. This chapter redirects this emphasis to examine and compare the
performance related with single transmission phase-modulated Barker signal and

frequency-modulated chirp signal excitation techniques, as Golay excitation schemes
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result in slower data acquisition and frame rate (by a factor of two), when compared to

single transmission schemes, and introduce motion-dependent decoding errors [56, 102].

Coded excitation techniques are categorised based on the use of single or multiple
transmissions, and whether their encoding depends on phase or frequency modulation. The
most common single transmission phase-modulated signal is Barker, while the most
common frequency-modulated signal is chirp [56]. Coded excitation strategies, in
conjunction with pulse compression, have been examined as a means to enhance signal
quality [61-84]. The traditional approaches to improve SNR involve either reducing the
frequency of the ultrasonic array or averaging the results across multiple transmissions.
Nevertheless, these methods can lead to compromises in resolution and acquisition rate,
respectively [19]. This chapter presents novel work on the performance examination and
comparison associated with the single transmission Barker and chirp signal excitation
schemes. Existing SNR approaches evaluate image quality by calculating it within a
designated area surrounding the target, where the noise level is quantified as the root mean
square (RMS) of the image noise, omitting any indication of the target. In addition, the
noise level, artifacts from matched filters and sidelobes require quantitative evaluation.
The SNR technique used in this work was proposed to automate the selection of regions
when characterising the SNR. The SNR was calculated across regions of varying size, with
the region size where the SNR values converged being selected. Moreover, a flexible, lead-
free ultrasonic array fabricated from zinc oxide is employed to improve operability in thick

convex and concave test specimens.
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The structure of this chapter is organised as follows: Section 4.3 covers the methodology
including information on the array controller and the ultrasonic array used in this study,
along with details of the chirp and Barker excitation signals. This is followed by
considerations on the transmitted energy of each excitation signal, accompanied by an
example on how the energy was computed using a trapezoidal method. An introduction
on pulse compression is subsequently provided. Section 4.4 offers a detailed account of
the results and discussions. In all scenarios, a sub-aperture selection method was applied,
accounting for the influence of the array element directivity angle. The new SNR approach
is introduced, where the image noise region is characterised and the parameters at which
the SNR convergence occurs are identified. This technique was utilised in a comparative
analysis including the single-cycle pulse excitation, Barker and chirp coded excitation
strategies with equivalent energy levels in simulation and experimentation. The last sub-
section investigated two experiments examining the flexibility of the lead-free array to
enhance its operability on thick convex and concave S355 steel samples. Section 4.5

presents the conclusion of this work.

4.3. Methodology

This work employed the phased array controller described in sub-section 3.3.2.1., the
programmable ultrasonic system (Vantage 128™, Verasonics Inc., Kirkland, USA). The
20 MHz, 64 element, 1 mm pitch linear array (Novosound Ltd., Motherwell, United

8TM

Kingdom) was interfaced with the Vantage 12 system via an IPEX female to

Hypertronics male adapter, connecting with a UTA 160-DH/32 LEMO. The Vantage
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128™ system supports interleaved sampling acquisition scheme, which was used to

increase the sampling rate to 125 MHz [101].

4.3.1. Chirp and Barker Excitation Signals

Phase- and frequency-modulated signals were used in this work to excite the array. The
frequency-modulated signals consisted of linear chirps. They extend across a frequency
range defined by the difference between the initial frequency, f;, and the final frequency,
f2, resulting in a bandwidth B = f, — f;. This relationship is described mathematically

by Equation 4.1, which represents a linear chirp signal [96]:

x(t) = w(t) cos(2nf,t + mht?) t c[0,T] @.1)
The signal transitions from f; to f, over a duration T. The function w(t) serves as a
windowing function, minimising sidelobes by gradually tapering the edges of the signal.
The sweep rate, denotated by b, is given by b = B/T. Generally, the duration T is an order
of magnitude longer than the impulse response of the array [93, 96]. In this study, the
frequency range was set to 14-26 MHz, based on the centre frequency of the array and
approximately 60% of -6 dB bandwidth. The impact of using a windowing function was
investigated through the application of Tukey windows featuring tapering ratios between
10 % to 80 %. A tapering ratio, r, defines the proportion of the window that undergoes
cosine-based amplitude tapering at its boundaries. Figure 4.1 illustrates Tukey windows
with tapering ratios ranging from 0 to 1 (0 — 100%), in 10% increments. At ratio of r =0
corresponds to a rectangular window with abrupt transitions, whereas r = 1 results in a

fully tapered Hann window. Intermediate values produce progressively broader cosine-
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tapered regions at each extremity. Tukey windows are commonly used with chirp signals
due to their flexibility in tapering the waveform [68, 45, 96]. The primary aim of
employing a windowing function in a chirp signal is to eliminate Fresnel ripples and
suppress sidelobes in the frequency spectrum. However, this results in reduced overall
transmitted energy [56, 68, 96, 93]. Fig.4.2 (a) and (b) show examples of nine chirp signals
of 1.34 us duration, and their respective frequency spectra. Fresnel ripples and high
sidelobe levels are observed with chirp signals with no window and with Tukey windows
from 10 % to 40 %. Chirps modulated with Tukey windows having tapering ratios
between 50 % to 80 % exhibit no Fresnel ripples while achieving reductions in sidelobe

levels.
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Figure 4. 1: Tukey windows with tapering ratios, r, ranging from 0 to 1 (0 — 100%), in

increments of 10%.
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Barker signals are the most commonly used single transmission phase-modulated
excitation signals [56]. The codes are limited in number, with the longest available code
having a length of 13 [56, 83]. Table 4.1 lists Barker codes with lengths between 5 to 13.
These codes were modulated with a one cycle waveform at 20 MHz and used to excite the
array. Fig. 4.2 (c¢) and (d) depict a Barker excitation signal of length 13 (0.74 us) in tri-
level representation, as defined by the instrumentation [101], and its corresponding

frequency spectrum, respectively.
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Figure 4. 2: Example of chirp and Barker excitation signals. (a) Frequency-modulated
chirp signals of 1.34 us duration. The signals use no window and Tukey windows with
tapering ratios varying from 10 % to 80 % in steps of 10 %. (b) The corresponding
spectra of the signals in (a). The red rectangle highlights the region where Fresnel
ripples occur and sidelobe levels can be observed. The use of Tukey windows with
tapering ratios between 50% and 80 % in chirp signals eliminate Fresnel ripples and
reduce sidelobe levels. (c) Phase-modulated Barker excitation signal of length 13 (0.74
us) in tri-level representation. The shaded yellow area highlights a positive phase and
the shaded red area illustrates a negative phase. (d) Corresponding frequency spectrum
of the signal in (c).
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Table 4. 1: Barker codes with lengths between 5 to 13.

Length Code

5 [+1,+1,+1,-1,+1]

7 [+1,+1,+1,-1,-1,+1,-1]

11 [+1,+1,+1,-1,-1,-1,+1,-1,-1,+1,-1]

13 [+1,+1,+1,+1,+1,-1,-1,+1,+1,-1,+1,-1,+1]

4.3.2. Energy Considerations

In this study, Barker 13, the longest Barker code, was employed as it offers superior SNR
improvement over its length counterparts [56]. For comparative purposes, the frequency-
modulated chirp signal was designed to possess the same energy to the Barker signal. A
14-26 MHz, 60% Tukey windowed chirp signal consisting of 1.34 us duration was used,
as it possessed the same energy to the Barker 13 (0.74 us) signal. Moreover, the chirp
signal effectively has reduced sidelobes and eliminates Fresnel ripples in the frequency
domain, as shown in Fig. 4.2 (b). The selected Barker and chirp signals were utilised in
both simulation and experimental work. In general, increasing the length of the transmitted
signals inherently leads to an expansion of the dead zone. Selecting the optimal length is
application-specific and requires balancing between achieving sufficient SNR with
minimising the dead zone length to preserve near-surface defect detection performance

[26].
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The energy of the phase- and the frequency-modulated signals was calculated using a
trapezoidal method. Numerical integrations using the trapezoidal method have previously
been employed [111, 112]. The method was implemented by computing the integral of
the squared waveform over time. The approach approximates the integral over a specified
interval by discretising the region into trapezoidal segments, facilitating computationally
efficient area estimation. Fig. 4.3 (a) shows an illustration of a sine function and Fig. 4.3
(b) depicts its squared waveform using sixteen uniformly spaced trapezoidal segments.
The trapezoidal integration can be applied. The energy of the Barker 13 (0.74 us) and the

14-26 MHz, 60% Tukey windowed chirp (1.34 us) signals was 0.42 arbitrary units (a.u.).
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Figure 4. 3: Trapezoidal method representation. (a) Illustration of a sine function. (b)
Squared sine waveform divided into sixteen uniformly distributed trapezoids. The
trapezoidal approach can be employed by integrating the squared waveform with

respect to time.
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4.3.3. Pulse Compression

Pulse compression utilises temporally-extended modulated excitation signals to compress
the received energy in time. This technique preserves high range resolution while
enhancing SNR by increasing the transmission energy [84]. Long single transmission
frequency- and phase-modulated excitation signals can be effectively compressed into a
short time interval with minimal sidelobes through appropriate filtering techniques. The
modulated signals exhibit the desired compression characteristics. The decoding filter is
designed to compress the modulated signal energy into a short time interval. It is typically
selected to be a matched filter as it provides the optimal detection SNR regardless of the
modulation scheme (phase or frequency) [56]. In this work, the received signals undergo
compression via convolution with a matched filter (time-reversed modulated excitation

signal).

4.4, Results and Discussions

4.4.1. Signal-to-Noise Ratio Approach

Evaluation of the SNR of a given image is commonly conducted by calculating it within
a specified region surrounding the target, with its location and size being predetermined
[88, 26]. Equation 3.6 is usually employed to quantify the SNR, with the maximum
amplitude within the region r surrounding the target denotated by A.x (7). To ensure
accuracy, comparisons are subsequently conducted exclusively in regions where the

image domain and target regions share the same area and pixel density [88].

97



Apart from the noise level, images can also possess artifacts due to matched filters [56]
and sidelobes [113], all of which require quantification. The sidelobe artifacts are located
in the lateral direction, at a similar range to the target. The sidelobes are secondary, lower-
intensity lobes in the acoustic beam pattern that radiate at angles divergent from the
mainlobe [114]. These undesirable signals appear laterally either side of the expected
reflection from the target [8, 33,115]. The matched filter is designed to compress the coded
waveform into a short-duration, high-amplitude pulse, however, its performance is
inherently imperfect, introducing artifacts. These consist of small undesirable sidelobes in
the time-domain signal located before and after the main pulse [56, 84]. A novel SNR
method is proposed here to automate the selection of regions when characterising the
SNR. The SNR is calculated for regions of varying size, and the region size at which the
SNR values stabilised was ultimately selected. A,,,;s¢(I;;) in Equation 3.6 is replaced by
Anoise(Iny), in which, nr is a region containing noise, excluding any indication of the
target and artifacts, as defined in Equation 4.2. This sub-section reports on an experimental

study to identify and characterise this region.

Amax (1) (4.2)
\/(Anoise (Inr) 2)

SNR = 20 loglo
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This experimental study focused on examining the characteristics of the image noise
region and identifying the parameters where the SNR convergence occurs. The
performance of a 5-MHz 96-element 0.55 mm-pitch 8 mme-elevation linear array
(Imasonic SAS, Voray sur 1'Ognon, France), a 10-MHz 128-element 0.25 mm-pitch 10
mme-elevation linear array (Imasonic SAS, Voray sur I'Ognon, France) and a 20-MHz 64-
element, 1 mm-pitch 5 mm-elevation flexible linear array (Novosound Ltd., Motherwell,
Scotland) was evaluated. Fig. 4.4 shows the schematic of the acquisition setup. The arrays
were coupled to a 30 mm thick planar S355 steel specimen. For the 20 MHz array, owing
to its flexible nature, it was secured in place using two neodymium magnetic discs, each
10 mm in diameter and 5 mm thick. The specimen featured an SDH with a diameter of 2
mm and a length of 20 mm. The SDH was located 20 mm in the axial direction away from
the array. A threshold angle was determined based on the element directivity angle, as
described in sub-section 3.4.2.1. This was particularly important for TFM imaging in close
proximity to the array, to ensure that the directivity of each array element was sufficiently
wide for its emitted beam to contribute meaningfully to the signal, rather than merely

adding noise.
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Figure 4. 4: Schematic of the SNR approach acquisition setup. All dimensions are in
millimetres (mm).

The element spacing of the 5 MHz and the 10 MHz arrays adhere to the half a wavelength
criterion, and therefore, this threshold angle will be excluded from consideration. For the
20 MHz case, the directivity angle was computed as 0_g,5 = 22.23°. The -6 dB width,
determined using trigonometric principles considering the location of the target (z) as
defined in Equation 4.3, was measured to be 7.86 mm. Hence, an 8-element sub-aperture
was used for the analysis. The schematics of the sub-aperture selection technique is shown
in Fig. 3.5 (b). The -6 dB width (w_g¢ 45), Which corresponds to the size of the sub-

aperture, varies depending on the location in the z direction of the target.

W_gap = 2z tan(6_eqp/2) (4.3)

The arrays were excited with a single-cycle excitation at 80 V p-p, with 40 dB of receive
gain. TFM images were produced with the spatial pitch consistently maintained at 8 pixels
per wavelength across all cases. Table 4.2 lists the key parameters considered in this
evaluation. Fig. 4.5 (a) illustrates an example of the SNR approach for the 20 MHz case.
To account for sidelobe artifacts, the noise level region nr was divided into two sub-

regions, nr,, and nry, leading to a substitution of the SNR expression in Equation 4.2 with
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that in Equation 4.4. This approach averages the results from the two sub-regions in order
to closely estimate the noise from the defect depth, while excluding the sidelobe artifacts
in the noise calculations. The region r surrounding the target is highlighted by a white
square in Fig. 4.5 (a), where a; = 40 pixels. The noise level was measured using a
window size, b,,, that varied in size proportional to the wavelength. The SNR technique
results are shown in Fig. 4.5 (b). In all cases, the SNR starts to stabilise at around 6
wavelengths. It can also be observed that the SNR of the 10 MHz array is higher than both
the 5-MHz and the 20-MHz arrays. Compared to the 5 MHz array, this can be attributed
to the smaller aperture. Although both arrays use 64 elements in data acquisition, the 5
MHz array has a pitch of 0.55 mm and the 10 MHz features a finer pitch of 0.25 mm.
Moreover, an additional factor potentially contributing to the higher SNR of the 10 MHz
array relative to the 5 MHz array may be the piezoelectric material used, although this is
not specified in the datasheet provided by the manufacturer. In relation to the 20 MHz
array, it can be attributed to the piezoelectric material and the operating frequency. The
TFM images for the 5 MHz and the 10 MHz arrays are presented in Fig. 4.5 (c¢) and (d),

respectively.

Amax (1) (4.4)

SNR = 20 l0g10
2 2
J(Anoise (Inru) ) + J(Anoise(lnrd) )
2
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Table 4. 2: Parameters considered in the SNR evaluation approach evaluation. The
spatial pitch was maintained at 8 pixels per wavelength. The longitudinal velocity of the
steel was 6000 m/s. The wavelength was obtained from the longitudinal velocity relative

to the array frequency.

Array frequency Wavelength Pixel size (mm)
(MHz) (mm)
5 1.2 0.15
10 0.6 0.075
20 0.3 0.0375
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Figure 4. 5: SNR approach evaluation. (a) Example of the SNR approach for the 20
MHz array. The 5 MHz and the 10 MHz arrays followed the same approach. (b) SNR
approach results for 5 MHz, 10 MHz and 20 MHz. SNR starts to converge at around 6

wavelengths. The 5 MHz and 10 MHz array used 64 elements in FMC acquisition due to
the phased array controller capabilities. The 20 MHz array used an 8-element sub-
aperture due to the array element directivity considerations. (c) TFM image for the 5
MHz array. (d) TFM image for the 10 MHz array.

4.4.2. Excitation Strategies: Performance Evaluation and

Comparison

This sub-section addresses a comparative analysis involving the conventional pulse and

the modulated Barker and chirp excitation strategies using the 20 MHz array. A simulation
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was conducted using the Verasonics Vantage software and used to compare with
experimental results. The simulation involved the array deployed on an acoustic medium
(longitudinal velocity of 6000 m/s) consisting of a single point target (dimensionless,
modeled as an ideal scatterer, as defined by the software), as depicted in in Fig. 4.6. The
experimental configuration involved the array coupled to the planar S355 steel specimen
in the same manner as illustrated in Fig. 4.4. For both simulation and experimental cases,
the excitation used a single-cycle pulse averaged over 9 frames, a 14-26 MHz, 60% Tukey
windowed chirp (1.34 us) and a Barker 13 (0.74 ps) signals. The Barker and chirp signals
exhibited equivalent energy levels of 0.42 a.u. Using the trapezoidal method, a 9-cycle
pulse excitation possessed an energy of 0.43 a.u., which closely matched the energy of the
coded excitation signals. For a more robust comparison, a single-cycle excitation was
averaged over 9 frames to represent the 9-cycle pulse excitation energy. Full matrix

acquisition was employed in both simulation and experimental cases.

The received simulated signals were supplemented with noise aligned with the
experimental noise data. The superimposition of experimental noise onto simulated
ultrasonic signals has been previously employed to enhance the robustness of deep
learning models in NDT [116]. Hence, for the pulse excitation case, the approach involved
selecting A-scans from the FMC of the experimental data. Five hundred sample points
from a region lacking meaningful information from those A-scan signals were extracted.
For the coded excitation cases, the experimental uncompressed FMC data was first
compressed through a matched filter. A-scan signals from the compressed experimental

FMC data were then selected, with 500 sample points extracted from a region devoid of
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meaningful information. A histogram of the extracted experimental noise data was
generated, as shown in Fig. 4.7 (a), overlayed with a fitted normal distribution curve. The
next step obtained noise from the normal distribution of the experimental noise data,
characterised by the specified mean and standard deviation, for example, -0.03 a.u. and
7.7 a.u, respectively, for the pulse excitation case. Each element of the noise matrix is a
number that mimics the statistical properties of the experimental noise data, and is
congruent with the simulated FMC matrix. This noise was subsequently superimposed
onto the simulated data to improve its accuracy. Fig. 4.7 shows an example of relevant

data to aid the readers understand this process.

6 S =K 10
0 >—< 20
5 -30

Y (mm)

Figure 4. 6: Simulation configuration. The 20 MHz 64 element 1 mm pitch linear array
deployed on an acoustic medium (longitudinal velocity of 6000 m/s) with one point
target. Elements 1 and 64 are highlighted.
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Figure 4. 7: Superimposition of noise onto simulated signals. (a) Histogram of the
extracted experimental noise data. (b) TFM based on the noise-free simulated FMC
data.(c) TFM of the simulated FMC data supplemented by the noise.
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The TFM images for both the simulation and the experimental work corresponding to the
1 cycle pulse, Barker and chirp excitation signals are depicted in Fig. 4.8 (a) — (h). The
dynamic range of the images was set to 25 dB to help assess the imaging performance of
the excitation schemes. The characteristics of the simulated data agrees well with the
experiments, in which all of the TFM images show sidelobe artifacts and the coded
excitation cases show matched filter processing artifacts. Fig. 4.8 (c) and (g) show
examples of the sidelobe artifacts in dashed pink rectangles and matched filter processing
artifacts in dashed white rectangles. Fig. 4.8 (b) and (f) show TFM images of the simulated
and experimental uncompressed chirp responses, respectively. The images show poorer
axial resolution and lower imaging quality compared to when pulse compression is applied
to the chirp signal, as shown in Fig. 4.8 (c) and (g) for the simulated and experimental
cases, respectively. These highlight the limitations of not applying pulse compression in
improving imaging performance. In comparison to the 1 cycle pulse excitation, the
compressed coded excitation schemes demonstrated improvement in overall image

quality.
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Figure 4. 8: Imaging performance evaluation. (a) — (d) TFM images of the simulated
data of the I cycle pulse excitation, uncompressed chirp, compressed chirp and Barker,
respectively. (e) — (h) TFM images of the experimental data of the I cycle pulse
excitation, uncompressed chirp, compressed chirp and Barker, respectively. The signals
used were a single-cycle pulse averaged over 9 frames, a 14-26 MHz, 60% Tukey
windowed chirp (1.34 us) and a Barker 13 (0.74 us). An 8-element sub-aperture was
employed to account for the array element directivity.

Equation 4.4 was employed to quantify the SNR and Fig. 4.9 depicts the experimental and
the simulated SNR values corresponding to the 1 cycle pulse excitation, Barker and chirp
coded excitation signals. The behaviour observed in the simulated data agrees well with
that of the experimental results. The simulation accurately models the excitation signals
and the matched filter. The model accounts for the longitudinal velocity of the inspected
medium, however, it does not capture the microstructure of the polycrystalline material.
The deviation in the response of the experimental chirp signal from the simulation is
attributed to its inherently broadband nature, spanning an extensive frequency range. The
experimental conditions may suppress higher frequencies, reducing certain components
of the chirp signal, an effect that is not accounted for in the simulation model. For the
Barker case, the phase structure of its code is essential for effective pulse compression.
The experimental scenario may introduce imperfections in the transmitted signal,
disrupting its integrity particularly during the pulse compression stage. This may impact
the compression performance as well as resulting in an increase in matched filter
processing artifacts. These imperfections contrast with the simplified assumptions in
simulations. Other aspects that affect the experimental conditions and, thus, are not
accounted for in the simulation include array transducer element performance variability.
Due to manufacturing or aging effects, elements in the ultrasonic array will exhibit

variations in performance — the simulation model assumes uniform element performance,
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ignoring these practical inconsistencies. In addition, direct contact between the ultrasonic
array and the test specimen also introduces coupling-related losses in the experimental
conditions that are not accounted for in the simulation model. The coded excitation
schemes achieved higher SNR compared to the pulse excitation case. This results from
the pulse compression by the matched filter in the coded excitation cases, which enhances
the signal amplitude relative to the noise. Additionally, chirp outperformed the Barker
case. The experimental pulse excitation case achieved an average SNR of 24 dB. In
contrast, the Barker coded excitation yielded an average SNR of 26.6 dB, while the chirp
excitation produced an average SNR of 28.5 dB. Compared to the pulse excitation case,
the Barker scheme offered an SNR improvement of 2.6 dB, whereas the chirp strategy
provided an enhancement of 4.5 dB. The higher performance of the chirp over Barker is
attributed to its broadband characteristics, incorporating multiple frequency components
during transmission as opposed to the single-frequency Barker signal. Although both
excitation cases offer filter artifacts, these findings suggest that the filter artifacts are more
pronounced in the Barker case relative to chirp. Overall, while averaging the single-cycle
pulse excitation enhances SNR, it comes at the cost of reduced acquisition speed. Coded
excitation techniques improve SNR without sacrificing acquisition speed by utilising

extended coded pulses instead of repeated pulses.

The experimental and simulated data was also used to assess the performance of the target
signal in relation to the imaging artifacts. Table 4.3 presents the summary of all the
measurement results, which included the SNR, the signal-to-sidelobe artifact ratio (SSR),

and signal-to-filter artifact ratio (SFR), all deriving from the TFM images of the planar
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sample. The filter refers to the matched filter used to compress the received coded
excitation signals. Equation 3.6 was employed to quantify the SSR, except that the noise
level was determined as the RMS from a region where the sidelobes were evident, as
highlighted in the dashed pink rectangle in Fig. 4.8 (g). Equation 4.4 was employed to
quantify the SFR, except that the two sub-regions nr;, and nr, represented the locations
of the matched filter artifacts, as depicted in the dashed white rectangle (for the upper
case) in Fig. 4.8 (g). The experimental results corresponding to the SSR case indicate that
the sidelobe artifacts do not degrade with the implementation of the coded excitation
schemes. This agrees with the simulated data that was superimposed with noise derived
from the normal distribution of the experimental noise data. With respect to the SFR, no
response is reported for the pulse excitation case as it employs a conventional, non-
modulated waveform that does not require pulse compression. Moreover, the reported
experimental results show a comparable performance for both coded excitation schemes,
which is attributed to experimental conditions effects. The simulated data, with the
supplemented noise, indicates that chirp exhibits higher SFR in relation to the Barker case,
implying that the matched filter artifacts are more prominent in the Barker case — this can
be clearly observed in the simulated images TFM images in Fig. 4.8 (¢) and (d) for the
chirp and Barker cases, respectively. Overall, for both SSR and SFR measurements,

variations, as discussed earlier, occur between the simulated and experimental data.
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Figure 4. 9: Experimental and simulated SNR values measured for different excitation
modes. The simulated data closely aligns with the experimental results, with coded
excitation schemes achieving higher SNR compared to pulse excitation.

Table 4. 3: Experimental results of the SNR, the signal-to-sidelobe artifact ratio (SSR),
and signal-to-filter artifact ratio (SFR), obtained from the TFM images of the planar
test specimen. The filter corresponds to the matched filter utilised for compressing the
received coded excitation signals. The terms “Ave” and “SD” represent the average

and the standard deviation values, respectively.

SNR SSR SFR
Excitation | Experimental | Simulation | Experimental | Simulation | Experimental | Simulation
modes Ave SD Value Ave SD Value Ave SD Value
(dB) | (dB) (dB) (dB) | (dB) (dB) (dB) | (dB) (dB)
Pulse 24 1.3 24.2 21.2 1.2 23.6 - - -
Barker 26.6 0.8 27.8 22.7 1.8 259 21 2.2 26
Chirp 28.5 0.5 30.1 22.8 1.6 26.3 21 22 28.9
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An example of the evaluation of the imaging artifacts is presented in Fig. 4.10. A TFM
image of the Barker case is shown with the lateral and axial cross-sections through the
central axis of the target. The mainlobe, contributions from sidelobes, matched filter
artifacts and noise are highlighted

The pulse compression filter utilised in this study is based on the matched filter, a widely
adopted technique for pulse compression [85]. A comparative analysis was performed
using the chirp coded excitation strategy, evaluating the matched filter against a
mismatched filter. Mismatched filters have been studied and analysed for range (axial
direction) sidelobe reduction [85]. However, these filters widen the mainlobe, leading to
a reduction in axial imaging resolution relative to the matched filter [85]. Fig. 4.10 shows
the pulse compression filter evaluation. TFM images of the chirp coded excitation signals
processed with matched and mismatched filters are presented in Fig. 4.11 (a) and (b),
respectively, with the axial profile indicated by a dashed white line. Their axial cross-
sections are presented in Fig. 4.11 (c). The mismatched filter was designed using a time-
reversed chirp signal weighted by a Chebyshev window. As expected, the mismatched
filter resulted in a wider mainlobe, with a percentage difference of 13.3 %, in relation to

the matched filter, consequently leading to a reduction in axial resolution.
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Figure 4. 10: Evaluation of imaging artifacts example. (a) TFM of the Barker coded
excitation with the lateral and axial profiles highlighted in dashed pink and yellow lines,
respectively. (b) Lateral cross-section of Fig. 4.10 (a) with the mainlobe and
contribution from sidelobes and noise highlighted. (c) Axial cross-section of Fig. 4.10
(a) with the mainlobe and contribution from matched filter artifacts and noise
highlighted.
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(a) Chirp TFM matched filtered (b) Chirp TFM mismatched filtered
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Figure 4. 11: Pulse compression filter evaluation. (a) TFM image of the chirp coded
excitation signal processed with a matched filter. (a) TFM image of the chirp coded
excitation signal processed with a mismatched filter. (c) Axial cross-section of the TFM
images in (a) and (b). The matched filter resulted in a narrower mainlobe (0.075 mm)
compared to the mismatched filter, which improves axial imaging resolution.
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4.4.3. Complex-Geometry Test Specimens

This sub-section presents investigations conducted on a convex and a concave test
specimens. This demonstrates a direct alignment with the increasing challenge of
performing ultrasonic NDT on complex industrial components by employing flexible
ultrasonic arrays as alternative option to bespoke wedges for surface conformity. To
comply with the convex sample, the ultrasonic array should bend inwards in form of a
concave array which promotes an increased overlap of beam directivity from the
individual array elements leading to a converging beam. The concave sample however
induces a divergent beam [8, 10, 117]. Given the difference in beam directivity of the two
cases, it is important to investigate the array performance under the proposed coded

excitation schemes for both geometric scenarios.

The first experiment compares qualitatively and quantitatively the phase and frequency
coded excitation schemes on a convex S355 steel test specimen. The results of a single-
cycle excitation averaged over nine frames are presented for reference. The schematics of
the convex sample with two machined targets (side-drilled holes), each with a diameter of
2 mm and a length of 20 mm, drilled laterally into the sample, is illustrated in Fig. 4.12.
The targets are located 10 mm apart axially and 15 mm apart along the lateral direction.
Full matrix data was subsequently acquired in a pulse-echo configuration using the
ultrasonic array. The array was magnetically placed in direct contact with the test
specimen using two neodymium magnetic discs, each 10 mm in diameter and 5 mm thick.

The primary acquisition parameters for this experiment comprised 80 V p-p and a receive
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gain of 40 dB. The single-cycle, along with the phase- and frequency-modulated signals

were employed to excite the ultrasonic array and TFM images were produced.

Y 20 MHz, 64-el

X array \

8355 steel specimen

Figure 4. 12: Schematics of the S355 steel convex test specimen with a radius of
curvature of 150 mm. The arrangement of the SDHs is displayed. The 20 MHz, 64-
element array was magnetically placed in direct contact to the sample. The dimensions
are in millimetres (mm).

Fig. 4.13 (a) — (f) depict TFM images corresponding to the region of interest. To evaluate
the imaging quality for each excitation technique, the dynamic range was set to 25 dB.
Using the sub-aperture calculation technique, as explained in sub-section 4.4.1. and
detailed in [26], a 6-element and a 12-element sub-apertures were deduced to produce
images at targets 1 and 2, respectively. For both targets, the coded excitation techniques
offered better imaging quality compared to the 1 cycle excitation case. Lateral sidelobe
artifacts, appearing at a comparable range to the target, are evident in the TFM images in

Fig. 4.13 (a), (b) and (c) corresponding to the pulse, Barker and chirp excitations,
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respectively, at target 1. They arise due to the acoustic beam pattern and the spatial
undersampling inherent to the ultrasonic array configuration. The TFM images
corresponding to target 2 for all excitation modes, as depicted in Fig. 4.13 (d) - (f), exhibit
sidelobe artifacts partially, however, the elevated noise level associated with increasing
depth dominates the image noise. Moreover, matched filter processing artifacts,
manifested as axial sidelobes within the image, were observed in the TFM images in Fig.
4.13 (b) and (c) corresponding to the Barker and chirp excitations, respectively, at target
1. Fig. 4.13 (e) and (f), corresponding to the Barker and chirp, respectively, at target 2, do
not exhibit filter artifacts. This is caused by the rising noise level resulting from the
increase in depth. The pulse excitation case, a non-modulated waveform, does not
necessitate pulse compression, thereby eliminating the expectation of processing filter
artifacts at either target location. The SNR, SSR, and the SFR were quantified, with the
average results displayed in Fig. 4.16 and the complete measured values detailed in Table
4.4. For targets 1 and 2, the coded excitation schemes achieved superior SNR compared
to the pulse excitation case. This improvement stems from the application of the matched
filter in the coded excitation case, which compresses the signal and improves its amplitude
in relation to the noise. The consistently higher SNR in target 1 compared to that of target
2, for all excitation cases, is attributed to the energy increase resulting from the converging
arc of the convex sample, improving beam focusing. Furthermore, the lower SNR in target
2 is influenced by increased depth, introducing greater attenuation — an effect amplified
by the 20 MHz operating frequency of the array. The SSR results indicate that the sidelobe

artifacts do not degrade with coded excitation. The average SSR measured for target 1 for
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the pulse, Barker and chirp are 18.5 dB, 18.7 dB and 19 dB, respectively. No evident
sidelobe artifacts were observed for target 2, as noted earlier. The SFR results indicate
that chirp outperformed Barker. This is attributed to the performance of the chirp signals
relative to the Barker, and suggests that the filter artifacts are higher in the Barker case

relative to chirp.

(b) Barker

Amnlitiida [AR1
rAao1

Axial distance [mm]

Axial distance [mm]

Axial distance [mm]
N

4 3 2 1 “ 2 -1

Lateral distance [mm] Lateral distance [mm)] Lateral distance [mm]

(d) Pulse (e) Barker (f) Chirp

Avmlibiida FADY
Axial distance [mm]
Amnlitiida [AR1
Armnlituida TAR1

SDH2
Axial distance [mm)]

2 =
Lateral distance [mm] Lateral distance [mm] Lateral distance [mm]

Figure 4. 13: TFM images of the convex sample for different excitation signals. (a) TFM
image corresponding to target 1 for the 1 cycle excitation case averaged across nine
frames. (b) TFM image corresponding to target 1 for the Barker case. (c) TFM image
corresponding to target 1 for the chirp case. (d) TFM image corresponding to target 2
for the I cycle excitation case averaged across nine frames. (e) TFM image
corresponding to target 2 for the Barker case. (f) TFM image corresponding to target 2
for the chirp case.

The second experiment in this sub-section compares qualitatively and quantitatively the
phase and frequency coded excitation schemes on a concave S355 steel test specimen.
Results from a single-cycle excitation, averaged over nine frames, are additionally

provided for reference. The schematics of the concave test specimen is presented in Fig.
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4.14. 1t includes two machined side-drilled holes or targets, each measuring 2 mm in
diameter and 20 mm in length, drilled laterally into the sample. The targets are positioned
10 mm apart axially and 15 mm apart laterally. Similar to the convex sample, two
neodymium magnetic discs were used to magnetically position the array in direct contact
with the test specimen. The key acquisition parameters consisted of an excitation voltage
of 80 V p-p and a receive gain of 40 dB. To drive the ultrasonic array, the single-cycle
along with the phase-modulated Barker and the frequency-modulated chirp signals were
utilised in collecting the FMC datasets in a pulse-echo setting, leading to the generation

of TFM images.
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Figure 4. 14: Schematics of the S355 steel concave sample with a radius of curvature of
150 mm. The arrangement of the SDHs is shown. The dimensions are in millimetres

(mm).

Fig. 4.15 (a) — (f) show TFM images of the region of interest. The dynamic range was set

to 25 dB to assess the imaging quality of each excitation strategy. With considerations
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given to the sub-aperture selection method, a 5-element and a 7-element sub-apertures
were utilised to produce images at targets 1 and 2, respectively. Better imaging quality is
observed when employing coded excitation relative to the pulse excitation. Sidelobe
artifacts are evident in TFM images in Fig. 4.15 (d) — (f), corresponding to the pulse,
Barker and chirp cases, at target 2. These are attributed to the spatial undersampling of the
array and its acoustic beam pattern. The elevated noise level, associated with the divergent
beam induced by the concave sample, causes TFM images depicted in Fig. 4.15 (a) — (c)
to exhibit no imaging sidelobe artifacts. The observed elevated noise level is ascribed to
the outward wave divergence from the transducer, stemming from its adaptation to the
geometry of the concave sample. The target is positioned nearer to the array than the first
target in the convex sample, with the ultrasonic beam displaying complex interference
patterns within the near field region. Artifacts due to matched filter and the divergent beam
were observed in target 2 in TFM images shown in Fig. 4.15 (e) and (f), corresponding to
Barker and chirp cases, respectively. The artifacts evident in the TFM image in Fig. 4.15
(d), corresponding to the pulse excitation case, are attributed to the divergent beam alone,
as the pulse excitation employs a non-modulated waveform, not requiring pulse
compression. TFM images shown in Fig. 4.15 (a) — (c) show no matched filter or beam-
related artifacts, which is attributed to the rising noise level. The SNR, SSR, and the SFR
parameters were quantified, with their average values presented in Fig. 4.16 and the full
set of measurements reported in Table 4.4. Barker and chirp coded excitations offered
higher SNR relative to the pulse excitation case in both targets. This occurs from the use
of the matched filter to compress the coded excitation signals and elevate their amplitude

relative to the noise. The consistently lower SNR in target 1 in relation to target 2 for all
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excitation cases is caused by the divergent beam as a result of the concave sample.
Furthermore, while the acoustic beam intrinsically exhibits complicated interference
patterns that occur near the array, the beam then diverges steadily with a less complicated
interference pattern, before its intensity diminishes in the far field. Comparable behaviour
was observed in simulations of the acoustic field distribution in convex and concave
components with radius of curvatures of 40 mm, using a 16-element array with a 1.17 mm
pitch operating at 2.5 MHz [10]. The SSR findings demonstrate that the sidelobe artifacts
remain unaffected in terms of degradation under coded excitation conditions. The average
measured SSR for target 2 for the pulse, Barker and chirp cases are 19.3 dB, 20.8 dB and
20.9 dB, respectively. No sidelobe artifacts were evident in target 1, as noted earlier. The
artifacts in the axial direction, resulting from a combination of filter and the divergent
beam in the coded excitation cases, and solely from the divergent beam in the pulse
excitation, do not exhibit degradation with the implementation of coded excitation

strategies.

Comparing the results from both convex and concave test specimens, the TFM images, as
depicted in Fig. 4.13 and Fig. 4.15, respectively, show better imaging quality when
employing coded excitations in relation to pulse excitation. Both convex and concave
samples exhibit sidelobe artifacts. While the TFM images in the convex sample show
evident sidelobe artifacts in target 1, the TFM images in the concave sample depict
sidelobe artifacts in target 2. Despite the array spatial undersampling, the sidelobe artifacts
in the images are attributed to the acoustic beam pattern, where the convex sample induces

a focusing beam, while the concave sample generates a divergent beam. Matched filter
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processing artifacts are observed in both convex and concave configurations. On the
convex sample, they were observed in target 1, and the concave sample exhibited artifacts
in target 2. The divergent beam in the concave sample showed further artifacts in the pulse
excitation case. With regards to SNR, Barker and chirp outperformed the pulse excitation
case for both samples in both targets. The convex sample has the SNR consistently higher
in target 1 relative to target 2 at all excitation cases, while the concave sample exhibits the
opposite behaviour. This is attributed to the acoustic beam pattern (converging and
diverging), and its impact in imaging quality can be clearly observed in the TFM images
in Fig. 4.13 and Fig. 4.15. The SSR in both samples indicate that the sidelobe artifacts do
not degrade with coded excitation. The SFR in the convex and concave samples show
chirp to outperform Barker. The divergent beam in the concave sample introduces further

artifacts, which also impacts the pulse excitation image.
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Figure 4. 15: TFM images of the SDH targets in the concave test specimen for different
excitation signals. (a) TFM image relating to target 1 for the single-cycle excitation
averaged across nine frames. (b) TFM image relating to target 1 for the Barker
excitation. (c) TFM image relating to target 1 for the chirp excitation. (d) TFM image
relating to target 2 for the single-cycle excitation averaged across nine frames. (e) TFM
image relating to target 2 for the Barker excitation. (f) TFM image relating to target 2
for the chirp excitation. The dashed white areas represent the target, and the dashed red
areas represent artifacts in the axial direction.
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Figure 4. 16: SNR, SSR, and the SFR average values corresponding to the convex (CV)
and the concave (CC) test specimens at targets 1 and 2. “BP” represents the beam
pattern (converging and diverging).
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Table 4. 4: Experimental results of the SNR, SSR and SFR obtained from the TFM
images of the convex and the concave test specimens in Fig. 4.12 and Fig. 4.14,
respectively. The terms “Ave” and “SD” represent the average and the standard
deviation values, respectively, and are expressed in dB. “U” stands for undetected,
indicating that a response was not observed. “BP " stands for beam pattern, which
considers the effects of the ultrasonic beam on the sample.

SNR SSR SFR (and/or BP)
Mode SDH Convex Concave Convex Concave Convex Concave
Ave SD Ave | SD | Ave | SD | Ave | SD [ Ave | SD | Ave | SD
Pulse 1 21.3 2.4 14.1 1.1 | 185 | 1.1 U U - - - -
2 19.1 1.6 207 | 14 | U U 193 | 1.1 - - 18.8 | 1.7
Barker 1 24.8 1.9 19.7 | 1.2 | 187 | 2.5 6] 6] 22 1.7 U 6]
2 20 1.9 23 06 | U U 20.8 1 U U 193 | 24
Chirp 1 26.5 0.05 209 | 15| 19 | 08 6] U 242 | 1.1 U 6]
2 23.1 3.5 239 | 0.5 U U 209 | 0.8 | U U 19.5] 0.5
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4.5. Conclusion

In this study, a flexible ultrasonic array that is both scalable and RoHS-compliant was
used to enhance operability in thick complex-geometry samples. The lead-free array
exhibits lower d53 value relative to its lead-based counterparts, leading to a reduction in
signal quality. Single transmission phase-modulated Barker and frequency-modulated
chirp excitation schemes combined with pulse compression were applied to enhance the

signal quality of the array.

A comparative study evaluated the single-cycle pulse excitation, Barker and chirp coded
excitation strategies with equivalent energy levels for defect detection through TFM
imaging through simulation and experiments on a planar defective sample. The evaluation
employed a novel SNR approach that examined the characteristics of the image noise
region and identified that the SNR started to converge at around 6 wavelengths. The study
revealed that the simulated data demonstrated good agreement with the experimental
results. Certain discrepancies between experimental and simulated results were noted,
which were attributed to imperfections in experimental conditions relative to the
simplified assumptions of the simulation model. The inconsistencies consisted of the
signal integrity, variations in array element performance and array-to-specimen coupling.
The simulation results anticipated enhancement in SNR performance for coded excitation
schemes relative to the single-cycle excitation, a finding that was consistently validated
through experimental results. Experimentally, the Barker scheme showed an SNR
improvement of 2.6 dB, while the chirp scheme achieved a more significant improvement

of 4.5 dB. In general, although averaging the single-cycle pulse excitation improves SNR,
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it results in a trade-off with reduced acquisition speed. The coded excitation schemes
improve SNR while preserving acquisition speed through utilising extended coded pulses
rather than repeated pulses. Furthermore, all of the TFM images showed sidelobe artifacts,
while the coded excitation cases further exhibited matched filter processing artifacts. The
subsequent two experiments evaluated the flexibility of the array to determine its
effectiveness in enhancing operability in complex-geometry components. The array
showed excellent conformity with the convex and concave samples. The coded excitation
schemes provided better imaging quality compared to the single-cycle excitation case in
both convex and concave scenarios. Both samples exhibited sidelobe and matched filter
processing imaging artifacts. The observed sidelobe artifacts were attributed to factors
including the array spatial undersampling, and the beam pattern (converging or diverging).
The matched filter processing artifacts resulted from the imperfect performance of the
filter. The SSR revealed that the sidelobe artifacts do not worsen with coded excitation.
While the SFR in both test specimens shows chirp to outperform Barker. In all scenarios,
simulation or experimental, the sub-aperture selection technique was implemented, which

accounted for the impact of the array element directivity angle.

As a final remark, although the single transmission modulated signals utilised in this study
do exhibit processing sidelobes, they offer advantages over the two transmission phase-
modulated Golay signals. The latter reduces the data acquisition and frame rate by a factor

of two and introduces motion-dependent decoding errors.
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Chapter 5

Imaging and Detection of Calcified Plaques
in Ex-Vivo Porcine Heart Arteries Using an
Intravascular Ultrasound Array with Real-

Time Coded Excitations

5.1. Chapter Overview

This work introduces a scalable, RoHS-compliant array transducer (5 French gauge,
approximately 1.67 mm diameter), leveraging its fabrication advantages for ITVUS
imaging. Although the lead-free array exhibits lower piezoelectric coefficient values than
its lead-based counterparts, reducing signal quality, its efficacy is demonstrated using
frequency- and phase-modulated signals with pulse compression to enhance imaging and
detect calcified plaques in ex-vivo porcine heart arteries. The array was characterised

through electrical impedance analysis and pulse-echo response, with a comprehensive

129



characterisation of the acoustic field presented, based on the transmitted energy in the
pulse-echo conditions. The impedance magnitude exhibited uniformly damped responses
across all array elements, with the phase angle spectrum indicating resonance at around
21 MHz, and phase variations from approximately 90.7° to 91.7°. The acoustic field
characteristics, assessed through experiments and simulation, exhibited higher transmitted
energy with three array elements relative to one element, demonstrating strong overall
agreement, despite of some discrepancies attributed to imperfections in the experimental
conditions. Pulse-echo analysis revealed a peak frequency at 19.22 + 2.20 MHz, with a
-6 dB bandwidth of 66.80 %. Coded chirp and Barker excitation strategies with equivalent
energy levels imaged two ex-vivo porcine heart arteries and detected the calcified plaques,
with chirp offering better imaging quality compared to Barker. A 10-pm thick histological
section of an artery, stained with haematoxylin and eosin, was utilised to compare against
an IVUS image. The histological images successfully detected the calcified plaque,
demonstrating good agreement with the [IVUS image. The results underscore the potential
of lead-free RoHS-compliant transducers as a sustainable high-performance solution for

next generation IVUS systems.

5.2. Introduction

Chapters 3 and 4 have employed a zinc oxide (ZnO) linear ultrasonic array for NDT
applications. It involved the application of coded excitation strategies in conjunction with
FMC/TFM techniques for inspection of thick convex and concave industrial components.

This chapter introduces a 5 French gauge 32-element 163 pm-pitch 3.82 mm-elevation
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ultrasonic array transducer, allowing radial scanning in ex-vivo porcine heart arteries

through the selective activation of individual elements with adjustable time delays.

Cardiovascular diseases (CVDs) are the leading cause of death worldwide, responsible for
approximately 17.9 million fatalities each year [118, 119]. In Europe, CVDs contribute to
approximately 1.8 million deaths annually and exceed 11 million hospital admissions each
year. With an aging population, the incidence of numerous CVDs escalates markedly. The
associated economic burden and human impact are profound. Overall, CVDs exert a
significant economic burden on the European Union (EU), with annual costs approaching

210 billion euros, primarily due to healthcare expenditures and productivity losses [45].

Coronary angiography continues to serve as the gold standard imaging modality for
diagnosing coronary artery disease (CAD), and its extensive clinical adoption has been
instrumental in guiding patients toward a range of effective interventional therapeutic
strategies. X-rays, in conjunction with contrast agents, are employed in coronary
angiography to delineate the location and severity of stenosis within affected coronary
arteries. Nevertheless, this approach lacks the ability to provide precise insights into
vulnerable plaque characteristics and the structural integrity of the vessel wall. It generates
only a two-dimensional visualisation of the contrast-filled arterial lumen, failing to image
the arterial wall, where the most significant atherosclerotic plaques reside [46, 27].
Moreover, the use of x-rays exposes patients and clinicians to ionising radiation, which

can be harmful with repeated procedures.
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B-mode ultrasound images consist of the predominant imaging modality in IVUS
applications, as it enables real-time acquisition of intuitive two-dimensional cross-
sectional images. IVUS systems primarily produce monochrome grayscale images in B-
mode, where the brightness of each pixel is directly correlated by the amplitude of the

received ultrasound signal [27, 16], [48-55].

This chapter presents novel work on the application of a lead-free and RoHS-compliant
Zn0O-based array transducer for IVUS imaging. For fast data acquisition and frame rates,
single-transmission frequency- and phase-modulated signals are employed, combined
with a pulse compression method to improve the signal quality, allowing imaging and
detection of calcified plaques in ex-vivo porcine heart arteries. The subsequent
organisational structure of this chapter is delineated as follow: Section 5.3 presents
information on materials and methods utilised in this work. This includes the
characterisation of the array. Section 5.3 also includes background information about
coded excitation, pulse compression and energy considerations of the transmitted
waveforms for an equitable comparative analysis. The preparation process of the ex-vivo
porcine heart arteries samples was described next through a flowchart, followed by details
on the setup configuration, which comprised the array transducer and the Vantage NXT
64LE High Frequency system. The results and discussions are comprehensively detailed
in Section 5.4. The array was characterised in terms of electrical impedance and pulse-
echo measurements. Coded excitation schemes in forms of chirp and Barker were
employed and enabled imaging and detection of calcified plaques in porcine heart arteries.

Section 5.5 presents a conclusion of this chapter.
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5.3. Materials and Methods

5.3.1. Array Characterisation

In this study, a miniature 32-element array ultrasound transducer was employed, allowing
radial scanning through the scanning mechanism and the selective activation of individual
elements with adjustable time delays. The IVUS probe was formed using a 3-D printed
composite resin, Composite-X (Ligcreate, 3565 CL Utrecht, The Netherlands) inner core
by epoxying the array in position, achieving a resulting diameters of 5 French gauge,
approximately 1.67 mm. It consists of 163 um pitch and 3.82 mm elevation. The
characterisation of the array included analyses of the electrical impedance response and

the pulse-echo response.
5.3.1.1. Electrical Impedance

The electrical impedance and the phase angle spectra for each element of the IVUS array
were measured using an E4990A impedance analyser (Keysight, Santa Rosa, CA, USA)
with operational frequencies ranging from 20 Hz to 120 MHz. The impedance analyser
was interfaced with a 1604 7E test fixture (Keysight, Santa Rosa, CA, USA) designed for
evaluating frequencies up to 120 MHz. Figure 5.1 shows the layout of the acquisition

setup arranged to measure across all the array elements.
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Figure 5. 1: Electrical impedance acquisition setup.

5.3.1.2. Pulse-Echo and Energy Considerations

The acquisition strategy employed for the pulse-echo response used three array elements
in transmission, beamformed with differential delays to increase the energy in
transmission, and one element in reception. Therefore, assessment of the acoustic field
was undertaken. Characterisation of the acoustic field occurred through measurements
conducted using a hydrophone mounted in an automated scanning tank filled with
deionised (DI) and degassed water. The schematics of the data acquisition configuration
is depicted in Figure 5.2, where the signal path is highlighted. The NI PXIe-1071 + 5772
(National Instruments, Austin, Texas, United States) was utilised to trigger the Verasonics
Vantage 128™ (Verasonics Inc., Kirkland, USA), which was used to excite the IVUS

8TM

array. The Vantage 128" system features a programmable pulser with an amplitude range
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of 2 to 190 V peak-to-peak, and supports receive frequencies spanning 1 MHz to 50 MHz
in its high-frequency configuration, enabling versatile acoustic signal generation and
detection. The array was connected to the Vantage 128™ using an ipex female to
Hypertronics male adapter, interfaced with a Universal Transducer Adapter (UTA) 160-
DH/32 LEMO. A 0.075 mm-diameter polyvinylidene (PVDF) needle hydrophone
(NHO075, Precision Acoustics Ltd., Dorchester, UK), with a frequency band between 1
MHz to 60 MHz, was used as a receiver that detected the transmitted acoustic pressure
and converted into electrical signals. The hydrophone was connected to a submersible
preamplifier and DC coupler that matched the electrical impedance to 50 Q for efficient
signal transfer while offering a small amount of gain to the signal. The submersible
preamplifier and DC coupler were connected to a booster amplifier that provided a gain
of 30 dB to the signal. This output was captured by the NI PXIe-1071 + 5772 and digitised.
A DSO-X 3014A oscilloscope (Agilent Technologies, Inc., Santa Clara, California, USA)
was employed to visualise the signal. A custom LabVIEW-based software was used to
control the PXIe-1071 and the NI 5772 digitiser. Waveforms were acquired, digitised and
stored, while controlled by the scanning tank software, with a sample rate of 800 MHz

and 128 averages.
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Figure 5. 2: (a) Schematics of the overall acquisition setup for the acoustic field
characterisation. (b) Photograph showing the hydrophone and the IVUS array in the
water tank. The NI PXIe-1071 + 5772 triggered the Verasonics system to excite the
array. The hydrophone received acoustic pressure, converting it to electrical signals. It
was connected to a submersible preamplifier and DC coupler, followed by a booster
amplifier. The output was digitised by the NI PXle-1071 + 5772, and visualised on the
oscilloscope.
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The pulse-echo response of the array was measured using the Vantage NXT 64LE High
Frequency system (Verasonics Inc., Kirkland, USA), which features a programmable
pulser amplitude adjustable from 3 to 192 V p-p and supports receive frequencies
spanning from 1 to 60 MHz in its high-frequency configuration. The array was connected
to the Vantage NXT using the same adapter, interfaced with the same UTA, as described
in the scanning tank configuration. The analogue-to-digital converter operates at a
sampling rate of 125 MHz, with a 16-bit resolution [120]. The configuration parameters
including the array, sample and the acquisition strategy for transmission and reception
were defined in a MATLAB-based Verasonics environment (MATLAB R2022b). The
experimental setup, depicted in Figure 5.3, consisted of the array being immersed in DI
water surrounded by a steel tubing (10-mm diameter) that acted as a reflector. The steel
reflector offers strong echoes due to its significantly higher acoustic impedance than the

surrounding medium.
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Figure 5. 3: Schematics of the acquisition setup of the pulse-echo experiment and a top
view. The IVUS array was connected to the Vantage NXT system.

5.3.2. Coded Excitation and Energy Considerations

This study utilised frequency and phase-modulated signals to excite the IVUS array in
real-time. Linear chirps were employed as frequency-modulated signals. The phase-
modulated excitation scheme employed was Barker signals. Similar to chirp signals,
Barker signals likewise constitute single transmission excitation techniques. These codes

were modulated with a half-cycle waveform at 20 MHz and used for excitation.

The excitation signals were designed to have equivalent energy levels, thereby facilitating
an equitable comparative evaluation. Consequently, an 18-23 MHz chirp (0.414 us) and a
Barker 5 (0.498 us), as shown in Fig. 5.4, possessing 0.148 arbitrary units (a.u.) energy,
were employed. Their energy was determined through a trapezoidal method to calculate
the integral of the squared waveform across the temporal domain [111, 112]. In general,
increasing the duration of the transmitted signals intrinsically results in an expansion of

the dead zone. Determining the optimal signal length is application-dependent and
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requires balancing sufficient SNR improvement with minimising the dead zone to

maintain near-field target detection performance [26].

(a) Chirp
1.0 —‘ i
— 05
=
@,
8
3 00
=
£
< -05
-1.0 L
0.0 04 02 03 0.4
Time [us]
(b) Barker
1.0
— 0.5
3
5,
@
3 oo
£
£
<€ -0.5-
-1.01
+1 +1 +1 -1 +1
0.0 041 02 03 04 05
Time [ps]

Figure 5. 4: Frequency- and phase-modulated signals used for excitation in tri-level
representation. (a) 18-23 MHz chirp signal of 0.414 us duration. (b) Barker signal of
length 5 (0.498 us). The shaded green area illustrates a positive phase and the shaded

purple area highlights a negative phase.

5.3.3. Ex-Vivo Porcine Heart Arteries

This study employed chirp and Barker coded excitation techniques to image ex-vivo

porcine heart arteries (WETLAB Ltd., Warwickshire, England, United Kingdom) and

139



plaque detection. Fig. 5. 5 shows a flowchart offering an overview of the preparation
process of the samples. Phase 1 consisted of placing the porcine heart on a chopping board.
In phase 2, the arteries were cut, varying in heights between approximately 25 mm to 40
mm. The arteries were securely immobilised on a foam substrate in phase 3. Phase 4
involved the construction of calcified plaques using calcium carbonate powder
(Heiltropfen Lab. LLP, London, England, United Kingdom). Coronary calcification
serves as a key indicator of atherosclerotic disease progression [121, 27]. Highly reflective
or echogenic structures, including calcifications (or calcified deposits) generate brighter
signals, whereas echo-lucent structures, such as lipid deposits, result in substantially
reduced signal intensity [54, 27]. Calcium acts as a strong ultrasound reflector, with
minimal beam penetration, consequently casting acoustic shadows over deeper arterial

structures. In phase 5, the sample was fully prepared.
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Figure 5. 5: Flowchart providing an overview of the preparation process of the arteries.
Phase 1 included placing the porcine heart on a chopping board. The arteries were cut
in phase 2. Phase 3 consisted in securely immobilising the heart arteries on a foam
substrate. The calcified plaque construction occurred in phase 4. The resulting sample
was fully prepared in phase 5.

The setup configuration used a MATLAB-based IVUS system to observe the ex-vivo
porcine heart arteries, achieving real-time acquisition and image formation of a frame rate
of approximately 64 frames per second (fps) for the single transmission coded excitation
techniques (Barker and chirp). Fig. 5. 6 (a) shows the configuration comprising the array
transducer for radial ultrasound transmission, integrated with the Vantage NXT 64LE

High Frequency system for advanced imaging processing and visualisation. The array was
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immersed in a glass beaker filled with phosphate buffer saline (PBS) and surrounded by
the ex-vivo arteries, as highlighted in Fig. 5.6 (b). A picture of the array, emphasising its

elements is depicted in Fig. 5. 6 (c).

Ex-vivo
\| sample

Array elements

Figure 5. 6: (a) Real-time IVUS system for observing ex-vivo porcine heart arteries. It
consists of the array that radially transmits ultrasound signals and the Vantage NXT
64LE High Frequency system for imaging processing and display. The array is securely
positioned parallel to the long axis of the vessel wall. (b) A close-up photograph to
emphasise the ex-vivo sample. (c) Photograph of the multi-element array highlighting
the location of its elements. The configuration of the elements in the array is illustrated
in Fig. 2.14 (b).

Histological sections were prepared and compared against an IVUS image. Histological
preparations were undertaken at the Histology Laboratory, Anatomy Facility, School of

Medicine, Dentistry & Nursing (Thomson Building, University of Glasgow, Scotland,
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UK). Fig. 5. 7 shows the key steps of the preparation process. An ex-vivo porcine heart
artery was immersed into a mould (25 x 25 x 15 mm?®) containing FSC22® (Clear Frozen
Section Compound, Leica Biosystems, Nussloch, Germany) and cooled in the Leica
CM1860 cryostat (Leica Biosystems, Nussloch, Germany), operating at -22 °C. The
FSC22® solidified to form a block that contained the artery. The block was bonded to a
holder, by means of the FSC22®, to allow cryo-sectioning. Frozen histological sections,
10-um in thickness, were cut by a disposable blade edge from the distal side of the block.
The sections were mounted on room-temperature glass microscope slides which were air
dried and fixed in 10% buffered Formalin for 10 minutes, followed by washing in water.
The slides were stained using the standard haematoxylin and eosin method. Staining
provides colour and contrast to the specimen, allowing more details to be observed.
Photography of stained and unstained sections was achieved using an EOS 5D Mark IlI
(Ota-ku, Tokyo, Japan) and a Light Box (LitEnergy 9 x 12 Inch Light Pad). This allowed

for images showing the complete transverse section of the porcine heart artery.
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Disposable
blade edge

Figure 5. 7: Histological preparations of an ex-vivo porcine heart artery. The
immersion phase included immersing the artery into a mould. The sectioning phase
included cutting frozen histological sections using a disposable blade edge. Staining was
conducted through a standard haematoxylin and eosin technique. The dashed green
circle indicates the sample at the different preparation stage.

5.4. Results and Discussions

5.4.1. Array Characterisation

5.4.1.1. Electrical Impedance

The electrical impedance magnitude and the phase angle were measured across all
elements of the IVUS array. The average impedance magnitude and phase angle spectra
are shown in Figs. 5. 8 (a) and (b), respectively. The measured impedance magnitude
shows uniformly damped responses across all of the elements in the array, with the phase
angle spectrum indicating resonance at around 21 MHz, and phase variations from

approximately 90.7° to 91.7°. The damped responses observed across all array elements
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are attributed to the weak resonance nature of ZnO and losses associated with the coaxial
cable employed for data acquisition, in conjunction with the 3-D printed Composite-X

inner core, which served as both to assemble the array and as a backing material.
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Figure 5. 8: Measured electrical impedance response across all array elements. (a)
Average electrical impedance and (b) phase angle curves with respect to frequency.

5.4.1.2. Pulse-Echo and Energy Considerations

The pulse-echo acquisition approach utilised a transmit aperture comprising three array
elements, beamformed with differential time delays to enhance transmitted energy, and a
single element for reception. The acoustic field characteristics were evaluated when the
IVUS array used one and three elements in transmission. Simulated data was produced
through the Verasonics Software (Verasonics Inc., Kirkland, USA), and used to compare
against experimental data. The simulation employed the array on an acoustic medium with
a longitudinal velocity of 1500 m/s. Fig. 5. 9 shows the geometry configuration considered
for simulation, with the IVUS circular array highlighted in red. The experimental

configuration had the hydrophone aligned with the acoustic beam of the array element
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under evaluation (element 16) by finding the location of the peak pressure. The scan area
parameters of the acoustic field are presented in Table 5. 1. The scanning programme was
utilised to acquire and store the data. Data processing was conducted using MATLAB.
Fig. 5. 10 shows experimental and simulated data of the beam profile corresponding to
one and three transmissions. The behaviour of the simulated shows good agreement with
that of the experiments, with some discrepancies associated with imperfections in the
experimental conditions. The transmitted energy with 3 elements, as presented in the
simulated and experimental data in Figs. 5. 10 (b) and (d) respectively, is higher than when
1 element was used in transmission, as shown in Figs. 5. 10 (a) and (c). Moreover, the
experimental condition is influenced by the performance variations in the ultrasonic array
elements. This is primarily attributed to manufacturing and aging-related degradation
effects, leading to non-uniform element responses, which are not accounted for in the
simulation model that assumes consistent performance across all array elements. Another
aspect is crosstalk between array elements. This causes unwanted signals from
neighbouring elements to degrade the beam profile, for instance, by introducing

distortions or anomalous behaviours [122, 123].
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Figure 5. 9: Geometry configuration considered in simulation conditions.

Table 5. 1: Scan area parameters of the acoustic field relative to centre of the array
element under evaluation (element 16).

ID Span (mm) Step (mm) Velocity (mm/s)
X 4.875 0.075 0.5

Y 0 0 0

Z 4.875 0.075 0.5

147



(a) Experimental beam profile: 1 TX (b) Experimental beam profile: 3 TX
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Figure 5. 10: Acoustic beam profile. (a) Experimental results for 1 transmission (TX).
(b) Experimental results for 3 TX. (c) Simulated results for 1 TX. (d) Simulated results
for 3 TX.

The pulse-echo response of the array was evaluated using a single cycle pulse excitation
at 20 MHz, a driving voltage of 30 V generated by the Verasonics Vantage NXT
controller, with a receive gain set to 40 dB. Data was processed using MATLAB and the
thirty-two A-scan signals were examined. Fig. 5. 11 (a) shows the average time domain,

measured from the front face of the reflector, and its frequency spectrum. The frequency
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spectrum was derived by applying the FFT to the individual time-domain waveforms,
followed by averaging. The peak frequency (fy) was 19.22 + 2.20 MHz and the -6 dB
bandwidth was calculated to be 66.80 %. Fig. 5. 11 (b) shows the peak frequency response

across all the array elements.
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Figure 5. 11: Pulse-echo response. (a) Average time and frequency domains. (b) Peak
frequency response across all elements of the array. The peak frequency is represented
as f, and the bandwidth as BW.

5.4.2. Ex-Vivo Porcine Heart Arteries Imaging

The first experiment investigated the plaque imaging and detection across two ex-vivo
porcine heart arteries, as shown in Figs. 5. 12 (a) and (d). The designed excitation
strategies for chirp and Barker were utilised, and a B-scan image frame from the real-time
imaging system is presented for each case, as shown in Figs. 5. 12 (b), (¢), (e), and (f).
The key acquisition parameters consisted of an excitation voltage of 40 V and a receive
gain of 30 dB. To evaluate the imaging quality for each excitation technique, the dynamic

range was set to 30 dB. All of the B-scan images consistently imaged and detected the
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calcified plaque and the arterial wall. Some imaging artifacts, common in IVUS [54, 124],
can also be observed. For example, acoustic shadowing artifacts behind the calcified
plaque can be seen in each case. This occurs as calcium is a strong reflector of ultrasound
and it casts shadows over deeper arterial structures. The dead zone is also shown in every
B-scan image. The dead zone is the bright ring region in the images, near the transducer
elements, where no useful imaging data is obtained. The frequency-modulated chirp
scheme provided better imaging quality compared to that of the phase-modulated Barker
strategy, with better imaging contrast. On a general outlook, tissues exhibit low
reflectivity, allowing partial reflection while permitting substantial ultrasound wave
transmission to deeper layers. Sound waves highly distort when travelling through tissues.
This causes ultrasound images to show intensity fluctuations, a combination of bright and

dark regions, and degraded quality [125].
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Figure 5. 12: Ex-vivo porcine heart arteries 1 and 2 and corresponding B-scan images.
(a) Artery 1, highlighting the plaque and the arterial wall. (b) and (c) B-scan images
corresponding to the coded chirp and Barker excitations, respectively, evaluating the

plaque imaging and detection in artery 1. (d) Artery 2, highlighting its plaque and
arterial wall. (e) and (f) B-scan images corresponding to the coded chirp and Barker
excitations, respectively, evaluating the plaque imaging and detection in Artery 2. In all
cases, the dead zone and the acoustic shadowing can be observed.

The next investigations used an ex-vivo porcine heart artery, as depicted in Fig. 5. 13 (a),
to produce histological sections that were used to compare against an IVUS image.
Comparisons between IVUS and histology images have been previously studied [45, 50,
53]. A comparison between the two imaging modalities is presented in Figs. 5.13 (b) —
(d). The red arrowheads represent the location of the plaque for each case. An IVUS B-
scan image is depicted in Fig. 5.13 (b). This was generated using a Barker excitation
strategy. Fig. 5.13 (c) shows an unstained histological section. The plaque is distinctly
delineated, with the calcium carbonate clearly evident. Fig. 5.13 (d) depicts a stained
histological section. The position of the plaque is discernible, however, the calcium
carbonate is removed during the staining process. Neither histological image reveals the
protrusion of the calcified plaque, as observed in the arterial image and its corresponding
B-scan, in Figs. 5.13 (a) and (b), respectively. The discrepancy may be attributed to
compromised structural integrity of the calcium carbonate during the immersion phase of

the histological preparation process.
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Figure 5. 13: Comparison between IVUS and histology imaging modalities using an ex-
vivo porcine heart artery. (a) Artery highlighting the location of its plaque and arterial
wall. (b) IVUS B-scan image produced using the phase-modulated Barker excitation
scheme. (c) Unstained histological image. The plaque is clearly highlighted, with the
calcium carbonate visible. (d) Stained histological image. The standard haematoxylin
and eosin method was used for staining. The location of the plaque is visible, however,
the calcium carbonate is washed out during the staining process.
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5.5. Conclusion

The integration of lead-free transducers into commercial IVUS catheters is both critical
and opportune to propel the development of environmentally sustainable piezoelectric
materials. Although numerous investigations have explored the piezoelectric properties of
lead-free materials, the obstacle of scaling these findings to large-scale manufacturing
remains unresolved. Furthermore, the ZnO-based array introduced in this study (5 French
gauge) emerges as a compelling solution, leveraging advantages inherent to its fabrication

Processes.

In this work, a scalable, lead-free and RoHS-compliant ZnO-based array transducer was
used for IVUS imaging applications. Frequency- and phase-modulated signals were
employed and pulse compressed to improve the signal quality, allowing imaging and
detection of calcified plaques in porcine heart arteries. To accomplish this, the array was
characterised through electrical impedance analysis and pulse-echo response evaluation,
accompanied by characterisation of the acoustic field based on the transmitted energy
considerations in the pulse-echo configuration. The impedance magnitude exhibited
damped responses consistently across all the elements in the array. The phase angle
spectrum revealed a resonance centred at approximately 21 MHz, with phase variations
ranging from approximately 90.7° to 91.7° across all array elements. The acoustic field
showed higher transmitted energy with 3 elements compared to 1 element. This was
observed in both simulation and experimentation, demonstrating good agreement,

regardless of some discrepancies related to imperfections in the experimental conditions.
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The pulse-echo response exhibited a peak frequency at 19.22 + 2.20 MHz, accompanied

by a -6 dB bandwidth of 66.80 %.

The subsequent experimental work used chirp and Barker signals with equivalent energy
levels, combined with pulse compression to image and detect calcified plaques in ex-vivo
porcine heart arteries. A 10 pum-thick artery histological section, stained through the
standard haematoxylin and eosin approach, was presented and compared with an IVUS
image. The imaging and detection of plaques was investigated using two different
samples. In all cases, B-scan images successfully detecting the calcified plaques were
produced, where imaging artifacts, including acoustic shadowing, common in IVUS were
observed. Moreover, chirp offered better imaging quality with better imaging contrast
compared to Barker. The histology images effectively identified the calcified plaque,
indicating strong concordance with the IVUS image. The findings highlight the potential

of lead-free transducers as a sustainable option for next-generation IVUS systems.
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Chapter 6

Summary

6.1. Conclusions

Piezoelectric ceramics, such as Lead Magnesium Niobate-Lead Titanate (PMN-PT) and
Lead Zirconate Titanate (PZT), are widely utilised in both industrial and medical
applications due to their high piezoelectric coefficients (dsz3), which enable high-
performance functionality. Concerns regarding human health and environmental impacts
stemming from the lead content in piezoelectric ceramics have prompted urgent action.
Aligning with international regulatory framework, including the Restriction of Hazardous
Substances (RoHS) directive set by the European Union and comparable legislation in
Japan and China, the timely adoption of lead-free alternatives is essential to advance the
development of environmentally sustainable piezoelectric materials. Despite extensive
research into the piezoelectric properties of lead-free materials, the challenge of scaling
these findings for large-scale industrial production remains unaddressed. In industrial
scenarios, the increasing geometric complexity of components has spurred the
development of conformable ultrasonic probes, facilitating effective inspection without
the need for custom-designed wedges to adapt to curved or irregular surfaces. Thus, a

flexible ultrasonic array that is both RoHS-compliant and scalable, has been proposed as
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a solution to enhance operability in thick complex-geometry industrial components. In
medical settings, a scalable, RoHS-compliant, ZnO-based ultrasonic array has been

presented as a lead-free alternative for intravascular ultrasound imaging applications.

Firstly, a 20 MHz flexible linear ultrasonic array was used to inspect a thick convex
industrial component combining advanced phase-modulated dual transmission Golay
coded excitation with FMC/TFM strategies. The array performance was initially
characterised. Golay-coded excitation schemes were designed and implemented. This
allowed improvement in the imaging quality of the array. The optimal code length varies
by application, balancing SNR and near-field defect detection. A sub-aperture selection
approach, based on the array element directivity, further improved SNR and increased
imaging penetration depth, enabling a new target to be detected, which was undetected

using the conventional pulse excitation method.

The flexible linear array was subsequently employed with single transmission phase-
modulated Barker signal and frequency-modulated chirp excitation signal techniques.
Compared to Golay excitation strategies, these single transmission methods improve data
acquisition efficiency and frame rate by a factor of two, and do not introduce motion-
dependent decoding errors. A comparative investigation of the performance associated
with the coded excitation strategies and the conventional pulse excitation through
simulation and experimentation utilised a novel SNR approach. Qualitative and
quantitative measurements were performed, with good agreement between the simulated
and the experimental data. Averaging a conventional single pulse excitation enhances

SNR. However, it compromises acquisition speed. In contrast, coded excitation strategies
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improve SNR without compromising acquisition speed by employing extended coded
pulses instead of repeated pulses. Moreover, all of the TFM images presented sidelobe
artifacts, while for the coded excitation scenario, matched filter processing artifacts were
further observed. Convex and concave test specimens were utilised to assess the flexibility

of the array, with the array demonstrating excellent conformity to both geometries.

A lead-free 5 French gauge (around 1.67 mm diameter) 32-element 163 pum-pitch 3.82
mm-elevation ultrasonic array has been proposed as an alternative for IVUS catheters. The
scalable, RoHS-compliant ZnO-based array was used in conjunction with Barker and chirp
excitation schemes for improved imaging quality for detection of calcified plaques in ex-
vivo porcine heart arteries. The performance of the array was initially characterised. Barker
and chirp strategies were designed and implemented to allow real-time imaging. Histology
images were acquired and evaluated against an IVUS image. The results underscore the
viability of the lead-free array transducer as a sustainable solution for the next generation

of IVUS system:s.

This thesis has presented work exploring the implementation of coded excitation strategies
in both industrial and medical settings. In the industrial context, the performance of the
linear ultrasonic array was evaluated offline under static conditions. Conversely, in the
medical context, the circular ultrasonic array was assessed in real-time under static
conditions, with the long-term goal of integration into a dynamic IVUS diagnostic system
incorporating an imaging catheter, a motor drive unit and a controller for image processing
and visualisation. Thus, for applications akin to the industrial scenarios examined, the

adoption of Golay coded excitation is recommended as the preferred scheme. Golay
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coding schemes provide optimal range sidelobe cancellation, attributed to the requirement
of two consecutive transmissions. The single transmission chirp and Barker excitation
strategies result in processing sidelobes in the pulse compression stage. For the medical
IVUS scenario, single transmission coded excitation schemes are recommended, as they
improve data acquisition efficiency and frame rate by a factor of two compared to the dual
transmission Golay coded excitation schemes. Moreover, these schemes avoid motion-
dependent decoding errors. Based on qualitative and quantitative performance
comparisons with Barker and chirp excitation schemes, chirp strategies are recommended

for enhanced signal fidelity and imaging quality.

6.2. Suggestions for Future Work

In order to advance with the work described in this thesis, future work in the industrial
settings should be focused on the development of a real-time system to qualitatively and
quantitatively evaluate Barker, chirp and Golay excitations incorporating the newly
developed SNR method. The proposed system would leverage from the Verasonics NXT
platform to enable versatile waveform generation. Coded excitation signals would be
transmitted through the transducer, with pulse compression applied to the receive echoes.
Real-time visualisation of the processed data would be facilitated through a custom
graphical user interface, which supports code selection, live image display, and data
export functionality. The development of the real-time data acquisition and processing
algorithms will facilitate inspections and improve the practicality of the technology in
industrial applications. On the medical scenarios, future research includes a detailed

parameter optimisation of the chirp excitation strategy to maximise imaging quality in ex-
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vivo studies. This includes frequency range, duration, amplitude and windowing
considerations to enhance the real-time IVUS imaging capability. Another avenue for
future work involves the evaluation of arterial wall imaging and plaque detection through
ex-vivo porcine blood, furthering the work from PBS, while exploring different plaque
compositions that contribute to arterial narrowing and hardening. The signal quality is
expected to degrade in blood due to scattering. Therefore, this should be considered and
techniques to mitigate this degradation should be studied to promote robust plaque
detection. The outcomes of these ex-vivo investigations will be essential for enabling the

translation of findings to in-vivo experiments.
6.3. Final Summary

The research conducted during this Doctor of Philosophy has presented the application of
lead-free (ZnO-based) ultrasonic arrays for industrial and medical settings. Phase- and
frequency-modulated excitation strategies have been designed and implemented, in
conjunction with pulse compression techniques, to improve the signal quality of the array.
Evaluation studies of the performance associated with the coded excitation schemes were
conducted to improve the ultrasonic array operability in thick convex and concave
components. Moreover, a novel SNR approach was developed. This allowed the
characterisation of the image noise region and identified parameters where the SNR
converged. Furthermore, the development of a novel lead-free transducer system for
intravascular ultrasound catheters was presented. The system incorporates the high-
frequency, flexible array transducer combined with coded excitation schemes. This

allowed imaging and detection of calcific plaques in ex-vivo porcine heart arteries.
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