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Abstract

Ultrasound is a sound wave with a frequency greater than 20 kHz. It obeys the propa-
gation laws of reflection, refraction, diffraction, and scattering. Because of its excellent
physical properties, ultrasound has been used in a variety of fields, including industry
and medicine. There are many techniques that use ultrasound as detection methods in the
field of non-destructive testing (NDT) and medical treatment. In a typical ultrasound sys-
tem, a sine wave or pulse signal with a fit window is considered as the transmitted signal.
This results in low accuracy in some special situations, such as testing high attenuation
material. The signal-to-noise ratio (SNR) is an important parameter for evaluating the
performance of an echo signal or imaging. However, under high attenuation materials or
noisy conditions, SNR will significantly decrease. Under these conditions, valid informa-
tion in the received signal will be obscured by noise. This situation can cause errors in
the detection system. In an ultrasound system, increasing the SNR of the echo signal can

reduce detection errors and improve accuracy.

First, in ultrasound systems, a noise reduction method based on pulse compression has
been investigated and applied. Convolution and modulation were used in the proposed
method to generate new hybrid emission signals. The hybrid codes can only be distin-
guished by a special matched filter that is related to the emission signals. The echo sig-
nals processed by a special matched filter have a high main lobe and a very low side lobe,
implying that the side lobe level and SNR will increase. When compared to traditional
denoising methods, the proposed method can significantly improve SNR while only re-

quiring a change in the transmission code without requiring any hardware changes.

Second, in a low voltage ultrasonic testing (UT) system, a hybrid phase modulated code
excitation method based on the Barker and Golay code pairs was proposed and imple-
mented. In a UT system, the lower the pulsing voltage, the lower the SNR of the signal.
Attempting to reduce the pulsing voltage will result in noisy and unusable results. The
proposed hybrid method can increase main lobe power in low average power transmitted
and received signals. The proposed method has been theoretically examined and then
tested in simulation studies. The experimental results showed that the main lobe level of
the code produced by convolution of Barker code and Golay code pairs is around 30 dB
higher than the simple pulse, and the main lobe of the combined code is around 15 dB
higher than the traditional Barker code, with the sidelobe being the same as the Baker

code that constitutes this combined code. As a result, the combined code’s peak sidelobe



level (PSL) is approximately 5 dB lower than the traditional Barker code. Because of this,

UT devices can be used in real-world applications, even in low-voltage situations.

Third, the torsional wave mode T(0,1) hybrid phase modulated code excitation method
has been proposed and applied in a long range guided wave testing (GWT) system. The
proposed hybrid method combines the Barker and Golay code pair and is modulated by
a fitted sine wave. This method combines the benefits of these two coding methods and
increases code length flexibility. The SNR and PSL of the processed signal are used to as-
sess the method’s performance. The proposed method has been tested in GWT using both
finite element method (FEM) simulation and real-world testing. The results of pipeline
laboratory testing revealed that the best increasing SNR of BCG is around 33.5 dB when
compared to a simple pulse at 40 kHz, and the peak sidelobe level is around -24 dB. The
proposed method, as well as other traditional methods, were used for pipeline defect de-
tection testing. The results of the tests showed that the hybrid coded excitation method
can detect notches that are difficult to detect with other methods and effectively improve
the SNR. The applied method’s increasing SNR is around 6 dB, which agrees with the
simulation and laboratory testing results. In UGW testing, the proposed coded excitation

method was highly regarded.

Finally, the non-linear frequency modulated (NLFM) hybrid pulse compression method
has been proposed and implemented in an ultrasound imaging (UI) system. The pro-
posed code combines the Barker and Golay codes and is modulated using a non-linear
frequency method based on the Zak transform. Theoretical research on signal generation
and decoding has been presented, as well as cyst phantom simulation. The simulation
analysis shows that the novel code method can improve the contrast ratio by 15.96 dB
and the SNR by 36.64 dB when compared to a simple pulse signal. Overall, this study
demonstrated that the proposed novel method can be effectively used in ultrasound detec-

tion methods to improve performance.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Background

The inspection industry is critical in both daily life and industrial production. Material
or tissue, such as pipelines, railway networks, and human organs, may have defects as
a result of the stresses and environmental conditions they are subjected to. Internal or
external defects in these materials might damage their structure, limiting their service life
or producing hazardous circumstances. On December 11, 2012, a 20-inch diameter un-
derground natural gas pipeline of the Columbia Gas Transmission Corporation ruptured.
The spilled high pressure natural gas was immediately burned, resulting in a loss of mil-
lions of dollars. The investigation determined that the primary cause of the accident was
external corrosion of the pipeline and a lack of recent inspections [1]. Figure 1.1 depicts
the accident scene. As a result, inspection is vital for the safety of both humans and the

environment.

Non-destructive testing (NDT) is an essential and effective tool for industrial develop-
ment in the inspection industry, and it reflects a country’s level of industrial development.
The NDT industry’s application areas have gradually expanded, and the NDT market has
also expanded. According to a new MarketsandMarkets research report, the NDT market
value in 2018 was 11.4 billion British pounds and is expected to reach 16.8 billion British
pounds by 2024, with a compound annual growth rate of 6.7% from 2019 to 2024. In this
massive market, ultrasonic inspection will hold a significant market share, accounting for
approximately 30-40% of the NDT market. According to the British Institute of NDT,
over 25,000 non-destructive inspections are performed in factories and on-sites every day

in the UK to detect defects and damages in various products and structures. It is estimated
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Figure 1.1: The accident scene of pipeline rupture [1].
that there are over 120,000 inspectors in the world.

Because NDT has excellent market prospects and can be used in a variety of fields, it is
critical to research NDT in the industrial field. There are many NDT method by using
different physical properties. Because of its excellent physical properties, ultrasound has
been widely used as a detection method in engineering, biology, chemistry, materials sci-
ences, and other fields. The majority of these areas covered by ultrasound are depicted in
Figure 1.2. High sensitivity, fast speed, low cost, human body safety, and the capacity to
discover and quantify flaws are all advantages of ultrasonic detection systems. Ultrasound
wave is a kind of mechanical wave and it can propagate in the material at a certain speed
and direction. When an ultrasound wave encounters heterogeneous interfaces with differ-
ent acoustic impedance, it can produce reflection, refraction, and waveform conversion
(such as defects or the bottom surface of the object, etc.). According to the principle, the
ultrasonic detection method can be classified as ultrasonic pulse echo technique, Time-
of-flight diffraction (TOFD), phased array ultrasonic testing, guided wave testing, and so

on.

1.2 Motivation

Since NDT is very important in industry and daily life, it can detect and monitor the health
of materials. Ultrasound detection technique is the most extensively utilised method in
NDT. However, several ultrasonic technologies have drawbacks that lead to erroneous
detection results and low efficiency. To improve axial resolution in ultrasonic testing sys-
tems, high-frequency short ultrasonic pulses are frequently used as the transmitted signal.

The signal has the ability to avoid echoes overlapping, but this results in poor signal-to-
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Figure 1.2: The most area covered by ultrasound transducers.

noise ratio (SNR) and depth penetration [4].

In a guided wave testing system, guided waves can propagate over a long range in an
elongated structure while guided by its boundaries. This technique has high susceptibility
to interference on a propagation path [5]. Depending on the SNR, guided wave testing has
a high sensitivity [6]. Increasing performance in pipe inspection by changing transducers,

on the other hand, will raise testing costs.

There are several ways to improve the penetration depth of high resolution imaging in
an ultrasound imaging system. Cannata [7] increased the sensitivity of the transmitted
sensor, which improved the quality of ultrasonic imaging. However, this technique is
constrained by transducer material and technological level [8], making it difficult to break
through by improving transducer sensitivity. The power of the ultrasound transducer can
be increased to improve signal intensity, but it is limited by the safety threshold of human
body.

Traditional ultrasonic detection methods and equipment have the inherent problem of
being extremely sensitive to unwanted external noise. As a consequence, it is imperative
to use some specific analysis methods to distinguish the signals depending on the noise
and the defect in echo signal, furthermore, to reduce the influence of the noise on the echo

signal.
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1.3 Aim and objectives

Ultrasonic detection techniques are widely used in the industrial and medical field, but
they have limitations in certain situations. The main aim of this study is to solve the exist-
ing problems by using different modulation methods in ultrasound detection techniques.
The specific problems include the improvement of SNR for low voltage ultrasonic testing
systems, the improvement of the performance for long range guided wave testing systems

and the enhancement of imaging performance for ultrasound imaging systems.

The following objectives have been established in order to achieve the aims of this study.

* Areview of the literature on NDT, ultrasonic testing, and signal processing methods
was conducted in order to determine the current research status. The limitations of
commonly used methods are discovered through analysis, and solutions to these
limitations are discussed. As a result, the groundwork for future research has been
established.

* To address the limitations of current methods, an alternative method based on the
pulse compression technique was proposed and implemented. The feasibility of the

hybrid modulation method has been demonstrated theoretically.

* As transmitted signals, different bits of the Barker code, Golay code pair, and var-
ious Barker code convoluted Golay code pair sequences are used to improve the
SNR of low-voltage ultrasonic testing systems. The modulation methods will be
verified theoretically and their results will be validated with the Matlab Field II

simulation results.

* To improve the SNR of the guided wave testing system, torsional wave mode T(0,1)
of the Barker code and the Barker code convoluted Golay coded pair sequence are
applied as transmitted signals. The hybrid modulation method needs to be theo-
retically verified, and the FEM simulation results in Abaqus should be validated
with the theoretical results. To demonstrate the feasibility of this method, labora-
tory tests on the pipeline at various frequencies are required. Field tests on faulty

pipelines are required to demonstrate the superiority of this method.

* To improve the SNR and resolution of the ultrasound imaging system, the non-
linear frequency modulated hybrid coded excitation method will be applied as trans-
mitted signals. This method necessitates theoretical validation as well as cyst sim-
ulation. To determine the superiority of this method, the improved SNR and reso-

lution of the applied method need to be compared.
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1.4 Thesis structure

This thesis has six chapters overall.

Chapter 1 provides an overview of the background of the research. The market for NDT is
very large, and the ultrasound detection method is an important part of NDT. This chapter

also discusses the motivations and aims of this research.

In Chapter 2, a review of the literature on NDT, ultrasound methods, and pulse compres-
sion techniques is provided. Firstly, traditional detection methods, such as electromag-
netic detection, optical detection, and acoustic detection, are briefly described. Follow-
ing that, various ultrasound methods and the judging indicator are discussed. Finally, a
pulse compression technique involving frequency modulation and phase modulation is

presented.

In Chapter 3, the convolution of Barker and Golay codes for low voltage UT systems is
introduced. In a low voltage UT system, a new hybrid coded excitation method has been
presented and used. This section introduces the generation and compression process of
the hybrid coded excitation method and the theoretical study of the present method. The
system performance has been compared with the traditional coded excitation method.
The present method has the advantage that the processed echo signal has higher SNR and
lower side lobe level than others. The simulation which uses the Field II toolbox in MAT-

LAB is also presented in this section.

In Chapter 4, the long range guided wave testing method based on different modulation
and hybrid coded excitation methods is investigated. Firstly, the guided wave testing
method was introduced. In this research, the pulse and frequency modulated methods
based on the torsional wave mode T(0,1) are implemented in a guided wave testing sys-
tem. The system applies commonly used methods and proposed methods for transmitting
signals. Secondly, the proposed method is applied in Abaquse, which is a finite element
method (FEM) software. A pipeline module was modelled to compare the performance
of different excitation methods. Thirdly, the laboratory tests in the pipeline have been
implemented. The experiment used various transmitted signals, including the proposed
method, on different frequencies to find out the performance of this method. Finally, the

proposed methods are applied in pipeline with defected field experiments.

Chapter 5 presents a study on ultrasound imaging systems by using non-linear frequency
modulated coded excitation methods. A non-linear frequency modulation method based

on the Zak transform is applied in this section. The hybrid transmitted signal has the
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ability to improve SNR and resolution, which can be used in ultrasound imaging systems.
In order to verify the feasibility of this method, the theoretical study is presented in this
section. Different modulation methods are compared in Matlab and cyst simulations are

present to prove the performance of the proposed method.

The last chapter concludes this thesis, providing future directions for the proposed hybrid

pulse compression technique in the ultrasound detection method.

1.5 Thesis contributions

This dissertation presents contributions in the area of pulse compression technique for
different ultrasound detection methods, such as ultrasonic testing, guided wave testing,

and ultrasound imaging.

* To improve SNR and side lobe level (SLL) in a low voltage ultrasonic testing system
with high accuracy and efficiency, a novel hybrid coded excitation code has been
generated and compressed. Chapter 3 describes the generation and compression

specifications, as well as the simulation results.

* To achieve long-range ultrasound detection, different modulation methods are used
to modulate the hybrid coded excitation methods, and they are applied to guided
wave testing. The methods include the following: frequency modulated Barker
code and Barker convolution Golay code, and pulse modulated Baker code. The
detailed information about each method is presented in Chapter 4. The best perfor-

mance method is applied in pipeline field detection experiments.

e For an ultrasound imaging system, a non-linear frequency modulation method based
on the Zak transform is modulated with hybrid coded excitation. By altering the
proposed transmission signal, this study improves the SNR and contrast ratio of
the ultrasound imaging system, resulting in significantly improved imaging per-
formance when compared to traditional methods. Through simulations, this study
validates the performance. The detailed description of the system is presented in
Chapter 5.
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Chapter 2. Literature Review

Chapter 2

Literature Review

2.1 Non-destructive testing

In both industry and civil engineering, testing and quality inspection are required.Industrial
materials often suffer from extreme temperature, high pressure, corrosion, flammable, ex-
plosive, and so on. Surface defect or internal defects will seriously affect the mechanical
properties of materials and structures. The stress concentration could impact the me-
chanical properties of the material significantly. Once the material is abnormal, it has
the potential to cause a catastrophic accident, resulting in property damage and personal
injury. To find out the stages during the life of a material accurately, engineers should
have a new method of inspection. For our deteriorating infrastructure, better inspection

techniques are required [9].

Traditional inspection methods use artificial methods to detect material defects with the
naked eye or a magnifying glass. However, there are some limitations to experience recog-
nition, particularly when dealing with complex defects. Manual classification becomes
more difficult when the size and shape of the material vary greatly. It’s also difficult to
detect defects in the material with the naked eye. Therefore, traditional detection meth-
ods have been unable to adapt to modern industrial production and requirements for rapid
detection and real-time detection. To overcome these limitations, non-destructive testing
(NDT) methods have been developed with the development of computer science, such as

optics, acoustics, and computer graphics.

NDT is a broad category of analysis techniques used in the science and technology in-

dustries. NDT can assess the properties of materials, components, or systems without

9
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causing any damage. Test method names often refer to the type of penetrating medium or
the equipment used to perform that test [10]. The common NDT methods are: Acoustic
Emission Testing (AE), Ultrasonic Testing (UT), Guided Wave Testing (GW), Ultrasound
imaging (UI) Electromagnetic Testing (ET), Eddy Current Testing (ECT), Magnetic Flux
Leakage (MFL), Permanent Magnet Perturbation (PMP), Laser Testing Methods (LM),
Leak Testing (LT), Neutron Radiographic Testing (NR), and Radiographic Testing (RT).

Due to the diversity of testing methods, NDT can be used in testing practices in a vari-
ety of situations. These methods meet the requirements for rapid detection and real-time
detection. Non-destructive techniques are useful for evaluating the condition of struc-
tures.The primary benefit of NDT is the avoidance of structure damage during evaluation,
which has improved in recent years. Several researchers performed NDT tests to evaluate
the condition of structures. The rest of this chapter introduces NDT methods and the re-
cent work of these methods. By reviewing these existing technologies and applications,
the advantages and disadvantages of these methods can be understood and inspired for

future work.

2.1.1 Electromagnetic method

Magnetostriction and piezomagnetic effects have received more attention in the NDT
field because of the fundamental feature of ferromagnetic materials, which is the cou-
pling between stress and magnetic field and the change in magnetization of ferromag-
netic materials with stress. There have been a lot of non-destructive magnetic techniques
being proposed in recent years. The most popular magnetic NDT technologies can be
assorted into active magnetic methods such as MFL, ECT, PMP, magnetic Barkhausen
noise (MBN) and passive magnetic methods such as recently developed metal magnetic
memory (MMM) [11].

The MFL technique is based on an increase in magnetic refraction leakage and is charac-
terized by peaks in the test signal. Nabighian et al. [12] introduced the MFL device, which
was built by Rudolf Eickemeyer in 1889 to detect section changes or magnetic penetration
in ferrous metals. Nestleroth [13] combined high-magnetization and low-magnetization
MFL technology for stress to detect axial and circumferential. By orienting the magnetic
field around the pipe, the magnetized axial defect can affect more of the magnetic field
and is easier to detect. As a non-contact sensing method, the MFL method has the advan-
tages of powerful penetration and detection capabilities. This method is effective for both

internal and external defects, and has immunity to non-ferromagnetic objects. However,

10
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the limitation of this method is that it can only detect ferromagnetic material, and the de-
tection device is heavy, leading to inconvenient testing. Figure 2.1 shows the fundamental
principles of the MFL. The basic idea is to magnetise the steel with a strong magnet. The

magnetic field ”leaks” from the steel in areas where there is corrosion or missing metal.

Figure 2.1: The fundamental principles of the MFL [2].

The secondary magnetic field of ECT based on the eddy current is interrupted due to
the defects of the test object, thereby generating troughs in the test signal. The origin
of ECT methods can be attributed to Hans Christian @rsted, who demonstrated that a
magnetic field is developed when an electric current passes through a wire and discov-
ered Oersted’s Law [11]. Although the electric current he used was direct current from a
battery, this discovery led the Englishman Michael Faraday to discover electromagnetic
induction in 1831, which is the operating principle of ECT. This method is used to detect
near-surface cracks and corrosion in metallic objects such as tubes and aircraft fuselage
structures. Figure 2.2 shows the fundamental principles of the ECT. This technology uses
electromagnetic induction to discover and characterise surface and subsurface defects in

conductive materials.

As a non-contact sensing method, the ECT method has the advantage that it is suitable
for automatic detection of all metal materials. The equipment using this technology is
easy to install and carry, and the sensor is light in weight. However, it can only detect the
surface and subsurface. James et al. [14] applied ECT in carbon fiber reinforced poly-

mer composite structures because of these advantages. The structure of this material is
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Figure 2.2: The fundamental principles of the ECT [2].

usually detected using UT and X-ray methods. Eddy currents can be generated by ECT
because of the inherent conductivity of carbon fibre. FEM simulation was used to sim-
ulate the defects of composite materials and the high frequency ECT method was used
as a detecting method. Rifai er al. [15] designed and applied a novel ECT probe for
ferromagnetic pipes. This new probe was combined with the ECT inspection system to
improve the transducers by optimizing the number of excitation coils and GMR sensors.
Zhu et al. [16] combined ECT and deeply learned ECT to improve the recognition rate.
It was verified through eddy current inspection experiments that the recognition rate of
this novel machine learning model based on CNN for defects is close to 100%. Dmitriev
et al. [17] applied ECT in titanium sheets joined by a welded joint.The correlation of the
ECT response at different depths is determined by examining the detection depth of the
two titanium sheets. This study has a big impact on how we judge the quality of titanium

board welding.

The principle of PMP is that it is generated by the permanent magnet and the test object
in the magnetic field, and the spatial magnetic disturbance caused by the defect of the
object will produce a distorted test signal. Figure 2.3 shows the fundamental principles of
the PMP. According to the magnetic perturbation mechanism, magnetic field perturbation

represents information such as a change in the boundary of the magnetic interaction field.

Xiao and Zhang [18] used small permanent magnets to magnetize ferromagnetic materi-
als and the signal measured by the Hall sensor is the component of the vertical amplitude
magnetic flux density to detect material defects. The method is simple and easy to imple-

ment, suitable for detecting small defects. Due to its high sensitivity and spatial resolu-
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Figure 2.3: The fundamental principles of the PMP [2].

tion, it can provide information about the shape of defects. Fei et al. [19] improved the
ability of pulsed magnetic flux leakage to test shallow defects by analyzing the signals in

pulsed magnetic flux leakage.

As a non-contact sensing method, the PMP method has the advantage of not requiring an
additional current source for excitation. It is, however, only for ferromagnetic materials

and is not appropriate for internal defects.

Ricci et al. [20] built an on-line inspection system for stainless steel strips which can en-
large the set of detectable defects by exploiting machine vision and magnetic imaging ap-
paratuses to improve the detection and classification tasks. Xiuli and Yang et al. [21] pre-
sented a new type of steel wire rope NDT detector apparatus which is composed of a mag-
netizer and sensor array, using the highly sensitive and giant magneto-resistance (GMR)
micro sensor to inspect the inner and outer flaws of the steel wire rope. Evanson et al. [22]
had developed a DC magnetic NDT technique using a SQUID (superconducting quantum
interference device) coupled to a planar gradiometer for the inspection of structures such
as flat steel plates and steel pipes. Pasha and Kahn [23] found that the low-cost shelf
Anisotropic Magneto-resistive (AMR) and Tunneling Magneto-resistive (TMR) magne-
tometers, coupled with permanent magnets, can detect flaws in ferromagnetic pipelines
that can replace the traditional expensive Pipeline Inspection Gauges (PIGs) and In-Line
Inspection (ILI) methods. Angani and Ramos [24] used a new NDT method called tran-

sient eddy current oscillations (TECO) which uses a probe that consists of a capacitor
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and an induction coil discharging in a free oscillation fashion, while the resultant mag-
netic field is detected by using a Hall-effect sensor. And to improve the accuracy of
the experiment, a model-based support vector machine (SVM) analysis was used on the
experimental data. Qiao et al. [25] developed a new type of intelligent sensor based on
MMM technology to solve the early diagnosis problem of fatigue fracture caused by stress

concentration.

Based on the magnetic-stress coupling effect, various magnetic NDT techniques have
been used in the NDT area and applied in a lot of research. However, due to the high
sensitivity of magnetic stress to the microstructure of complex materials, this technology

still faces challenges.

2.1.2 Optical method

Due to its non-destructive imaging characteristics with high accuracy and sensitivity, op-
tical NDT has received more and more attention in recent years [26]. The main types of
optical NDT are surface measurements. There are many optical NDT methods, such as
fibre optics, electronic speckle, infrared thermography, and X-ray. X-ray as an effective
method has been applied in NDT of social and infrastructures due to its high performance
that an attenuating map in 2-D can be generated by penetrating thick structures [27].
Figure 2.4 shows the fundamental principles of X-Ray testing. This method inspects ma-
terials and components with ionising radiation with the goal of locating and quantifying

defects and degradation in material properties.

Degrieck et al. [28] embedded optical fibres with a Bragg sensor in a simple composite
laminate and tested it. It was found that the strain of the optical fibres with a Bragg sensor
had a linear relationship with the pressure on the material, which proved the feasibility of
optical fibres with a Bragg sensor in NDT testing. Peng ez al. [29] proposed a method to
detect internal defects based on laser speckle shearing interference. The method achieved
the relevant image information from speckle pattern to measure the depth of defect. Ina-
gaki et al. [30] evaluated the detection mechanism and quantitative limits under various
conditions by conducting related experimental research on infrared thermal imaging cam-

eras.
Kolkoori et al. [31] presented a new X-ray backscatter technique (XBT) which uses a spe-

cial twisted slit collimator to inspect the whole object by changing the viewing direction

of the X-ray backscatter camera. It can be used for aerospace materials with only single-
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Figure 2.4: The fundamental principles of the X-Ray testing.

sided access. Cho et al. [32] studied the compressed-sensing (CS)-based deblurring and
implemented the proposed algorithm to provide the feasibility of the deblurring in x-ray
non-destructive testing. Tian et al. [27] developed a photon counting imaging detector
system which uses high energy X-rays for testing thick objects. The application specific
integrated circuit (ASIC) has been used in the system as high instant counter. Rometsch
et al. [33] used polychromatic X-ray absorption radiography to detect the selective laser
melting and the experimental data suggested that the method was in good agreement with
theoretical expectations. Plessis ef al. [34] compared the industrial X-ray computed to-
mography (CT) with the medical CT scanners, and found that the industrial CT is better
for applications such as quick scout-scans, high throughput applications and larger ob-

jects.

Optical sensing and detection methods have a wide range of advantages, such as anti-
electromagnetic interference, non-contact, higher sensitivity and resolution. However,
optical NDT methods are high cost and have poor permeability, which have certain limi-

tations.

2.1.3 Acoustics method

A sound wave is the form of mechanical vibration (or energy) of the object. The vibration

frequency of ultrasound is greater than 20 kHz or more. People call these inaudible sound
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waves “ultrasound” because the frequency of vibration per second is very high, exceeding
the general upper limit of human hearing. Ultrasound has a variety of characteristics due
to its high frequency. Firstly, ultrasound has a lot of power; its energy is much higher than
the average sound wave. As a result, it can be used for a variety of tasks such as cutting,
welding, and drilling. Furthermore, industrial and medical ultrasound is commonly used
for ultrasonic detection due to its high frequency, short wavelength, low diffraction, and
good orientation. Ultrasound and audible sound are essentially the same. Their essence
is a mechanical vibration, usually in the form of longitudinal wave propagation in the
elastic medium. They are a form of energy transmission. The difference between them
is the frequency of ultrasound is high, the wavelength is short and it has good beam and

directional property within a certain distance along a straight line.

The propagation law of ultrasonic reflection is not fundamentally different from the law of
audible acoustic waves such as refraction, diffraction, scattering and so on. But the wave-
length of the ultrasound is very short, only a few centimetres or even a few thousandths
of a millimetre. Compared with audible acoustic waves, ultrasound has many singular
properties. The ultrasonic wavelength is very short in propagation characteristics, and
the size of the obstacle is frequently many times larger than the ultrasonic wavelength.
So the ultrasonic diffraction ability is poor, it is in the uniform medium can be directed
linear transmission. The shorter the wavelength of ultrasound, the more significant the
propagation characteristics. In power characteristics, when the sound is in the air, the
particles in the air promote the reciprocating vibration of particles and work. Sonic power
is the physical quantity that represents the speed of the sound. At the same intensity, the
higher the frequency of the sound waves, the greater the power it has. As the ultrasonic
frequency is very high, so the power of the ultrasonic wave is larger compared with the

general sound.

In order to understand the origin and inspiration of acoustic testing method, the history of
this method needs to be studied. On April 14, 1912, the Titanic, dubbed the unsinkable
ship,” capsized in the Atlantic Ocean after colliding with an iceberg. There were 1,519
people on board who died as a result of the shipwreck. The news of the Titanic’s sink-
ing shocked the entire world. So far, it has piqued the scientific community’s interest.
Lewis Richardson applied for a patent for ultrasound echolocation/ranging after only one
week, kicking off modern ultrasound research [35]. In the First World War in 1916, a
team led by French physicist Paul Langevin conducted research on underwater submarine
sonar technology to detect submarines [36]. The researchers investigated the vibration
of quartz piezoelectric crystals and successfully recorded ultrasonic waves propagating in

water. They detect and locate underwater submarines by using ultrasound.

16



Chapter 2. Literature Review

Sokolov [37] published an article in the 1930s on the propagation of ultrasonic oscilla-
tions in various objects, proposing the use of ultrasonic wave penetration to detect inter-
nal defects in opaque objects. Later, he published an article on internal flaw detection in
metallic materials, in which he described the ultrasonic echo test results. The transmitting
and receiving probes of the testing instrument should be placed on both sides of the test
piece and always maintain the corresponding relationship between the probe positions.
The defect detection sensitivity and detection efficiency of the proposed system are very

low in this case.

Firestone [36] pioneered pulsed ultrasonic testing using a pulse-echo technique in the
1940s. The detector works by transmitting and receiving ultrasound waves from the same
side of the object, and it can detect small defects inside the object. It is capable of accu-

rately determining the location of the defect as well as measuring the defect size.

After 1950, the A-scan pulse reflection ultrasonic detector was widely used in steel smelt-
ing, machinery manufacturing, shipbuilding, and other fields to detect cast and forged
steel parts, as well as thick-walled steel plates. Simultaneously, the medical diagnostic
capabilities of ultrasound were investigated in Japan. With the advancement of electronic
technology and the invention of microprocessors in the 1970s, the performance of ultra-
sonic testing instruments was greatly improved. Researchers have introduced a computer-
aided automatic ultrasonic inspection device that is mainly used for objects with relatively
regular shapes. At the same time, signal processing technology have been successively

carried out.

Due to the directionality and penetration of ultrasound waves, it has been widely used
for NDT application [38]. Ramadas et al. [39] designed a conformal mapping technique
based on the popular 2-D ultrasonic phased arrays. Experimental results demonstrated
a working sparse array transducer capable of performing volumetric imaging. Guo et
al. [40] designed an automatic ultrasonic testing system which is applicable for the de-
tecting of typical defected polyethylene (PE) material by using the phased array ultrasonic
technique. Legendre et al. [41] presented a wavelet transform (WT) of inspection signals
method which is based on neural network. They suggested that the weld recognition
quality can be improved by this method. Moallemi et al. [42] used an array-based immer-
sion ultrasonic testing method to detect an ultrasonic array and solid samples in water,
which can result in a strong interference signal. The results showed that the proposed
approach yields a lower root mean squared error for the parameter estimates, compared to
the root mean squared velocity technique. Ricci et al. [43] built an application of a pulse-
compression procedure which can enhance the signal-to-noise ratio. The paper discussed

the procedure to reduce quantization noise and the possibility of reconstructing signal
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based on pseudorandom m-sequences. Camacho et al. [44] studied auto-focusing along
with dynamic depth focusing (DDF), which can get the best resolution at all depths and
avoid the burden of calculation when detecting any shape of the parts. Li and Zhou [45]
found that using the pulse compression techniques based on P4 polyphase codes can im-
prove the SNR of air-coupled ultrasonic testing systems. They proposed that this tech-
nique can generate lower noise of compressed signal and higher peak side lobe (PSL)
ratio. This experiment showed that the SNR raised up to 12.11 dB. Flore ef al. [46]
found ultrasonic fatigue testing (UFT) can be applied for cyclic tension testing of glass
fibre reinforced plastics (GFRP) which are rarely investigated in the very high cycle fa-
tigue (VHCF) regime. The testing time could be reduced by using UFT and fatigue data
which were generated by using a conventional servo-hydraulic device at a low frequency
of 10Hz. Similar results were obtained by Cavuto and Martarelli under the condition of
using a laser-ultrasonic diagnostic measurement procedure to detect the integrity of the
wheel for the safety of the railway [47]. The ultrasonic wave generated by a high energy
pulsed laser spreads in the train wheel. It is more flexible than the standard technology

applied to wheel-rail diagnostics.

2.2 Ultrasound technology in NDT

Section 2.1 reviewed the most widely used NDT methods, such as the electromagnetic
NDT method, optical NDT method, and acoustics NDT method. Because the acoustic
NDT method has a wide range of technical applications, it can detect the structure of a
variety of materials, and has comprehensive advantages over other NDT methods for de-
termining the parameters of internal defects. And this technology has high sensitivity, the

equipment is light and can be used for on-site detection.

The transmitting probes are used to transmit ultrasonic waves to the surface of the struc-
ture. When ultrasonic waves propagate inside the structure, they will have different re-
flected signals when they encounter different interfaces. The reflected signals are used to
observe the time difference between different signals being delivered to the probe. This
method can check the internal defects of the structure. The height and position of the echo
signal displayed on the screen can be used to judge the size, position and general nature
of the defect. The sine wave is commonly used as a transmitted signal. The quality of
the echo signal is critical for obtaining accurate detection results. The following section

discusses commonly used acoustic methods.
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2.2.1 High frequency ultrasonic testing

Ultrasonic NDT technology is one of the conventional detection technologies. Compared
with other conventional NDT technology, it has a wide range of measured objects. This
technology has the characteristics of large depth of detection, accurate positioning of
defects, high detection sensitivity, low cost, convenient use, fast speed, harmless to the

human body and easy to use on site.

At present, many metal materials and components are used in the quality of online mon-
itoring and product inspection, such as steel plate, pipe, welding, surfacing layer, com-
posite layer, pressure vessel and high-pressure pipe, rail and motorcycle parts, ribs and
integrated circuit lead detection. This technology can also be used for the detection of
new materials, such as organic composite materials, metal-based composite materials,
structural ceramic materials, ceramic-based composite materials. Ultrasonic testing tech-

nology has become a pillar of composite materials.

This technology is used for non-metallic testing, such as concrete, rock, pile and pave-
ment and other quality inspection. The applications, including its internal defects, internal

stress, strength are gradually increased.

This technology can be used to test large structures, pressure vessels and complex equip-
ment. In particular, ultrasound imaging has the advantages of intuitiveness, ease of detec-
tion and higher accuracy. This technology can be used for ultrasonic testing in the nuclear

power industry.

This technique can be used for other aspects of ultrasonic testing. For example, ultrasound
detection technology has been widely used in the field of medical diagnosis. People are
currently trying to use ultrasound detection technology to open other new areas and in-
dustries, such as people trying to use ultrasonic testing technology for blood pressure
control in non-contact detection systems, for identification performance analysis and also

for fault diagnosis systems [48].

The Pulse reflection method is the use of ultrasonic pulse wave incident on two different
media interface reflection on the principle of detection. This method uses the same trans-

ducer as a transmitter and receiver. The received signal is displayed on the screen.
The basic principles and waveform are shown in Figure 2.5. When there is no defect in

the structure, the received waveform is shown on the left of Figure 2.5. The screen only

shows the beginning of wave T and bottom of wave B. When there is a defect that is
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Figure 2.5: The fundamental principles of the ultrasound pulse echo technique.

smaller than the cross section of the beam, the defective wave F appears and the position
of the F wave on the time base axis depends on the defective sound path Lf. The position
of the defect in the specimen can be determined by this method. The intensity of the
defective echo depends on the size of the defect and the magnitude of the direction angle,
whereby the equivalent size of the defect can be evaluated. Due to defects in the acoustic

energy reflection, the bottom wave height decreased.

As shown in the right of Figure 2.5, when there is a defect larger than the beam cross sec-
tion, all acoustic energy will be reflected by the defect. There will be only the beginning

of the signal and large defects signal appear on the screen.

Compared to other transmission methods, the pulse reflection method has many advan-
tages. This method is highly sensitive and can be tested when the reflected sound pressure
reaches 1% of the starting sound pressure of the wafer. So that smaller defects can be
found. This method has high defect positioning accuracy. It is the use of defective wave
propagation time, by adjusting the scanning speed to modify the time base and the pro-
portion of the sound path to finally locate the defect. So if the instrument has horizontal
linearity, defect positioning is accurate. This method adapts to a wide range of applica-
tions, by means of changing the coupling, the probe and the wave can achieve different
methods of detection. This method is easy to operate. The pulse reflection wave gener-
ally does not need a special scanning device, making great contribute to convenience and

flexibility of detection operation for a variety of occasions [49].
But the pulse reflection method also has some shortcomings. This method has a certain

blind spot, near the surface defects and thin-walled work is not applicable. This method

for the beam axis is not perpendicular to the defect surface, due to the refraction of the
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results, so that the probe often cannot receive defect echo signal, likely to cause miss.
This method is not suitable for the detection of high attenuation materials due to the prop-

agation of sound waves.

The launch and receive probes of the pulse transmission method are placed on both sides
of the test specimen and the two probes of the sound axis on the same line, while ensuring
the sound coupling between probe and specimen. When there is no defect in the speci-
men, the phosphor screen shows the initial wave T and a certain amplitude of the echo
pulse B. When there is a small defect, the sound waves are blocked by the defect, the
received echo signal amplitude decreases. And when the defect area caused by the defect
area in the specimen is larger than that of the beam section, only the starting pulse T and

no echo signal are displayed on the phosphor screen as shown in Figure 2.6.
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Figure 2.6: The fundamental principles of the pulse transmission technique.

Compared to other transmission methods, the pulse transmission method has many ad-
vantages. This method does not exist in the detection of blind spots, suitable for detection
of thin-walled parts. This detection method can neglect the effects of defect orientation.
Regardless of the defect orientation, if it blocks the beam propagation path, the receiver
can be found. This method of detection in the transmission method, the sound wave is a

single sound transmission, it is suitable for detecting high attenuation of the material [50].

But the pulse transmission method also has some shortcomings. This detection method
has low detection sensitivity. The incident sound pressure can be detected by the receiver
probe when pressure changes greater than 20% or more. This detection method cannot
determine the depth of the defect location, can only determine the presence or absence
of defects. This detection method requires strict positioning of the probe and the relative

position of the probe and requires a special probe support device, which is inconvenient

21



Chapter 2. Literature Review

to operate.

Time of Flight Diffraction (TOFD) is a method of detecting defects by means of diffrac-
tion energy which is obtained from the “end angle” and “end point” of the internal struc-
ture of the specimen to be inspected (mainly refers to the defect) for the detection, quan-
tification and positioning of the defect. TOFD requires the probe to receive a weak signal
to achieve a sufficient signal to noise ratio. The instrument can record A scan waveform
and the formation of D scan map, as well as can be used to solve the triangle method.
A scan time value into the depth value. TOFD technology in the 20th century, 70 years
by the United Kingdom Ka Weier National Nondestructive Testing Center Dr. Silk first
proposed the principle of Dr. Silk from the crack tip diffraction signal research [51].

The diffraction phenomenon is the basic physical principle adopted by TOFD technol-
ogy. The diffraction phenomenon explanation is that waves encounter obstacles or holes
through the scattering continue to spread the phenomenon. According to the Huygens
principle, the media on the wave front of the points can be the wave of the launch wave,
then the envelope of these waves at any moment is the new wave front at that moment.
TOFD technology uses a two-band wide-band narrow pulse probe for detection, the probe
relative to the weld centerline symmetrical layout. The transmitting probe generates a
non-focused longitudinal wave beam to be incident on theworkpiece to be inspected at an
angle in which a portion of the beam propagates along the near surface and is received
by the receiving probe, and the portion of the beam is reflected by the bottom and then
received by the probe. The receiving probe determines the position and the height of the
defect by receiving the diffractive signal at the tip of the defect and its time difference as

shown in Figure 2.7.

TOFD technology are usually used a pressure probe as transmitter and receiver, the re-
flection angle range of main pressure wave is 45° to 70°. The diffractive signal is received
by the receiving probe and judged using an ultrasonic pattern system that can generate a

B-scan pattern.

When the ultrasonic wave is incident on a linear defect, it will be diffracted at both ends
except for the ordinary reflected wave. Diffraction energy propagates over a wide range
of angles and assumes that it is derived from the end of the defect. This is completely
different from traditional ultrasound. Traditional ultrasound mainly relies on the size of

the energy reflected from the defect to determine the defect.

The TOFD method has many advantages. This detection method can scan almost the en-

tire weld area (except the upper and lower surface blind area). It can also achieve a very
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Figure 2.7: The fundamental principles of the TOFD technique.

high detection speed. The reliability of this method is better, for the middle of the weld
defect detection rate is high. This detection method can detect various types of defects,
not sensitive to the direction of the defect. This detection method can identify defects that
extend to the surface. This method of detection using D-scan imaging, defect interpreta-
tion is more intuitive. This method of detection of the vertical direction of the defect and
positioning is very accurate. The accuracy error is less than 1 mm. This detection method
can be combined with the pulse reflection method, when the detection effect is better. The
coverage rate of this method is 100%. This detection method is not suitable for T-type

weld inspection [52].

But TOFD method also has some shortcomings. There is a blind spot near the surface in
this method, the detection of the region is not enough reliability. This detection method is
more difficult to qualify the defect. This detection method requires extensive experience
in image interpretation. This detection method is more difficult to detect lateral defects.
This detection method is difficult to detect coarse grain material. This detection method

1s more difficult to measure complex geometric shapes of the workpiece.

2.2.2 Low frequency long range guided wave testing

Guided wave testing is very cost-effective for long-range inspection of inaccessible from
a signal point of testing. This method has the powerful function of remote inspection of

the structure and detection of defects under low frequency. The frequency of conventional
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GWT system is dependent on the thickness of the structure. The frequency range of UT
system is high for deep penetration into structure thickness. However, the UT system has
limitations that can only detect a short range structure at one time. GWT system has the
ability to detect long-range structures. Figure 2.8 shows the difference between the UT

system and the GWT system.

(a) UT system probe detects a short range structure.

(b) Guided wave testing system detects a long-range structure.

Figure 2.8: The different between UT system and GWT system [3].

Cawley [53] proposed using guided waves to detect large structures in order to improve
detection efficiency. Guided waves with frequencies below 100 kHz are mainly used for
experimental analysis, and relevant effective information is extracted through their wave
mode structures. Because of this advantage of GWT, it is used in many long-range de-
tection applications. Loveday and Long [54] built an experimental monitoring system to
monitor the health of an operational rail track. The system used two transducers to trans-
mit and receive ultrasonic guided waves. A small mass was gluing under the head of the
rail as an artificial defect. This experiment continued to detect and collect data for two
weeks. Experimental results show that GWT has a good ability to identify defects in long-
range rails. El-Hussein ez al. [55] used low-frequency guided wave to detect long pipeline.
The pipeline FEM simulation results show that the low-frequency (under 10 kHz) guided
waves have the ability to defect notch from long-range pipeline. Guided waves have a
lower attenuation during the detection process. Lowe et al. [56] investigated the GWT
system for thermoplastic pipes. The results of experiments and simulations show that

guided wave detection can be applied to this material. In the experiment, the attenuation
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at low frequencies can be reduced by increasing the number of sensors on the circumfer-
ence. Niu et al. [57] used T(0,1) mode guided waves to simulate and test pipeline defects.
The experimental results of defects in different positions show that changing the posi-
tion of the transducers can improve the sensitivity and accuracy of detection. Fromme et
al. [58] designed a prototype of a guided ultrasonic wave array system. The system used
the first anti-symmetric Lamb wave mode AO to monitor the integrity of structural. The
array, which is a ring of 32 transducers, is used to detect different kinds of defects on the
plate. Experiment results and theoretical results are in good agreement in the dynamic
test. Leinov et al. [59] studied guided wave propagation in an 8-inch pipe buried in soil.
They found that the attenuation values of the torsion mode and the longitudinal mode are
in the range of 1.65-5.5 dB/m and 0.98-3.2 dB/m, respectively at the frequency of 11-34
kHz. The experiment results showed great agreement with the Disperse software model.
RaiSutis et al. [60] applied guided wave testing for multi-wire rope structures. They ob-
tained the optimal excitation area through finite element analysis and detected the defect
of multi-wire ropes with polymer cores in the experiment. Cawley et al. [61] used a
sparse-array structural health monitoring system based on guided wave testing to monitor
the commercial shipping container. They established a database of healthy shipping con-
tainer inspection results through FEM analysis and three weeks of test results combined
with temperature changes. After that, the defective shipping container was detected and
the result was verified. Howard Matt et al. [62] used SO mode ultrasonic guided waves
to detect the wing skin-to-spar bonds of unmanned aerial vehicles. FEM simulation and
small piezoelectric transducer disks experiment are studied to detect two different kinds
of defects. The findings revealed that defected bonds resulted in increased transmission
strength. Alleyne et al. [63] studied the difference between the L.(0,2) mode and T(0,1)
mode guided waves. T(0,1) mode guided waves are more commonly used in industrial
testing as the T(0,1) mode guided wave testing system required is simpler and lighter.
They analysed through experiment results that L.(0,2) mode guided waves may not be ap-
plicable in liquid-filled pipes. Mahal et al. [64] directly processed the signals of all the
conductive arrays instead of the signals that process a single ring. They did a pipeline
detection experiment which had two defects at different locations, wherein the size of the
first defect was 2% and 3%, respectively, and the size of the second defect was 4% and
5%, respectively. The test proved the advantages of using information received from all
elements instead of a single signal. Yiicel et al. [65] combined linear chirp excitation
and guided wave testing to improve SNR and resolution. It is quantitatively validated
from simulation and experiment from an aluminium rod that this technology significantly
improves the signal-to-noise ratio of the guided wave response. Taheri et al. [66] ap-
plied guided wave to phase array in composite materials. Due to the optimal detection
frequency, the optimal detection frequency needs to be selected. Multi-element and time

control are provided by using a guided wave phase array tests.
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The various applications of guided waves indicate that this technology can be applied to

the inspection of plates and pipelines.

2.2.3 Ultrasound imaging

Ultrasound imaging has been widely used for clinical. The most important underpin-
ning technologies include transducers, beam forming, pulse compression, tissue harmonic
imaging, contrast agents, techniques for measuring blood flow and tissue motion, and
three-dimensional imaging. Specialized and emerging technologies include tissue charac-
terization and image segmentation, micro scanning and intravascular scanning, elasticity
imaging, reflex transmission imaging, computed tomography, Doppler tomography, pho-
toacoustic and thermoacoustic. Phantoms and quality assurance are necessary to maintain
imaging performance. Contemporary ultrasonic imaging procedures seem to be safe, but
studies of bioeffects are continuing. It is concluded that advances in ultrasonic imaging
have primarily been pushed by the application of physics and innovations in engineering,
rather than being pulled by the identification of specific clinical objectives in need of sci-
entific solutions. Moreover, the opportunities for innovation to continue into the future

are both challenging and exciting.

Since Dr. Karl Theo Dussik, an Austrian neurologist, was the first to apply ultrasound
as a medical diagnostic tool to image the brain [67]. There are a lot of applications in
ultrasound imaging. Jeffries and Couture [68] applied super-resolution ultrasound imag-
ing in medical imaging. This technique is inspired by optical microscopes. Through
the positioning of individually injected microbubbles and tracking their displacement
with sub-wavelength resolution, blood vessel and velocity maps can be generated at the
level of a micrometre. Demi et al. [69] proposed an image formation protocol that can
capture the frequency dependence of the well-known artifact (B-line) and visualize it in
real-time, ultimately providing a quantitative assessment of the signal received from the
lungs. The results show that the image forming process can work on lung tissue. Tai and
Khairalseed [70] proposed a novel non-invasive, low-cost, real-time Hermite scan ultra-
sound technology. The purpose of the research is to develop a new attenuation correction
method based on adaptive K-means clustering. This method has the ability to improve
the ability of H-scan US imaging to estimate the size of acoustic scatterers. It can also
improve the clinical application of tissue characterization when imaging complex tissues.
Khan and Huh [71] applied deep learning in ultrasound imaging system to improve the

performance of delay-and-sum beamformer. They designed a deep neural network for a
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single data-driven adaptive beamformer which can process various detector channel con-
figurations to generate a high performance figure. The experiment results show that this

method can significant performance gain for ultrasound imaging systems.

2.2.4 Signal to noise ratio

The commonly used ultrasound detection methods have been introduced before. In order
to obtain accurate detection results, the quality of the echo signal is very important. SNR
is an important measure parameter in engineering area that reflects the level of a desired
signal. The SNR is defined as the ratio of desired signal power to the background noise
power, and is generally expressed in dB. The SNR can be improved by improving trans-
mission means and enhancing equipment capabilities. Equation 2.1 shows the defining of

SNR, where P is average power.

Psignal
SNR = ~ignal 2.1)

noise

The sources of noise are generally divided into internal and external sources. The inter-
nal noise is mainly caused by factors such as circuit design, manufacturing process and
the equipment itself. The external noise is caused by the electronic environment and the
physical and chemical environment where the equipment is located. Since many signals
have a very wide dynamic range, the logarithmic decibel scale is usually used to represent

the signal. Equation 2.2 shows the express of SNR in dB.

P .
SNR 5 = 10logo( -2y (2.2)

P noise

Since SNR is an important parameter to measure the influence of noise on the signal.
Many researchers have focused on improving SNR. Boer et al. [72] presented SNR im-
provement in the optical coherence tomography system which can measure light reflected
from within tissue. They derived an expression for the SNR in the time domain and
spectral domain. The results have shown that SNR achieved significant improvement.
Firbank ez al. [73] estimated the noise of background pixels by acquisition in a magnetic
resonance imaging system. The double acquisition method was more accurate, but the
execution speed was slower. They found that the single-shot acquisition method is suit-
able for practical applications by comparing the two methods. Yan et al. [74] presented a
new method to improve SNR in inductive coil which is used as a NDT sensor to detect the

pipe or wire ropes. An extra iron core was placed in the inductive coil to concentrate the

27



Chapter 2. Literature Review

magnetism. Experiments proved that the SNR of the proposed method was improved by
nearly six times. Bilik et al. [75] proposed a new method to improve the SNR of ground
penetrating radar remote sensing equipment. They scanned the tested soil, and then a
special algorithm performed subsequent processing on the received electromagnetic wave
signals. Compared with the traditional methods, the proposed method can improve the
SNR from 10 dB to several 10’s dB. Tiwari et al. [76] applied wavelet transform, cross-
correlation and Hilber-Huang in ultrasonic non-destructive testing to improve SNR. The
wind turbine blade, which was made of glass fibre reinforced plastic, was used as the sam-
ple and several artificially defects were made on it. The results showed that the hybrid
method can improve SNR significantly. Bernieri et al. [77] compared the performance
of various UT excitation, filtering and diagnostic techniques through experiments. They
found that the combination of detective methods, the type of defect and its position rel-
ative to the inspection instrument were closely related through the inspection test on the

aluminium rod.

SNR is used in many applications as a judging indicators. In engineering area, it is im-
portant to improve SNR. Pulse compression technique is an effective method to improve
SNR.

2.3 Pulse compression technique

To explore the possibility of improving the SNR of low voltage ultrasonic testing by
using long, complementary code excitation, pulse trains, the study of coded excitation
signal should be carried out. Pulse compression has been used to increase the SNR and
resolution in sonar, radar, medical and industrial ultrasound. It contains the frequency
modulated excitation signals or binary coded excitation, which is associated with the re-
ceived signal so that the received echo becomes shorter in duration and higher in intensity,
thereby increasing system resolution and SNR. The most well-known frequency modu-
lated excitation signal is the chirp signal, which is obtained by the frequency modulating
the excitation. By adjusting the length and bandwidth of the chirp signal, the SNR and
resolution can be controlled. Coded excitation sequences operate in a little different way.
The most common is the bursts cascade coding according to the polarity of the binary se-
quence, i.e., a sequence composed of 1 and O or -1. Under any condition, when correlating
the received signal with the transmitted sequence, the approximation to the signal initial

burst can be obtained. Figure 2.9 shows an example of a pulse compression technique.
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Figure 2.9: The example of pulse compression technique. After being excited by the
sensor, the transmitted signal passes through the sample. Following reference signal pro-
cessing, the results can be obtained.

Coded excitation is the established technology of radar technology. Many kinds of coded
signals have been proposed [78]. lashkari and Zhang [79] has used a mismatched coded
excitation based on Golay codes to improve the frame rate of ultrasound imaging. The
new family of mismatched coded which can be separated from multiple elements has the
same identical duration and centre frequency. In their proposed experiment, a set of codes
(PRF=625 Hz) was sent every 1.6 ms, and each image was generated by four measure-
ments (20 CEs). Therefore, taking into account the acquisition time, the new system can
be 156.25 Hz frame rate imaging. Shen et al. [80] found that the dual-frequency harmonic
imaging can improve SNR by Golay excitation. The conventional Golay decoding was
affected by spectral crosstalk of 3f0 and DC interference. However, for orthogonal Go-
lay, the output of the switched filter can be subtracted from the original filter to eliminate
crosstalk. The results showed that the level of side lobes are reduced in hydrophone mea-
surement and B-mode imaging. Li and Zhou [45] first used P4 codes pulse compression
technique which is divided by polyphase code in the field of air-coupled ultrasonic testing
(ACUT). They studied the principle of selecting parameters of P4 codes pulse compres-
sion and proposed a signal processing method for reducing the noise. Shen et al. [81] have
found a method which use third order harmonic Golay codes to improve the SNR. The
third harmonic (3f0) emission phase can be achieved by increasing the harmonic SNR
at the fundamental (2.25 MHz) and 3f0 (6.75 MHz) frequencies to achieve the mutual
enhancement between the frequency and frequency components. To further increase the

SNR without excessive transmission pressure, the coding excitation can be incorporated
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into the 3f0 emission phase to improve the occurrence of tissue harmonics. The anal-
ysis showed that, due to its excellent transmit bandwidth efficiency, phase-coded Golay
excitation is suitable for 3f0 emission phasing. The combined frequency and frequency
components of the combined harmonic signal can be simultaneously subjected to Golay
coding to improve SNR. The increasing in the main wave signal and the Golay excitation
in the 3f0 emission phase was consistent between the tissue harmonic measurements and
the simulation. The B-mode images of the spot-generated phantom also showed an in-
crease in tissue harmonic SNR of about 11 dB without significant compression artifacts.
Zhou et al. [82] presented a phase-coded pulse compression hybrid method to improve the
SNR in air-coupled ultrasonic testing technique. The air-coupled ultrasonic testing tech-
nique is considered as a viable solution for advanced composite material defect detection
in the aerospace industry. However, the huge mismatch of the acoustic impedance causes
the transmission efficiency of the ultrasonic wave to be reduced, resulting in a SNR differ-
ence of the received signal. Kim et al. [83] proposed a new Barker-sequence-modulated
Golay (BMG) coded excitation technique for ultrasound imaging. The sequence of BMG
techniques is generated by the Barker code modulation Golay code, which can lead to
further improvements in signal strength and code length flexibility compared to conven-
tional Golay codes. The improvement in SNR is determined by the code length. They
demonstrated that BMG technology has a higher contrast than other technologies. Isla et
al. [84] proposed a new method of coding excitation. By introducing the receiving inter-
val or pause in the excitation itself, the reception is carried out at these time intervals. As
a result, the code length is no longer limited by the distance of the nearest reflector and a
higher SNR can be achieved. In addition, the excitation can be encoded in a manner that
is possible to continuously transmit, which reduced the overall duration of the system’s
response to media changed. Zhou et al. [85] presented a method which introduce Golay
complementary coding excitation and decoding compression into ophthalmic ultrasound
biometrics instead of using a conventional method of pulse excitation. By using this
method, the excitation voltage can be reduced from 60 V to +-15 V. Thus, the ultrasonic
instantaneous excitation power was greatly reduced, while the average excitation power
increased. Sanchez et al. [86] used the technique of converting non-binary FM codes into
binary frequency modulated codes. To convert non-binary to binary code, a second-order
one-bit sigma-delta modulator is used. The sigma-delta modulation code was generated
in MATLAB and then stored in a double data rate synchronous dynamic random-access
memory. A field programmable gate array can access the memory device transmits bi-
nary waveforms and record them using an oscilloscope. Lahav et al. [87] have proposed
a high-quality, low-cost method for CE imaging by integrating pulse compression into
the recently developed frequency-domain beamforming framework. This approach re-
duced the computational complexity by a factor of 26 without affecting image quality.

This reduction allowed CE to be effectively implemented in array imaging, increasing
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SNR, improving imaging depth, and getting higher frame rates. Fu ef al. [88] studied the
limitations of conventional Barker coding excitation and proposed a new Barker coding
excitation which called linear frequency modulated (LFM) Barker with LFM carrier. The
LFM-Barker’s pulse compression scheme has been developed to suppress side lodes and
compared with the traditional Barker coding stimulus. The simulation results showed a

significant increase in SNR and axial resolution.

Zhao and Tong [89] have tested the feasibility of applying coding excitation in DW imag-
ing to improve the corresponding SNR, contrast and penetration depth. To this end, two
types of codes, the linear frequency modulation chirp code and a set of complementary
Golay codes were tested in three different DW imaging schemes, i.e., no composite 1-
angle DW transmission, with coherently mixed 3 And 5 angles DW. The performance
(SNR, contrast (CR), contrast noise ratio (CNR) and transmittance) of different imaging
schemes were studied by simulation and in vitro experiments. For benchmarks, there was
also a corresponding DW imaging scheme with conventional pulse excitation and a con-
ventional focus imaging scheme. Peng e al. [90] proposed a computational method to
construct the sector pattern image and improve the SNR of the HFR system. The method
uses orthogonal complementary Golay coding excitation to implement two transmit and
receive events. Each emission simultaneously emits two plane waves with different trans-
mission angles. Then, according to the orthogonality of the Golay code, the received echo
signals associated with different angles are separated and used to construct two images
of different imaging regions by the HFR method. Finally, the two images were com-
bined into one frame mode image. Peng et al. [91] used the Golay codes to apply elastic
imaging to improve its quality. They used the phase zero algorithm as the displacement
estimator and used the amplitude modulation correction position estimation method as
the position estimator. By comparing the traditional methods, the Golay code can obtain
a higher elastic SNR than the short pulse at low echo SNR, since the echo SNR gain using
the Golay code improves the displacement estimate. Zhang et al. [92] were inspired by
chirp code which is a reference to the chirping sound made by birds. They provided a tu-
torial on a new RF steganography scheme for concealing digital communications in linear
chirped radar signals. They first provided a review of the linear chirp signal and the ex-
isting communication system which used chirped waveform. Next, they discussed how to
implement RF steganography and hide the digital modulation communication information
within the linear chirped radar signal to prevent the enemy from detecting the presence
of such hidden information. The modulation chirp waveform was almost identical to the
unmodulated chirp signal using a new modulation method called phase shift keying. In
addition, the variable symbol duration is used to eliminate the cyclostationary character-
istics that could otherwise be exploited by the enemy to detect the presence of hidden

information. Lasaygues et al. [93] compared chirp coding with excitation methods to de-
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termine the time-of-flight and evaluated the accuracy of the measurement at several time
intervals. The method was used to measure the apparent thickness and the ultrasonic ve-
locity in the parallelepiped plates of the resin and the wood material, and the pulse mode
method was used as a reference. The result showed that the relative error of the thick-
ness measurement is 0.1%to 6.81% compared to the caliper measurement. For the speed,
the chirp coding excitation method showed a difference from the reference method from
0.78% to 3.64%. Peng et al. [94] applied chirped pulse impulse excitation to ultrasonic
strain imaging and studied the effects of various factors. Chirped pulses are much better
at low echo SNR than traditional short pulses. Some chirp schemes can obtain higher
elasticity SNR than short pulses under high echo SNR conditions. The performance of
the chirped pulse depended primarily on the RSLL and the main lobe width under high
echo SNR conditions. There is a trade-off between energy, RSLL and the width of the
main lobe when designing a strain imaging chirp scheme. Yoon et al. [95] proposed an
efficient chirp-coded excitation pulse compression method to reduce the burden of com-
plexity. In the proposed method, the pulse compression method was carried out using the
extracted of complex baseband data instead of a beamformed radio-frequency (RF) data.
Although the complex data has been used for compression, due to the implementation of
the L-fold to reduce the number of data and filter coefficients. So, the total computational

complexity reduced by 4 times the factor.

Merilainen et al. [96] have developed a high frequency coded signal based on orthog-
onally modulated ultrasound imaging. The device allowed pulse-echo operation at 300
MHz. They presented an improved design with new RF components. Compared to the
traditional method, the new design increases SNR by 16 dB. They also investigated the
use of dual-frequency chirp code to further reduce local oscillator interference. They used
any TX code to test a device with a GHz ultrasonic sensor in the 0.9-1.1 GHz band. Toosi
et al. [97] used adaptive beamforming to suppress the sidelobe effect, thereby increasing
the resolution of the coded excitation ultrasound imaging system. The simulation results
show that the SNR and the resolution can be improved significantly by applying the min-
imum variance adaptive beamformer to the chirped laser ultrasound imaging system. The
purpose of Mamou et al. [98] study is to use modern ring sensor technology and coding
excitation to simultaneously improve depth of field (DOF) and penetration depth. A 20
MHz five-membered ring array with a focal length of 18 mm and a total pore size of 6
mm was customized using a 25-micron thick polyvinylidene fluoride film. The ring ar-
ray is excited by an 8-micron coded signal to image a phantom made of seven regularly
spaced 25-micron lines. The coded signal is a chirp pulse with a frequency range of 40
MHz. The results of this study show that DOF can be improved by 3 times, and the SNR
can be improved by coding excitation by more than 24 dB. Increased SNR provides the

potential to increase penetration depth during in vivo imaging. Dackermann et al. [99]
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presented a comparative study of the properties of wood orthorhombic materials which
use static and ultrasonic tests. In the literature, the nature of the material is usually only
available in the longitudinal direction and most international standards do not provide de-
tails of the test on two other secondary directions (radial and tangential). They discussed
the use of static testing and ultrasonic-based alternative testing methods to determine the
properties of all twelve orthotropic materials of the two-hardwood species. Kumar et
al. [100] proposed an inter-frame and intra-frame correlation technique for the electro-
cardiogram (ECG) signal based on the singular value decomposition (SVD) and adaptive
scanning wavelet difference reduction technique. In this method, the corresponding beat
segments are arranged in an array of NxM and processed with the proposed compression
technique. Li et al. [101] proposed a coding algorithm for lossless compression of au-
dio signals. The proposed algorithm consists of a loss coding part and a lossless coding
part. The loss coding part is based on the code excitation method in which the excitation
gains and the short-term prediction coefficients are adjusted in a sampling mode to cope
with the fast time varying nature of the audio signal. The error between the input and
code-induced composite signals is encoded by the arithmetic encoder to achieve lossless
compression. The excitation code book has been searched as a search condition by using
the arithmetic error of the minimum error energy and the minimum code length of the
M-L tree search strategy. The proposed encoder has a very low decoding complexity due
to its simple code-driven structure and achieves comparable compression performance to
other advanced lossless encoders for encoding CD-quality audio. Peng ef al. [102] devel-
oped a new method of using the clutter signal in the coding excitation to determine the
displacement of the object or the desired region of the object with a greatly improved reso-
lution. The method included sending a pair of Golay complementary sequences, receiving
an echo from a region of an object or object, compressing the pulse, eliminating the main
lobe, and determining the displacement of the object between the two transmissions from
the residual clutter signal around the main lobe. Computer simulation results showed that
the new method improves the resolution by several orders of magnitude, which is more
robust than the traditional pulse echo method. Mienkina et al. [103] evaluated the ad-
vantages of photoacoustic coding excitation (PACE). The performance of unipolar Golay
code was analyzed and verified experimentally. Successfully demonstrated the use of 1
MHz PREF laser diodes and modified clinical ultrasound scans of copper plates. Triger
et al. [104] described the development of an integrated miniaturized ultrasound system
which is designed for low voltage piezoelectric transducer arrays. The aim of this tech-
nology was for low frequency NDT and sonar applications with a frequency of 1.2 MHz.
They have built a flexible, reconfigurable, low-cost building block that can perform 3-D
beamforming. The mosaic of multiple building blocks allows the formation of scalable
2D macro arrays with increased size and varying shape. This is different from traditional

ultrasonic solutions by integrating the entire system into a single module. Huang and
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Li [105] present a new coding scheme for efficient synthesis of arbitrary waveform codes
using a bipolar square wave pulse generator. They proposed a bipolar pulse generator
which maintains a low-cost advantage. While the pulse generator can achieve roughly
the same compression performance as an arbitrary waveform generator. The key idea of
the proposed method is that the conversion of a non-binary code (ie, requires an arbi-
trary waveform generator) has good compression performance into binary code (ie only
bipolar pulse generator) and code tuning. The results obtained under the same setting
are the same as simulation. The results showed that arbitrary waveform coding can be
achieved using bipolar square wave pulser in medical applications for ultrasound. Malo
et al. [106] presented a 2-D compression pulse analysis to improve the performance of
the guided wave. This novel technology combines the use of pulse compression and dis-
persion compensation to improve the SNR. The ability of the technology to distinguish
between different waveform modes is also highlighted. In addition, an iterative algorithm
has been developed to use adaptive peak detection to identify the wave of interest in order

to achieve automatic wave pattern discrimination.

2.4 Summary

This chapter has reviewed the most commonly used NDT methods, such as the electro-
magnetic method, optical method, and acoustics method. Each method has advantages
and disadvantages. The acoustic method is discussed after examining the benefits and
drawbacks of each method. Among the acoustic methods, the main review objects are
UT, GWT, and Ul The applications of pulse compression are reviewed in order to im-
prove detection accuracy. Frequency modulation and phase modulation are both used in

the pulse compression method.

Through literature review research, it has been shown that the performance of the UT
system is closely related to the characteristics of the input signal. There are many studies
to improve the performance of the UT system by increasing the energy of the input signal
and by a variety of noise reduction methods. Attempting to reduce the pulsing voltage
in a UT system can result in noisy and unusable results. Guided waves suffer in GWT
systems when they propagate through high attenuation materials and multiple modes as
a result of excitation, which reduces the power of echo signals and induces corruption
caused by coherent noise. The ultrasound imaging system has a low axial resolution due
to the high bandwidth of the sidelobe. SNR can be improved using pulse compression

without increasing average power. These issues will be addressed in the following chap-
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ters. Despite the aforementioned theoretical inferences, no study to date has provided
empirical support for the hybrid pulse compression method on different ultrasound detec-
tion systems. Therefore, in a series of experiments, we explored the direct effects of the
proposed hybrid pulse compression method on ultrasound signals. The results not only

provide support for the theory, but also have practical significance for the industry.
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Chapter 3

Sine Modulated Hybrid Pulse
Compression for Low Voltage

Ultrasonic Testing

3.1 Introduction

Ultrasonic Testing (UT) is an important technology in non-destructive testing (NDT)
methods that is often used for obtaining parameters related to the durability, the physi-
cal and mechanical properties of a material by using ultrasound waves. The traditional
pulse-echo and transmission techniques were applied

laws in the material [107]. In the case of certain hazardous flammable and explosive at-
mospheres, traditional high-voltage UT equipment cannot be used. The main reason for
making UT equipment unsuitable is the high voltage used by the pulsing circuitry. It has
enough energy to ignite a gas and the potential to generate a spark in the event of a failure.
However, the lower the pulsing voltage is, the lower the SNR of the signal is. Attempting
to reduce the pulsing voltage can lead to noisy and unusable results. In order to ensure
high SNR of signals in low-voltage ultrasonic testing equipment, a method without chang-

ing the hardware of UT device should be considered.

The technique of coded excitation has been used to improve the SNR in ultrasonic test-

ing [83]. The technique of coded excitation has been used in radar for about 60 years, but
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it was successfully introduced for clinical ultrasound only within the last 10 years [108].
Coded excitation refers to the technique of using a series of pulses following a calculated
width and pause structure. These pulse trains follow a mathematically described code
sequence and are used as complementary pairs whose auto-correlation coefficients sum
to zero in most cases. The most well-known and studied pairs of coded sequences are
the Golay code and the Barker code [109]. The result of such an excitation is a long
sequence and must be associated with a transmitted signal, so that the received echo be-
comes shorter in duration and higher in intensity, thereby increasing the system SNR. By
using the compressed signal, clearer A-scan can be reconstructed. The long duration of
the pulse trains allows for a significant amount of ultrasonic energy to be transmitted in
the material. Thus, this technique is quite suitable for testing highly attenuated materials
by using low-voltage pulse signals since the maximum amount of energy is not limited by
the amplitude of the pulse [110].

In this chapter, a coded excitation method which uses convolution of Barker code and
Golay code pair is applied to a low voltage ultrasonic testing system. The Barker code
sequence has the ability to increase the intensity of the main lobe. The Golay code pair
has an extraordinary advantage. The sidelobes are completely eliminated after passing
through the matched filter. The method combines the advantages of these two coding
methods and increases the diversity of code lengths. The method can be used in low-
voltage ultrasonic testing devices without changing the internal hardware. The main con-

tributions of this chapter are presented below.

* The combined coded excitation technique is applied to low-voltage ultrasonic test-

ing devices, not like other existing work for high-voltage situations.

* The extensive theoretical analysis and simulation results are provided for all the
possible combinations of coded excitation for ultrasonic testing, not like other works

on selected coding methods.

* Current combined coded excitation techniques are applied to ultrasonic imaging
systems only. This work opens the door for all ultrasonic testing devices for many

other applications in low-voltage situations.

The rest of this chapter is organized as follows. In section 3.2, the related work of ultra-
sonic testing and coded excitation has been reviewed. In section 3.3, our methodology
for analyzing its superiority is proposed . The theoretical analysis results are described in
section 3.4 and the simulation results are described in section 3.5. Finally, the summary

and discussion is given in section 3.6.
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3.2 Related works

Coded excitation applied to medical ultrasound imaging systems was first proposed by
Takeuchi [111] in 1979. However, due to the time-bandwidth limitation of this tech-
nique, there were rare studies on coded excitation in the literature in the following years.
O’Donnell [112] considered to use coded excitation to improve the SNR of the ultrasound
system. A signal which has been compressed on the digital beamformer was used in the
ultrasound system. Later, Jedwab and Parker [113] gave a general construction for an
odd length binary Golay sequence pair of length 26 from a Barker sequence of length 13
and a related Barker sequence of length 11. This work lays the theoretical foundation for
coded excitation. Kim et al. [83] proposed a new coded excitation method for ultrasound
imaging by modulating Golay code pairs with the Barker sequence. However, they only
used finite types of codes, which are 3-bit Barker code, 8-bit Golay code pair and 3-bit
Barker code modulated 4-bit Golay code pair in their experiment [83]. Recently, Wang
and Cong [114] proposed a new pseudo Chirp-Barker-Golay (PCBG) coded excitation
method in ultrasound imaging. They use the Field II toolbox to simulate phantoms and

cyst phantoms in B-mode images.

Methodology-wise, there are two pulse compression methods. The first one is frequency
modulated excitation signals which include linear chirp code and pseudo-chirp excitation.
The other one is binary coded excitation signals which include Barker code such as m-
sequences, orthogonal Golay sequences. Coded excitation sequences operate in a slightly
different way compared to frequency modulated excitation signals. The most common
way of using this technique is the burst cascade coding according to the polarity of a bi-

nary sequence, such as a sequence composed of 1 and O or -1 [43].

The limitation is the length of the sequences of the coded excitation. The improvement in
SNR is related to the length of the sequences, but there are only a few lengths of Barker
codes available, although there is no limit for conventional Golay codes [108]. Even if
the length of the selected codes is not the required length, one of the codes with a known

length is inevitably selected. Therefore, this may lead to inefficiency.

So far, the combined code excitation methods are only applied in ultrasound imaging un-
der high-voltage situations, and the selection of the combined code is limited. However,
for other ultrasound devices operating under low-voltage situations, there is no existing
study on them. Here, the task of both complete theoretical analysis and extensive simula-

tion experiments are investigated.
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3.3 Methodology

3.3.1 Matched filter

Matched filters, which are electrical tools for detecting a known piece of signal, are widely
used in radar, mobile communication systems, and ultrasound imaging as an important
filter [115]. The optimal criterion for the matched filter is that the output SNR is the
largest when it is in the white noise background and noise bandwidth is wider than sig-
nal bandwidth. Since the transmitted signal spans a wide frequency range, the matched
filter cuts out some of the signal as well as some background noise because it has a finite
bandwidth [116]. The frequency response of the matched filter is the conjugate of the

frequency response of the input signal.

The basic problem that often arises in ultrasonic testing systems is that detecting a pulse
transmitted over a channel is corrupted by channel noise. The Equation 3.1 shows the

ideal receiving structure of Barker code signal B() though matched filter.

x(t) =B(t) +w(t) 3.1

where w(t) is the white noise and x(7) is the filter input, which is the sum of B(z) and w(z).
y(t) is the filter output which is the convolution of filter input x(¢) and matched filter A(z)
when T is the length of B(z) [117].

From amplitude-frequency characteristics, the amplitude-frequency characteristics of a
matched filter are related to the amplitude-frequency characteristics of the input signal.
At the stronger signal frequency point, the amplification factor of the filter is also larger.
The matched filters allow the received signal to pass as much as possible regardless of the
characteristics of the noise. Since one of the preconditions of the matched filter is white
noise, the power spectrum of the noise is flat. In this case, this technique can reduce the

passage of noise.

From phase-frequency characteristics, phase-frequency characteristics of the matched fil-
ter are conjugated to the input signal. Thus, the phase of the signal is zero by matching
the filter. This can achieve a coherent superposition of the signal in the time domain. The

phase of the noise is random and only non-coherent superposition can be achieved. This
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technique ensures the maximum SNR of the output signal in the time domain. In fact, the
name of the matched filter indicates its distinctive feature. The matched filters match the

input signals. Once the input signal changes, the original matched filter also changes.

3.3.2 Barker code

The Barker code is one of the binary phase codes that produce a compressed waveform
with a constant sidelobe level equal to one. The auto-correlation coefficients are defined
and should all be small [118]:

N—k
Y. bibipi| <1 (32)
i=1

In the Equation 3.2, b; is an element of Barker code By and b; = 1. N is the length of
the Barker code.N > 2 and 1 < k < N. There are Barker codes of lengths of 2, 3, 4, 5, 7,
11, and 13, and it is conjectured that there is no longer a Barker code [119]. The optimal
binary sequence is that whose auto-correlation peak sidelobe is the minimum possible
for a given code length. The advantage is that the self-correlation or matched filtering of
these codes gives the main lobe peak of N and the minimum peak sidelobe of 1. Table 3.1
lists all known Barker codes and the side lobes level of these codes. Ideally, if there is a
long length, these codes can be used for pulse compression radar. However, the longest
known Barker code length is 13, so the pulse compression radar using these Barker codes
will be limited to the maximum compression ratio of 13. Figure 3.1 shows a 5-bit Barker
code and the compression result after the matched filter. It can be seen that the frequency
characteristics of the matched filter are exactly the same as the input signal, and there are

little changes in the frequency characteristics of the compression signal.

Table 3.1: Barker code of various lengths

Code symbol Length Code SLL(dB)

B2 2 (+1,-1),(+1,+1) -6

B3 3 +1,+1,-1 9.5
B4 4 (+1,-1,+1,+1),(+1,-1,-1,-1) -12
B5 5 +1,+1,+1,-1,+1 -14
B7 7 +1,+1,+1,-1,-1,+1,-1 -16.9
Bl11 11 +1,+1,+1,-1,-1,-1,+1,-1,-1,+1,-1 -20.8
B13 13 +1,+1,+1,+1,+1,-1,-1,+1,+1,-1,+1,-1,+1 -22.3

Barker code has a good performance of inhibiting the auto-correlation side lobe. Due
to the property of the Barker code which can improve the SNR, it is considered as the

transmission code for the low-voltage ultrasonic device.
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5-Length Barker code Matched filter Result
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(a) A pulse compression example of 5-bit Barker code.
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(b) Frequency response of 5-bit Barker code,matched filter and compressed result

Figure 3.1: Illustration of 5-bit Barker code compression. (a) An pulse compression
example of 5-bit Barker code compression. (b) Frequency response of the 5-bit Barker
code, matched filter and compressed result.

3.3.3 Golay code

Golay code is defined as a pair of equal-finite length composed elements, and the num-
ber of identical element pairs in one sequence is equal to the number of distinct element
pairs in another sequence at any given interval [120]. An ideal pulse compression result
without sidelobes is obtained by adding matched pairs of echoes which are generated by

transmitting a pair of complementary sequences.

Defined there are a pair of Golay complementary pair sequence G,(n) and sequence Gp(n).
Each element of G,(n) and Gp(n) is either 1 or -1. Due to the property of Golay code pair,
the auto-correlations of sequence G,(n) and sequence Gj(n) are shown in Equation 3.3.

0(n) is a Dirac delta function. * is the symbol of convolution.

Gy(n) *Gy(—n) + Gp(n) x Gp(—n) = 2N x 6 (n) (3.3)

When using the coded excitation in ultrasonic testing or imaging, sequence G,(n) and
sequence Gp(n) are used instead of the traditional single-pulse excitation to stimulate the
ultrasound transducer sequentially. The echoes from the same stationary object in the ul-

trasound field are represented by e,(n) and e(n).
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ea(”) = yt(n) * Ga(n) *yr(n) (3.4)

ep(n) = yi(n) x Gp(n) x yr(n) (3.5)

Where y;(n) and y,(n) are the impulse response of the ultrasound transmitter and receiver.
If the receiver and transmitter have the same element, y,(n) =y; (n) the cross-correlation

between e, (n) and sequence G,(n) is

eq(n) * Gy(—n) =y (n) x G4(n) * G4 (—n) x y,(n) (3.6)

And the cross-correlation between e;(n) and sequence G(n) is

ep(n) * Gp(—n) = yi(n) x Gp(n) * Gp(—n) x y,(n) 3.7

Sum the two cross-correlation results,

8(n) = ea(n) x Ga(—n) + ep(n) * Gp(—n) = 2N (y;(n) ¥ (n) xy,(n)) ~ (3.8)

g(n) is the result of the pulse compression of the Golay code pair. It shows that the
amplitude of g(n) is equal to 2N times the echo amplitude of a single-pulse simulation.

Figure 3.2 shows a 4-bit Golay code pair and the compressed result after the matched filter.
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4-length Golay code pair Matched filter Result
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Figure 3.2: An pulse compression example of 4-bit Golay code pair.

Due to the unique properties of this sequences, Golay code pairs can be used as the input
signals of an ultrasonic transmitter. The sidelobes of the echo signal after decoding dis-

appear.

3.3.4 Convolution of Barker code and Golay code

Due to the character of the code excitation, the improvement of SNR and resolution is re-
lated to the code length. As the length of input code sequence increases, the improvement
in SNR also increases significantly [83]. However, since Golay codes and Barker codes
are known for their specific sequences, it is only allowed to choose one of the sequences
for ultrasonic testing. Barker-sequence combined Golay code (BCG) is convoluted by
Golay code and Barker code, which can lead to additional improvements in signal inten-
sity and flexibility for code length compared to conventional Golay code pairs and Barker
code. The combined codes have the same sidelobe as the Baker code used, and the main
lobe of the combined codes is associated with the main lobe of the Barker code and Golay
code pairs. It combines the characteristics of a high main lobe Barker code and no side

lobe Golay code pairs.

To excite the ultrasonic signal, the BCG code transmits beamformer and electrical trans-

ducer transmit the BCG code ultrasonic signal. The sine-wave modulating signal is gen-
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erated by an oscillator and is used to frequency modulate a sine-wave carrier signal to
produce frequency-modulated BCG signal [121]. The transducer can receive echo signals
from any medium. Figure 3.3 shows the process of generation and compression of BCG
codes. The BCG code pair is created by the convolution of the Barker code and the Golay
code pair. The BCG code pairs are modulated and transmitted to the medium to obtain
a pair of echoes. There are two steps to compress the echos. The first step is to process
though a Golay code pair matched filter, and the second step is to process though a Barker

code matched filter. The compression result is the sum of the processed pairs.

Golay code pair
matched filter
G,(-n)

Golay code BCG code
G, (n) BCG,(n) |\
_’( ;; }\ Echo signal Compressed on
EBCGa Golay code
dulated EgccaG,

Barker code| Transd E Receiver Golay code pair [Compression
B (n) by sine impulse a mpulse compression result
wave C(n) response s rYesPonse EgcaG Eoce
Y.
Echo signal Compressed on
E Golay code
BCGb EpcekGi
Golay code BCG code Barker code
Gy, (n) matched filter
BCG,(n) B(-n)

Golay code pair
matched filter

Gp(-n)

Figure 3.3: The process of generation and compression of BCG codes

As shown in the equations below, a BCG code pair, BCG, and BCGy, is constructed by

convolution of the Golay and Barker sequences and modulated by a base pulse.

BCG,(n) = G4(n)*B(n)*C(n) (3.9)

BCGy(n) = Gy(n) * B(n) *C(n) (3.10)

Where B(n) is a known Barker code sequence, and G,(n), Gp(n) are the Golay code pairs.
Defined the BCG, (n) and BCGj(n) as modulated BCG code signal. C(n) is a carrier sine

wave.

EBCGa(”) =i (l’l) *BCGa(n> *yr(n) (3.11)
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Epcep(n) = yi(n) * BCGy(n) x y,(n) (3.12)

v¢(n) and y,(n) are the impulse response of the ultrasound transmitter and receiver. Then
the Epcgq(n) and Epcgp(n) are the beamformed echo signals of BCG, (n) and BCGy, (n).
The received signal will be processed by a matched filter. The composite signal is com-
bined with two types of signal. The received signal should be processed by a matched
filter twice. The first step is to process the signal by using corresponding Golay code pair
matched filter, the second step is to process the first step signal by using a correspond-
ing Barker sequence matched filter. The echo signals which are processed by the Golay

matched filter can be defined as

EpccaGa = Epca(n) * Ga(—n) = y:(n) * BCG4(n) *y,(n) * G4(—n) (3.13)

EpccyGp = Epcgy(n) * Gp(—n) = y,(n) * BCGy(n) xy,(n) x Gp(—n) (3.14)

Where Epcg.G, (n) and EgcgpGy, (n) are the echo signals processed by Golay matched
filter and G,(-n) and Gj, (-n) are known as the matched filter of each Golay code pair.
Sum the result of each compressed signal can achieve the Golay code compression of
BCG code as:

EpccG = EpcGaGa+ EpcapGp
= y(n) xy,(n) * (G4(—n) * BCG,4(n) + Gp(—n) * BCGp(n))
= yi(n) xy,(n) * (G4(—n) * G4(n) * B(n) + Gp(—n) * Gp(n) * B(n))
= g(n)*B(n)

(3.15)

EpccG 1is the result of Golay code pair compression. As mentioned above, g(n) is the
result of pulse compression of Golay code pair. The Barker matched filter defined as B

(-n). Then the Golay compressed signal should be process by Barker matched filter as:

Epcc = EpccG #B(—n) = p(n) * B(n) * B(—n)) = g(n) * Eg(n) (3.16)

Eg (n) is the result of Barker code compression. Therefore, Egcg is the result which is
processed by Golay matched filter and Barker matched filter. By using this method, the
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length of BCG code can be expressed as

j
Ngcg =Y Ni—j+1 (3.17)
=~

1

Where j is the number of the codes used for modulation and A; is the length of each code.

3.4 Theoretical analysis

To prove the feasibility of the BCG code, the theoretical analysis has been done. All 15
different types of BCG code are used in the analysis. The 15 types of BCG code are com-
bined by 3-bit Barker code with 2-bit 4-bit 8-bit Golay code pair, 5-bit Barker code with
2-bit 4-bit 8-bit Golay code pair, 7-bit Barker code with 2-bit 4-bit 8-bit Golay code pair,
11-bit Barker code with 2-bit 4-bit 8-bit Golay code pair, 13-bit Barker code with 2-bit
4-bit 8-bit Golay code pair, respectively. All Barker codes and commonly used Golay
code pairs are included in these codes.

In order to verify the performance of the hybrid code to improve the SNR, a code with
a length similar to the hybrid code was found for comparison experiments. Three differ-
ent types of pulses have been used: a simple pulse, 7-bit Barker code and 4-bit Golay
code pairs. Peak sidelobe level (PSL) is a major parameter that describes a code’s prop-
erties [122] and it can be calculated based on the peak (Pyeq) and mean (Fyean) power of

lobe pulse as shown in Equation 3.18.

P
PSL = 20log (-2 (3.18)

mean

The length of different BCG codes and the peak side lobe level of each code are shown in
Table 3.2. Figure 3.4 (a) shows that a 3-bit Barker code modulated 4-bit Golay code com-
pared to simple pulse, 7-bit Barker code and 4-bit Golay code. Figure 3.4 (b) shows the
comparison of different theoretical intensities of 15 types of BCG codes. The maximum
enhanced SNR of the 15 types of BCG code is 46.36 dB compared to the simple pulse,
which is B13G8. The enhanced SNR of B3G4 is 27.6 dB compared to the simple pulse,
the enhanced SNR of 7-bit Barker code is 16.9 dB compared to the simple pulse, and the
enhanced SNR of 4-bit Golay code pairs is 18.1 dB compared to the simple pulse.
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(a) Comparison of BCG code and others

(b) Intensities of different BCG codes after matched filter

Figure 3.4: The theoretical simulation results. (a) The 3-bit Barker code combined 4-bit
Golay code compared to simple pulse, 7-bit Barker code and 4-bit Golay code. (b) the
theoretical intensity comparison of 15 different types BCG code.
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Table 3.2: Different lengths and peak-sidelobe ratio of BCG code
Code symbol Code length PSL(dB)

Golay 2 4 -19
Barker 3 Golay 4 6 -23.4
Golay 8 10 -28.6
Golay 2 6 -22
Barker 5  Golay 4 8 -24.8
Golay 8 12 -28.8
Golay 2 8 -24.2
Barker 7 Golay 4 10 -26.4
Golay 8 14 -29.6
Golay 2 12 -27.6
Barker 11 Golay 4 14 -29.2
Golay 8 18 -31.4
Golay 2 14 -29.0
Barker 13 Golay 4 16 -30.2
Golay 8 20 -32.2

3.5 Simulation results

The theoretical results show that the BCG codes have better performance than the simple
pulse, Barker code and Golay code pairs in SNR and have lower PSL than Barker code.
In order to verify the feasibility of this method under actual conditions, the ultrasonic
testing simulation needs to be completed. Field II is a program based on linear acoustic
in MATLAB. It can be used to simulate the production of the ultrasonic probe and the
signal received by the probe to receive the sound field. This program can simulate the
pulse generation and recall of various ultrasonic transducers in pulsed or continuous wave

operation.

In the simulation, different types of pulse signals have been used as propagation signals
through tissue. In order to get the echo signal, a scatterer has been set. The frequency
of the signal is 5 MHz and the sample frequency is 100 MHz. The speed of sound is a
constant propagation speed of 1540 m/sec. In order to get accurate simulation results, the
transducers in the UT system are set. There are 32 elements used in the simulation. The
width in the x-direction of elements is 1 mm and the width in the y-direction of elements
is 5 mm. The kerf between each two elements is 0.25 mm. The input signals have been
modulated by carrier sine waves. The impulse responses of the pulse and receive aper-
tures are a 2-cycle sine wave with a fit Hanning window. The voltage of a simple pulse
is 1 V and input voltages of other codes are similar to simple pulses. The purpose is for

calculating the received signal from a collection of scatterers and for each combination of
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transmitting and receiving elements in the aperture. This corresponds to a full synthetic
aperture scan, with each element transmitting and all elements receiving. This simulation
experiment set a scatterer at [0,0,100] mm. Figure 3.5 shows the setup of simulation.
There is an example of a transmitted 3-bit Barker code convolution 4-bit Golay code pair

in Figure 3.6.

Figure 3.7 shows the echo signal of a simple pulse. The top figure shows a composite
image of received intensities from the individual elements of a linear array transducer.

The bottom figure shows the central element of individual response.

Figure 3.5: The simulation setup
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(a) The first transmitted BCG code

(b) The second transmitted BCG code

Figure 3.6: The transmitted B3G4 code pair in the Filed II simulation (a) The first trans-
mitted BCG code (b) The second transmitted BCG code
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Figure 3.7: Received intensities from the individual elements of a linear array transducer
(top) and the individual response of center element (bottom).
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3.5.1 Barker code and Golay code pair simulation result

This section shows the simulation results of the Barker code and Golay code pair. The
results show that these two traditional coded excitation techniques are successful in im-
proving the SNR by comparing the intensity of the main lobe. The simulation results
are compared with the theoretical results. Figure 3.8 shows the received signal and the
processed signal by using a 7-bit Barker code signal. Figure 3.8 (a) shows the original
received signal, the top shows the composite image of received 7-bit Barker code inten-
sities from the individual elements of a linear array transducer, and the bottom shows the
individual response of the central element. Figure 3.8 (b) shows the processed result of
the received signal after matched filter. The 7-bit Barker code had an increased intensity
of 18.5 dB compared to the simple pulse. In the theoretical study, the increased intensity
should be 16.9 dB. Since the echo signal of simple pulse is difficult to distinguish in the
simulation, the improvement in SNR of the Barker code sequence in simulation is better
than the SNR of the theoretical. That shows a good agreement between the simulation
results and theoretical results. The Barker code sequence can significantly improve the

echo SNR as expected.

Figure 3.9 shows the echo signals and processed signals of 4-bit Golay code pair signals
and Figure 3.9 (a) shows the original received signal, the top shows the composite image
of first received 4-bit Golay code intensities from the individual elements of a linear array
transducer and the bottom shows the individual response of central element. The Fig-
ure 3.9 (b) is the same as (a), it shows the result of the second Golay code pair. Figure 3.9
(c) shows the processed result of received signal after matched filter and compression.
The 4-bit Golay code pair had increased intensity of 21.5 dB compared to the simple

pulse.
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(a) The original received 7-bit Barker code intensities from the individual elements of a linear array trans-
ducer (top) and the individual response of center element (bottom).
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(b) The compressed 7-bit Barker code signals from the individual elements of a linear array transducer (top)
and the compressed signal of center element (bottom).

Figure 3.8: The 7-length Barker code simulation result. (a) The original received inten-
sities from the individual elements of a linear array transducer (top) and the individual
response of center element (bottom). (b) The compressed signals from the individual
elements of a linear array transducer (top) and the compressed signal of center element

(bottom).
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(a) The received 4-bit Golay code 1 intensities. (b) The received 4-bit Golay code 2 intensities.

(c) The compressed signals from the individual elements of a linear array transducer (top) and the com-
pressed signal of center element (bottom).

Figure 3.9: The 4-bit Golay code pair simulation results. (a). The original received 4-bit
Golay code 1 intensities from the individual elements of a linear array transducer (top)
and the individual response of center element (bottom). (b).The original received 4-bit
Golay code 2 intensities from the individual elements of a linear array transducer (top)
and the individual response of center element (bottom). (c). The compressed signals from
the individual elements of a linear array transducer (top) and the compressed signal of
center element (bottom).
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3.5.2 Convolution of fixed length Barker code and various length Go-

lay code pair

This section shows the simulation results of the convolution of fixed-length Barker codes
and various length Golay code pairs. The results show that the techniques are successful
in improving the SNR by comparing the intensity of the main lobe. The simulation re-
sults are compared with the theoretical results. Figure 3.10 shows the echo signals and
processed signals of the convolution of 3-bit Barker code and various lengths of Golay
code, which contain 3-bit Barker combined with a 2-bit Golay code pair, 3-bit Barker
combined with a 4-bit Golay code pair, and 3-bit Barker combined with an 8-bit Golay

code pair.

In both the original received signal part and the processed signal part, the composite im-
ages and central elements of individual responses have been posted. By comparing these
two parts of the results, the increased intensities can be easily seen. The B3G2 code had
an increased intensity of 22.02 dB compared to the simple pulse and the signal side-lobe
level is -18.9 dB. The B3G4 code had an increased intensity of 27.1 dB compared to the
simple pulse and the signal side-lobe level is -19.2 dB. The B3G8 code had an increased
intensity of 30.1 dB compared to the simple pulse and the signal side-lobe level is -23.0
dB.
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(a) The central line of original B3G2 echo signals and the compressed result after matched filter

(b) The central line of original B3G4 echo signals and the compressed result after matched filter

(c) The central line of original B3GS8 echo signals and the compressed result after matched filter

Figure 3.10: The central line of 3-bit Barker combine different length Golay code pairs
simulation results. (a) The original and processed B3G2 pair signals. (b)The original and
processed B3G4 signals. (¢) The original and processed B3G8 pair signals.

3.5.3 Convolution of 2-bit Golay code and various length Barker code

This section fixed the length of the Golay code pair at 2 and convoluted the Golay code
pair with various lengths of Barker codes. Figure 3.11 and Figure 3.12 show the echo sig-
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nals and processed signals of the convolution of 2-bit Golay code and various lengths of
Barker code, which contain a 5-bit Barker combined 2-bit Golay code pair, a 7-bit Barker
combined 2-bit Golay code pair, an 11-bit Barker combined 2-bit Golay code pair, and a
13-bit Barker combined 2-bit Golay code pair. Each figure contains the original received

signal part and the processed signal part.

In both the original received signal part and the processed signal part, the composite im-
ages and the central element of individual responses have been posted. By comparing
these two parts of the results, the increased intensities can be easily seen. The B5SG2 code
had an increased intensity of 24 dB compared to the simple pulse and the PSL is -22.6 dB.
The B7G2 code had an increased intensity of 27.78 dB compared to the simple pulse and
the PSL is -24.2 dB. The B11G2 code had an increased intensity of 31.3 dB compared to
the simple pulse and the PSL is -27.4 dB. The B13G2 code had an increased intensity of
35.1 dB compared to the simple pulse and the PSL is -28.2 dB.

(a) The central line of original BSG2 echo signals and the compressed result after matched filter

(b) The central line of original B7G2 echo signals and the compressed result after matched filter

Figure 3.11: The central line of 2-bit Golay code combine different length Barker code
pairs simulation results(a) The original and processed B5G2 pair signals. (b)The original
and processed B7G2 signals.
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(a) The central line of original B11G2 echo signals and the compressed result after matched filter

(b) The central line of original B13G2 echo signals and the compressed result after matched filter

Figure 3.12: The central line of 2-bit Golay code combine different length Barker code
pairs simulation results(a) The original and processed B11G2 pair signals.(b) The original
and processed B13G?2 pair signals.

3.5.4 Convolution of 4-bit Golay code and various length Barker code

This section fixed the length of the Golay code pair at 4 and convoluted the Golay code
pair with various lengths of Barker codes. Figure 3.13 and Figure 3.14 show the echo
signals and processed signals of the convolution of 4-bit Golay code and various lengths
of Barker code which contain a 5-bit Barker combined with a 4-bit Golay code pair, a
7-bit Barker combined with a 4-bit Golay code pair, an 11-bit Barker combined with a
4-bit Golay code pair, and 13-bit Barker combine 4-bit Golay code pair.

In both original received signal part and processed signal part, the composite images and
central element of individual responses have been posted. By comparing these two part
results, the increased intensities can be obviously seen. The B5G4 code had an increased
intensity of 29.6 dB compared to the simple pulse and the PSL is -20.1 dB. The B7G4
code had an increased intensity of 30.7 dB compared to the simple pulse and the PSL is
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-18.6 dB. The B11G4 code had an increased intensity of 33.6 dB compared to the simple
pulse and the PSL is -25.9 dB. The B13G4 code had an increased intensity of 34.3 dB
compared to the simple pulse and the PSL is -23.6 dB.

(a) The central line of original B5SG4 echo signals and the compressed result after matched filter

(b) The central line of original B7G4 echo signals and the compressed result after matched filter

Figure 3.13: The central line of 4-bit Golay code combine different length Barker code
pairs simulation results(a) The original and processed B5G4 pair signals. (b)The original
and processed B7G4 signals.
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(a) The central line of original B11G4 echo signals and the compressed result after matched filter

(b) The central line of original B13G4 echo signals and the compressed result after matched filter

Figure 3.14: The central line of 4-bit Golay code combine different length Barker code
pairs simulation results (a) The original and processed B11G4 pair signals.(b) The origi-
nal and processed B13G4 pair signals.

3.5.5 Convolution of 8-bit Golay code and various length Barker code

This section fixed the length of Golay code pair at 8 and convoluted the Golay code pair
with various length of Barker codes. Figure 3.15 and Figure 3.16 show the echo signals
and processed signals of convolution of 8-bit Golay code and various lengths Barker code
which contain 5-bit Barker combined 8-bit Golay code pair, 7-bit Barker combined 8-bit
Golay code pair, 11-bit Barker combined 8-bit Golay code pair and 13-bit Barker com-
bined 8-bit Golay code pair. Each figure contains the original received signal part and the

processed signal part.

In both original received signal part and processed signal part, the composite images and
central element of individual responses have been posted. By comparing these two part
results, the increased intensities can be obviously seen. The B5GS8 code had increased
intensity of 32.4 dB compared to the simple pulse and the PSL is -24.5 dB. The B7G8
code had an increased intensity of 33.7 dB compared to the simple pulse and the PSL is
-21 dB. The B11G8 code had an increased intensity of 38.4 dB compared to the simple
pulse and the PSL is -29.4 dB. The B13G8 code had an increased intensity of 38.5 dB
compared to the simple pulse and the PSL is -25.4 dB.
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As the code length has grown longer, so has the increased intensity. This increase is the
same as the result of theoretical research. At the same time, since the intensity of the main
lobe increases and the intensity of the side lobes does not change, the performance of the

PSL in the result also improves as the code length increases.

(a) The central line of original BSG8 echo signals and the compressed result after matched filter

(b) The central line of original B7G8 echo signals and the compressed result after matched filter

Figure 3.15: The central line of 8-bit Golay code combine different length Barker code
pairs simulation results(a) The original and processed B5G4 pair signals. (b)The original
and processed B7G8 signals.

3.5.6 Results analysis

Figure 3.17 shows all the results of low voltage UT system simulation. From the simu-
lation results, it is easy to see that the highest intensity of the processing echo signal is
13-bit Barker code convolution 8-bit Golay code pair. The length of 3-bit Barker code
convolution 2-bit Golay code pair is the shortest, therefore the intensity of processing
signal is the lowest of all. The simulation results have a good agreement with the theo-

retical results. When the transmitted sequence length is short, the theoretical results and
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(a) The central line of original B11GS8 echo signals and the compressed result after matched filter

(b) The central line of original B13G8 echo signals and the compressed result after matched filter

Figure 3.16: The central line of 8-bit Golay code combine different length Barker code
pairs simulation results(a) The original and processed B11G8 pair signals.(b) The original
and processed B13G8 pair signals.

simulation results are almost the same, and the difference in SNR is 1-2 dB. As the trans-
mitted sequence length increases, the results of theoretical and simulation gradually have
larger errors, and the difference in SNR is 5-6 dB. But the trend and rate of change of
SNR and PSL are the same. The reason for this problem is that when a long sequence is
transmitted, noise and system internal errors will affect the echo signal and reduce SNR.
Compared with the traditional method, the proposed BCG method still has a very signifi-

cant improvement.

Table 3.3 shows all the SNR and PSL results from numerical and theoretical simulations
using MATLAB software. In Pilsu Kim ’s paper, the SNR of 3-bit Barker code modu-
lated 4-bit code exhibits the improvement of 27.68 dB in SNR and -18.66 dB in sidelobe
level [83] which results agree with the simulation results. The 15-bit M-sequences which
are commonly used in UT systems in the simulation module increased intensity of 17.8
dB compared to the simple pulse and the signal side-lobe level is -8.66 dB. One of 15-
bit Gold sequences in the simulation module increased intensity of 17 dB, and the signal
side-lobe level is -7.1 dB.

62



Chapter 3. Sine Modulated Hybrid Pulse Compression for Low Voltage Ultrasonic
Testing

Figure 3.17: The intensity results of all BCG code sequence

3.6 Summary

In this chapter, the convolution of Barker and Golay codes as coded excitation signals is
studied for low voltage UT devices. The combined codes have the same sidelobe as the
Barker code and its main lobe is associated with one of the Barker code and Golay code
pairs used. It combines the characteristics of a high main lobe Barker code and no side
lobe Golay code pairs. There is no need to change the hardware of the UT system with this
method. The proposed method has been analyzed theoretically and then done in extensive
simulation experiments. The experimental results demonstrated that the intensity of the
code produced by the convolution of Barker code and Golay is much higher than the
simple pulse and the PSL of the code is lower than the traditional Barker code. When the
length of the Golay code pair is fixed, increasing the length of the Baker code increases
the intensity of the main lobe of the signal and results in a higher SNR. When the length of
the Barker code is fixed, increasing the length of the Golay code pair reduces the signal’s
sidelobe intensity and results in a better PSL. Equipped with this, any UT device can be

applied in low voltage situations for a variety of applications.
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Table 3.3: The SNR and PSL results from theory and simulation

) Theoretical Simulation
Code Symbol - Code Bit —cxp 5y PSI.(dB) SNR(dB) PSL(dB)
Barker 7 7 16.9 17.0 18.5 J18.1

Golay 4 4 18.1 ; 215 ;
B3G2 4 21.6 -19 22.02 -18.9
B3G4 6 27.6 234 27.1 2192
B3G8 10 33.6 28.6 30.1 23.0
B5G2 6 26.0 22.0 24 226
B7G2 8 28.9 242 27.78 242
B11G2 12 32.9 27.6 313 274
B13G2 14 34.3 29.0 35.1 282
B5G4 8 32 25.4 29.6 -20.1
B7G4 10 34.9 26.4 30.7 -18.6
B11G4 14 38.8 29.1 33.6 -25.9
B13G4 16 40.3 29.6 34.3 23.6
B5G8 12 38.1 28.8 32.4 245
B7G8 16 41.1 -29.6 33.7 21
B11G8 18 44.9 31.4 38.4 29.4
B13GS 20 46.4 -32.3 38.5 -25.4
M-sequence 15 18.1 -8.6 17.8 -8.66
Gold code 15 18.1 8.6 17 7.1
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Chapter 4

Hybrid Pulse Compression for Guided

Wave Testing Application

4.1 Introduction

Chapter 3 introduced the hybrid pulse compression method in UT system. Theoretical and
simulation results prove the feasibility of the new method in a ultrasound system. The UT
system has a short wavelength due to the high frequency of ultrasound. This limits the
effective distance of ultrasonic testing, which makes it unsuitable in certain situations that
require long-distance testing. Chapter 4 proposed the hybrid pulse compression method
in ultrasonic guided wave testing, which is a low frequency long range ultrasound detec-

tion method.

Ultrasonic guided wave (UGW) testing is a crucial method in NDT technique because
of its potential to evaluate the durability, the physical and mechanical properties of long
pipes [123]. This method is often used for testing long-range testing of pipelines from
a single inspection point [124]. Different types of guided waves can propagate in any
bounded medium, such as the well-known Rayleigh (surface) waves or the Lamb waves
on plates [125]. An array has many transducers utilized in a pulse-echo mode installed
around the pipe circumference to excite signals in low frequencies of ultrasound at any
inspection location. The purpose is to generate a single axisymmetric wave pattern. How-
ever, guided waves suffer from high attenuation when they propagate in attenuative ma-

terial pipes and multiple modes due to the excitation, which reduces the power of echo
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signals and induces corruption caused by coherent noise [126]. Therefore, the excitation

amplitude of input signals needs to be enhanced to acquire featured signal responses.

For industrial purposes, many of these pipelines need to carry explosive and flammable
material such as oil or natural gas. The common inspection systems are not suitable due
to the high voltage (typical above 50 Volts) used by the pulsing circuitry. It may has high
possibility of dangerous to cause high-voltage sparks, even a potential risk to create a fire
or explosion [127]. The problem must be solved in a safe manner. Therefore, an inspec-
tion system operated by low-voltage ultrasound is required in these specific application
environments. Generally, there are many techniques to improve the inspection system
performance by increasing the signal-to-noise ratio (SNR), such as wavelet transform,
pulse compression and so on. In the case of poor SNR, it is tough for wavelet transform
to filter the signal coefficients in every decomposition layer effectively, which may cause

the denoising failure [128].

The pulse-compression technique is commonly used by radar, sonar and echography to
enhance the echo SNR. This method depends on a combination of cross-correlation with a
reference signal [129]. There are two modulation methods in pulse compression, includ-
ing frequency modulation and phase modulation. Coded excitation is phase modulation
on a pulse. Takeuchi firstly proposed the technique applied to medical ultrasound imaging
systems in 1979 [111]. However, there are few studies within the literature on coded ex-
citation in recent years due to the time-bandwidth limitation of this technique. O’ Donnell
considered using coded excitation to ultrasound system for improving the SNR [112].
Afterwards, the digital beamforming with signal compression was used in the ultrasound
system. Later, Jedwab and Parker gave a general construction for an odd length binary
Golay sequence pair of length 26 from a Barker sequence of length 13 and a related Barker
sequence of length 11 [113]. But, their work focused on the theoretical research for coded

excitation only.

Kim et al. [83] proposed a combined coded excitation method by modulating Golay code
sequence with Barker sequence for ultrasound imaging. The combined codes which are
3-bit Barker code, 8-bit Golay code pair and 3-bit Barker code modulated 4-bit Golay
code pair are used in their ultrasonic image experiment. Recently, Wang and Cong [114]
proposed a new pseudo Chirp-Barker-Golay (PCBG) coded excitation method in ultra-
sound imaging. They used the Field II toolbox to simulate phantom and cyst phantom of
B-mode image. The research into modulated codes is most on ultrasound images.In their
research, the combined sequences have relatively low side lobe levels and high main lobe
level. At the same time, their length is easily tuned. That means the combined coded

pulse compression algorithm is practically promising to reduce coherent noise to increase
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SNR.

In this chapter, a hybrid coded excitation method that uses a designed sequence of a Barker
code convolution Golay code pair (BCG) is developed to improve the echo SNR of ultra-
sonic guided wave testing systems. The technique combines the advantages of these two
coding methods and increases the diversity of code lengths. The technique performance
will be evaluated by SNR and peak sidelobe level (PSL) of the processed signals. The
main contributions of this paper are presented as below:

The developed hybrid coded excitation technique is applied to the guided wave
mode excitation for pipe inspection for the first time. The proposed method has
been theoretically evaluated that has better performance than other common tech-
niques. The experimental results that the proposed method has the best echo SNR
and PSL at various frequencies (30 kHz-50 kHz). This work can be extended to
other potential applications for a significant SNR improvement. The field test on
pipeline with defects has been done. Compared to other methods, the proposed
method can detect small defects which cannot be detected by other methods on

pipelines.

The rest of this chapter is organised as follows. In Section 4.2, the property of guided
waves has been reviewed and code generation and compression also proposed in this sec-
tion. The methodology and analyse are also described in this section. The results of FEM
simulation analysis are described in Section 4.3 and the laboratory testing in pipeline
without defect are described in Section 4.4. The experiment set-up and actual testing re-

sults are described in Section 4.5. Finally, the summary is given in Section 4.6.

4.2 Methodology

To verify the feasibility of proposed coded excitation method for guided wave testing in
pipes, the related dispersion curves of wave modes should be studied first. To obtain
the transmitted sequence and estimate the transmitted signal performance, the proposed

coded excitation generation and compression need to be investigated.
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4.2.1 Property of guided waves

When measuring over a long-range distance with ultrasound guided waves, the wave
modes are excited at a low-frequency range between 20 kHz to 100 kHz [130]. Guided
waves exist multi-modal orders and dispersed when they propagate along a cylindrical
structure [131].

There are three main families of waves exists in pipe, which are Longitudinal, Tor-
sional and Flexural. In these three families of waves, only Longitudinal and Torsional
are axisymmetric. Silk and Bainton established a nomenclature of X (n,m) to describe
these [132]. The X represents a letter (L, T, or F, for longitudinal, torsional or flexural,
respectively) that relates to characteristics of the individual guided wave modes. The n is
a positive integer used to identify harmonic changes in displacement around the pipe or
the circumference of the pipe and m is an index indicating how it occurs. When testing,
the actual results are different from the ideal. Due to the imperfections of equipment and
the mode conversion caused by the axisymmetric structure on the internal material, the
actual received signal will not be a pure axisymmetric wave but a mixed wave [133]. In
addition to the multi-modal nature of guided wave propagation may also exhibit disper-
sive propagation, but this situation will lead the energy diffusion signal in space and time
at the time of propagation [134]. Unlike other waves, the T(0,1) mode is non-dispersive
over the entire frequency range, so the T(0,1) mode is often used for detection in practical

applications [133].

Figure 4.1 presents the group velocity dispersion curves for an 8-inch (219.1 mm outer
diameter) and schedule 40 (8.18 mm wall thickness) steel pipes. Longitudinal axisymmet-
ric modes of 1.(0,1) and L(0,2) are also a zeroth circumferential order with first and sec-
ond mode shapes, respectively. Non-axisymmetric flexural modes (up to m=1) of F(1,1),
F(1,2) and F(1,3) are a first circumferential order with a first, a second and a third mode
shapes, respectively. The effective characteristics of displacement shapes are generated

using the semi-analytical finite element method [135].

4.2.2 Code generation and compression

Coded excitation applied in medical ultrasound imaging system was excitation. The im-
provement of SNR is related to the length of the sequences, but there are only a few
lengths of Barker codes available, although there is no limitation for conventional Golay
codes [108]. Theoretically, the longer code excitation sequence offers better performance

of the SNR but a higher axial resolution depends on a shorter input signal wavelength.
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Figure 4.1: Group velocity dispersion curves for a 8-inch, schedule 40 steel pipe

Therefore, the selection of the code excitation sequence length needs to be considered for

accuracy and efficiency of defect detection under different applications.

Currently, the combined code excitation methods are only applied in ultrasound imaging,
and the selection of the combined code is limited [127]. However, there is no existing
literature and usage on the excitation of guided waves for long-range distance detection
at low-frequencies. In this paper, this developed technique is successfully achieved to use
on the guided wave generation and propagation for pipeline inspection theoretically and

experimentally.

Due to the character of the coded excitation, the coded excitation length can influence the
improvement of SNR and resolution. However, However, since Golay codes and Barker
codes are called out for their specific sequences, it’s solely permitted to decide on one
among the sequences for ultrasonic testing. BCG is convoluted by Golay code and Barker
code, which may result in further improvements in signal intensity and adaptability for
code length compared to convention Golay code pairs and Barker code. The combined
codes have an equivalent sidelobe of the baker code used and also the main lobe of the
combined codes is related to the most lobe of Barker code and Golay code pairs. It com-
bines the characteristics of a high main lobe Barker code and no facet lobe Golay code

pairs.
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To excite the ultrasonic signal, the BCG code modulates the ultrasonic wave with a
wave signal frequency carrier. Transmit beamformer and electrical device transmit the
BCG code ultrasonic signal. The electrical device will receive the echo signals from the
medium. Figure 4.2 shows the method of generation and compression of BCG codes. The
BCG code sequences are made by the convolution of Barker code and Golay code pair.
The BCG code sequences are modulated and transmitted to the medium to get a pair of
echoes. There are two steps to compress the echoes. The primary step is to compress
the Golay code pair sequence, and the second step is to process the Barker code matched

filter. The compression result is the addition of the processed echo signal pairs.

Figure 4.2: The process of generation and compression of Barker-sequence combined
Golay codes (BCG).

A BCG code pair, BCG, and BCGy, are built by using convolution of Golay sequence and

Barker sequence and modulated by a base pulse as shown in following equations.

BCG,(n) = G4(n)*B(n)*C(n) 4.1)

BCGp(n) = Gp(n) *B(n) «C(n) 4.2)
where B(n) is a known Barker code sequence and G,(n), G,(n) are the Golay code pairs.
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Defined the BCG,(n) and BCG,(n) as modulated BCG code signal. C(n) is a carrier sine

wave. There is an example of transmitted B3G4 code pair in Figure 4.3.

Figure 4.3: The BCG code pair modulated by sine wave.

To prove the feasibility of BCG code, the theoretical analysis based on synthetic input/out-
put signals has been carried out. The 15 different types of BCG code are used in the anal-
ysis. Three different types of pulses have been used: a simple pulse, 7-bit Barker code and
4-bit Golay code pairs. PSL is a major parameter that describes a code’s properties [122]

and it can be calculated based on the peak (Pyeq) and mean (Pyeqan) power of lobe pulse.

The peak-side lobe level of different sine wave modulated BCG code lengths are shown
in Figure 4.4. Figure 4.5 (a) shows the comparison of different theoretical intensities of 9
types of BCG codes. Figure 4.5 (b) shows that a 3-bit Barker code modulated 4-bit Golay
code compared to simple pulse, 7-bit Barker code, 11-bit Barker code, 4-bit Golay code
and 8-bit Golay code. It can be seen from the Figure 4.5 and Figure 4.4 that the intensity
of the same length of sine wave modulated BCG code after processing is significantly
higher than other codes. The PSL of different length of BCG codes has been significantly
reduced.

4.3 FEM simulation

A commercial finite element software package, Abaqus (version 2016.HF3, Dassault
Systemes Americas Corp., Waltham, MA, USA), has been used to visualise and validate
this method. The Abaqus Explicit module was used to produce a transient wave field. The
incident signals are Barker code, Golay code, and BCG code modulated with sine waves
at a frequency of 40 kHz. The pipe has a thickness of 8.18 mm and length of 7000 mm.

The purpose sources are equally distributed, and placed 2600 mm from the front end of
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Figure 4.4: The peak-side lobe level of different BCG codes from numerical simulation.

the pipe. Young’s Modulus was 210 GPa, Density of 7850 kg/m? and Poisson’s Ratio of
0.3. The global seed size was set as 0.0025 m, and the time increment was set as 5 x 10~/
s. Figure 4.6 shows the setup of FEM model of a 8-inch steel pipe. As for the hollow
cylinder, if the part variety is split into one to three parts in the thickness direction, it’ll

have achieved sensible accuracy [136].

For simulating the UGW system, one ideal point source is generated around the circum-
ference of the pipe. The system worked within the pulse-echo mode and, therefore, the
signals were received from an equivalent number of ideal sources. The received signal
is generated from the receiving point and applying an equivalent backward cancellation
formula. The signals are generated in MATLAB-R2016a and echo signals are processed
in MATLAB as well. The displacement/time plot of Barker code echo signal from the

receiver is shown in figure 4.7.

The FEM simulation results are evaluated by increasing SNR and peak sidelobe level.
The front and back side increments of SNR from FEM simulation and testing results are
compared in Figure 4.48. Due to the character of the Golay code, there is no side lobe in
the compressed results of the Golay code pair. The comparison of side lobe level between

simulation and testing results is shown in Figure 4.49.
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4.4 Laboratory testing

An experiment was carried out on a 7 m long 8-inch schedule 40 steel pipe. The trans-
ducers driven by Teletest MK3 system device are located at around 2600 mm from pipe
end. A detailed sketch of this experiment has been described, as shown in Figure 4.8. The
experiment had been performed by TWI Ltd as shown in Figure 4.9. The steel pipe was
placed on roller supports. The received signal gets a signal whose specific part contains

only two echoes.

Teletest System PC System
BE FE

.E\
o I:-
S L
g 8 Segments l I
2 i

Roller support Roller support
2600mm 4400mm

Figure 4.8: Schematic diagram of pipe experiment set-up which contains roller sup-

port, Teletest system and PC system.

The experiment used sine waves, different bits of Barker code, different bits of Golay
code pair and BCG code pairs as excited signals. There are 8 transmit-receive segments
of the system. Each segment has 3 transducers. The amplitude and time of transmitted
signal should be created in TXT file for each segment. The TXT file should be coded to
TIM file that the supporting software can identify. Then the parameters of the system can
be set in the supporting software, including sampling frequency, PRF, capture time and
so on. When all 8 segments are set up successfully, the test can be started. Figure 4.10
shows the software used in the GWT system. The code to load the specific code sequence

is in the Appendix.
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Figure 4.10: The software used in the GWT system.

The transmitted frequency of all of the excited signals is from 30 kHz to 50 kHz and the
guided wave mode of T(0,1) was excited by a transmitter. The experimental result was
collected from a 7000 mm long steel pipe without any defects, and picked up data from
8 segments using MATLAB software. The details of excited signals are shown in the
Table 4.1 and Table 4.2.

Figure 4.11 shows an example of the echo signal that is a 3-bit Barker code at 30 kHz.
This figure is a three-dimensional surface plot reconstructed from the echo signals re-
ceived by eight segments. The echo signals from the front end and the echo signals from
the back end have been marked on this figure. The length of the pipe can be calculated

from the time of front and back echoes.

4.4.1 Testing of different frequency BCG code

In order to verify the performance of the proposed method at different frequencies, a
variety of frequency tests were implemented. Figure 4.12, Figure 4.13, Figure 4.14, Fig-

ure 4.15 and Figure 4.16 show the original echo signal pairs and processed results of BCG
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Table 4.1: Details of excited signals (Sine wave, Barker code sequence)

Excitation sequence Frequency (kHz) Duration(us) Binary Code

30 33
35 29

I-cycle sine 40 25 -
45 22
50 20
30 100
35 87

3-bit Barker 40 75 +1 +1 -1
45 66
50 60
30 165
35 145

5-bit Barker 40 125 +1+1+1-1+1
45 110
50 100
30 230
35 203

7-bit Barker 40 175 +1 41 4+1-1-1+1-1
45 154
50 140
30 363
35 319

11-bit Barker 40 275 +:11 ’{1+11 11 !
45 242
50 220
30 429
35 377

+1+1+1+1+111

13-bit Barker 40 325
45 236 +1+11+11+1
50 260

code from 30 kHz to 50 kHz. After being processed by a fitted matched filter, the inten-
sities of the echo from back and front are significantly increased. By observing the echo
signal, the processed echo signal changes as the frequency changes. The processed echo

signal from front side and back side is increased by frequency.

The increment of SNR of front side processed BCG code pair signal is 28.9 dB at fre-
quency 30 kHz compared to sine wave and the peak side lobe level of the front side is
-13.3 dB. Since the front and back echoes are basically similar, the SNR and peak side
lobe level after processing are also basically similar. The increment of SNR of back side
processed BCG code pair signal is 30.1 dB compared to sine wave and the peak side lobe
level is -10.5 dB at 30 kHz. The increment of SNR of front side at frequency 35 kHz is
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Table 4.2: Details of excited signals (Golay code pair, BCG code pair)

Excitation sequence Frequency (kHz) Duration(us) Binary Code

30 66

35 58 +1+1 &
2-bit Golay 40 50

45 44 +1 -1

50 40

30 132

35 116 +1+1+1-1&
4-bit Golay 40 100

45 88 +1 +1-1+1

50 80

30 264

35 232 +1+1+1-1+1+1-1+1 &
8-bit Golay 40 200

45 176 +14+1+1-1-1-1+1-1

50 160

30 198

35 174 +1+2+1 -1-+2 +1 &
6-bit BCG 40 150

45 132 +1+2-1-1+42-1

50 120

2.5 dB higher than increased frequency at 30 kHz and the increment of SNR of back side
at frequency 35 kHz is 2.3 dB higher than increased frequency at 30 kHz. The front and
back peak side lobe level of the 35 kHz processed signal is -27.9 dB and -24.3 dB, re-
spectively. The echo signal at 40 kHz shows the best performance among all signals. The
increment of SNR of front side is 32 dB at frequency 40 kHz and the side lobe level of the
front side signal is -28.5 dB. The increment of SNR of back side is 33.5 dB at frequency
40 kHz and the side lobe level of the back side signal is -19.5 dB. The performance of
processed signal declined at frequency 45 kHz and 50 kHz. The SNR of front side at
frequency 45 kHz and 50 kHz decreased 2.7 dB and 5.3 dB compared to the processed
signal at frequency 40 kHz, respectively. The SNR of back side at frequency 45 kHz and
50 kHz decreased 3.7 dB and 5.4 dB compared to the processed signal at frequency 40
kHz, respectively. The side lobe level of the front side signals were increased 6.5 dB and

6.8 dB compared to the processed signal at frequency 40 kHz, respectively.

Table 4.3 shows the SNR and side lobe level of the 3-bit Barker code convolution 4-bit
Golay code pair at different frequency. Through the experimental data, it can be found
that the 40 kHz frequency BCG code pair is the best frequency for measuring an 8-inch
schedule 40 steel pipe.
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Table 4.3: SNR and PSL of BCG code from front and back side at different frequencies

Frequency Front SNR (dB) Front PSL(dB) Back SNR(dB) Back PSL(dB)

30kHz 28.9 -13.3 30.1 -10.5
35 kHz 31.4 -27.9 324 -24.3
40 kHz 32 -28.5 33.5 -19.5
45 kHz 29.3 -22 29.8 -22.9
50 kHz 26.7 -21.7 28.1 -16.9

Figure 4.12: 30 kHz BCG code pair original echo signal pairs and processed result.
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Figure 4.13: 35 kHz BCG code pair original echo signal pairs and processed result.

Figure 4.14: 40 kHz BCG code pair original echo signal pairs and processed result.

35kHz BCG first echo signal

2000 T T
2
‘®
A,
5 0 ~r e i
£
_2000 1 L L L L L 1
0 500 1000 1500 2000 2500 3000 3500 4000
Time(us)
35kHz BCG second echo signal
2000 T : T T : : T
P
-@ AAA,
5 0 W
E
_2000 1 L L L L L 1
0 500 1000 1500 2000 2500 3000 3500 4000
Time(us)
1 %108 Processed 35kHz BCG code
‘a\
-g AN A A
5 0 W V
E
_1 1 Il Il Il Il Il 1
0 500 1000 1500 2000 2500 3000 3500 4000
Time(us)

40kHz BCG first echo signal

2000
2
‘n
S 0 - AW
E
_2000 Il Il 1 Il 1 1 Il
0 500 1000 1500 2000 2500 3000 3500 4000
Time(us)
40kHz BCG second echo signal
2000 T T T . T
2
‘n
§ 0 W M i
£
_2000 Il Il 1 Il 1 1 Il
0 500 1000 1500 2000 2500 3000 3500 4000
Time(us)
1 %108 Processed 40kHz BCG signal
2
g"° '
£
_1 Il Il 1 Il 1 1 Il
0 500 1000 1500 2000 2500 3000 3500 4000
Time(us)

78



Chapter 4. Hybrid Pulse Compression for Guided Wave Testing Application

45kHz BCG first echo signal
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Figure 4.15: 45 kHz BCG code pair original echo signal pairs and processed result.
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Figure 4.16: 50 kHz BCG code pair original echo signal pairs and processed result.

Figure 4.17 shows the zoom in of processed front 30 kHz, 35 kHz, 40 kHz, 45 kHz and
50 kHz 6-bit BCG code echo signal. In laboratory testing, the central frequency of the
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piezoelectric transducers is 40 kHz. From the results, the intensity of 40 kHz processed
signal from front side is the highest of the different frequency results. There is a good
agreement between the experimental results and the central frequency of the transducers.
For the selection of frequency range, the front side result shows that 40 kHz is an appro-

priate testing frequency.

Figure 4.17: Absolute value of processed BCG front-end echo signal.

4.4.2 Testing of different frequency Barker code

In order to verify the performance of the Barker code method at different frequencies,
a variety of frequency tests were implemented. Figure 4.18, Figure 4.19, Figure 4.20,
Figure 4.21 and Figure 4.22 show the original Barker code echo signals and processed
Barker code signals at the frequency of 30 kHz. Due to the different length of transmitted
signals, the processed results showed that the intensities can be improved as the length
increases. However, the longer length of transmitted signal the longer the duration time,
causing low resolution. By observing the echo signal, the processed echo signals changed

as the length of code sequence varied. The processed echo signals from front side and
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back side can be improved by the increased length of code sequence.

The increment of SNR of front side 3-bit Barker code signal is 16.7 dB compared to sine
wave at frequency 30 kHz, and the peak side lobe level of this signal is -11.8 dB. The
increment of SNR of back side processed 3-bit signal is 19.1 dB compared to sine wave at
frequency 30 kHz, and the peak side lobe level of this signal is -13.3 dB. The increment of
SNR and peak side lobe level of 5-bit Barker code are better than 3-bit Barker code. The
SNR was improved by 2.6 dB at front side and by 1.2 dB at back side, the peak side lobe
level was decreased by 2.8 dB at front side and by 4.9 dB at back side. As the code length
increases, 7-bit Barker code, 11-bit Barker code and 13-bit Barker code have a significant
improvement in SNR. The average increment of SNR for 7-bit Barker, 11-bit Barker code
and 13-bit Barker code is 21.7 dB, 23.6 dB and 24.2 dB compared to sine wave. However,
the peak side lobe level of these codes have not significantly improved or even dropped.

The reason for this may be due to the length of the code.

Table 4.4: SNR and PSL of various length Barker code from front and back side at 30

kHz
Code bit Front SNR (dB) Front PSL(dB) Back SNR(dB) Back PSL(dB)

3 16.7 -11.8 19.1 -13.3
5 19.3 -14.6 20.3 -18.2
7 20.9 -18.7 22.4 -20.8
11 22.9 -18.2 24.3 -21.2
13 23.6 -19.1 24.8 -22

Table 4.4 shows the SNR and side lobe level of the various Barker codes at 30 kHz fre-
quency. Through the experimental data, the length of Barker code will affect both the
SNR and peak side lobe level. When the excitation code is selected, the length of the

code needs to be considered.
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(a) Comparison of BCG code and others

(b) Intensities of different BCG codes after matched filter

Figure 4.5: The theoretical simulation results. (a) The 3-bit Barker code combined 4-bit
Golay code compared to simple pulse, 7-bit Barker code, 11-bit Barker code, 4-bit Golay
code and 8-bit Golay code. (b) the theoretical intensity comparison of 15 different types
BCG code.
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Figure 4.6: Setup of FEM model for a 8-inch steel pipe, the transmitter and receivers are
located at the 2600 mm from the back end.

Figure 4.7: The displacement/time plot of Barker code echo signal from receiver in FEM
model of the simulation.
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Figure 4.9: Real pipeline experiment set-up which used different torsional waves T (0,1)
of coded excitation.

Figure 4.11: The real test echo signals of 30 kHz 3-bit Barker code from Teletest 8 seg-
ments.
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Figure 4.18: 30 kHz 3-bit Barker code pair original echo signal pairs and processed result.
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Figure 4.19: 30 kHz 5-bit Barker code pair original echo signal pairs and processed result.
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30kHz 7-bit Barker code echo siganl
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Figure 4.20: 30 kHz 7-bit Barker code pair original echo signal pairs and processed result.
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Figure 4.21: 30 kHz 11-bit Barker code pair original echo signal pairs and processed
result.
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30kHz 13-bit Barker code echo signal
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Figure 4.22: 30 kHz 13-bit Barker code pair original echo signal pairs and processed
result.
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Figure 4.23, Figure 4.24, Figure 4.25, Figure 4.26 and Figure 4.27 show the original
Barker code echo signals and the processed Barker code signals at the frequency of 35
kHz. The experimental data show that the length of Barker code increased can improve
both the echo SNR and PSL. Therefore, the length of the code needs to be considered

when the excitation code is selected.

As with results of the Barker signal at 35 kHz, the SNR and peak side lobe level have
been significantly improved. The increment of SNR of front side 3-bit Barker code signal
is 16.6 dB compared to sine wave at frequency of 35 kHz, and the peak side lobe level
of this signal is -13.7 dB. The increment of SNR of back side processed 3-bit signal is
17.4 dB compared to sine wave at frequency of 35 kHz, and the peak side lobe level of
this signal is -13 dB. The improvement of SNR and peak side lobe level of 5-bit Barker
code is is not obvious.The SNR was improved by 1.2 dB at front side and by 1.4 dB at
back side, the peak side lobe level was decreased by 1.3 dB at front side and by 3.6 dB at
back side. As the code length increases, 7-bit Barker code, 11-bit Barker code and 13-bit
Barker code have a significant improvement in SNR. The average increment of SNR for
7-bit Barker, 11-bit Barker code and 13-bit Barker code is 20.2 dB, 21.5 dB and 22.6 dB
compared to sine wave. However, the peak side lobe level of these codes have not signif-
icantly improved or even dropped. These results are similar to the results of Barker code
at 30 kHz. The reason for this may be due to the length of the code.

Table 4.5: SNR and PSL of various length Barker code from front and back side at 35

kHz
Code bit Front SNR (dB) Front PSL(dB) Back SNR(dB) Back PSL(dB)

3 16.6 -13.7 17.4 -13
5 17.8 -15 18.8 -16.6

19.5 -13.9 20.8 -18.3
11 20.7 -16.2 22.4 -17.5
13 21.9 -21.8 23.4 -18.7

Table 4.5 shows the SNR and side lobe level of the various Barker codes at 35 kHz fre-
quency. The values of the increased SNR of the Barker code at 35 kHz from the front
and back pipe ends are almost the same in the experiment. It can be concluded from ex-
perimental results that the length of Barker code is an important factor affecting both the
SNR and peak side lobe level.
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Figure 4.23: 35 kHz 3-bit Barker code pair original echo signal pairs and processed result.
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Figure 4.24: 35 kHz 5-bit Barker code pair original echo signal pairs and processed result.
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35kHz 7-bit Barker code echo signal
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Figure 4.25: 35 kHz 7-bit Barker code pair original echo signal pairs and processed result.
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Figure 4.26: 35 kHz 11-bit Barker code pair original echo signal pairs and processed

result.
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35kHz 13-bit Barker code echo signal
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Figure 4.27: 35 kHz 13-bit Barker code pair original echo signal pairs and processed

result.
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Figure 4.28, Figure 4.29, Figure 4.30, Figure 4.31 and Figure 4.32 show the original
Barker code echo signals and processed Barker code signals at the frequency of 40 kHz.
Like the transmission signal at 30 kHz and 35 kHz, the length of the code affects the SNR
and side lobe level of the detection results. However, the longer length of transmitted sig-
nal the longer duration time, causing the low resolution. By observing the echo signals,

the processed echo signals change as the frequency changes.

The increment of SNR for 3-bit Barker code, 5-bit Barker code, 7-bit Barker code, 11-bit
Barker code and 13-bit Barker code front side processed signal is 17.3 dB, 18.7 dB, 20.7
dB, 22.6 dB and 23.2 dB at frequency of 40 kHz, respectively. The increment of SNR
for 3-bit Barker code, 5-bit Barker code, 7-bit Barker code, 11-bit Barker code and 13-bit
Barker code back side processed signal is 17.8 dB, 19.6 dB, 21.4 dB, 23.2 dB and 23.8
dB at frequency of 40 kHz respectively, which is nearly the same as the results from the
front side. The average peak side lobe level of 3-bit Barker code, 5-bit Barker code, 7-bit
Barker code, 11-bit Barker code and 13-bit Barker code processed signal is -13.9 dB, -17
dB, -25.5 dB, -22.8 dB and -19.5 dB at frequency of 40 kHz.

Table 4.6: SNR and PSL of various length Barker code from front and back side at 40

kHz
Code bit Front SNR (dB) Front PSL(dB) Back SNR(dB) Back PSL(dB)

3 17.3 -14.9 17.8 -12.8
5 18.7 -17.9 19.6 -16.1
7 20.7 -25.9 21.4 -25
11 22.6 -25 23.2 -20.6
13 23.2 -21 23.8 -18

Table 4.6 shows the SNR and side lobe level of the various Barker codes at 40 kHz fre-
quency. According to the experimental data, the length of Barker code will affect both
the SNR and peak side lobe level. The effects of code length can not be neglected When
choosing the excitation code. The SNR and side lobe level results at 40kHz frequency is
better than the results at 30 kHz and 35 kHz.
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Figure 4.28: 40 kHz 3-bit Barker code pair original echo signal pairs and processed result.

40kHz 5-bit Barker code echo signal

2000
1000 - g
oy
2 .
5 0 w w
£
-1000 [ B
_2000 Il 1 Il Il Il 1 Il
0 500 1000 1500 2000 2500 3000 3500 4000
Time(us)
4 % 10* Processed 40kHz 5-bit Barker code signal
2r 4
£
2, )
g 0 Wy '
£
2" ]
-4 L 1 L

0 500 1000 1500 2000 2500 3000 3500 4000
Time(us)

Figure 4.29: 40 kHz 5-bit Barker code pair original echo signal pairs and processed result.
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40kHz 7-bit Barker code echo signal
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Figure 4.30: 40 kHz 7-bit Barker code pair original echo signal pairs and processed result.
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Figure 4.31: 40 kHz 11-bit Barker code pair original echo signal pairs and processed
result.
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Figure 4.32: 40 kHz 13-bit Barker code pair original echo

result.
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Figure 4.33, Figure 4.34, Figure 4.35, Figure 4.36 and Figure 4.37 show Barker code echo
signals and processed Barker code signals at the frequency of 45 kHz. As the frequency
of the transmission signal increases, the SNR and peak side lobe level performance of
the echo signal with the same code length decreases. This is caused by the inherent per-
formance of the experimental instrument hardware. The center frequency of the collar’s
piezoelectric transducer is 40 kHz. By observing the echo signal, the processed echo
signal changes as the frequency changes. The processed echo signal from front side and

back side are increased by frequency.

The increment of SNR and peak side lobe level at 45 kHz Barker code are lower than the
performance at 40 kHz overall. The increment of SNR for 3-bit Barker code, 5-bit Barker
code, 7-bit Barker code, 11-bit Barker code and 13-bit Barker code front side processed
signal is 14 dB, 15.6 dB, 17.9 dB, 19.8 dB and 20.2 dB at frequency of 45 kHz compared
to sine wave, respectively. The increment of SNR for 3-bit Barker code, 5-bit Barker
code, 7-bit Barker code, 11-bit Barker code and 13-bit Barker code back side processed
signal is 13.5 dB, 16.5 dB, 17.7 dB, 19.7 dB and 20.7 dB at frequency of 45 kHz com-
pared to sine wave, respectively which are almost the same with the front side results. The
average peak side lobe level of 3-bit Barker code, 5-bit Barker code, 7-bit Barker code,
11-bit Barker code and 13-bit Barker code processed signal is -15.4 dB, -15.9 dB, -17.6
dB, -19.9 dB and -20.6 dB at frequency of 45 kHz.

Table 4.7: SNR and PSL of various length Barker code from front and back side at 45

kHz
Code bit Front SNR (dB) Front PSL(dB) Back SNR(dB) Back PSL(dB)

3 14 -12.4 13.5 -18.4
5 15.6 -16.2 16.5 -15.7

17.9 -19.6 17.7 -15.6
11 19.8 -20.4 19.7 -19.3
13 20.2 -17.9 20.7 -23.3

Table 4.7 shows the SNR and side lobe level of the various Barker codes at 45 kHz fre-
quency. The intensities of the signal echos from the front and back pipe ends are signif-
icantly increased after the echos are processed by fitted matched filter. According to the
experimental data, the length of the Barker code affects both the SNR and the peak side

lobe level. When selecting an excitation code, the length of the code must be considered.
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Figure 4.33: 45 kHz 3-bit Barker code pair original echo signal pairs and processed result.
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Figure 4.34: 45 kHz 5-bit Barker code pair original echo signal pairs and processed result.
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45kHz 7-hit Barker code echo signal
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Figure 4.35: 45 kHz 7-bit Barker code pair original echo signal pairs and processed result.
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Figure 4.36: 45 kHz 11-bit Barker code pair original echo signal pairs and processed
result.
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45kHz 13-bit Barker code echo signal
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Figure 4.37: 45 kHz 13-bit Barker code pair original echo signal pairs and processed
result.
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Figure 4.38, Figure 4.39, Figure 4.40, Figure 4.41 and Figure 4.42 show the original
Barker code echo signals and processed Barker code signal at the frequency of 50 kHz.
Due to the different length of transmitted signal, the processed results show that the in-
tensities increase with the length. However, the longer length of transmitted signal, the
longer the duration time, that will cause the low resolution. By observing the echo signal,
the processed echo signal changes as the frequency changes. The processed echo signal

from front side and back side are increased by frequency.

The performance of Barker code at 50 kHz is the worst compared to others. The aver-
age increment of SNR for 3-bit Barker code, 5-bit Barker code, 7-bit Barker code, 11-bit
Barker code and 13-bit Barker code processed signal is 12.4 dB, 15.9 dB, 16.4 dB, 18.4
dB and 19.8 dB at frequency 50 kHz, respectively which are almost the lower 2 dB than
the 45 kHz Barker code results overall. The average peak side lobe level of 3-bit Barker
code, 5-bit Barker code, 7-bit Barker code, 11-bit Barker code and 13-bit Barker code
processed signal is -14.5 dB, -15.6 dB, -14.2 dB, -17.6 dB and -19.7 dB at frequency 50
kHz which are almost the higher 2 dB than the 45 kHz Barker code results overall.

Table 4.8: SNR and PSL of various length Barker code from front and back side at 50

kHz
Code bit Front SNR (dB) Front PSL(dB) Back SNR(dB) Back PSL(dB)

3 12.8 -11.9 12.1 -17.1
5 15.5 -12.5 16.4 -18.6
7 16.7 -13.9 16.1 -14.5
11 18.6 -19 18.1 -16.3
13 194 -20.1 20.1 -19.3

Table 4.8 shows the SNR and side lobe level of the various Barker codes at 50 kHz fre-
quency. The length of the Barker code was found to affect both the SNR and the peak side
lobe level in the experimental data. The Barker coded excitation method for a pure wave
mode T(0,1) generation and prorogation has more effective behaviour in the circumferen-

tial direction.

4.4.3 Pulse modulated Barker code signal

In laboratory testing, the pulse modulated various length Barker codes have been used as
transmitted signals. Figure 4.43, Figure 4.44, Figure 4.45, Figure 4.46 and Figure 4.47
show pulse modulated Barker code echo signals and processed Barker code signals at
the frequency of 40 kHz. Table 4.9 shows the SNR and PSL of pulse modulated various
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Figure 4.38: 50 kHz 3-bit Barker code pair original echo signal pairs and processed result.

50 kHz 5-bit Barker code echo signal

2000

1000 | 1
0 un A A
-1000 1

-2000 :

Intensity

0 500 1000 1500 2000 2500 3000 3500 4000
Time(us)
%10% Processed 50 kHz 5-bit Barker code signal

=Y

N

Intensity
o

3
N

A

0 500 1000 1500 2000 2500 3000 3500 4000
Time(us)

Figure 4.39: 50 kHz 5-bit Barker code pair original echo signal pairs and processed result.

length Barker code from front and back side at frequency of 40 kHz. Compared with the
sine modulated Barker code, the results of SNR were decreased around 2 dB in most code
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Figure 4.40: 50 kHz 7-bit Barker code pair original echo signal pairs and processed result.
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Figure 4.41: 50 kHz 11-bit Barker code pair original echo signal pairs and processed

result.

length at frequency of 40 kHz and the PSL of the pulse modulated signals are similar with

the sine modulated results at frequency of 40 kHz.
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Figure 4.42: 50 kHz 13-bit Barker code pair original echo signal pairs and processed

result.

Table 4.9: SNR and PSL of pulse modulated various length Barker code from front and

back side at 40 kHz
Code bit Front SNR (dB) Front PSL(dB) Back SNR(dB) Back PSL(dB)
3 14 -14.8 15.2 -17.7
5 15.2 -20.4 17.8 -21.1
7 17.8 -16.6 194 -21.2
11 19.5 -23.7 21.2 -23.2
13 18.6 -18.6 21.4 -17.6
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Figure 4.43: Pulse modulated 40 kHz 3-bit Barker code pair original echo signal pairs

and processed result.
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Figure 4.44: Pulse modulated 40 kHz 5-bit Barker code pair original echo signal pairs
and processed result.
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Pulse modulated 40kHz 7-bit Barker code echo signal
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Figure 4.45: Pulse modulated 40 kHz 7-bit Barker code pair original echo signal pairs
and processed result.
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Figure 4.46: Pulse modulated 40 kHz 11-bit Barker code pair original echo signal pairs
and processed result.
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Pulse modulated 40kHz 13-bit Barker code echo signal
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Figure 4.47: Pulse modulated 40 kHz 13-bit Barker code pair original echo signal pairs
and processed result.
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4.4.4 Results analysis

Firstly, this part compares SNR and peak side lobe level of FEM simulation and labora-
tory testing at 40 kHz. The FEM simulation and laboratory testing comparison as for SNR
improvement is shown in Figure 4.48. The development of SNR for different codes from
FEM simulation and testing are basically the same at the frequency of 40 kHz. The devel-
opment of SNR for echo signals compared to the sine wave can be observed at different
coding lengths as expected. Due to different code excitation length, the duration of the
excited signals is different. The front side results are as same as the back side results. The
results of SNR development of FEM simulation and testing are very close. The variation
trend of back end increasing SNR is the same as front end SNR. The trend is agreed with

the theoretical results.

Figure 4.48: The increasing SNR of FEM simulation and laboratory testing from back
side and front side.

The FEM simulation and laboratory testing peak side lobe level comparison is shown in
Figure 4.49. The peak side lobe level of different codes from FEM simulation and testing
are basically the same at the frequency 40 kHz. The peak side lobe level of echo signals
changes with the length of transmitted method. The proposed method behave the best
peak side lobe level. Due to different code excitation length, the duration of the excited
signals is different. The front side results are a bit better than the back side results. That

may be caused by the system coherent noise. The peak side lobe level results of FEM
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simulation and testing are very close. The trend is agreed with the theoretical.

Figure 4.49: The peak side lobe level of FEM simulation and laboratory testing from back
side and front side.

The cross-correlation result of echo signals from front end are shown in Figure 4.50. The
Figure 4.50 (a) contains the results of 40 kHz different bits of Barker code, different bits
of Golay code and BCG code. It is obvious from the figure that the main lobe of the BCG
code is the largest as expect. The BCG code ability to increase the intensity of echo signal
is much better than other code methods. Figure 4.50 (b) shows the Fast Fourier Transform

of the echo signals.

Secondly, this part compares the result under different frequencies in laboratory testing.
Figure 4.51 and Figure 4.52 show the increment of SNR for all processed echo signals
from both side. Figure 4.51 is the results from the front side, and it demonstrates that the
proposed method which is sine wave modulated BCG code have the largest SNR at all
frequencies (30 kHz-50 kHz). The average increment of SNR is around 10 dB compared
with other methods. The highest increment of SNR is 32 dB at the frequency of 40 kHz.
Depending on comparison and analysis, it can be found that the best frequency to improve
the SNR in this system is 40 kHz. Figure 4.52 shows the increment of SNR from the back
side at different frequencies. The results shows that the average SNR of the Barker code
signals is decreased 11.1 dB compared to the proposed method, which is perfect agreed
with the theoretical results 10.7 dB. The increment of SNR from the back side is the same
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(a) Intensities of different codes after cross-correlation

(b) Fast Fourier Transform of the different codes

Figure 4.50: Comparison of cross-correlation BCG code and others result (a) The dif-
ferent bits of Barker code, different bits of Golay code and BCG code intensity results
comparison (b) The different bits of Barker code, different bits of Golay code and BCG
code Fast Fourier Transform results comparison

as the value from front side. The best performance signal appeared at the frequency of

40 kHz. That is because the central frequency of the piezoelectric transducer in testing
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device is around 40 kHz, which the trend is the same as the expected results.

Figure 4.51: The increasing SNR of all echo signals from front side.

Figure 4.52: The increasing SNR of all echo signals from back side.

Figure 4.53 and Figure 4.54 show the peak side lobe level of all processed echo signals
from both side. Figure 4.53 is the results from the front side and it shows that the pro-
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posed method which is sine wave modulated BCG code have the lowest peak side lobe
level -28.5 dB at the frequency of 40 kHz. The peak side lobe level of this method at 30
kHz is not ideal, which is slightly better than 3-bit Barker code. The average peak side
lobe level of the proposed method is lower around 5.41 dB than other methods. Through
comparison and analysis, it can be found that the best frequency for side lobe level in this
system is 40 kHz. Figure 4.54 shows the side lobe level from the back side at different
frequencies. Since the peak side lobe level results are under different frequency (from 30
kHz to 50 kHz), the average result is used to compared the performance of the results.

The results show that the average peak side lobe level of the Barker code signals from
both side is decreased -17.6 dB, which is basically matched the theoretical results of -19
dB. However, the peak side lobe level of BCG code from the back side is not as same as
the value from front side. The value is higher than expected. The reason of the undesir-
able value could be caused by the coherent noise in the system. Based on all the results
of the front side and the back side, signals with 40 kHz frequency is an optimal choice for

transmission.

Figure 4.53: The peak side lobe level of all echo signals from front side.

Finally, this part compares the sine wave modulated results and the pulse modulated re-
sults. Figure 4.55 and Figure 4.56 show the SNR comparison and peak side lobe level
comparison between pulse modulation and sine modulation at 40 kHz. The increasing
SNR of sine modulated method is higher than pulse modulated method in all code se-

quences. The increasing SNR by using sine modulation is around 2-3 dB higher com-
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Figure 4.54: The peak side lobe level of all echo signals from back side.

pared to pulse modulation method. The peak side lobe level of the sine modulated signal
behave better in long code length. The best peak side lobe level appeared at 7-bit length,
which is -25.9 dB. Through a comprehensive analysis of these two modulation methods,
it is found that sine modulation is slightly better than pulse modulation in this system.

Due to the signal quality criterion, the BCG code has higher main lobe and the peak side-
lobe level is lower at the same time. Based on these results, there is a good agreement
between the simulated FE results and experimental results. Based on these results, further
research on FEM modelling can be performed to use FE models with T (0,1) excitation.
The 40 kHz sine modulated signal behaves the best in the system. It is considered as the
transmitted signal in next chapter. The new BCG coded excitation method of T (0,1) has

more effective behaviour in the circumferential direction.

4.5 GWT system for defect detection

Section 4.5 shows that the BCG code has the ability to increase SNR in guided wave
testing. An defect detection has been done on pipeline. Figure 4.57 shows the schematic
diagram of practical testing experiment. Figure 4.58 show the photograph of experimen-
tal set-up. Figure 4.59 shows the actual appearance of the defect. The specimen was a
11.6 m long, 8-inch (219.1 mm outer diameter) schedule 120 (14.27 mm wall thickness)
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Figure 4.55: The increasing SNR of pulse modulated and sine modulated testing from
back side and front side.

Figure 4.56: The peak side lobe level of pulse modulated and sine modulated testing from
back side and front side.
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steel pipe. A 3 mm thickness outer notch appeared at 3.5 m from the guided wave trans-
ducer collar. The inspection system with 8 segments of transducers was placed at 5.3 m
from the pipe end showing as in Figure 4.57. The wave mode T(0,1) was generated in
the circumferential direction and the excitation region of each patch is 13mm x 3mm. The
transducer collar which was driven by Teletest MK3 has 8 segments and each segment
has three transducers. The pulse echo signal from the notch and pipe ends was received
by using transducers. Figure 4.59 shows the actual appearance of the defect on the cir-

cumference of pipe.

Figure 4.57: Schematic diagram of practical testing experiment.
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Figure 4.58: Photograph of practical testing experiment.

Figure 4.59: The actual appearance of the defect.

Due to the experimental results from the front side, the section chose 40 kHz as transmit-
ted frequency. The transducers were excited by commercial simple sine pulse, 8-bit golay
code pair, 7-bit Barker code and 3-bit Barker code convolution 4-bit Golay code pair at
40 kHz frequency. Signal is digitized at 1 MHz sampling rate.
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Figure 4.60 shows the practical testing results inspired by simple pulse. The fundamen-
tal wave mode T(0,1) was generated in the circumferential direction. The echo signals
include the reflected signal from notch, front side and back side. In the practical testing,
it is easy to be ignored due to the small defect which is only 2 mm depth. The defect in
the echo signal is hardly to be recognized. The reason comes from environmental noise
and the inherent characteristics of piezoelectric transducers. In guided wave detection, it
is very difficult to obtain a pure T(0,1) mode wave, so the influence of coherent noise is

very huge. The resolution of the torsional wave mode T(0,1) is not up to the requirement.
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Figure 4.60: The pipeline testing result inspired by simple pulse.

Figure 4.61 shows that the practical testing results inspired by the 7-bit Barker code se-
quence. Figure 4.61 (a) shows the original echo signal, and Figure 4.61 (b) shows the
echo signal processed by a spacial matched filter. The reflected signal from the front and
back sides has increased significantly. However, the echo signal from the notch is still
hard to recognize. Figure 4.62 shows that the real world testing results inspired by 8-bit
Golay code pair sequences. Figure 4.62 (a) shows the original echo signal pair and Fig-
ure 4.62 (b) shows the echo signal processed by a spacial matched filter. The situation is
the same as the Barker code sequence, although the processed signal is the result of 8-bit
Golay code pair superposition. The displacement amplitude of pulse echo signal from the

notch is still very clear.

Figure 4.63 shows that the real world testing results inspired by 8-bit Golay code pair se-
quences. Figure 4.63 (a) shows the original echo signal pair and Figure 4.63 (b) shows the
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(a) The original echo signal of pipeline testing inspired by 7-bit Barker code sequence

(b) The processed signal of pipeline testing inspired by 7-bit Barker code sequence

Figure 4.61: testing result inspired by 7-bit Barker code sequence (a) The original echo
signal of pipeline testing inspired by 7-bit Barker code sequence (b) The processed signal
of pipeline testing inspired by 7-bit Barker code sequence

echo signal processed by spacial matched filter. Although the echo signals from the notch
are still very small in original reflected signals. The intensity of the echo signal from the
notch has been increased in processed signal significantly. Figure 4.64 is the zoom in of
the reflect signal from the 2 mm depth notch. The increment of intensity is 6 dB, which

has excellent agreement between experimental and simulated results.

From experimental studies, some summaries are noted: the proposed method is a feasible
method to excite the T(0,1) wave mode propagation with its significant purity for ultra-
sonic guided wave testing on pipes. This method can effectively improve the echo SNR
when the inspection system device transmits the wave mode T(0,1). The theoretical and
experiential testing results of the SNR and PSL have a good agreement. The increasing
SNR of the BCG code has significant improvement and the PSL of the developed BCG
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(a) The original echo signal of pipeline testing inspired by 8-bit Golay code pair sequence

(b) The processed signal of pipeline testing inspired by 8-bit Golay code pair sequence

Figure 4.62: The testing result inspired by 8-bit Golay code pair sequence (a) The orig-
inal echo signal of pipeline testing inspired by 8-bit Golay code pair sequence (b) The
processed signal of pipeline testing inspired by 8-bit Golay code pair sequence
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code is smaller than Barker code. The performance of BCG code is much better than the
traditional coded excitation without changing the code length. Therefore, the proposed
coded method, as a developed technique, is able to use in guided wave testing and many

other potential applications for improving the echo SNR.
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(a) The original echo signal of pipeline testing inspired by BCG code pair sequence

(b) The processed signal of pipeline testing inspired by BCG code pair sequence

Figure 4.63: The testing result inspired by BCG code pair sequence (a) The original echo
signal of pipeline testing inspired by BCG code pair sequence (b) The processed signal
of pipeline testing inspired by BCG code pair sequence
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Figure 4.64: The comparison of defect echo signal results.

4.6 Summary

The proposed novel coded excitation method which combined the phase coded excitation
has applied in this chapter. The purpose of the method is to reduce the noise to improve
the SNR of echo signals. Laboratory tests were implemented on a 7 m long 8-inch sched-
ule 40 steel pipe. Sine wave, Barker code, and BCG code of the torsional wave mode
T(0,1) are among the transmitted signals. These signals have central frequencies of 30
kHz, 35 kHz, 40 kHz, 45 kHz and 50 kHz. The coded method was also practically tested.
The results showed that the BCG code can improve the main lobe intensity significantly.
The average increment of SNR is 30.2 dB compared to sine wave and the average peak
side lobe level is -20.8 dB. By comparing the echo signals of different frequencies, it is
found that all signals have the best SNR performance at 40 kHz in this GWT system.
The defect detection testing used the 40 kHz proposed method on a 11.6 m long 8-inch
schedule 120 steel pipe. By comparing the amplitude of the echo signal, it is clear that the
defect echo of the proposed signal has a significant gain. The defect signal has an SNR
that is approximately 6 dB higher than Barker signal.

The proposed method is a viable way to excite the T(0,1) wave mode with high purity for
ultrasonic guided wave testing. When transmitting the T(0,1) wave mode, this method
effectively improves the SNR. The results of the FEM simulation and the actual testing
are matched. The increasing SNR of the BCG code has resulted in a noticeable improve-
ment, and the peak-side lobe of the BCG code is smaller than that of the Barker code.

The performance of BCG code is much better than the traditional coded excitation with-
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out changing the code length. Therefore, the proposed coded method, as a developed
technique, is able to use in guided wave testing and many other potential applications for

improving the echo SNR.
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Chapter 5

Non-linear Modulated Coded
Excitation method for Ultrasound

Imaging Application

5.1 Introduction

The hybrid pulse compression methods were used in the UT system and the GWT system
in Chapters 3 and 4. The experimental and simulation results show that the novel method
is feasible in an A-scan ultrasound system. As a result, the novel technology is being

considered to be used in ultrasound imaging systems.

Ultrasound imaging is becoming more popular as a testing method in imaging and nonde-
structive testing systems. Figure 5.1 depicts the fundamental principles of the ultrasound
imaging technique. The method is based on the physical properties of an ultrasound
wave as it propagates through a medium. When compared to other imaging modalities,
ultrasound imaging has several advantages, including being less expensive and more con-
venient. This method can also be used to detect in real time. Ultrasound imaging systems
utilize a variety of ultrasound transducers based on multiarray configuration, including
linear sequential arrays, curvilinear arrays, linear phased arrays, and phased arrays for

object detection.
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Figure 5.1: The fundamental principles of the ultrasound imaging technique.

In an ultrasound imaging system, SNR is a parameter that reflects the compression be-
tween the power of the output imaging signal and the power of the noise signal. The
imaging effect improves with a greater SNR in theory. Axial resolution is a parameter
that measures the ability to identify a defect or tissue between two shortest distances dis-
tributed along the axis of an ultrasound beam. With a high axial resolution, the UI system

can more precisely identify the location of the object.

To improve the quality of ultrasound imaging, a very effective method of increasing SNR
and axial resolution must be invested in. However, because of the high bandwidth of the
sidelobe, the ultrasound imaging system has a low axial resolution. There are some meth-
ods for removing noise from ultrasonic signals, such as the wavelet transform. Because
the strength of the filter result is poor in some applications, the wavelet transform is diffi-

cult to satisfy the SNR requirements in those cases. [82].

As mentioned before, pulse compression has widely been used in radar and medical ultra-
sound imaging. This method uses a long sequence to get a high main lobe energy while
also getting a low and short sidelobe energy. There are two modulation methods in this
method: frequency modulation and phase modulation. The linear-frequency chirp is a
common method of frequency modulation. The frequency of the chirp signal rises (or
falls) over time. Barker code has been primarily used to increase SNR in radar for many

years. [108] This technique is an efficient method to increase SNR in Ul systems.
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In this chapter, a non-linear modulation method based on the Zak transform is used to
modulate the hybrid coded excitation. And the novel hybrid signal is applied to ultra-
sound imaging systems. The method combines the advantages of the coding methods and
the modulation method. The performance of the method will be evaluated by SNR and
peak sidelobe level of the processed signal. The main contributions of this chapter are

presented below.

* The non-linear frequency based on the Zak transform modulated hybrid coded ex-

citation technique is applied for ultrasound imaging device for the first time.

* The theoretical analysis results proved that the proposed method can eliminate the

limit of code length, not like other methods that have a certain value of length.

* The cyst simulations provided that the proposed method has the ability to increase
SNR and penetration compared to the other code methods and modulation methods
in ultrasound imaging systems. This work promotes the ultrasound imaging system

of the proposed technique.

The rest of this chapter is organized as follows. In Section 5.2, the related work of ul-
trasound imaging has been reviewed. The methodology and analysis its superiority are
also in Section 5.3. The theoretical analysis results are described in Section 5.4 and the
experiment set-up and the cyst testing results are described in Section 5.5. Finally, the

summary is given in Section 5.6.

5.2 Related works

Katamaneni et al. [137] studied the axial resolution comparison between LFM and NLFM,
the main lobe width in NLFM reduced that can increase the axial resolution. Wang et
al. [114] used the pseudo chirp signal as a carrier signal to modulate the Barker-Golay
code. The ultrasound imaging simulation results in FIELD II showed that the combined
code can increase the SNR and axial resolution in ultrasound imaging. Juan et al. [138]
used the LFM to modulate the Barker code to increase the axial resolution in ultrasound
imaging. NLFM can attenuate the sidelobes without any SNR-robbing sidelobe filtering
or window functions [139]. To improve the SNR and axial resolution, the NLFM-various

signals which are non-linear frequency modulated various codes are applied in this thesis.
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Kang J et al. [140] proposed a new dynamic pulse compressed method based on chirp-
code excitation to improve the SNR while compensating for tissue attenuation in medical
ultrasound imaging. Kumru, Y et al. [141] applied Golay coded pair to obtain improved
detection of 50 m breast microcalcifications in ultrasound mammography. The coded ex-
citation improves signal to noise ratio, increases penetration depth and provides images

with better resolution.

The aim of this chapter was to expand the use of the pulse compression technology in
ultrasonic imaging equipment to improve image quality. This chapter discusses the per-
formance of various theoretical modulation basic methods in ultrasound imaging appli-
cations, the limitations of research and comparison, and the hybrid modulation method
that overcomes the current disadvantages. The frequency modulation ultrasound imaging
application, phase modulation ultrasound imaging application, and hybrid method ultra-

sound imaging application were all put to the test.

5.3 Methodology

Pulse compression techniques are widely used in radar and ultrasonic signal processing,
which use reference signals for correlation with received signals to increase SNR without
changing average transmission power. There are two main methods concerned with this
technique, which are the frequency modulation method and the phase modulation method.
Barker code sequence and Golay code pair are applied in this chapter as the phase modu-
lation method. The Zak transform is used to process the NLFM signal synthesis method in
this chapter. This section contains the generation and processing of Barker code, NLFM

and NLFM-various sequence.

5.3.1 Phase modulation sequence

Barker code sequence is a typical phase modulation method in pulse compression tech-
nique. The advantage of the Barker code sequence is the low sidelobe level, which is con-
stant equal to one. Due to the unique property, the lengths of the Barker code sequence

are only 2,3,4,5,7,11 and 13. Table 5.1 shows all the existing Barker code sequences.

The longer the Barker code sequence, the more accurately the data can be processed and

errors due to distortion can be omitted. However, the long transmitted sequences cause
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the low resolution. The 5-bit Barker code sequence and the 7-bit Barker code sequence

are used as synthesis code methods in this chapter.

Table 5.1: All types of Barker code sequence

Barker code length Code MLI SLL(dB)

2 (+1,-1),(+1,+1) 2 -6

3 +1,+1,-1 3 9.5
4 (+1,-1,+1,+1),(+1,-1,-1,-1) 4 -12
5 +1,+1,+1,-1,+1 5 -14
7 +1,+1,+1,-1,-1,+1,-1 7 -16.9
11 +1,+1,+1,-1,-1,-1,+1,-1,-1,+1,-1 11 -20.8
13 +1,+1,+1,+1,-1,-1,-1,+1,+1,-1,+1,-1,+41 13 -22.3

Golay code is defined as a pair of equal finite length composed elements, where the num-
ber of identical element pairs in one sequence equals the number of different element
pairs in another at any given interval [120]. An optimum pulse compression result with
no sidelobes is attained by mixing matched pairs of echoes produced by broadcasting a

pair of complimentary sequences.

Defined there are a pair of Golay complementary pair sequence G,(n) and sequence Gp(n).
Each element of G,(n) and Gj(n) is either 1 or -1. Due to the property of Golay code pair,
the auto-correlations of sequence G,(n) and sequence Gy(n) are shown in Equation 5.1.

0(n) is a Dirac delta function. * is the symbol of convolution.

Gy(n) *Gy(—n) 4+ Gp(n) * Gp(—n) = 2N % 6(n) (5.1)

When use the coded excitation in ultrasonic testing or imaging, sequence G,(n) and se-
quence Gp(n) are used instead of the traditional single-pulse excitation to stimulate the
ultrasound transducer sequentially. The echoes from the same stationary object in the ul-

trasound field are represented by e,(n) and e(n).

ea(”) - yt(n) * Ga(n) *yr(n) (5.2)

ep(n) =y (n) x Gp(n) x yr(n) (5.3)

Where y;(n) and y,(n) are the impulse response of the ultrasound transmitter and receiver.

If the receiver and transmitter have the same element, y,(n) =y; (n) the cross-correlation
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between e, (n) and sequence G,(n) is

eq(n) * Gy(—n) = yi(n) x G4(n) * G4 (—n) * y,(n) (5.4)

And the cross-correlation between e;(n) and sequence G(n) is
ep(n) % Gp(—n) = yi(n) * Gp(n) * Gp(—n) * yr(n) (5.5)
Sum the two cross-correlation results,
g(n) = ea(n) * Ga(—n) + ey(n) % Gy(—n) = 2N(yy(n) #8(n) ¥y,(n))  (5.6)

g(n) is the result of pulse compression of Golay code pair. It shows that the amplitude of

g(n) is equal to 2N times the echo amplitude of a single-pulse simulation.

Because of their peculiar properties, Golay code pairs can be used as ultrasonic transmit-

ter input signals, and the sidelobes of the echo signal after decoding are eliminated.

5.3.2 Linear frequency modulation

The Linear frequency modulation (LFM) method, which has another name, chirp signal,
is widely used in radar and sonar systems. The instantaneous frequency of chirp signal
linearly increases or decreases with time. The quadratic phase coefficient k makes the
phase function of the LFM signal. The Equation 5.7 shows the description waveform of
LFM s(1).

e/2n(fet=3k?) /2 <t < 1/2
s(t) = o (5.7
0, elsewhere

where fc is the carrier frequency of the transmitted waveform, & is the chirp rate or the

sweep rate of the waveform. Equation 5.8 shows the description of bandwidth.

B=kt (5.8)
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The instantaneous frequency f(¢) can be obtained by differentiating the argument of the
exponential in Equation 5.9,

F(t) = fetke (5.9)

The quadratic phase coefficient k produces a linear frequency during the duration of the
signal. Since the frequency bandwidth of chirp signals is much higher than the informa-
tion bandwidth, the large gain of a system can be easily obtained. This method is readily

generated and can be processed by a matched filter.

LFM increases the bandwidth and subsequently improves the range resolution of the sig-
nal by a factor equal to the time bandwidth product. However, relatively high sidelobes
remain in the autocorrelation function. Such an autocorrelation function is unacceptable
in some radar applications, where more than one target is present, giving rise to echo of
different amplitudes. Time domain weighting is equal to the amplitude modulation of the
transmitted signal. However, such implementation will lead to a reduction in transmitted
power, and therefore the SNR will be decreased. Frequency domain weighting spectrum
shaping methods are used in well known weighting windows such as Hanning and Ham-
ming. However, the implementation of weighting windows may lead to the penalty of
mainlobe broadening. The NLFM waveform is designed such that its matched filter re-
sponse satisfies the sidelobe requirements. Since the receiver is matched to the signal
shape, , there are no mismatch losses in time domain weighting and frequency domain
weighting. Figure 5.2 shows an example of the LFM waveform. The frequency character
of the example is from 1 MHz to 3 MHz.

5.3.3 Non-Linear frequency modulation

Because the auto-correlation function of the LFM waveform exhibits a sine function shape
and the sidelobe structure has the same problem that can reduce axial resolution. The
commonly used methods to reduce the sidelobe of compression output are accomplished
by linear filtering or by applying window functions. This additional filter can help to de-
crease sidelobes. However, since the cumulative filtering is no longer precisely matched
to the signal, it will reduce output SNR by 1-2 dB.

The frequency ramp of nonlinear frequency modulation (NLFM) is non-linear. This

method is no attenuation of the signal. In this chapter, the NLFM signal synthesis method
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Figure 5.2: Example waveform of LFM signal.

based on the Zak transform is applied. Gelfand invented and applied the Zak transform to
a differential equations problem [142]. The Zak transform is extremely popular in engi-

neering.

The NLFM s(t) could be expressed as Equation 5.10.

l‘z

s(t) = Arect|—2 2]27i00) (5.10)

i
Where A is the amplitude of the signal, #i is the signal duration time and 6 () is the angle
modulation function. To find the relationship between time and the instantaneous signal
frequency, the sub-pulse number and the number of the frequency component in the sub-
pulse number in the sub-pulse train model should be found. To simplify the problem, the
most common way is to set the rank of norm equal to 2. When the rank of norm is equal

to 2, Equation 5.11 shows the angle modulation function of the NLFM signal.

0(t) = k—\/k2 — (t —k)? (5.11)
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Figure 5.3: Example of instantaneous frequency of NLFM signal.

And .
t —
ft) = — (5.12)
@ k> —(t —k)?

The instantaneous frequency of NLFM can be described by Equation 5.12, when rank of
norm equal to 2. Figure 5.3 shows the instantaneous frequency of the NLFM signal. The
linear instantaneous frequency change interval A\ and instantaneous frequency change
interval A\, are the main lobe width and the auto correlation function of the NLFM signal

side lobe level separately. The A can be described in Equation 5.13.

2094/ L3 +-4
A=V 2 (5.13)

A3 +4

Figure 5.4 shows an example of the real part NLFM waveform which is processed by Zak

transform.

5.3.4 NLFM-Barker hybrid method

Due to the property of Barker code and NLFM, the hybrid method can combine the ad-
vantages of these two methods. The Barker code can be expressed as a convolution of
carrier signal with an over-sampled Barker code sequence. The NLFM-Barker signal can

be expressed as Equation 5.14.
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An example of NLFM signal waveform
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Figure 5.4: Example real part waveform of NLFM signal.
c(t) = s(t) x b(n) (5.14)

Where b(n) is the over-sampled Barker sequence, s(¢) is the carrier signal and c(t) is the
NLFM-Barker signal. Figure 5.5 shows the generation and compression of the NLFM-

Barker code signal.

The NLFM-Barker code signal is generated by the convolution Barker code sequence with
the NLFM signal. The hybrid transmitted sequence transmits in medium, and the received
signal will be processed by the NLFM matched filter and the Barker code matched filter.
Figure 5.6 shows an example of the compressed NLFM-Barker result. It can be easily

seen that the pulse width of the main lobe and side lobes are very narrow.
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Figure 5.5: Generation and compression of NLFM-Barker code signal.

5.4 Theoretical analysis

The NLFM signal and hybrid method are generated by Zak transform. The theoretical
study analyzed the performance of the NLFM signal by comparing the auto-correlation
function of the NLFM signal.

The phase characteristic in radians of the synthesised NLFM signal is shown in Figure 5.7.
The phase characteristic of the applied NLFM signal changes fast in the early stage, slow
in the middle stage, and fast in the later stage. The ACF of both signals are shown in
Figure 5.8. The frequency axis is normalized by the sampling frequency. It is easy to
notice that the ACF side lobes level and their structure is much better in the case of the
NLFM signal than in the case of the LFM signal, despite the main lobe broadening. The
side lobe level suppression is achieved thanks to the main lobe duration broadening. It is

measured at the maximum of the first side lobe level.

In order to evaluate the performance of the NLFM-Barker code, the theoretical study on
axial resolution compared to other methods should be tested. The important indicator
of axial resolution is the width of the compressed pulse. Figure 5.9 compared the com-
pression results of 7-bit Barker code sequence, LFM, NLFM and NLFM-Barker code
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Figure 5.8: ACF of the NLFM and LFM signals.

sequence. The auto-correlation waveform of applied code method and other methods are
normalized. The width of the main lobe is very narrow. Figure 5.10 shows the zoom in of
the main lobe in Figure 5.9,which contains Barker code, LFM, NLFM and Barker NLFM.
Due to the normalization, the main lobe amplitude of the NLFM-Barker code is the same
as others, but the main lobe width of the correlation pattern has been reduced compared

to other code methods.

As the main lobe width is very small, the sensitivity of discrimination is high. The nearby
target in the range between the main lobe width can be easily distinguished. The sidelobe
level of the NLFM-Barker sequence is the same as the Barker code sequence, but the
sidelobe width of the applied method is much smaller than the Barker code sequence.
Since the applied method has the property of reducing the width of the main lobe and side
lobes, the axial resolution can be increased without using the window function and other
methods. This method avoids the reduced SNR of echo signal. Due to this advantage,
the NLFEM-Barker code sequence is considered in the ultrasound imaging area. The BCG
code has better performance than the Barker code, so it is also considered in the ultrasound

imaging system.
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Figure 5.9: Auto-correlation function of 7-bit NLEM-Barker, NLFM, LFM and 7-bit
Barker code sequence waveform.

5.5 Simulation

The theoretical study in section 5.4 indicated that the NLFM-Barker code has the best
performance in axial resolution than other methods. This proposed method can be used in
ultrasound imaging. The phantom simulations in MATLAB have been setup in this sec-
tion by using the FIELD II toolbox. The linear array transducer has 192 elements which
are 5 mm in height, 440 um in width and 5 mm in kerf. The transmit and receive focus
are fixed. There are 50 scan lines in this simulation model. The center frequency of the

transducer is 3.6 MHz and the sampling frequency is 100 MHz.

Figure 5.11 shows the scatterers used in the experiment. The cyst phantom, which con-
sists of 10000 points, is designed in MATLAB. These points were randomly distributed
with two 5 X 5 X 5 mm cubes. Figure 5.12, Figure 5.13, Figure 5.13, Figure 5.14, Fig-
ure 5.15 and Figure 5.16 show the cyst phantom images obtained by simple pulse, LFM,
NLFM, NLFM-Barker code sequence and NLFM-BCG code sequence.

In order to compare the performance of each method, contrast ratio (CR) and SNR are
used intuitively to contrast the performance of the applied method and simple pulse. CR

can be expressed as Equation 5.15.
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Figure 5.10: Zoom in of the main lobe and width of NLFM-Barker and other code meth-
ods.

CR = 20l0g 102" (5.15)

out

Where L;, is the mean intensity of the cyst inside and ,,, is the mean intensity of the

cyst outside. Table 5.2 shows the contrast ratio of these methods.

The CR of NLFM-BCG method is 34.22 dB, which is higher than the simple pulse. The
scan lines on the right of Figure 5.12, Figure 5.13, Figure 5.13, Figure 5.14, Figure 5.15
and Figure 5.16 show that the duration time of NLFM-BCG method is smaller than the
simple pulse, that can increase the axial resolution of ultrasound imaging. The perfor-
mance of NLFM-BCG sequence in cyst phantom simulation agreed with the results of

theoretical studies. Figure 5.17 shows the SNR results of the different transmitted signals.
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Figure 5.11: Simulation of scatterers used in the experiment.

Figure 5.12: The simulated cyst phantom by using simple pulse and the scan line.

Due to the complicated of NLFM method, there are various NLFM-Barker code se-
quences. But the property of NLFM is the ability to reduce the width of the main lobe and
side lobes. All the NLFM-Barker code sequences can increase the axial resolution more
than other methods without losing SNR. Table 5.2 shows the CR results of different codes.
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Figure 5.13: The simulated cyst phantom by using LFM code sequence and the scan line.

Figure 5.14: The simulated cyst phantom by using NFLLM and the scan line.
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Figure 5.15: The simulated cyst phantom by using NLFM-Barker code sequence and the
scan line.

Figure 5.16: The simulated cyst phantom by using NLFM-BCG code sequence and the
scan line.
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Table 5.2: Contrast ratio of different codes
Code method MI of inside cyst MI of outside cyst CR(dB)

Simple pulse 6.1 0.7 18.26
LFM 7.4 0.6 21.82
NLFM 8.8 0.7 21.98
NLFM-Barker 3 12.1 0.9 22.66
NLFM-Barker 5 18.3 1.2 23.7
NLFM-Barker 7 31.2 1.4 26.72
NLFM-Barker 11 97.2 3.5 28.6
NLFM-Barker 13 165.3 4.2 31.9
NLFM-Golay 4 pair 23.3 1.2 25.7
NLFM-Golay 8 pair 100.3 3.2 29.9
NLFM-BCG 329.2 6.4 34.22

Increasing SNR compared to simple pulse (dB)
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Figure 5.17: Increasing SNR results by using various code methods.
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Figure 5.17 depicts the increasing SNR results of various transmitted signals compared
to a simple pulse. The method of combining nonlinear frequency modulation and hybrid
coded excitation performs better than other methods when comparing and analysing the
imaging SNR of different excitation signals. This means that this technique has the po-
tential to be used in clinical ultrasound. This technique is simple to use, low in cost, safe

for the human body, and effective.

5.6 Summary

This chapter used the non-linear frequency modulated hybrid phase coded excitation sig-
nal as the excitation signal in the ultrasound imaging system. The signal resolution will
be greatly improved after nonlinear frequency modulation, and the coded signal of coded
excitation will have a very high SNR. The proposed method combines these two benefits.
Theoretical analysis of this signal reveals that the proposed signal has unrivalled advan-
tages in improving the SNR and CR when compared to other commonly used signals.
The comparison in the theoretical study shows that the proposed method can reduce the
width of the main lobe and side lobe without reducing the SNR of the echo signal. The
proposed method was used in cyst phantom simulation. The experimental results show
that the proposed method has a very high internal signal intensity. The CR of proposed
signal is 15.96 dB higher than the sine wave, and its SNR is 36.64 dB higher than the
sine wave’s. This is a significant advancement in ultrasound imaging systems. The find-
ings of this study will help to advance the clinical use of the ultrasound coded excitation

technique.
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Chapter 6

Conclusion and Future Works

6.1 Conclusion

This study looked into the possibility of using an ultrasound pulse compression technique
to detect structural integrity in high frequency short range UT system, low frequency long

range GWT system and ultrasound imaging system.

To transmit signals in the high-frequency UT system, various types of coded excitation
methods are used. In the UT system, unlike other systems that use traditional methods,
a novel hybrid pulse compression technique is applied and implemented. The Barker
code method, the Golay code pair method, and the Barker code convolution Golay code
pair method are the most studied. The proposed BCG method is obtained by convolving
Barker code and Golay code pair that combine the advantages of the two coding meth-
ods. The hybrid codes share the same sidelobe as the baker code, and their main lobe is
associated with one of the Barker code and Golay code pairs that are used. It combines
the features of a high main lobe Barker code and no side lobe Golay code pair. There is
no need to change the UT system’s hardware to improve SNR by using this method. The
proposed method has been theoretically analysed and then tested in extensive simulation
experiments. The experimental results showed that the intensity of the code produced by
the convolution of Barker code and Golay is much higher than the intensity of the simple
pulse, and the PSL of the code is lower than the traditional Barker code, which is the same
as the theoretical analysis results. This method can achieve an extremely high SNR. The
B13G8 code produces the best results in the experiment, with a SNR of 38.5 dB higher
than the sine wave. This method solves the shortcomings of poor or unusable detection

results of ultrasonic equipment under low voltage conditions. UT device can be used in
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low voltage situations for a variety of applications by using the proposed method.

The GWT system is subjected to a novel coded excitation method that combines phase
coded excitation. For long-range distance testing, accurate positioning of results and de-
fects is very important. The goal of this method is to reduce noise in order to increase
the SNR of the echo signal. The theoretical analysis proved the feasibility and superi-
ority of the proposed hybrid method. The hybrid code excitation method can get a very
narrow main lobe width and a very high main lobe intensity after matched filtering pro-
cessing to obtain a very high resolution. The laboratory pipeline test results show that the
proposed coded signal outperforms other methods in the torsional wave mode T(0,1) at
different frequencies. When using the same transmission signal, the SNR improvement
of different frequencies varies slightly. The system has the best improved SNR and PSL
in this study when using a frequency of 40 kHz. The BCG code outperformed all others
in laboratory tests. The BCG code’s SNR was increased to 33.5 dB at 40kHz, and the
PSL was -28.5 dB. The traditional method and the proposed method are used in the defect
detection field testing. By comparing testing results, the proposed method can clearly
detect the defect signal, whereas the defect signal of other methods is not obvious. The
defect signal of the proposed method is 6 dB higher than the SNR of the Barker code. The
performance of BCG code is significantly better than that of traditional coded excitation
without changing the code length. The proposed method can improve the GWT system’s
signal-to-noise ratio and thus its accuracy.

Theoretical research and verification in FIELD II simulation were used to carry out ultra-
sound imaging testing experiments. The SNR and resolution indicators are very critical
for ultrasound imaging systems. In an ultrasound imaging system, a nonlinear frequency
modulated hybrid phase modulated signal is used as an excitation signal. The comparison
in the theoretical study shows that the proposed method can reduce the width of the main
lobe and side lobe without reducing the SNR of the echo signal. In cyst phantom simula-
tion, the applied method was used. Because of the signal’s properties, the axial resolution
and CR have significantly improved over other code methods. The proposed signal’s CR
is 15.96 dB higher than the sine wave’s, and its SNR is 36.64 dB higher. The applied
signal performs well in terms of increasing axial resolution. This represents a significant

step forward in ultrasound imaging systems.

In summary, theoretical analysis and experimental results show that the novel hybrid pulse
compression method can significantly improve the system’s SNR and resolution. Through
theory, simulation, and experiments, it is found that the longer the code applied in the pro-
cess of using the proposed method, the higher the improved SNR. The proposed method
fills the gap in the code length of the traditional coding excitation method, and can apply
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codes of various lengths more flexibly in the process of using the method. This method
only requires changing the transmitted signal without changing the ultrasound system
hardware. This method can be used for a variety of ultrasound applications in a more
convenient, cost-effective, and efficient manner. It is precisely because of the superior
performance of the proposed method that it can be applied to most ultrasound systems to
improve their performance, especially in future portable devices. The proposed method
can be used not only in ultrasonic detection equipment but also in applications like me-

chanical waves and light.

6.2 Future works

Future works could be done from the following aspects to improve the performance of

ultrasound applications.

The UT system tests performed in the current study are in Matlab Field II simulation, but
there will be other factors as a result of impression echo in the actual test. More practical
tests will be required to analyse and evaluate this method’s ability to improve SNR. The
proposed technology can be combined with commercial UT equipment to improve the

efficiency and accuracy of the equipment.

The guided wave experiment demonstrated the feasibility of the proposed method in the
system. However, only the pipeline’s outer wall defect test was carried out during the ac-
tual inspection process. This method’s dependability can be demonstrated using a broader
range of defects. This method can theoretically be applied to low-voltage guided wave

equipment, but more experiments are needed to confirm the feasibility.

The benefits of the proposed method are only verified in simulation in the ultrasound
imaging system. The proposed method can be combined with existing ultrasound imaging
machines to perform more actual measurements, resulting in better test results. Portable
ultrasound imaging equipment is lightweight and requires little power. Portable ultra-
sound imaging equipment is still in its early stages, and its stability and imaging quality
are unsatisfactory. As a result, the proposed method can be used to improve the perfor-

mance of these devices.
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Appendix

filel= dir(fullfile (root, ’*.TIM’));
fsetl = zeros(length(filel), 1);
for ii = 1:length(filel)

fname = filel (1i).name;
fsetl (ii) = str2num(fname(1:end-4));
end

[ifset]l ] = sort(fsetl);

for i1 = 1:length(ifsetl)

cur_index_rl = ifsetl (ii);

cur_name_rl = fullfile (rootl, filel (cur_index_rl).name);

r_1(:, ii)= dlmread(cur_name_rl, ’’, 0, 0);

end

fileR1 = fopen(’R1.TIM’,’w’);

fprintf (fileR1 ,’%1s\r\n’,’User specified excitation file -
Ringl.tim’);

fprintf (fileR1 ,’%1s\r\n’,’8’);

fprintf (fileR1 ,’%1s\r\n’,’1’);

fprintf(fileR1 ,’%1s\r\n’,’0’);

fprintf (fileR1 ,’%1s\r\n’,’1%);

fprintf (fileR1 ,’%1s\r\n’,’0.27);

fprintf(fileR1 ,’%1s\r\n’,’2517);

nbytes_rl = fprintf(fileR1,°%1.10f %2.10f %3.10f %4.10f
%5.10f %6.10f %7.10f %8.10f\n’,r_1");

fclose (fileR1);
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