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Abstract

Medical imaging modalities are used every day in hospitals to examine medical con-
ditions, consequently allowing us to analyze anatomical, physiological, metabolic, and func-
tional information of the human body. Ultrasound is one of the most widely used diagnostic
tools because it is affordable and non-invasive. Ultrasound is used to assess the tissue, vessels,
and organs within the human body. In the past few decades, a lot of effort was put by the
academic community to improve the quality of ultrasound images. However, despite decades
of innovation, the main disadvantage of ultrasound is low image resolution.

In this dissertation, we develop a novel super-resolution imaging technique utilizing
constructive and destructive interference of ultrasonic waves. In particular, we first introduce
a method to generate an incident ultrasonic wavefront of random interference. This wavefront
then has a spatially variant property that yields individual spatial points, in the region of interest,
to reflect mutually incoherent spatial impulse responses. Second, we develop an image recon-
struction method based on an Li-norm minimization algorithm that is capable of identifying

the scattering points by the presence of spatial impulse responses in the received echo signals.



The natural synergy between the properties of the wavefront of random interference and the
image reconstruction algorithm allowed us to create the necessary conditions for a successful
reconstruction of super-resolution ultrasound images. Lastly, we demonstrate using numerical
simulations and phantom experiments that the proposed method can achieve four times better
spatial resolution. In the simulation study, the proposed method achieved a resolution of 0.25
mm. In the real phantom experiment, we demonstrated that the proposed method can success-
fully reconstruct ultrasound images of nylon wires as small as 0.08 mm in diameter using a
tissue-mimicking phantom. We argue that the proposed method is a big step towards achieving
super-resolution ultrasound imaging and offers a new perspective on ultrasound imaging. The
proposed imaging method bypasses the diffraction resolution limit by eliminating the need for

the conventional focused ultrasound beam.

©2021
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Chapter 1

Introduction

Ultrasound is a versatile imaging modality with many imaging modes and practical
applications. Diagnostic ultrasound is universally accepted as the preferred modality because
it is non-invasive and affordable. However, in conventional ultrasound, the axial and lateral
resolution is limited by diffraction. We argue that the diffraction limit applies only to systems
that use focused ultrasound pulses. Achieving ultrasound resolution beyond the diffraction limit
would significantly improve the accuracy of medical diagnosis. To achieve significant im-
provements in resolution, we believe that it is insufficient to modify only the signal processing
(software) part without modifications to the imaging protocol (hardware) The main contribu-
tion of this dissertation is improving the spatial resolution of ultrasound. We develop a new
imaging method that uses an incident ultrasound wavefront of random interference and an L1-
minimization algorithm. The synergy between the properties of random interference and the
image reconstruction algorithm allowed us to create a perfect condition for super-resolution
ultrasound imaging. The feasibility of the proposed method has been tested using numerical

simulations and real phantom experiments.



1.1. Contributions and Outline

In this dissertation, we demonstrate a new interference-based method that improves
the spatial resolution of ultrasound. We propose using a novel unfocused transmission of exci-
tation signals coded with pseudorandom sequences that yields an incident wavefront of random
interference. The received echo signals are the result of multiple reflections of the incident
ultrasound wavefront from the scatterers. Super-resolution ultrasound images are reconstructed
using the a priori measurements of spatial impulse responses of individual point scatterers and
an Li-norm minimization algorithm. An ultrasound research system has been developed that is
capable of generating the proposed wavefront of random interference. The feasibility of the
proposed method has been tested using numerical simulations and real phantom experiments.

In Chapter 2 we provide a detailed introduction to ultrasound imaging. We explain the
basic principles of ultrasound imaging, sound-matter interactions, and discuss the resolution
limit of ultrasound. We also provide an overview of other biomedical imaging modalities such
as optical microscopy, optoacoustic, X-ray computed tomography (X-ray CT), magnetic reso-
nance imaging (MRI), and positron emission tomography (PET). Understanding the physics
mechanisms, and properties of various imaging modalities was an essential step in the devel-
opment of the proposed random interference imaging method.

In Chapter 3 we introduce the proposed Super-resolution ultrasound imaging method
called Random Interference Imaging. In the proposed method, ultrasound images reconstructed
using a priori measurements of spatial impulse responses and the L1-norm minimization algo-
rithm. We provide a system description of the interference based imaging method and propose
two image reconstruction methods: random interference compound method and random inter-

ference joint method. We provide a detailed description and analysis of the proposed method

.



and demonstrate new resolution capabilities. The content of this chapter is based on two pub-
lished peer-reviewed journal papers of Pavel S. Ni and Heung-No Lee [1][2].

In Chapter 4 we provide descriptions of used equipment and detailed instructions to
obtain simulation and experimental data which can be used to reproduce this research. We de-
scribe the procedures used to generate ultrasound data.

In Chapter 5 we present simulation and experimental results. We compare our results
with conventional ultrasound imaging methods and explain the importance of our work.

Finally, in Chapter 6 we identify the remaining challenges, outline our future work,

and conclude the outcomes of this dissertation.



Chapter 2

Biomedical Imaging

The focus of this Chapter is to introduce different biomedical imaging modalities.
While the main focus of this dissertation is improving the spatial resolution of ultrasound, we
would like to start with an overview of ultrasound, optical microscopy, optoacoustic, X-ray
computed tomography, magnetic resonance imaging, and positron emission tomography. To-
day, biomedical imaging modalities utilize a wide range of electromagnetic spectrum and
sound. A short comparison of biomedical imaging modalities is given in Figure 2.1. We believe
that understanding the physics and mechanisms of various imaging modalities helped us to
establish a big picture perspective. It was an important step towards correctly identifying the

present and future challenges in ultrasound imaging.

2.1. Ultrasound imaging

The ultrasound is an imaging device that uses a high-frequency sound source to image
the internal body parts. Sound is a mechanical wave that requires a medium to propagate. Ul-
trasound imaging works according to the pulse-echo principle: an incident ultrasound wave is

transmitted into a medium in which waves are partially reflected back to an array of transducers.
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Figure 2.1 Biomedical imaging modalities.

Subsequently, the signals received at the array are processed to create the final ultrasound im-
age. Sound waves interact with a medium through transmission, reflection, refraction, scatter-
ing, absorption, attenuation, and diffraction. Spatial resolution in conventional sonography is
achieved through focusing and steering of an ultrasound beam [3], see Figure 2.2. The resolu-
tion in ultrasound imaging varies spatially and depends on parameters such as frequency of the
transmitted signal, beam width, size of the aperture, and transmit focal depth. These parameters
restrict the ability to focus the ultrasound waves, thus imposing a physical limitation on the
final resolution. Similar to optical imaging, ultrasound resolution is defined by the diffraction
limit [4]. The theoretical spatial resolution in ultrasound imaging, for a single-cycle pulse, is
equal to half the acoustic wavelength [5][6]. However, the best axial and lateral resolution is
several times lower than the diffraction limit due to high ultrasound attenuation and speckle
noise [7]. Modern ultrasound scanners are capable to achieve a spatial resolution of 0.3—1 mm

and an imaging depth up to 15 cm.



(a) Focusing (b) Steering

Excitation signal

Time-delays

Figure 2.2 Focusing and steering are the basic components in the formation of an ultrasound
image. a) a focused ultrasound pulse is achieved by appropriately delaying the excitation

signals, b) similarly, an ultrasound beam can be steered in different directions.

2.1.1. Basics of Acoustics
In this section, we review the physics of sound generation, sound propagation, and
sound-matter interaction. In ultrasound, a transducer consisting of an array of piezoelectric
elements is used to generate an incident ultrasonic wavefront and record backscattered echo
signals. Piezoelectric elements generate mechanical vibrations when exposed to an electrical
field. When piezoelectric elements of the transducer array are excited with electrical signals a
rapid vibration of elements produces a sound wave. Similarly, when piezoelectric elements
undergo mechanical stress the elements produce an electrical charge. A sound wave has a fre-
quency, wavelength, and propagation speed. Frequency of sound refers to the number of cycles

of compressions and rarefactions per second. In ultrasound, we use high-frequency sound

-6-



waves in the range of 3—15 MHz. The sound wavelength refers to a distance between two iden-

tical points of a sound wave. The speed of sound refers to how fast sound waves propagate and

depends on the density of the tissue. The human body has a complex tissue structure, often we

use the speed of sound in water as an approximation because tissue contains a high amount of

water.

The energy of sound propagates as a series of compression and rarefaction waves of

pressure. When ultrasound waves travel through a medium, they undergo a series of physical

phenomena such as reflection, scattering, attenuation, etc.

Reflection. Sound waves are reflected from an obstacle or at an interface be-
tween two media. Specular reflections occur when the wave encounters large
objects with high impedance such as bones. Specular reflection abides the law
of reflection, where an angle of the reflected wave is equal to the incident wave.
In ultrasound, the amplitude of the reflected echo signals is displayed as bright-
ness.

Scattering. Another type of reflection is scattering also called diffuse reflec-
tion. Scattering occurs when the wave encounters rough surfaces or cells of
soft tissues. Scattering waves propagate in all directions. In ultrasound, scat-
tering waves create constructive and destructive interference which is dis-
played as speckle noise.

Attenuation. Sound waves encounter losses as they propagate in the medium.
The amplitude of waves becomes smaller. The attenuation is frequency-de-
pendent and losses increase with higher frequencies. The attenuation of sound

waves limits imaging depth.

-7 -



(a) B-mode (b) M-mode

Figure 2.3 Imaging modes of ultrasound. a) conventional focused B-mode displays the am-
plitude of the echo signals as brightness, b) M-mode uses a single ultrasound beam to dis-
play tissue displacement over time, c) Pulsed Wave Doppler mode displays spectral infor-
mation of moving tissue and flow of fluids, and provides audio signal, d) Color flow mode

displays motion and flow in larger area where direction of motion encoded in color.
= Diffraction. When a sound wave travels through a medium its energy spreads
in a lateral direction. This phenomenon is called diffraction. The diffract

effect limits our ability to create a perfectly focused ultrasound pulse. Hence,

the resolution of conventional ultrasound systems is diffraction limited.



» Interference. When multiple waves meet at the same point they superpose and
create a resultant wave of constructive and destructive interference. Interfer-
ence in ultrasound imaging is treated as an undesirable effect that degrades

image quality and creates speckle noise.

2.1.2. Ultrasound Imaging Modes

Ultrasound is a versatile imaging modality with many imaging modes, focusing tech-
niques, and clinical applications. Modern ultrasound scanners provide four main imaging
modes: brightness mode (B-mode), motion mode (M-mode), pulsed wave Doppler mode (PW-
mode), and color flow mode (CF-mode). B-mode ultrasound is used to generate a two-dimen-
sional image of the anatomical structures of soft tissues. An example of a B-mode image of a
thyroid vein is shown in Figure 2.3(a). B-mode image is acquired using an array of transducer
that collectively generate a focused ultrasound beam. Multiple transmissions of the beam are
used to produce a two-dimensional B-mode image. The image consists of multiple lines called
scanlines. A scanline is generated by applying a beamforming operation to the received echo
signals. Then, the amplitude (strength) of the beamformed signal is displayed as brightness in
the image. M-mode ultrasound is used to accurately measure the motion of organs and muscles.
An example of an M-mode image of the thyroid is shown in Figure 2.3(b). The figure consists
of a B-mode image and an M-mode trace of a moving thyroid vein. The M-mode image is
formed by using a single scanline to measure the displacement of the moving tissue. PW-mode
ultrasound uses the Doppler principle that measures the frequency shift in an ultrasound signal
caused by the motion of the object. The PW-mode is used to measure blood flow, see Figure

2.3(c). CF-mode is similar to PW-mode. CF-mode uses the Doppler effect to estimate the
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Axial resolution

Lateral resolution

Figure 2.4 Spatial resolution. In conventional ultrasound, the lateral resolution depends on

width an ultrasound beam. Axial resolution depends on duration of an ultrasound beam.

movement of blood in a large area and displays the motion as a color. The image of CF-mode
is shown in Figure 2.3(d), where the blue color corresponds to motion away from the observer

and red towards.
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2.1.3. Resolution of Ultrasound

Spatial resolution describes how closely two objects (target points) in space can be
estimated separately. Ultrasound has a spatially variant resolution that depends on many factors
such as aperture size, center frequency, bandwidth, focal depth, etc. Similar to optical imaging
spatial resolution of ultrasound systems limited by the diffraction limit. In ultrasound, we also
identify temporal and contrast resolutions. The temporal resolution depends on the frame rate
of ultrasound systems and refers to the ability of ultrasound systems to detect rapid movements.
The contrast resolution is the ability of the ultrasound system to accurately represent the acous-
tic reflection properties of the tissue. The spatial resolution of 2D images further could be di-
vided into two components: axial resolution and lateral resolution as shown in Figure 2.4.

Axial resolution refers to the smallest distance separating two objects lying along the
axis of the ultrasound beam, at which the objects can be identified in the image. In conventional
focusing based ultrasound, the axial resolution is limited by the length of the ultrasound beam.
The best axial resolution is equal to two wavelengths 4

C
R ~=— 1
axial 2 f ( )

c

where c¢ is the propagation velocity, f, is the transducer frequency bandwidth. Ultrasound

pulse generated with high frequency will give a shorter transmit pulse and therefore a better
axial resolution. For typical frequencies in the range of 3—15 MHz, the axial resolution corre-
sponds to 1.0 mm to 0.2 mm.

Lateral resolution refers to the smallest distance separating two objects along the lat-
eral direction or perpendicular to the axis of the ultrasound beam, at which the objects can be

identified in the image. The width of the beam determines the effective lateral resolution of the
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ultrasound system. The best lateral resolution of conventional ultrasound systems is one wave-

length A of the transmit pulse

Rlateral = /1 : f#‘# (2)

where A=-=is the sound wavelength. For typical frequencies in the range of 3—15 MHz,
0

the lateral resolution corresponds to 0.5 mm to 0.1 mm.

2.1.4. Compressed Sensing

Originally, compressive sensing theory was introduced to reconstruct a signal using
fewer measurements than that proposed by the Shannon—Nyquist sampling theorem
[17][18][19][20][21]. However, later studies have shown that CS theory can be used to signif-
icantly improve the resolution of imaging modalities. During the past few decades, CS theory
has been successfully used to improve the resolution of spectrometers, microscopes, and many
other imaging modalities [22][23][24][25][26][27][28][29][30].

The concept of classical CS theory can be explained using a system of linear equations

y = Ax=®Wx, where xeR" is a signal to be reconstructed, A e R*" is a specially con-

structed matrix consisting of a sensing matrix ® and a sparsifying basis ¥ ,and y e R" is

a vector representing the signal acquired using a measuring instrument. The goal of CS is to

reconstruct x from y and G when M << N. In such a case, y=Ax is an underdeter-

mined system because we have more unknowns than equations. The matrix A must charac-
terize the transmission properties of the imaging system therefore it is called the transmission
matrix. The CS theory guarantees the successful reconstruction of x under the following two

conditions. The first condition requires the signal X to be sparse in some domains. The signal
-12-



is called sparse if K non-zero values of the signal satisfy K <M << N . The second condi-
tion requires a sensing matrix to be incoherent. The matrix is called incoherent when the cross-
correlation of its columns is small. Many good algorithms were recently introduced to solve
the L1-norm minimization problem and reliably reconstruct the signal of interest. In particular,
we use the YALL1 MATLAB package solver [31][32].

Several works have used compressive sensing (CS) theory [19][20][21] to prove the
effectiveness of some ultrasound applications. For example, a sub-Nyquist sampling scheme
based on CS was proposed in [29] to speed up data acquisition. In [30], a beamforming process
was integrated directly into the sub-Nyquist sampling scheme, which yielded an even higher
temporal resolution. In [39], CS was applied to STA imaging to reduce the number of firings,
which can potentially increase the system frame rate. In [40], a CS framework derived from
the ultrasound propagation theory was introduced to reconstruct the complete ultrasound image
from the transmission of a single plane wave. Such methods can increase temporal resolution

at the cost of computationally complex algorithms.

2.1.5. Related Work

The components of ultrasound resolution can be classified into detail, contrast, and
temporal. Various methods have been proposed in the past few decades to improve the image
quality in ultrasound systems. For example, enhanced detail and contrast resolution were
achieved with the introduction of multi-element transducer arrays and phased arrays [3]. These
array types enable advanced beamforming techniques such as plane-wave imaging [10], syn-
thetic transmit aperture (STA) [11], and dynamic focusing [12]. Various filtering techniques

have been developed to suppress speckle noise [13][14]. Coded excitation has been used to
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achieve extended imaging depth [15]. Other excitation sequences have also been investigated;
for example, a delay-encoded transmission scheme was proposed in [16] to increase the signal-
to-noise ratio (SNR). Such methods can improve image quality; however, the resolution re-
mains limited by the diffraction.

“Super-resolution” refers to an imaging technique that is capable of imaging objects

smaller than the initial wavelength of the transmitted ultrasound signal. Multiple studies have
demonstrated the feasibility of super-resolution techniques in ultrasound imaging. For example,
in [41][42][6], different techniques were proposed to visualize microvessels and blood flow
speed estimation using contrast agents such as microbubbles. However, super-resolution tech-
niques that can be used without contrast agents are limited in acoustic imaging due to high
attenuation and the distortion of backscattered signals. A promising super-resolution technique
was proposed in [43], which uses a back-projection approach to visualize objects that are en-

tirely within the ultrasound beam.

2.2. Overview of Biomedical Imaging Modalities

2.2.1. Optical imaging

In this section, we review the basic principles and physics of microscopy. The micro-
scope is an imaging device that uses a light source and optical lenses to achieve a magnified
image of an object. The first microscope was invented in the 16th century by Dutch scientist
Antonie van Leeuwenhoek. The continuous advancements in microscopy lead to many break-
through discoveries and gave us several Nobel Prize winners. Nowadays, advanced microscopy

techniques allow achieving resolution beyond the diffraction limit of 0.25 um [8]. The main
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element of microscopy is light, a form of electromagnetic energy that interacts with matter
through absorption, scattering, reflection, refraction, dispersion, diffraction, interference, and
polarization. Next, we introduce some of the most notable types of microscopy.

Bright-field microscopy is the simplest and most known type of optical microscopy.
The diagram of bright-field microscopy is shown in Figure 2.5(a). When illumination light
passes through the object plane its energy is absorbed and reflected from the specimen causing
the amplitude (brightness) of light to change. The image is a result of the light absorbance

difference. However, the specimen absorbs only a small portion of illumination light which
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(a) Bright-field microscopy
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Figure 2.5 Types of microscopes.
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Dark-field

(¢) Phase contrast

Figure 2.6 Examples of microscopic images.

results in pale images that lack contrast resolution. In bright-field microscopy, the illumination
light overpowers the specimen-scattered light. Dark-field microscopy addresses the issue of
excessively bright illumination and allows measuring only light scattered from the specimen.
The diagram of the dark-field microscope is shown in Figure 2.5(b). The illumination light
travels at an angle greater than allowed by the numerical aperture. Dark-field microscopy sig-
nificantly improves the contrast resolution by preventing illumination light from entering the
objective lens. Only the amplitude of the light is used in the bright-field and dark-field micro-
scopes.

Phase-contrast microscopy enables visualization of transparent specimens that do not
absorb the light. The diagram of the phase-contrast microscope is shown in Figure 2.5(c).
Transparent specimens are not visible because they do not absorb the energy of light. However,

when light passes through the specimens its phase slightly changes due to refraction. These
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phase shifts are made visible by creating a phase difference of half the wavelength between the
specimen-scattered and illumination light which consequently yields destructive interference
that can be observed as a wave amplitude (brightness).

Confocal fluorescence microscopy enables three-dimensional visualization of a spec-
imen by utilizing point illumination of fluorescent proteins, multiple focusing depths, and scan-
ning techniques. The diagram of the confocal microscope is shown in Figure 2.5(d). Fluores-
cent proteins are used to label specific cells in the specimen. Confocal microscopy allows se-
lectively activate fluorescence using point illumination. Then, three-dimensional fluorescent
images are obtained using focusing at different depths and scanning across the image plane. In
confocal fluorescence microscopy, an image is obtained from fluorescence light which makes
the image more accurate compared to the previous microscopy methods.

For a more thorough introduction to optical imaging, we recommend visiting the online

resources of Olympus Life Science (www.olympus-lifescience.com).

2.2.2. Optoacoustic imaging

Photoacoustic microscopy is an imaging device that combines principles of optical
microscope and ultrasound. Optical microscopy has a limited imaging depth, a few millimeters,
because of the high attenuation of light in the tissue. Ultrasound imaging has low resolution
because of the diffraction that limits the ability to produce a narrow ultrasound pulse. In pho-
toacoustic microscopy, a fast pulsing laser source is used to illuminate the tissue which conse-
quently yields ultrasound waves. The optoacoustic image is then reconstructed from ultrasound
signals. The diagram of the photoacoustic setup is shown in Figure 2.7. The optoacoustic image

of two 10 pm diameter tungsten wires is shown in Figure 2.8. The optoacoustic probe consists
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Figure 2.7 Optoacoustic imaging.

Figure 2.8 Optoacoustic image of two 10 um diameter tungsten wires in a water tank.
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Figure 2.9 X-ray and CT imaging

of a laser source and an ultrasound transducer. The narrow laser beam is used to precisely assess
the tissues of a sample and generate localized ultrasound waves at a focal point a few millime-
ters deep. The laser light disperses inside the tissue which makes obtaining an image of deep
tissue impossible. However, laser-generated ultrasound waves have large penetration and are
used to reconstruct an image. The photoacoustic microscopy enables deep tissue imaging with

a spatial resolution of 10 pm.

2.2.3. X-ray CT

X-ray computed tomography or CT is an imaging device that uses high-energy elec-
tromagnetic radiation. The X-ray radiation is generated when electrons from the cathode reach
the anode. X-ray images are formed from photoelectric absorption by detecting the amount of
X-ray energy reaching the detector after passing through the object. The diagram of an X-ray

and X-ray CT is shown in Figure 2.9. An image of a single X-ray scan of a human head is
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(b) X-ray CT

Figure 2.10 X-ray and X-ray CT images of head.

shown in Figure 2.10. A single X-ray image lacks depth information because a three-dimen-
sional object is projected onto a two-dimensional detector. The X-ray CT scanners use multiple
X-ray measurements acquired at different angles by rotating the X-ray tube and detector. By
using CT techniques all three-dimensions can be reconstructed. Also, CT improves sensitivity
to soft tissue. Modern X-ray CT scanners capable to generate tomographic images with 50 um

resolution.
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(a) MRI
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Figure 2.11 Diagram of MRI scanner

2.2.4. Magnetic resonance imaging

Magnetic resonance imaging (MRI) is an imaging device that uses a magnetic field to
reconstruct the images of tissue. The diagram of the MRI scanner is shown in Figure 2.11. The
MRI images are formed by exposing the tissue to a magnetic field that yields atoms in the tissue
to emit radiofrequency (RF) signals which are measured by a receiving coil. MRI is used to
examine bones, joints, and soft tissues and provides spatial resolution in the vicinity of 25 —

100 um. An MRI image of a human brain is shown in Figure 2.12.

2.2.5. Positron emission tomography

Positron emission tomography (PET) and single-photon emission computed tomogra-
phy (SPECT) are nuclear imaging devices that use radiotracers to measure the metabolic activ-
ity of the biological cells. The radiotracers have a positron-emitting radionuclide and are used

to mark a specific tissue type. Then the collimated detector is used to determine the direction
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(b) PET-MRI fusion

Figure 2.12 MRI and PET-MRI images of human brain.

of photon emission. PET/SPECT scanners are used to image the brain, kidney, and cancer cells

at 1-2 mm resolution. A PET image of the human brain is shown in Figure 2.12.

2.3. Summary

There are a lot of similarities between the modalities that we reviewed in this Chapter.
We summarize this Chapter by explaining our thought process behind developing random
interference imaging. First, we notice how the development of new illumination techniques
improved the resolution of microscopes. A strong illumination source can overshadow the
evanescent details of the object. Indeed, a focused ultrasound pulse is designed to deliver a

large amount of energy along one scanline. Strength of the echo signal visualized as brightness
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in the final ultrasound image. Likewise, we can see that by nature ultrasound waves are not
easy to focus due to the diffraction effect. For example, in optoacoustic microscopy, the laser-
induced ultrasound enables the acquisition of 10 um resolution images. Second, spatially
dividing an object into multiple imaging zones enables significant improvement of confocal
microscopy, X-ray CT, and MRI. The human body is a complex structure with multiple layers
of tissue yet in ultrasound we usually reconstruct a two-dimensional image of a cross-section
of the body. Third, the diffraction resolution limit applies only to the conventional
understanding of imaging. For example, in the case of fluorescence microscopy, the fine details
of a specimen were made visible by using fluorescent proteins. Similarly, in PET, the metabolic
processes can be visualized using different radiotracers. In the proposed method, we
reimagined the ultrasound by replacing the conventional focused beam with a wavefront of
random interference. The new interference-based approach allowed us to spatially separate
individual scatterers based on spatial impulse responses and via advanced signal processing

techniques.
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Chapter 3

A Novel Interference-based Imaging

3.1. Motivation

In conventional ultrasound imaging, beamforming is usually used to focus ultrasound
waves. However, due to acoustic diffraction, the ability to focus an ultrasound beam is limited,
which leads to low spatial and contrast resolutions. Recently, advanced statistical and signal
processing techniques have allowed the development of imaging methods that are radically
different from our traditional understanding of imaging [44]. Such imaging modalities utilize
intentionally created randomness in the image acquisition process and extend the boundaries
of imaging beyond the existing limits. We show that the resolution of ultrasound systems can
be significantly improved if we use an incident ultrasound wavefront of random interference
instead of a focused ultrasound beam.

Figure 3.1 shows a schematic illustration of the proposed imaging method. First, the
incident ultrasound wavefront is generated by exciting elements of the transducer array using

signals coded with random sequences. In these circumstances, individual array elements emit
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Figure 3.1 System description of the proposed method. The elements of the linear transducer
are excited with random signals. The transmitted wavefront has a spatially randomized pres-
sure distribution due to the interference of several ultrasound waves. The columns of the
transmission matrix are derived from the spatial impulse response of individual points on
the virtual grid. Owing to the effect of interference of random signals, the spatial impulse
responses have low mutual coherence. The high-resolution ultrasound images can be recon-

structed from recorder ultrasound echo signals and the transmission matrix.

ultrasound waves corresponding to the applied excitation signals. All emitted waves collec-
tively yield a complex ultrasound wavefront of constructive and destructive interference, which
we simply named random interference. Traditionally, interference in ultrasound imaging is
treated as an undesirable effect that degrades image quality and creates speckle noise. In our
proposed work, we aim to utilize random interference and intentionally cause spatial impulse
responses of individual point scatterers to be mutually incoherent. Under such an effort, we can
recover high-resolution images using both the a priori measurements of spatial impulse re-

sponses and the 11-norm minimization algorithm.
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Figure 3.2 A wavefront of random interference is reflected from a group of scatterers and
received echo signals visualized as grayscale images: (a) the group of point scatterers con-
sists of four points located at lateral distances of -5, -1, 1, and 5 mm, respectively; (b) the
group of point scatterers located at lateral distances of -4.75, -1, 1, and 5 mm respectively;

and c) absolute difference between image (a) and image (b).

3.2. Random Interference

In conventional ultrasound imaging, beamforming is used to spatially divide the ROI
into several scanlines. An ultrasound image is then acquired one scanline at a time by using

beamforming to focus the transmit and receive ultrasound pulses. The image is reconstructed
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based on the assumption that the received ultrasound signals consist of echoes reflected only
from inhomogeneity within the given scanline. However, in practice, owing to the diffraction
effect, the incident wavefront reflects from the medium within the scanline and its adjunct areas
[5][6]. In conventional ultrasound, owing to the imperfect coherence of echo signals at the
receiver, the beamformed signal is corrupted by interference patterns known as speckle noise
[33][34][35]. Thus, in conventional focused methods, ultrasound interference is a highly unde-
sired effect that degrades the image resolution.

Unlike conventional beamforming-based methods, we intentionally create an unfo-
cused ultrasound wavefront of random interference, which yields spatial impulse responses of
individual point scatterers in the ROI to be mutually incoherent [ 1]. Thus spatial resolution can
be achieved by identifying individual point scatterers based on their spatial impulse responses.

Here, we demonstrate the effect of random interference using numerical simulation,
where a small change in the ROI incurs a significant difference in the received RF signals. In
Figure 3.2(a), we show the echo signals of the incident wavefront of random interference re-
flected from a group of scatterers as grayscale images. In Figure 3.2(a), the ROI includes a
group of scatterers consisting of four points located at an axial distance of 45 mm and lateral
distances of -5, -1, 1, and 5 mm respectively. In Figure 3.2(b), a group of point scatterers con-
sists of four points located at lateral distances of -4.75, -1, 1, and 5 mm. In Figure 3.2(b), the
position of the first scatterer was changed from -5 mm to -4.75 mm. Figure 3.2(c) depicts the
absolute difference between the images shown in Figure 3.2(a) and Figure 3.2(b). From Figure
3.2(c), we can see that the effect of random interference yields a significant difference in the
received echo signals even when we make a small change to the scatterer map. Using random

interference and its effect on the scatterers in the ROI, we can design an imaging scheme where
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patial point f(r,)

Virtual grid

Figure 3.3 Illustration of an acoustic system model.

an ultrasound image is reconstructed using a priori information about wave propagation. We
represent the entire ROI as a set of individual spatial points. Then, the RF signals received at
the sensor array can be decomposed into a set of echo signals reflected from individual point
scatterers in the ROI. In a simulation study, a priori information can be acquired by generating
RF signals for every point scatterer in the ROI, see Chapter 5.1. In the experimental study, a
priori information can be generated from measurements of a plastic plane submerged into a

water tank, see Chapter 5.2.1.
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3.3. Interference-based Imaging

We propose using a novel unfocused transmission of excitation signals coded with
pseudorandom sequences that yields an incident wavefront of random interference. The re-
ceived echo signals are the result of multiple reflections of the incident ultrasound wavefront
from the scatterers. High-resolution ultrasound images are reconstructed using the a priori
measurements of spatial impulse responses of individual point scatterers and an L.1-norm min-
imization algorithm. An ultrasound research system has been developed that is capable of gen-
erating a wavefront of random interference. The feasibility of the proposed method has been

tested using numerical simulations and real phantom experiments.

3.3.1. System Description

Let us consider the pulse-echo ultrasound system shown in Figure 3.3. We consider a
linear transducer array with N, identical array elements. During transmission, all N, ele-
ments of the transducer array are simultaneously excited with random signals. During the
reception, the same transducer array is used to record the reflected ultrasound signals. We let

r,

r, be the vectors in three-dimensional space. We use r; for each je{l,2,---,N,} to
indicate the position of the j-th transmitting element. Likewise, the vector r, for each

ie{l,2,--,N, } indicates the position of the i-th receiving element. Similarly, we let the

vector r, for each ke {1, 2,--+,N, SC} be the three-dimensional vector which indicates the po-

sition of the k-th scatterer on the virtual grid. Thus, there are a total of N, scatterers.

We define an ultrasound echo signal reflected off a single scatterer and received at the

i-th array element as follows:
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Psingie (1;51) = V(1) ® £ (1) ® h(Xy., X, 1), 3)
where v(¢) is the oscillation of the transducer array (i.e., the proposed random excitation sig-
nals); f(r,) is the signal of interest at the location r,; and A(r,,r,,¢) is the pulse-echo im-
pulse response of the transducer array. We denote the spatial and temporal convolutions using

® and ®, respectively.

When the ultrasound wavefront travels through the medium, it is scattered and re-
flected off a volumetric object within which the density and the propagation velocity differ

from those of the surroundings. The signal f(r,) of a single scatter object at the location r,

in (3) is defined as follows:

Ap(r,) _ 2Ac(r,)

Lo Gy

f)= 4

where p, is the mean density of the medium, ¢, is the speed of sound in the medium, Ap
is the change in density, and Ac is the change in speed at the location r,. Here, f(r,) rep-
resents the signal that we aim to reconstruct from the echo signal p .. (r;,7) . The equation (3)
indicates how the signal of interest f(r,) is observed at a receiving element such that it is
blurred by the pulse-echo spatial impulse response of the array #4(r,,r,,¢) and the transducer
oscillation v(z).

The oscillation v, (z) ofthe j-th transmitelement r, in (3) is expressed as

ow,
v (0=L5E, (r)@%(’), (5)
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where FE, (f) is an electro-mechanical response from the transducer; w,(¢) for each

jed{l,2,---,N,} corresponds to the excitation signal applied to the j-th transmit element.
In this Chapter, we propose a new imaging method that requires echo signals reflected from
individual point scatterers to be mutually incoherent. The incoherency is obtained by
controlling the ultrasound wavefront of random interference. A wavefront of random
interference can be generated by exciting each array element with a transmitting signal coded

with a random sequence, see w;(¢)in Section 3.3.4. Once emitted, all the random excitation

signals w; (t)’s constructively and destructively interfere with each other and produce random

interference.
To derive a received ultrasound echo signal, we need to find the pulse-echo impulse

response A(r,,r,,t) of the array. We define the pulse-echo impulse response of the array as

h(E 00 = Dy (60, 0) @ g (5.1, 1), (6)
j=1

where £, is the impulse response of the transmitting transducer array, #, is the impulse

Rx
response of the receiving transducer array. In the proposed method, all N, elements of the

transducer array are simultaneously excited with random signals. The impulse responses 4,

and h,, are found from

h(rl,rz,z)zjfs(t‘(h _l'2|/c))

ds, (7)
< 27z|r1 —r2|
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where 1, isthe location of observationand r, is the origin of the ultrasound wave. The pulse-

echo impulse response (6) is the function of the relative distances from each transmitting ele-

ment r,, for each je{l,2,---,N, }, to the scatterer at the spatial point r,, and back to the

receiver at r,. The integral over the transducer surface, S, denotes Huygens’ Principle.

3.3.2. Image Reconstruction — Compound

Let us consider the region of interest (ROI) from 35 mm to 55 mm in the axial direction
and from —10 mm to 10 mm in the lateral direction. We define an ultrasound image as a col-
lection of scatterers on a virtual grid, as shown in Figure 3.3. If we define scatterers in the ROI
at equal distance, d =0.25 mm, then we obtain a square region with 81 points in the axial and

the lateral directions and a total of N, =6,561 point scatterers. To simplify this, we represent
a group of scatterers on the virtual grid as a vector, f:=[f(r,) f(r,) .../ (ry )].

We use (3) to find the echo signal reflected from a single scatterer at r, . In our sim-

ulation, we assume that the propagation of ultrasound waves is linear; thus, we can find echo
signals reflected from a group of scatterers, f, by measuring the impulse responses of individ-
ual scatterers and summing them together. Then, the echo signal reflected from a group of

scatterers is given by

N, Sc.

pgroup (rz ’ t) = z psinglc (rz ’ t)
k=1

No (8)
= 2 MO8 f(5) ®h(X,,1,,0).
k=1
Using matrix and vector notations, we can express (8) as
p,=Gf, )
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where p, e R” is the column vector representation of a received ultrasound signal,
G, e R s the transmission matrix, and f, e R™ is a vectorized object image. Here, M
is the number of signal samples and N is the total number of point scatterers. The echo
signal p, at the i-th receiving element is the summation of spatial impulse responses re-
flected off the scatterers in the ROI. The elements of f represent the scattering strength of the
corresponding spatial point.

In the simulation study, the transmission matrix G, is generated from a priori meas-
urement of spatial impulse responses obtained in Field II ultrasound software [36][37], see
Chapter 5.1.1. The columns of the matrix G, :=[g,, g, g - g,y ]  represent the spatial

responses of individual scatterers, 1.e., g, = p..(r;,7). In the experimental study, we pro-

pose generating transmission matrices from the measurements of random excitation signals

obtained in a water tank experiment, see Chapter 5.2.1.

According to the linear property of the proposed imaging system, any echo signal p,
of an object image f in (9) can be represented as a combination of columns of the matrix
G, . In our ultrasound imaging model, we need to reconstruct the unknown object image f
given the echo signal p, and transmission matrix G,. The reconstruction quality of the ob-
ject image f improves with increasing incoherence of the responses of the point scatterers.
To make the spatial impulse responses more incoherent, we propose using unfocused transmis-

sion of random excitation signals, see Section 3.3.4. Then, we can reconstruct the image f by

solving the following optimization problem:

f'l. = mfin”fi”1 subject to ||Gl.fl. —pl.||§ <e, (10)
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where || : || denotes the L1-norm and ¢ >0 is a regularization value. We use the L1-norm

1
minimization algorithm which can provide reliably accurate estimation for sparsely represent-
able signals [31][32]. In [52][53][54], it is shown that the regularization parameter ¢ affects

the quality of a solution to the general Ll-norm minimization problem
min ||x||, +1/2¢]|y - Ax||§ . The best practice of finding a regularization value & that produces
a sub-optimal solution (10) is to find it empirically for each specific case. For example, in [52],

the regularization parameter was chosen as HZAT xH . Likewise, in [53], the regularization pa-

rameter was chosen as 20 /logn. Similarly, the authors in [54] set the regularization param-

eteras 204/logn or 10™. We have chosen & according to [53][54]. Throughout this study,
the regularization parameter & is setto &=23x10", which is shown to be efficient in terms
of image quality.

In a single pulse-echo transmission, we use N, =128 array elements to record raw

echo signals. Thus, we solve 128 equations independently, one for each receiving element in

the array, as follows:

p, =Gf
=G.f
P, . L) a1
Pios = G pfing-

Here, the ultrasound echo signals p, and the transmission matrix G, depend on the

position of the corresponding receiving element i. The object image f itself shall remain the
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same throughout each receiving element i€ {l,2,---, N, }. Thus, we can obtain a high-resolu-

~

tion compound image f by summing together all reconstructed images f and dividing

compound

by a total number of images as follows:

Ng, A
fcompound :(Z[:I fz)/NIL\c’ (12)

where . is a sum of all reconstructed images for each receiving element i€ {1,2,---,N, }.
In Section 3.3.4, we further discuss how the number of reconstructed images f affects the

quality of the final compound image f

compound *

The optimization problem (10) can best recover the object image f when the mutual
coherence 1 among the columns of the matrix G, 1s low. For example, we define the mu-

tual coherence u of the spatial responses of two points separated by the distance d as fol-

lows:

ng > >‘

(13)
2.l el

u(d)= max

k+#l
k,le{l, - Ng, }

where g, is the spatial response of the respective point scatterer at r, position, g, is the

spatial response of the point scatterer at r, position, and <-, > denotes the inner product. Note

that the spatial responses are the result of interference between transmitted excitation signals.
If we define the distance d between virtual points as a very small value, then the difference
in the path traveled by the transmitted signals would be insignificant; this will yield spatial
points with highly coherent spatial responses. In Section 3.3.4, we explain how the proposed

random excitation signals w,(7) affect the coherence of the matrix G, . In Section 3.3.5, we
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explain the relationship between the proposed excitation signals, the level of coherence of the

matrix G,, and the best achievable resolution.

3.3.3. Image Reconstruction — Joint
Here, we further improve our results by proposing a joint image reconstruction scheme
that combines RF signals from all elements of the sensor array in a single L1-norm minimiza-
tion problem. As a result, the new proposed imaging scheme is capable of reconstructing more
accurate ultrasound images.
When an ultrasound wavefront of random interference propagates through the medium, its
energy is partially reflected and received at the transducer array. The RF signals carry infor-

mation about the same object image f,, observed at slightly different angles. In the interfer-

bject
ence-based joint image reconstruction method, we propose directly reconstructing a high-res-
olution image by utilizing all signals from the array in a single optimization problem.

First, to estimate the image f, we need to obtain transmission matrices that carry infor-
mation about the propagation of the proposed ultrasound wavefront of random interference.

We use the spatial impulse responses of individual point scatterers as a priori information. We

can then reconstruct the ultrasound image using (10). In Equation (9), the image f is recon-
structed from an echo signal p, acquired at a single receiving channel i. In a single pulse-echo

transmission, we use all elements of the array to receive the reflected echo signals. Therefore,
we have 128 different versions of (9), one for each receiving element in the array, as in (11).

Owing to the effect of random interference, the received ultrasound signals p, and the trans-
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mission matrices G, for each ie{l,2,..,N, } carry unique information about the image of in-
terest f. In the previous Section, an ultrasound image is reconstructed by applying the optimi-

zation problem in (10) to the individual equations in (11). The obtained images f for

1

ie{l,2,..,N,} were combined to form a high-resolution image as in (12). However, a better

and more accurate approach is to utilize the fact that the image of interest f,

Object

does not change
depending on the receiving element number i. Therefore, the RF-signals p, for ie{1,2,...N,}

include information about the same object image f,

we - I SUCh @ case, we can use a joint image
ject

reconstruction scheme to further enhance the reconstruction accuracy and image resolution. As
a simple solution to the joint reconstruction problem, we will next discuss a matrix inversion

approach. First, we rearrange the measurement signals p, and transmission matrices G, in

(11) as follows:

P, G,
p G
;2 = ;2 [fobjecx ] : (14)
p128 G128

For simplicity, let us use a subscript 7 to denote the tall matrix and tall vector in (14) as

follows:
Pr = Grlopee- (15)
Then, a matrix inversion solution to (15) can be written as
G7pr = G7G Loy s (16)
where ()’ denotes a transpose. Then, the object image is equal to

fObject =(G;G, )_1 G/p;. (1 7)
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In such a case, we can directly reconstruct a high-resolution image by utilizing information
across the elements of the array. Similarly, we can use the optimization problem in (10) to

recover the image f,, . as follows:

bject

fObject =arg fmin"fObject "l subject to "GTfObject -p, "z <e, (18)

where ||, denotes the L1-norm and ¢ > 0. To successfully reconstruct an object image f,,

biect 2
the transmission matrix in (18) needs to be incoherent. We achieved incoherency by
transmitting an ultrasound wavefront of random interference. We measure the incoherence of
the transmission matrix G using the Gram matrix D=G*G . We assume that each column of

the matrix G is normalized to one. The absolute value of the off-diagonal elements |df,,-| of

matrix D represents a cross-correlation value between the corresponding pair of columns 7 and

j of the matrix G .

3.3.4. Random Excitation Signals

We propose using excitation signals coded with random sequences to make spatial
responses of individual point scatterers to be mutually incoherent. In such a case, the proposed
method can reconstruct high-resolution ultrasound images as described in Section 3.3.2. The
procedures to generate and upload excitation signals to the research scanner are given in Chap-

ter 4.3. The following steps are used to generate the j-th excitation signal for each element
je{l,2,--- N, }:

* Generate a binary pseudorandom sequence of length N, w,=[w,, w;, - w,, ]

where each element Wn ie,ne{l,2,---,N, },1s drawn from the binary set {-1, 1}

following the uniform distribution.
-39
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Figure 3.4. Examples of random excitation signals. (a) random excitation signal wi(t) and

(b) random excitation signal wy(t)

* Convolve every element of the sequence w; with the base signal of a half-cycle sine
wave at the nominal frequency of f,.
= Repeat steps 1 and 2 for each j-th element in the array.
We can now define the proposed excitation signals w;(¢), coded with random sequences w ,

in (5) as follows:
w,(t) = Zw u(t-T(2n-1)/2), (19)

where u(t):= Acos(2x fct)l_[(t /T ) is the half-cycle base signal; H(l /T ) is the rectangular
signal which is equal to 1 inside the interval [—T /2, T/ 2] and 0 otherwise; 27 =1/ f, 1is
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Figure 3.5. Simulated ultrasound signals of two point scatterers with lateral separation of

0.5 mm: when only two array elements transmitted random signals.
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Figure 3.6. Simulated ultrasound signals of point scatterers with lateral separation of 0.5

mm: when all 128 array elements transmitted random signals.

the period of the base signal; A is the amplitude. Ideally, we want excitation signals to be
completely random which would make spatial responses even more incoherent; however, a
rapid oscillation of excitation signals can potentially be damaging to the piezo-electric crystals.

Therefore, we smoothed the sequences w; using a sine wave as given in (19). The duration

of excitation signals can be controlled by either changing the frequency f, of the sine wave
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or the length N, of the binary random sequences w . In our study, we produce excitation

signals with binary sequences of the length N, =13 and the nominal frequency f, =3 MHz.

This gives excitation signals with 4.5 us duration. For example, we set the random sequences

w, for j=L2 as

Wl =(_1’_15_15_19 la 1’_15 13_17_15 1’_19 1) and

W2 =(_17_1:_1a_l> 15_15 19 1’ la_la l) 17 1)3
then, the corresponding random excitation signals are shown in Figure 3.4. Let us consider two

spatial points described by a vector r, =(x,y,z) for k=12 with the coordinates

r,_, =(0.25,0,50) mmand r,_, =(-0.25,0,50) mm.

When we transmit random excitation signals w;(¢) from two array elements, the spa-
tial response of the scatterer at r,_, is shown in blue in Figure 3.5. The spatial response of the

scatterer at r,_, 1is shown inred in Figure 3.5. The shapes of the spatial responses are a direct

result of the constructive and destructive interference that occurs between the transmitted ran-
dom excitation signals.

By increasing the number of transmitted random signals w,(¢)for je{l,2,---, N}

we can further reduce the correlation between two different adjacent spatial points. With Eq.

(13), the coherence x between any two column vectors g, and g, can be measured. Simi-
larly, we measure the coherence of a random excitation signal w;(¢#) and w,(¢—7) adelayed

random excitation signal w,(¢), i.e.,
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J e w, (O)w, (¢t —7)dt

0

j w, (1) dt j w, () dt

(W), w,(t—7)) = (20)

where N, T is the duration of each excitation signal w,(#), and 7 is the difference between
the arrival time of the signal w,(¢#) and thatof w,(#) atthe observation point r, . The arrival
time-delay 7 shall depend upon the difference of total distance the wave has traveled. Thus
delay 7 depends on the spacing ||r1 —r2|| between the transducer elements. When the more

number of array elements are used to transmit the proposed random signals, the more random
the interference pattern becomes, and the more incoherent the spatial responses of the relevant

point scatterers become. For example, we let N, =128, and use all 128 elements to emit ran-
dom signals w,(z) forall je{l,2,---,N,}.Then, the spatial response of the scatterer at r,_,

is shown in Figure 3.6. in blue. The spatial response of the scatterer at r,_, is shown in red.

In this particular case, the mutual coherence (13) of the two impulse responses equals 0.04.

3.3.5. Theoretical Resolution

Conventional ultrasound systems that use delay-and-sum beamforming are diffraction-
limited. The diffraction resolution limitis A/2, [5]. According to [7], the best lateral resolu-
tion of conventional ultrasound systems is one wavelength A of the transmit pulse. For typi-
cal frequencies in the range of 3—15 MHz, the lateral resolution corresponds to 0.5 mm to
0.1 mm. The best axial resolution is two wavelengths 24 [7]. For typical frequencies in the
range of 3—15 MHz, the axial resolution corresponds to 1.0 mm to 0.2 mm.

In our approach, the resolution limit is the grid size d, a real-valued scalar. We aim

to minimize d while having the maximum correlation g remain to be small. If the grid size
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d is set too small, the coherence g of a transmission matrix will be high, thus making it
difficult to reconstruct the image f; Given a set of excitation signals {wj ®):j=12,-, er}

and areceiver element i€ {l,2,---,N, }, we can obtain the transmission matrix G, and find
the smallest distance d subject to sufficiently small mutual coherence u of G,, ie.,
1 <0 . Thus, the resolution limit of the proposed method is closely related to the optimization

problem (10). The maximum achievable resolution d is then formally given in terms of the

mutual coherence (13) of the matrix G, as
d = min u(d) st pu<8 (21)

where ¢ >0 is a utility parameter of a positive real number. For example, when the distance
d between two point scatterers decreases, the value of the coherence x will naturally in-
crease because the phase shift between the transmitted random signals at two spatial points will
become less and less noticeable. The theoretical resolution of the proposed method is not lim-
ited by the diffraction, but rather by the coherence of the matrix G, . The coherence of the
transmission matrix describes the correlation between spatial responses of point scatterers.
Therefore, we identify the tradeoffs that exist between the achievable image resolution (the
distance d separating the scatterers on the virtual grid) and the coherence of the matrix G, .
In Section 3.3.4, we have discussed that a more complex wavefront of random inter-
ference can be used to reduce the coherence of a transmission matrix and thus improve image
resolution. Likewise, the coherence of the matrix G, depends on the nominal frequency and
length of pseudorandom sequences. It would be too difficult to obtain the optimal solution

based on all possible combinatorial variations of these parameters. We now want to discuss
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how we have found the excitation signal set {wj ®):j=12,--, er} and maximum resolution

d . To diminish the complexity, we have devised a reduced complexity setting. Under this set-
ting, calculation of the mutual coherence is done only for a reference set of the lateral point
scatterers. Over this reference set, the optimization in (21) is performed for a certain selected
o . We refer to this as g, the local coherence. There are several reference sets we have tried.
Welet 6 =0.35 and aim to find the minimum grid size. The optimal reference set is the lateral
point scatterers which are separated by 0.25 mm and located at the depth of 50 mm. On this set
of lateral points, the proposed set of excitation signals, the proposed nominal frequency, and
the length of the pseudorandom sequence has been found. They are the nominal frequency of

f. =3 MHz and the length of the pseudorandom sequence of N  =13. We further discuss
how these parameters are related to each other. We let the speed of sound ¢, =1540 m/sec
and the sampling frequency f, =40 Msamples/sec. The grid size of d =0.25 mm is ob-
tained from 4, for o =0.35.The local mutual coherenceis x, =0.3 and the mutual coher-

ence is u=0.79. Any excitation signals generated with the same parameters would produce

the desired effect of random interference and can be used to reconstruct high-resolution images.
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Chapter 4

Research Equipment

In this chapter, we provide a detailed description of the research equipment, a step-by-
step guide to control the ultrasound scanner. The content of this Chapter is organized as follows:
=  We describe the parameters of our ultrasound research scanner and a linear transducer
array.
=  We provide a step-by-step guide that shows how to control the scanner using a control
panel and a system control script.
= We provide instructions to generate system-control-script, explain which parameters
accessible for control, and methods to generate a script.
=  We provide an overview of data acquisition procedures, measurement tests, and cali-

bration techniques.

4.1. Research Ultrasound Equipment

In our experimental study, we use a research ultrasound scanner capable of generating

the proposed ultrasound wavefront of random interference. The ultrasound research scanner is
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Second display

Touch screen — =—

Control panel

Keyboard

Figure 4.1. Image of the experimental setup.

a COSMOS research unit developed in collaboration with Alpinion Medical Systems. The im-
age of the research scanner is shown in Figure 4.1. The scanner consists of a display, a control
panel with a touch screen, an ultrasound probe, front-end electronics, and a computer system
that serves as a digital back-end. The control panel provides the ability to view and change
system settings. The display shows an US image and scanner’s parameters (central frequency,
imaging depth, power of US pulse, gain compensation, imaging depth, focusing points, gray-
scale bar). The block diagram of the scanner is shown in Figure 4.2. The parameters of the
scanner can be controlled using a research interface and a system-control-script (Matlab file).
System-control-script contains instructions for each instance of transmission (Tx) and recep-
tion (Rx) events. The system-control-script can be generated using a Python script, see Section
4.3. To achieve our research objective, the scanner was equipped with a special module called

Arbitrary Wave Generator (AWG). The AWG has a dedicated memory that is used to
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Figure 4.2. Block-diagram of research scanner.

(b)

Figure 4.3. Transducer and dimension of the piezoelectric elements; a) height, b) width, and

c) separation of elements.

store the proposed random excitation signals. The memory can store an array of size
128x2048 of eight-bit data where each row is assigned to the corresponding transmitting el-

ement of the transducer array. We use a linear transducer array that has 128 identical piezo-
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Figure 4.4. User interface — main display.

electric elements. The array elements are 4.5 mm high, 0.3 mm wide, and the elements are
evenly separated from each other with a 0.03-mm gap. The image of the transducer array is

shown in Figure 4.3.

4.2. Operating Instructions

To start the ultrasound scanner, press the On/Off button in the top-left corner of the
control panel. The research scanner by default will boot into be Windows embedded operating
system (OS). Once Windows is live, launch the "E-cube 12" ultrasound program from the start
menu. After a few seconds, a window of the program and US image will be shown on the main
display, see Figure 4.4. The user interface (UI) will be shown on the touch screen, see Figure

4.5. From "2D tab", on the touch screen, we can change ultrasound pulse and other parameters.
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Figure 4.6. Research system controls (UI — touch screen).
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Figure 4.8. Script controls (UI — touch screen).
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From the "Research tab", on the touch screen, we can execute a system control script that con-
tains instructions for each Tx and Rx instances. To launch the scanner in research mode, first,
navigate to the "Research tab" and select a preferred type of data to be exported. Then press
the "Open Script" button to navigate to the folder containing a script and execute the system-
control-script by pressing the "Run" button, see Figure 4.6 and Figure 4.7. After executing the
system control script, the main window of the scanner will change to research mode and the
scanner will display the image according to the Tx and Rx instruction, see Figure 4.8. The
scanner follows instruction in the system-control-script and acquires RF data in a loop cycle.
The data is stored in the buffer and overridden with the beginning of a new loop. To stop the
acquisition, press the "Freeze" button. Then the RF data from the buffer can be saved by press-
ing the "Export" button on the touch screen, see Figure 4.6. Next, we explain the structure of

the system control script.

4.3. System Control Script

The research ultrasound scanner operates in a loop cycle of transmitting and receiving
instances. The cycle loop starts from 0 and continues until value N which depends on the
amount of data stored in the buffer. Each instance of the loop cycle is defined in the system-
control-script. The main parameters in the system-control-script are a transmit waveform (Tw),
a configuration of the transmit array (Tx), and a configuration of the reception array (Rx). In
this section, we use ltalic fonts to refer to code syntax.

An example of a system-control-script is given in Figure 4.9, where, in line 2, we

define one transmit waveform 7w by defining a set of excitation sequences using a 128x2048

-52 -



1 # Transmit waveform structure
2 tw_num = 1
excitation_seq = np.transpose (f['excitation signals c'])*1

5 Tw = SysLib.init ocbject ("Tw"
Hfor i in range(0, tw_num,
va-,[i] [";' v e
Tw[i] [’
5 Twlil['
10 Twlil['
I Twl[i]['
Tw[i] ['ax
Tw[i] ["

ones (128)
= rand_wave

= L D

Figure 4.9. An example of transmit waveform Tw defined in a script.

1 # TX structure array
2 tx nmum = 125

elementCnt = System['
4 spacing = System['Tx

Tx = SysLib.init object ("Tx",tx num)
7 Hfor i in range{0, {tx num-1),1):

T i) [V ! ;

Tx[i][ I =0
1t Tx[i]1[ =0
11 Tx[ill
12 Tx[i]1[ ones (transNumElement)
13 T=[i]1[ SysLib.computeTXDelay (Tx[0] ,System,Parameter[0])
14 Tx[i][ rlF'] = 1
15 T=[i]1[" 1 = ones{128)
16 L Tx[i1[" e'][1] = zeros(l)
17 Tx[128]['t

18 Tx[128] [ '«
19 T=[128

ones {transNumElement)
SysLib.computeTXDelay (T=[0] ,System,Parameter [0])
IF'] =1

zeros (128)

Figure 4.10. An example of transmit instance Tx defined in a script.

array excitation_seq. In the conventional ultrasound, a sine chirp is used to excite all the array
elements. In the proposed Random Interference method, the rows of excitation seq array are
random excitation signals. We discussed methods to generate excitation signals in the next

section 3.3.4.
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1 # Bx controls
2 numFrames = 155

acgNum = 2

Rx = SysLib.init cbject("Rx",kZ2)

Hfor i in range (0,
il | Bx[i]['acgNum'] = acgNum
a0 | Rx[i] [’ 0
= i Rx[i1[" ] = numFrames
10 | Rx[ill[' D
T3 | Rx[i]1['c ent'] = 32 + (64%i)
[l L Bx[il['= = SysLib.computeRXAperture {Ex[i],System[' Transducer

)

Figure 4.11. An example of receipt Rx instance defined in a script.

1 # Specify Rx buffer

numFrames = 155

4 acgNum = 2

index = 0

RevBuffer = SysLib.init object ("RcvBuffer", acgNum*numFrames)
Efor i in range (0 ,numFrames, 1) :
E for j in range(0,acgNum, 1) :
| RovBuffer[index] ['ir 3
RcvBuffer[index] [’
RevBuffer[index] ['frameNo'
13 L index = index + 1

Figure 4.12. An example of buffer defined in a script.

In Figure 4.10, we define 128 instances of 7x, where twNo in line 8 refers to the
wavefront 7w that was defined earlier. The script assigns a set of the same excitation signals to
all Tx-instances. In line 15, Tx/ i /['aperture'] = ones(128) indicates that all elements in the
array are inactive. In line 16, we change the status of i-th element of the array to 0, which
indicates that at i-th 7x-instance only i-th element of the array emits i-th excitation sequence

from twNo (It is counterintuitive but 0 was assigned to indicate the Turn-On state of the array

element by the developers.)

In Figure 4.11, we define 155 frames of data. Each frame consists of 2 acquisition
events acgNum and two configurations of Rx arrays. The research systems allow to

simultaneously record up to 64 Rx channels. In Figure 4.10, line 11, we define how to organize
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1 # Seguence structure array

index = 0 # Segltem number

Hfor i in range (0,numFrames,1):
5 E for j in range(0,acgMNum,1i):
Al if 4 > tx num =1
Segltem[index]['t
Seglitem[index] [
Segltem[index]['L .
Segitem[index] ['ctrliNao'
11 5 index = index + 1
12 H else:
13 SegItem[index] ['txNo'
14 Seglitem[index][
Segltem[index]['E
16 SegIitem[index]['c
17 index = index + 1

izg
J
= acgNum*i+j

acgNum*i+]
0

Figure 4.13. An example of buffer defined in a script.

ultrasound data in the frame. The originElement variable is used to determine which half of the
array is used during the Rx instance.

In Figure 4.12, we define a buffer to store ultrasound data for each Tx/Rx instance.
The code in Figure 4.12, is used to assign buffer index to each combination of acgNum and
numFrames.

In Figure 4.13, we collect 7w, Tx, Rx, and RcvBuffer into a sequence structure Seqltem
which is then stored as a Matlab file. Then, we can upload a Matlab file to the scanner to acquire

ultrasound data.

4.4. Data Acquisition and Test Measurements

In previous sections of this Chapter, we discussed how to use and control ultrasound
equipment via system-control-script. The system-control-script allows us to design a custom
pulse-echo acquisition mode by defining transmit and reception arrays. We now discuss our
experimental setup and procedures used to acquire and calibrate research data. The image

reconstruction scheme of the proposed interference-based imaging requires a priori
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(a) Plastic plane (b) Metal rode (c) Plastic sphere

Figure 4.14. Experimental setup three different targets: a plastic plane mounted on metal

frame, a metal rode, and a plastic sphere.

information consisting of the spatial impulse responses. In the simulation study, the spatial
impulse responses can be easily generated using numerical calculations. However, simulated
spatial impulse responses are not suited to reconstruct an image from experimental ultrasound
data. Simulated spatial responses do not accurately represent the actual spatial responses in the
real experiment. We propose to generate spatial impulse response using measured in the water
tank excitation signals. Here, we study how to obtain accurate measurements of the excitation
signals and whether these measurements can be used to generate transmission matrices. We
recognize that spatial responses can be synthesized as a superposition of excitation signals. In
order to maximize the accuracy of such spatial responses, we use measure excitation signals in
the water tank. In Figure 4.14, we use a water tank experiment to measure echo signals reflected
off a plastic plane, a metal rod, and a small plastic sphere. In Figure 4.15, we use a proposed
wavefront of random interference and three targets (a plane, a rode, a sphere) to measure

reflected echo signals using the linear transducer. The signals shown in Figure 4.15, are
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Figure 4.15. Water tank measurements of echo signal reflected off a plastic plane, a metal

rode, and a plastic sphere.

correlated more than 85% with each other which allows us to conclude that one of the targets
can be used in synthesizing spatial impulse responses for transmission matrices G, € R"*"
(9). We explain procedures used to obtain transmission matrices for experimental setup in

Section 5.2.1.

In our experiments, we use a water tank setup shown in Figure 4.16, where a linear

transducer is mounted on a clamp stand with a hydrophone pointing towards the surface of the
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(a) Transducer
probe

Translation
stage

Figure 4.16. Experimental setup with a hydrophone.

transducer. The hydrophone is mounted on a two-dimensional translation stage which allows
us to perform manual measurements in the plane parallel to the surface of the transducer. The
hydrophone is HGL-series Golden Lipstick Hydrophone developed by Onda Corp. Figure 4.16,
shows the transducer and hydrophone submerged into a water tank. We use this setup to

measure an ultrasound beam profile of a single array element.

-58 -



Chapter 5

Simulation and Experimental Results

In this chapter, we present simulation and experimental results; we use several
phantoms to verify the proposed method. The proposed method shows much better image res-
olution when compared to the conventional methods that use delay-and-sum beamforming
techniques. In the simulation, we have achieved a 0.25-mm resolution on non-sparse objects.
In the experiment, we demonstrate successfully reconstructed images of a tissue-mimicking

phantom.

5.1. Simulation Study

The simulation was performed using Field II ultrasound software [36][37][38]. A lin-
ear transducer with 128 elements was simulated where each array element was excited with a
random signal as described in Section 3.3.4. In the simulation, we defined a transducer array
similar to the transducer array that was available for experimental study. The elements of the
transducer array were 4.5 mm high and 0.3 mm wide, and they were separated by 0.03-mm
gaps. The central frequency and sampling frequency were set to 3 MHz and 40 MHz, respec-

tively. The ROI was set from 35 mm to 55 mm in the axial direction and from —10 mm to
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Figure 5.1. Simulation study using a two-point phantom. The phantom features two point
targets that are 45 mm from the transducer array with a 0.25-mm separation in the lateral
direction between the targets. (a) Image of the scatterer map; (b) image of the focused B-
mode method; (c) image of the proposed method. (d) The ultrasound signal acquired at the
single receiving channel is plotted in blue; this signal consists of the superposition of im-
pulse responses that correspond to two point targets. The red plot is the reconstructed signal
using the interference-based method. (e) Plot of the intensity profiles of the original image,
focused B-mode image, and the image obtained using the proposed method. Images are

shown with a 60 dB dynamic range.

10 mm in the lateral direction. Synthetic phantoms were defined on a virtual grid with a reso-
lution of d =0.25 mm. This gave us a square image with 81 points in the axial/lateral direc-

tions and N =6,561 point scatterers. The speed of sound is again set to ¢, =1540 m/s. The
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density of the phantom is set to D =1000 kg /m’ . The acoustic impedance is equal to

Z =1.54x10° kg /(m*-s) . The frequency-dependent attenuation around 3 MHz is
0.5 dB/(MHz-cm) . The simulation study was performed using a small ROI due to the exten-

sive time required to generate transmission matrices.

5.1.1. Image Reconstruction — Compound

First, we simulate a synthetic phantom with two closely placed point targets as shown
in Figure 5.1. Two-point scatterers are placed at a depth of 45 mm with 0.25-mm separation in
the lateral direction. The scatterer map is as shown in Figure 5.1(a). We show a side-by-side
comparison of the images obtained using the conventional focused B-mode method and the
proposed interference-based method. Figure 5.1(b) shows the image obtained using the focused
method. The image was reconstructed using 128 scanlines with the focal point set to 45 mm in
the axial direction. With the B-mode method, two-point targets appear with sidelobes and can-
not be resolved from each other. However, with the proposed method, we can reconstruct the
image of the two points as shown in Figure 5.1(c). The location and intensity of reconstructed
scatterers precisely match the scatterer map. Moreover, the radio frequency (RF) signal ac-
quired at a single channel (in blue) and a signal reconstructed using the proposed method (in
red) perfectly match as shown in Figure 5.1(d). The RF signal is a superposition of the impulse
responses of the two-point scatterers. Therefore, a correct combination of impulse responses,
which corresponds to our targets, has been found. In Figure 5.1(e), we plot the intensity profiles
taken at the 45-mm position of the scatterer map (blue), its B-mode image (yellow), and the

image reconstructed using the proposed method (red). Figure 5.1(e) shows that the proposed
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Figure 5.2. Simulation study using the Shepp—Logan phantom. (a) Original phantom image;
(b) reconstruction using the focused b-mode method; (c) reconstruction using the interfer-

ence based method. Images are shown with 60 dB dynamic range.
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Figure 5.3. Intensity profiles from the Shepp—Logan phantom study. Image intensity pro-
files are taken at 45 mm in the axial direction. Blue color indicates intensity profile of the
original scatterer map. Orange color indicates intensity profile of focused B-mode, and red

color indicates intensity profile of interference-based method.
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(b)

Figure 5.4. Simulation study on dependence of image quality on the number of receiving
elements. (a) original image of the Shepp—Logan phantom. (b)-(h) represent corresponding
ultrasound images when different numbers of receiving elements are used. The details of
different array configurations are given in Table I. Images are shown with 60 dB dynamic

range.

method can recover the exact position and amplitude of the point scatterers, whereas the scat-
terers are not distinguishable in the conventional B-mode method.

In Figure 5.2, a Shepp—Logan phantom is used to evaluate the reconstruction perfor-
mance of the proposed method on non-sparse objects. The phantom consists of a large number
of scatterers of varying intensities, as shown in Figure 5.2(a). The image obtained with the
conventional focused B-mode method is shown in Figure 5.2(b). The image is blurred; in par-
ticular, the details inside the circle are not visible. In the proposed interference-based method,

the image contains accurate details of the phantom structures where the phantom boundaries
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and inner circles are clearly identifiable, as shown in Figure 5.2(c). Moreover, the contrast in
the image is much closer to that of the original phantom image. The image of the proposed
method in Figure 5.2(c) shows that the overall details and contrast are much better than the
image obtained using the conventional beamforming based methods.

To demonstrate the proposed method’s accuracy, we plotted the intensity profiles of
the Shepp—Logan phantom at 45-mm depth, as shown in Figure 5.3. The intensity profiles for
the scatterer map, the focused B-mode method, and the interference-based method are shown
in blue, yellow, and red, respectively. In Figure 5.3, we can observe that the focused B-mode
fails to provide details for the phantom’s boundaries. Due to the sidelobes, the intensity profile
of the scatterers inside the phantom does not match that of the scatterer map. In Figure 5.3, the
proposed method can reconstruct the phantom image with high accuracy. The image of the
proposed method in Figure 5.2 shows that the overall details and contrast are much better than
the image obtained using the conventional beamforming based methods.

Using a single transmission of the proposed wavefront of random interference, we can

reconstruct up to 128 images f;, one for each receiving element ie{l,2,...,N, }. To achieve

high spatial resolution, we compound together all 128 images f; as given in (12). In addition

to the resolution improvements, we are interested in evaluating the dependency of the image
quality given a different number of compounding images. The results are shown in Figure 5.4.
We consider seven different configurations for the receiving array; Table I summarizes the
details of proposed array configurations including information about the total number of active
elements in the receiving array, mean squared error (MSE), peak signal-to-noise ratio (PSNR),
and signal-to-noise ratio (SNR). The results of MSE, PSNR, and SNR are given with respect

to the original Shepp—Logan phantom shown in Figure 5.4(a). For example, the image shown
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Table 1.1 Dependency of Image Quality On The Number of Array Elements

Total number of

Name MSE PSNR [dB] SNR [dB]
elements
(a) Original phantom
image
(b) All elements
128 0.0158 17.99 5.60
of the array
(c) Every 3rd element
43 0.0162 17.90 5.51

(d) Every 5th element

26 0.0164 17.86 5.47
(e) | Elements in the interval
69 0.0120 19.21 6.81
[30,98]
(f) | Elements in the interval
49 0.0119 19.23 6.84
[40,88]
Every 2nd element in
(® y 15 0.0122 19.20 6.80
the interval [50,78]
(h) Single element [64]
1 0.0255 15.93 3.54

in Figure 5.4(b) was compounded using 128 images. The image provides clear details of the
synthetic phantom. The image shown in Figure 5.4(g) was reconstructed using only 15
receiving array elements. Table I shows that MSE becomes smaller when a subset of elements
in the middle of the array is used. According to the MSE, we conclude that fewer receiving
elements are sufficient to achieve image resolution similar to Figure 5.4(b). This phenomenon
can be explained by the acceptance angle of the array elements. The effect of random interfer-

ence depends on the number of interfering waves. Thus, the random interference is stronger in
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Figure 5.5. Simulation results: (a) scattering map of a Shepp—Logan phantom; (b) an image
reconstructed using conventional focused B-mode; (c) an image reconstructed using syn-
thetic aperture beamforming; (d) an image reconstructed using previously proposed inter-
ference-based compound reconstruction method; and (e) an image reconstructed using the

proposed interference-based joint image reconstruction method.

the center of the ROI. As a result, we observe fewer errors when reconstructing images using
RF-data from elements in the middle of the array. Similarly, the PSNR and SNR improves as
we increased the number of reconstructed images used to obtain a compound image (12), see
Table I. Besides, we would like to emphasize that in the simulation study, the proposed method

can reconstruct a 2D image from a single receiving element, the image is shown in Figure
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5.4(h). The image is corrupted by noise artifacts; however, strong reflecting points such as the

boundaries of the phantom have been reconstructed correctly.

5.1.2. Image Reconstruction — Joint

In Figure 3, we provide a side-by-side comparison of different reconstruction methods.
The scattering map of the phantom is shown in Figure 5.5(a). In Figure 5.5(b), we show an
image reconstructed using a conventional focused B-mode method. The image was recon-
structed using 128 scanlines. The focal point was set to 45 mm depth. The image of the phantom
appears with large sidelobes and the details of the phantom cannot be properly reconstructed.
In Figure, 3(c) we show an image reconstructed using synthetic aperture imaging provided in
the “Beamformation toolbox™ [46]. The image was simulated using 65 emissions and beam-
formed with 180 lines. In Figure 5.5(d), we show an image reconstructed using the interference-
based compound method proposed in [23]. The reconstructed image features a more accurate
location and intensity of the scatterers that precisely matches the original scatterer map of the
phantom image. However, in the case of the compound method, the image in Figure 5.5(d) is
corrupted by noise from the compounding operation. The presence of noise affects the visibility
of small elements of the phantom at a lateral distance of 0 mm. In Figure 5.5(e) we show an
image reconstructed using the proposed joint image reconstruction scheme. The proposed joint
reconstruction scheme allows us to successfully reconstruct a high-resolution image of the
phantom. Figure 5.5(e) shows an image obtained using the proposed joint image reconstruction
scheme. The image in Figure 5.5(e) has accurate spatial and contrast resolutions. The noise
specific to the image in Figure 5.5(d) was eliminated, and the small details of the phantom at a

lateral  distance of 0 mm are accurately reconstructed. @ The  image
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Table 1.2 Mean-squared error (MSE), peak signal-to-noise ratio (PSNR), signal-to-noise
ratio (SNR), and structural similarity index (SSIM) values for conventional and proposed

imaging methods.

Method MSE PSNR SNR SSIM
1. Conventional focused
0.328 4.84 -0.826 -0.104
B-mode
2. Synthetic aperture
0.153 8.16 2.5 0.163
beamforming
3. Interference-based
0.0243 16.0 10.5 0.897
Compound method
4. Interference-based
0.000469 333 27.6 0.998
Joint reconstruction

reconstructed using the newly proposed method exhibits less speckle noise and a more accurate
representation of small components of Shepp—Logan phantom. We compare the results from
the Shepp—Logan phantom study in Table 1.2. The proposed interference-based joint recon-
struction method, among all methods, has a lower MSE, higher PSNR and SNR, and extremely

high value for SSIM.

5.2. Experimental Study

In the previous sections, we described the details of our simulation study. In this sec-
tion, we analyze the obtained results. To verify our proposed method, we developed a research
ultrasound system capable of generating the proposed ultrasound wavefront of random

interference. The ultrasound system is a COSMOS research unit developed in collaboration
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Figure 5.6. Raw RF data acquired during a real phantom experiment. Each line corresponds
to a single RF signal acquired using one of the 128 array elements when all of the array’s

elements were simultaneously excited with the proposed random excitation signals.

with Alpinion medical systems. The system features a linear transducer array with 128 piezoe-
lectric elements and a central frequency of 3—12 MHz. The array elements are 4.5 mm high and
0.3 mm wide, and the elements are evenly separated from each other with a 0.03-mm gap. The
sampling frequency is set to 40 MHz and the frequency of the transmitted ultrasound wave is
3 MHz. All parameters in the experimental study were set to reproduce our simulation protocol.
The system is equipped with an arbitrary wave generator (AWG) to enable the transmission of
random signals. The AWG has a dedicated memory that is used to store random excitation
signals for every transmitting channel. The memory can store an array of size 128x2048 of
eight-bit data where each row is assigned to the corresponding transmitting element of the

transducer array.
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Figure 5.7. Raw RF data acquired during a real phantom experiment. Comparison of the RF
signals acquired using 64-th element of the array. The RF signal acquired using the conven-
tional focused B-mode method is plotted in black; the sampled RF signal features strong
reflections from nylon wires at 1, 2, 3 and 4 cm depths, respectively. The RF signal acquired
at the 64-th element of the array using the proposed interference-based method is plotted in

blue; the sampled RF signal features strong echo reflections across all time samples.

In this experiment, we use a commercially available phantom CIRS Model 040GSE.
The phantom is made of a solid elastic hydrogel that mimics the properties of human tissue. To

demonstrate differences between the conventional beamforming-based method and the
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Figure 5.8. Analysis of the bandwidth of echo signals. a) bandwidth of echo signal acquired

using conventional focused B-mode, b) bandwidth of echo signal acquired using random

interference method.
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proposed interference-based method, we first provide a side-by-side comparison of RF-data.
The transducer array was aligned such that the 64-th element of the array was perpendicular to
the vertical distance group consisting of nylon wires. All elements of the transducer array are
simultaneously excited with the proposed random excitation signals which yield an incident
wavefront of random interference. In Figure 5.7, we provided a side-by-side comparison of
echo signals acquired at 64-th array element using the conventional beamforming-based
method and the proposed interference-based method. Figure 5.7 shows the fundamental differ-
ences between the two methods. The echo signal acquired using a beamforming-based method
is shown in black in Figure 5.7. The signal features strong echoes reflected from the nylon
wires at corresponding depths of 1, 2, 3, and 4 cm respectively. The echo signal acquired using
the proposed interference-based method is shown in blue in Figure 5.7. Due to the use of the
unfocused transmission of random excitation signals, the signal shown in blue in Figure 5.7
features multiple reflections from different spatial directions. Note that in the case of the pro-
posed method, the strength of the echo signals is comparable to the level of the strength of echo
signals in the conventional beamforming-based method. The transducer array was aligned such
that the 64-th element of the array was perpendicular to the vertical distance group consisting
of nylon wires. All elements of the transducer array are simultaneously excited with the pro-
posed random excitation signals which yield an incident wavefront of random interference. The
full set of array signals acquired during a single transmission of random excitation signals is
shown in Figure 5.6.

In Figure 5.8, we analyze the bandwidth of the RF signals previously shown in Figure
5.7. In Figure 5.8(a), we show the bandwidth of echo signal acquired during transmission of

conventional focused pulse, the energy of the signal occupied 10.3 MHz bandwidth. In Figure
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5.8(b), we show the bandwidth of the echo signal acquired during transmission of the wavefront
of random interference, the energy of the signal occupied 16.6 MHz bandwidth. The difference
in the bandwidth is noticeable and explained by the fact that the echo signal in the proposed
random interference method is a mixture of echoes reflected from all directions. In this case,

we believe that signal with higher bandwidth carries more information about the object.

5.2.1. Transmission Matrices — Experimental Study
In this section, we provide a description of procedures to generate transmission

matrices G, used in the real phantom experiments. The direct method of obtaining spatial

responses for the experimental study would be using a hydrophone with a translation stage.
However, it is a time-consuming and error-prone method because a hydrophone has to be
perfectly aligned with a large number of different spatial points. Therefore, we propose an
alternative method of obtaining spatial responses. We first measure the echo signals of the
random excitation signals reflected from a plastic plane in a simple water tank experiment setup.
Then, we generate approximations of spatial responses as the sum of delayed versions of meas-
ured random signals. Next, we describe a step-by-step procedure used to obtain transmission
matrices G;s for ie{l,2,---,N, }.

First, the linear transducer array was aligned perpendicular to the plastic plane, which
was placed at 4-cm depth in a water tank. We assigned random excitation signals (19) to all
array elements. Next, in a series of pulse-echo transmissions, we activated one by one each
transmitting element and measured the ultrasound wavefront reflected from the plastic plane.
We used the same transducer array to record the reflection of the plastic plane echo signals. Let

A bean M xN, xN, three-dimensional real-valued matrix where M is the total number
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Figure 5.9. Echo signals of the proposed excitation signals measured in the water tank ex-
periment for the corresponding pair of transducer elements (j,i). Only the first j = 1 trans-
mitting element were activated; all Nrx receiving elements were used to receive the echo

signals

of signal samples, N.

. 1s the number of transmitting elements, and N, 1s the number of

receiving elements. A[s, j,i] denotes the (s, j,i) component of an array A for each
se{l,2,--- .M}, je{l,2,--,N,} , and ie{l,2,---,N, } . Fixing one variable, i.e.,
A[M,j=1,N, ] notation, is to means a two-dimensional matrix of the matrix A.

In Figure 5.9, we show the echo signals acquired when only j=1 element emitted a
random signal w,(¢). The echo signals were normalized and aligned by applying time-delays.

We arranged the measured echo signals into a three-dimensional matrix A . Then,
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Figure 5.10. Echo signals of the proposed excitation signals measured in the water tank
experiment for the corresponding pair of transducer elements (j,i). Each transmitting ele-
ment j was assigned with a unique random excitation signal. The transmitting elements were

activated one by one. The receiving element i = 1 is used to record echo signals.

A[M,j=1,N, ] corresponds to a two-dimensional matrix M x N, with each column rep-

resenting an echo signal as shown in Figure 5.9. These echo signals exhibited a very small
variation and that the shape of the reflected echo signals was identical. We measured echo
signals individually for every pair of transmitting and receiving elements. The echo signals of

the matrix A[M, j=1,N, | areshown inFigure5.9. Similarly, A[M,;j=2,N, ] wouldrep-
resent echo signals acquired using all N, =128 receiving elements when only the second

j =2 element transmits the random excitation signal w,(#). Likewise, Figure 5.10. shows the
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Figure 5.11. The delayed echo signals of the proposed excitation signals measured in the
water tank experiment for the corresponding pair of transducer elements (j,i) and the spatial

point at r.

matrix A[M,N,

)

i =1] that corresponds to the echo signals acquired using the receiving ele-
ment i=1 when all je{l,2,---,N,} elements individually transmit a corresponding ran-
dom signal w; (7).

Let B be an N, xN, two-dimensional real-valued matrix. B[j,k] denotes the
(J,k) component of B for each je{l,2,---,N,} and ke{l,2,---,N,}. Next, we define
ROI as a two-dimensional virtual grid, shown in Figure 3.3. We use Hrj -, H to find the dis-

tance information from every array element to every spatial point on the virtual grid. We ar-

range distance information into the matrix B . Using the matrix B, we can calculate the time
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Figure 5.12. Illustration of how a subset of spatial points is selected using acceptance angle

of the array element.

required for a transmitted random signal to travel to the spatial point and return to the receiving
element. Then, we can find the spatial impulse response of the spatial point at r, by applying
the corresponding time-delay from the matrix B to the measured echo signals in the matrix
A ; the delayed echo signals of corresponding random excitation signals are shown in Figure
5.11. Then, the spatial impulse response g, is found by summing and normalizing the delayed
versions of measured random excitation signals. We repeat this procedure for every spatial
point k& inthe ROIL We use the procedure described above to generate the matrix G, for our
real phantom experiment.

The elements of the transducer array have acceptance angles, and not all spatial points

contribute to the echo signal received by the i-th transducer element. Therefore, in (9), we
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use a submatrix of G, and subset of f that represents only point scatterers within the ac-

ceptance angle of the receiving element. For example, in Figure 5.12, we show the acceptance
angles for channels 1 and 64.

In summary, we share different approaches used to generate transmission matrices for
our experimental study. In the beginning, we have attempted to reconstruct an image of the real
phantom using transmission matrices from the simulation study. However, the limited
bandwidth of the transducer means that simulated spatial responses do not accurately represent
the actual spatial responses in the real experiment [54]. Thus, the resulting reconstructed
images have suffered from low resolution. Also, we considered using a wire and a point target
instead of a plastic plane. However, it was difficult to measure the responses of the excitation
signals throughout the whole experiment. Since the target object is small, it reflected a weak
noisy signal. To obtain consistent measurements, besides, a smaller target has to be much more
precisely aligned with the transmitting array element. A high precision alignment was difficult
to be achieved in our experimental setup because transducer elements are separated by a very

small distance of 0.03-mm and embedded in a closed housing.

5.2.2. Experimental Results — Compound

The sampling frequency is set to 40 MHz and the frequency of the transmitted ultra-
sound wave is 3 MHz. All parameters in the experimental study were set to reproduce our
simulation protocol, Section 5.1.

In this experiment, we use a commercially available phantom CIRS Model 040GSE.
To demonstrate that the proposed interference-based method improves spatial resolution, we
have selected two regions of the phantom. The ROI spans 55 mm in the axial direction and 40
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mm in the lateral direction. The resolution of the virtual grid was d =0.25 mm. This gave us

an image with N, =38,801 point scatterers. In the simulation study, the images are recon-

structed using RF-data from one pulse-echo transmission of random signals. In the experi-
mental study, the images are reconstructed using RF-data acquired using ten pulse-echo trans-
missions due to strong acoustic noise and attenuation. In each pulse-echo transmission, we use
a different set of randomly generated signals. In total, we reconstruct and compound together
1280 images. On a standard computer with Intel Core 17-6800K CPU and NVIDIA GTX 1060
GPU using a single thread, one image is reconstructed in approximately 4 seconds. The final
compounded image is reconstructed in approximately two hours. The RF-data was pre-pro-
cessed using direct current (DC) cancelation and time gain compensation (TGC).

The first region includes vertical/horizontal groups. The images of the first region are
shown in Figure 5.13. The ROI includes eight 0.1-mm-diameter nylon wires and a cyst. The
nylon wires were separated by 10-mm gaps, with the first wire located at 10 mm depth from
the transducer. In Figure 5.13 (a), we show an image reconstructed using the conventional fo-
cused B-mode method with 128 scanlines. In Figure 5.13 (b), we show an image reconstructed
using the proposed interference-based method. The nylon wires in the case of the proposed
method can be clearly observed without sidelobes. Besides, the level of speckle-noise is sig-
nificantly reduced in the proposed method. The image region with cyst target was also accu-
rately reconstructed. The proposed interference-based method is a clear improvement over the
conventional B-mode method.

The second region includes axial/lateral resolution groups; see Figure 5.14. The group
includes twelve 0.08-mm-diameter nylon wires. The wires are separated by 4, 3, 2, 1, 0.5, and

0.25 mm in the axial and lateral directions. The image obtained using the conventional focused
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(b)

Figure 5.13. Experimental results using a vertical/horizontal target groups of the tissue mim-
icking phantom. A side-by-side comparison of the region with vertical/horizontal groups
(a) the image reconstructed using the conventional focused B-mode (delay-and-sum-beam-
forming) method; (b) an image reconstructed using the proposed interference-based

method. Images are shown with 60 dB dynamic range.

B-mode method with 128 scanlines is shown in Figure 5.14 (a). The ultrasound image recon-
structed using the proposed interference-based method is shown in Figure 5.14 (b). A two time
magnified images of axial/lateral resolution groups are shown in Figure 5.14 (c—d). Figure 5.14
shows that the proposed method provides much better details of nylon wires compared to the

conventional method.
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(d)

Figure 5.14. Experimental results using a high-resolution target groups of the tissue mim-
icking phantom. (a) the image reconstructed using the conventional focused B-mode
method (delay-and-sum-beamforming); (b) an image reconstructed using the proposed in-
terference-based method. (¢)—(d) a two time magnified images of the conventional and the

proposed methods. All images are shown with 60 dB dynamic range.

In the proposed interference-based method, the ultrasound images are reconstructed

using a priori measurements of incoherent spatial impulse responses. We demonstrated the
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successful reconstruction of high-resolution ultrasound images, both in simulation and experi-
mental studies. In the simulation study, the proposed method can achieve a resolution of
0.25 mm, which represents a four-fold improvement over conventional beamforming-based
methods. In the experimental study, the proposed method can reconstruct ultrasound images of
0.08-mm-diameter nylon wires. Thus, we have demonstrated that the proposed interference-
based method can improve spatial and contrast resolutions.

In this section, we compare the results of the proposed method with a few recently
published papers. Conventional ultrasound methods require multiple transmissions of the fo-
cused ultrasound pulse. For example, a focused B-mode imaging scheme based on delay-and-
sum beamforming requires approximately 120 pulse-echo transmissions to reconstruct a single
2D image. Each pulse-echo transmission uses up to 128 receiving channels to acquire the RF
signals. This results in a large amount of data being processed in real-time. Therefore, the au-
thors in [30] proposed a sub-Nyquist sampling scheme based on CS to reduce the amount of
data required to reconstruct an ultrasound image. They achieved an eight-fold reduction in the
sampling rate by integrating the beamforming process directly with the low-rate sampling pro-
cess. Likewise, a CS theory was applied to STA imaging in [39] to increase the system’s frame
rate by reducing the total number of required pulse-echo firings. STA imaging requires 128
firings, one for each element in the transducer array. During the reception, all array elements
are used to acquire the reflected ultrasound signals. The full STA dataset consists of 16,384 RF
signals. The authors in [39] proposed a CS-STA algorithm that could reduce the number of
firings from 128 to 32 by combining multiple firings where only 4,096 RF signals were ac-
quired. The CS scheme was used to reconstruct the full STA dataset with the given 4,096 RF

signals. This method achieved four-fold data reduction at the cost required to solve 16,384 CS
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problems. High-frame-rate STA imaging can be achieved if all CS problems are solved in real-
time. Unlike conventional methods that use delay-and-sum beamforming [30][39], the pro-
posed interference-based ultrasound does not use any beamforming techniques. Instead, we can
directly reconstruct the final ultrasound image’s pixel values by finding the correct combina-
tion of impulse responses that are present in the measurement signal. Moreover, the 2D image
can be reconstructed using only ten pulse-echo firings. A CS framework derived from the ul-
trasound propagation theory was described in [40], where a complete ultrasound image can be
reconstructed from the transmission of only a single plane wave. This is by far the most relevant
work to our proposed interference-based ultrasound method. However, it was reported that the
method in [40] could only be used to reconstruct images of sparse objects in the water tank
(that consist of few point scatterers) owing to the high coherence in the transmission matrix. In
our work, we describe the use of random interference that solves the issue of high coherence
in the transmission matrix. Our results show that the proposed method can be used with a tissue-
mimicking phantom. Compressed 3D ultrasound imaging using a single transducer element
that features a coded aperture mask was recently proposed in [48]. The acoustic mask is placed
in front of the transducer and used to disturb the outgoing ultrasound pulse. Ultrasound signals
are acquired at 72 different positions when the coded mask rotates around its axes. The trans-
mission matrix is designed by measuring the spatial impulse responses using a hydrophone and
translation stage. The experimental study demonstrates a 3D ultrasound image of two letters
placed in a water tank. The authors in [48] achieved a very simple imaging modality by replac-
ing the multi-element arrays with a single element transducer. Such an imaging setup can be
used to create a portable ultrasound system. However, in our study, we intentionally used an

array of transducers to generate random interference because arrays are essential in many other
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applications such as Doppler imaging, contrast-agent imaging, and high-intensity focused ul-
trasound ablation. Besides, generating random interference utilizing measured in the water tank
random excitation signals provides greater flexibility for achieving different interference pat-
terns. Furthermore, the mechanical rotation of a physical acoustic lens requires extra time, but
the random interference in the proposed method can be changed quickly by using different
excitation signals. The authors in [43] proposed a super-resolution ultrasound imaging tech-
nique that utilizes a priori measurements of the focused ultrasound pulse in water. Then, the
image is reconstructed by finding the best spectral candidate. The results in [43] are impressive
which have shown practical applications in transmission-mode imaging such as ultrasound mi-
croscopy. Our method is, on the contrary, reflection-mode imaging and hence is more practical

for noninvasive diagnostic applications such as traditional B-mode imaging.

5.2.3. Experimental Results — Joint

In Figure 5.15, we compare images of dental floss submerged into a water tank and
reconstructed using different methods. In Figure 5.15(a), we show an image reconstructed us-
ing a conventional focused B-mode method that can be found in all modern ultrasound systems.
In Figure 5.15(b), we show an image reconstructed using plane-wave imaging with 30 plane
wave transmissions. In Figure 5.15(c), we show an image reconstructed using synthetic aper-
ture imaging. In Figure 5.15(d), we show an image reconstructed using the proposed interfer-
ence-based joint reconstruction method. The images in Figure 5.15(a—c) appear with sidelobes
caused by strong reflections of ultrasound waves that corrupt image scanline during beamform-

ing operation. Meantime, the proposed method is capable to reconstruct a more accurate image
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(a) (b)
(©) (d)

Figure 5.15. Experimental results. Images of a dental floss in the water tank: a) conventional
B-mode, b) plane-wave mode, c¢) synthetic aperture, d) joint image reconstruction method

using random interference

of a wire without side lobes. The image in Figure 5.15(d), was reconstructed using data from a

single pulse-echo transmission of random interference wave.
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(2) (b)
(c) (a)
Figure 5.16. Experimental results using tissue mimicking phantom. The ROI includes seven

0.1-mm-diameter nylon wires and a cyst. a) conventional B-mode, b) plane-wave mode, c)

synthetic aperture, d) joint image reconstructions method using random interference

In Figure 5.16, we compare images of a tissue-mimicking phantom reconstructed using
different methods. The ROI includes vertical/horizontal groups with eight 0.1-mm-diameter

nylon wires and a cyst. The nylon wires were separated by 10-mm gaps, with the first wire
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located at 10 mm depth from the transducer. In Figure 5.16(a), we show an image of a tissue-
mimicking phantom reconstructed using a conventional focused B-mode method. In Figure
5.16(b), we show an image reconstructed using plane-wave imaging. In Figure 5.16(c), we
show an image reconstructed using synthetic aperture imaging. In Figure 5.16(d), we show an
image reconstructed using the proposed interference-based joint reconstruction method. From
Figure 5.16, it can be observed that the proposed method reconstructs cyst and nylon wires
with greater accuracy. The diameter of the nylon wires appears much closer to that of the orig-
inal. Similarly, the speckle noise has been removed. The proposed joint image reconstruction
method further improves the resolution of interference-based ultrasound.

In Figure 5.17, we compare images of a high-resolution region of a tissue-mimicking
phantom. The ROI includes twelve 0.08-mm-diameter nylon wires. The wires are separated by
4,3,2,1,0.5, and 0.25 mm in the axial and lateral directions. In Figure 5.17, we show images
reconstructed using conventional focused B-mode, plane-wave, synthetic aperture, and inter-
ference-based joint reconstruction methods respectively. The proposed method capable to re-
construct nylon wires with less speckle noise and better spatial resolution.

The experimental results shown in Figure 5.16 and Figure 5.17 are consistent with our
simulation study shown in Figure 5.5. The image in Figure 5.16(d), was reconstructed using
data from ten pulse-echo transmissions of random interference wave. The theoretical temporal
resolution of the proposed method is equal to the time required to perform 10 pulse-echo trans-
missions. However, a significant amount of time required to reconstruct high-resolution images.
We use a PC equipped with Intel Xeon Gold 6240R, 256 GB RAM, and an installed MATLAB
environment. The maximum size of the array that can be efficiently processed using the avail-

able PC is 40 x 3300 x 38801. A single subarray image is reconstructed in about 110 seconds.
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Figure 5.17. Experimental results using tissue mimicking phantom. The ROI includes

twelve 0.08-mm-diameter nylon wires. a) conventional B-mode, b) plane-wave mode, c)

synthetic aperture, d) joint image reconstructions method using random interference
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In this work, we claim that by combining a novel interference-based image acquisition method
with a joint image reconstruction algorithm we can achieve very accurate ultrasound images at
0.25 mm resolution with strong SNR and precise SSIM. The proposed joint reconstruction
method uses echo signals across all array elements to directly estimate a high-resolution image.
The proposed method does not require a focused ultrasound beam, thereby removing the

speckle noise caused by diffraction.
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Chapter 6

Conclusion

In this work, we have proposed replacing the conventional focused ultrasound pulse
with an unfocused ultrasound wavefront of random interference. The proposed method elimi-
nates the need to focus and steer the ultrasound pulse, thereby removing the diffraction resolu-
tion limit. Super-resolution images are reconstructed by identifying spatial impulse responses
in the echo signals rather than using the conventional approach of visualizing the strength of
echo signals. Simulation and experimental results suggest that ultrasound images can be suc-
cessfully reconstructed by using an ultrasound wavefront of random interference. In the simu-
lation study, the proposed method achieved a resolution of 0.25 mm, representing a four-fold
improvement over conventional beamforming-based methods. In the real phantom experiment,
we demonstrated that the proposed method can successfully reconstruct ultrasound images of
nylon wires as small as 0.08 mm in diameter using a tissue-mimicking phantom.

We believe that the presented analytical and experimental results of this study will
unlock a wide range of new ultrasound imaging capabilities. While this study demonstrates
only images of sparse objects, an algorithm that reconstructs a three-dimensional image based

on a priori information would significantly improve the sensing capabilities of random inter-
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ference imaging. The remaining challenge in developing such a three-dimensional reconstruc-
tion algorithm is to design a method to dynamically generate transmission matrices depending

on the structure of the object.
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