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ABSTRACT

Ultrasound imaging based on transmitting plane waves (PW) enables ultrafast imaging. Coherent
PW compounding ultrasound imaging can reach the image quality of optimal multifocus image.
In the image reconstruction, it was assumed that an infinite extent PWs was emitted. In this
thesis, we propose a new image reconstruction algorithm — Synthetic-aperture plane-wave
(SAPW) imaging — without using this assumption. The SAPW imaging was compared with the
PWs imaging in numerical simulations and experimental measurements. The measured RF data
in PW imaging was first decoded in the frequency domain using a pseudoinverse algorithm to
estimate the RF data Then, SAPW RF data were used to reconstruct images through the standard
synthetic transit aperture (STA) method. Main improvements in the image quality of the SAPW
imaging in comparison with the PWSs imaging are increases in the depth of penetration and the

field of view when contrast-to-noise ratio (CNR) was used as a quantitative metric.
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Chapter 1

Introduction

1.1 Ultrasound Imaging

Ultrasound imaging has been proven to be a safe, relatively simple, inexpensive, and real-
time modality for imaging soft tissue. In medical ultrasound, the array of fixed number of
elements is usually stationary and the lateral scan of a focused ultrasound beam is implemented
electronically. The current conventional ultrasound imaging is called B-mode imaging. It is one
of the most commonly used modes in which the radiofrequency (RF) signals are acquired after

sending focused beams along one direction sequentially in time [1].

= = o o -y |

I

Fig 1.1. Basic principle of B-mode ultrasound imaging.



The acquisition rate is limited by the maximum frame rate, fg,

_ c
Is =328
where the image has N A-lines to a maximum depth of Z and c is the speed of sound. A

(1.1)

disadvantage of the B-mode imaging is that the images are only optimally focused around the
focal zone. Since the B-mode images are only focused at one depth due to the single
transmission focus, spatial resolution and CNR of the B-mode ultrasound images still needs
improvement at locations outside of the transmission focus. This can be overcome by making
compound imaging using a multiple number of foci; however, this method would

correspondingly decrease the frame rate [1].

Synthetic Transmit Aperture (STA) imaging [1] is a method to solve the disadvantages of
B-mode imaging. A single element of the transducer transmits a semi-spherical wave into a large
to-be-imaged region. In each transmission, all the elements receive the backscattered RF signals
from the medium and a low resolution image is reconstructed using the delay-and-sum algorithm.

All the low resolution images are combined to form a high-resolution image [2], [3].
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Fig. 1.2. Basic principle of synthetic aperture ultrasound imaging (from [1]).
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A low resolution image is only focused in receive due to the un-focused transmission. However,
dynamic focusing in STA can be achieved at every point of the image to overcome the
disadvantage of B-mode image. Focusing is performed by calculating the time it takes the
ultrasound wave to travel from the transmitting element to the imaging point and then back to the

receiving element [1].

|r, — ()| + |, — 7 (in)| (1.2)
C

t(i, i) =
where t(iy,ir) is the time to receive the proper signal, r, is the imaging point, r(i;) is the position
of the transmitting element i;, and r(i;) is the position of the receiving element i,. This dynamic
focusing can be performed for every imaging point. This focusing calculation produces transmit
and receive focus for all points in the image; therefore, a high resolution image can be produced
by compounding the low resolution images. However, STA has low SNR since only one or a

small number of elements is selected for transmission.

(a)

Transmitting

Signal .

(b) Pllane u:.ra\..fe.

e

Backscattered echoes

RF
Signal

Fig. 1.3. Schematic representation of the single transmit PW method: (a) the ultrasonic array
insonifies the medium using a PW transmission without steering, and (b) the backscattered RF
signals are recorded by the transducer array.



PW imaging (Fig. 1.3) can solve for the low SNR problem of STA because a whole
aperture is used for each transmission. Currently, coherent PW compounding method proposed
by Montaldo et al. [4] can reach the same image quality as the optimal multifocus B-mode
imaging while preserving high frame rates. Idea of PW is not new although the capabilities of
image enhancement were developed recently. In 1979, Delannoy et al. [5], [6] proposed use of
parallel processing method to simultaneously produce entire image frame using a single pulse.
This method enables 1000 frames per second (fps) with 70 lines per frame. In the early 1990s,
Lu and Greenleaf proposed for achieving high frame rate by using non-diffracting beam [7]-[9].
Later Lu proposed the idea of a spatial compounding with different limited diffraction beams or
steered PWs. Compounding incoherently and coherently would result in reducing speckle and
enhancing resolution, respectively [10]-[12]. In late 1990s and early 2000s, Fink et al. improved
the idea of PW insonification to achieve ultrafast frame rates (> 5000 fps) [13]-[15]. PW
ultrasound imaging has been studied [16], [17] and developed in the field of medical ultrasound

imaging.

Contrary to incoherent compound imaging, coherent wave compounding has not been
extensively studied [4]. Incoherent compound imaging is mainly associated with an addition of
the several image frames after envelope calculation (not in phase) in an attempt to cancel out
random variations (noise) and hence increase the signal to noise ratio [17], [18]. Coherent
compound imaging is addition of the several image frames before envelope calculation (in phase)
in an attempt to enhance the spatial resolution. Coherent compounding PW shows strong
conceptual analogies with the STA [19], [20]. It has been intensely studied in the past that STA
could give better images than conventional B-mode images. A problem in STA is the poor SNR
in the images. Coherent PW imaging solves at least partially these limitations of STA because it
uses full aperture for a transmission of the PW. Moreover, a current method proposed by
Montaldo et al. can reach the optimal multifocus B-mode image quality while preserving high
frame rates. Optimal multifocus B-mode image is the image that all imaging regions are covered
within the focal zone. To provide the optimal multifocus image, the transmitted focal depths
must be separated by a maximal distance corresponding to depth of field Az = 7AF? [21] where

A is the central wavelength of transmitted wave and F is the F-number.
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Fig. 1.4. (a) Axis convention, (b) distance to the point (x,z) and back to transducer for a PW, and

(c) for a PW of angle a steering.

For a PW, the travelling time to the point (x,z) and back to transducer element located at
X1 depends on the inclination angle « of transmission and the speed of the sound in the medium,
as shown in Fig. 1.4. The time required for the transmitted wave to reach the point (x,z) is:

zcosa+xsina

teransmic (@, X, 2) = - (1.3)

Since the wave front of the each PW is considered for calculation, the time required to receive a

wave from point (x,z) to the transducer element located at x; is:

\/Zz + (x — x1)? (1.4)
c
because each scatterer produces the spherical wave as the echoes. Therefore, the total time for a

treceive (x1: X, Z) =

PW insonification is:

t(a: X1, X, Z) = ttransmit(“: X, Z) + treceive(xl'x' Z) (1-5)

The image quality can be improved by compounding the images obtained with several

PWs of different steering. When the PW is required to be given an inclination (or steering) o, the



proper delay is required to be applied to the transmitting element. The delay is expressed in (1.6)

which depends on the steering angle of the PW and pitch of the transducer:

d =Anpsina/c (1.6)

where d is the delay that needs to be applied for the inclination «, p is the pitch which is the
center-to-center distance between the neighboring elements, 4n is the difference in the element
numbers of the transducer from the reference transducer element, and c is the speed of the wave

travelling in the medium.

Similar to the synthetic aperture imaging, once a single PW is transmitted, a low
resolution image can be reconstructed by applying the delay-and-sum method using the total
time travelled by the transmitting-and-receiving ultrasound wave calculated by (1.5). Afterwards,
all low-resolution images from each PW are combined using the coherent compounding method
to produce a final high-resolution image.

Figure 1.5 and 1.6 were the images acquired experimentally with a 128-element array of
4.5 MHz, 60% bandwidth, pitch of 0.33 mm, F number of 1.75 in both the emission and
reception [4]. The lateral scan is done at a A/2 step size. There is no apodization in emission and
in reception for either the focused or the compound method. The coherent compounding method
performs as well as the optimal multifocus B-mode image, but with a higher frame rate. Table
1.1 shows the summary of the principal comparison values for the example analyzed in [4].
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Depth z in mm

20
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Fig. 1.5. (a) B-mode image obtained using a single PW transmission. (b) Coherent PW
compounding using 71 angles with angular step size of 0.47° (calculated using (2.13)). (c)
Standard monofocal B-mode image using a single focal depth at 30 mm. (d) Multifocal image

using 4 successive focal depths. (from [4])



3

Depth in mm
3

Depth in mm

10 20 30 40 10 20 30 40
Lateral distance in mm Lateral distance in mm

Fig. 1.6. Images of anechoic objects using different number of PW transmissions. (a) 1 PW, (b) 5
PWs separated 2° (—4°,—-2°,0°,2°,4°), (c) 21 PWs separated 1°, and (d) 45 PWs separated 0.5°

(from [4])



Table 1.1. Quantitative comparison for the different methods. The SNR is relative to the single
PW (from [4])

Lateral Resolution Frame Rate (Hz)  Contrast (dB) SNR (dB)

(mm)
B-mode (Monofocus) 1.1t01.8 100 12 to 32 18to 0
B-mode (Multifocus 4) 1.35 25 29 18to 0
gbrgcrfaﬁ)('v'“'“foc”s 11 8 33 18100
PW (Single) 1.8 12500 12 0
PW Compound 12 1.1 1000 20 11
PW Compound 45 1.1 270 30 16
PW Compound 71 1.1 176 33 18

PW imaging still has lack of penetration due to lack of focusing in transmission [22];
however, the dynamic focusing in current image reconstruction techniques produces the transmit
focus dynamic for all points in the image with the assumption that an infinite extent PW is
transmitted. This assumption is not valid for the objects at large depth or not directly under the
array. Consequently, the image quality for these locations will be compromised. The motivation

of the research was to achieve more improvement with coherent PW imaging.

1.2 Research Hypothesis and Specific Aims

The hypothesis of this research is that the image reconstruction for PW imaging can be
improved and optimized using a new proposed method called PW synthetic-aperture imaging

reconstruction method. The specific aims of this research are to:

l. Generating simulated RF data in standard PW mode and new proposed synthetic
aperture plane wave (SAPW) method using Field Il ultrasound simulator.

. Comparing the performances of standard PW and SAPW imaging method.

[1l.  Optimizing and improving the PW imaging parameters — CNR and spatial resolutions
— using SAPW.



1.3 Thesis Organization
The remainder of this thesis is organized as following:

e Chapter 2 presents the manuscript: “Plane Wave Ultrasound Imaging Using Synthetic
Aperture Image Reconstruction Techniques: A Simulation Study”, to be submitted to the
journal of IEEE transactions on ultrasonics, ferroelectrics, and frequency control.

e Chapter 3 presents conclusion of the thesis and suggestion for future works.

e Appendix A presents a preliminary experimental performance validation of the proposed

method.

e Appendix B presents the comparison of different Hadamard encoded transmissions using
specifically selected and reduced transmissions.

10
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Abstract — Ultrasound imaging based on transmitting plane waves (PW) enables
ultrafast imaging. Coherent compounding of steered PW in multiple directions can result
in high spatial resolution. PW ultrasound compounding imaging can reach the image
guality of optimal multifocus image in terms of contrast, SNR and lateral resolution with a
smaller number of PW transmissions while preserving high frame rate. In the PW image
reconstruction, it was assumed that an infinite extent PW is emitted from an array probe to
the target region. However, because of the finite size of the ultrasound array, this
assumption is not valid for points that are located at the edge or outside of the ultrasound
beam. In this study, we propose a new image reconstruction algorithm designed for PW
imaging without using the intrinsic PW assumption. In this paper, we propose a synthetic-
aperture PW (SAPW) imaging method, in which the equivalent RF data in synthetic
aperture imaging are estimated from the PW RF signals to improve the image quality in
terms of depth of penetration and field of view using contrast-to-noise ratio (CNR) as a
guantitative metric. PW imaging can be treated as a special case of delay-encoded
transmission. The measured RF data in PW imaging was first decoded in the frequency
domain using a pseudoinverse algorithm to estimate the RF data which is equivalent to
conventional synthetic transmit aperture (STA) RF signal when a single-element

transmission is used. Equivalent STA RF data were then used to reconstruct ultrasound
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images through the standard STA method. In our paper, the PW RF signals were
generated in numerical simulations using Field Il. The SAPW imaging was compared with
the PW imaging in the numerical simulations. The CNR value of the images of a simulated
anechoic soft tissue cyst phantom with a scattering and attenuated background medium
(attenuation coefficient = 0.6 dB/(cm-MHz)) was improved. Also, applying dynamic
apodization improves depth of the penetration due to the signal amplitude increase at large
depth. The axial and lateral spatial resolutions of images of a point scatter phantom in
SAPW are similar to PW imaging. It was observed that the main improvement in image
guality of the SAPW in comparison to the PW is an increase in the imaging depth of

penetration and the field of view.

Index Terms — Plane Wave Imaging, Encoded Transmission, Singular Value
Decomposition, Pseudoinverse, Synthetic Aperture Imaging, Field of View, Depth of

Penetration, Contrast-to-Noise Ratio, Spatial Resolution.

I. INTRODUCTION

Ultrasound imaging has been developed over the past 50 years. It is safe, inexpensive,
portable, and real-time [1]. The concept of plane wave (PW) ultrasound imaging led to ultrafast
frame rates higher than 5000 fps [2]-[4]. The ultrasound images obtained from this ultrafast
mode suffers from low image quality in terms of spatial resolution and contrast. In 2009,
Montaldo et al. [5] proposed the coherent compounding PW imaging method to improve spatial
resolution and contrast, comparable to those of the optimal multifocus B-mode imaging

technique, where all imaging regions are focused.

For coherent PW imaging, an array of elements is used as a transmitter and then the same
array can be used as receivers. The backscatter signals are received by all elements in the
transducer when a single PW covers the region of interest. Multiple PWs at different angles are

transmitted and then received. Images that are produced by each RF echo are coherently
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compounded. Coherent compounding PW imaging has strong conceptual analogies to the
synthetic aperture method [6], [7]. In synthetic aperture method, each element in an ultrasound
transducer array is excited consecutively and the complete set of RF echoes for all the transmit-
and-receive combinations are recorded. The set of received RF echoes corresponding to the same
transmitter would be processed to reconstruct a low-resolution image using the delay-and-sum
beamforming [8]. Afterwards, all low resolution images can be coherently compounded to
produce a high resolution image. However, the traditional synthetic aperture imaging has
fundamentally low signal-to-noise ratio in the RF signal because a single element is used in each
transmission. Coherently compounding PW imaging is one of the approaches to solve this low
signal-to-noise limitation by generating a much stronger wave field than synthetic aperture

imaging.

In PW image reconstruction, it was assumed that an infinite extent PW is emitted from
the array probe to the target region. However, because of the finite size of the ultrasound array,
this assumption is not valid for points that are located at the edge or outside of the ultrasound
beam. In this paper, we propose a new image reconstruction algorithm called synthetic-aperture
plane wave (SAPW) imaging designed for PW imaging without using this assumption. In SAPW,
the equivalent RF data in synthetic aperture imaging are estimated from the PW RF signals in the

frequency domain using a pseudoinverse algorithm. [9]-[11]

The paper is organized as follows: In Section I, a theoretical method of SAPW and its
simulation parameter is introduced. In Section Ill, a quantitative simulation comparison of both
PW and SAPW approaches is presented with a detailed comparison of field of view and depth of
penetration using the quantitative value of contrast-to-noise ratio (CNR) as a quantitative metric.
In Section IV, the conclusion of this paper is presented.
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Il. THEORY

A. Synthetic Aperture Plane Wave Imaging: Estimating RF Data Generated by Individual Array

Elements

The realistically generated ultrasonic PW is a wave front that is generated with multiple
elements in the transducer; therefore, it is not infinitely extended. This wave front is generated
by interference of individual spherical waves produced by each array element. For coherent PW
compounding, there would be multiple PWs transmitting in RF data acquisition to form one
high-resolution image. For each transmission with certain inclination angle «, a discrete amount
delay d, is applied on each transducer element depending mainly on the transmitting element

number and the inclination angle.

Each delay dyn is applied for each element n (between 1 and N) and each transmission
order w (between 1 and W). dyn corresponds to a particular transmission and element position.
Each row of matrix D includes delays applied to all transmission elements in one transmission
event, and each column of matrix D includes delays applied to each element position. Therefore,

the delay matrix, D is defined by a W-by-N matrix.

D=

dll le
S =] (1)

dwi - dwy
The encoded matrix A is required to estimate STA equivalent RF data using PW
transmission RF data. According to the time-shift property of the Fourier transform, the delay dyn

can be express in frequency domain. The delay encoded term, Aun(f), and the matrix A are

defined as:
Ay (f) = e~ dwn 2
e—i2mfd1s e—i2nfdin 3
A= : - :
e~i2nfdwi ... -i2nfdwn

where f is a given frequency in the spectrum, and A is a matrix with elements of A,n(f).

Each w transmission of PW RF data, myn(t), is acquired by RF data that has been

transmitted with a spherical wave from each element, p,m(t), with discrete delay to produce PW
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front that has o inclination. pnm(t) is STA equivalent RF data In the frequency domain by

transforming all RF data in time using Fourier transform, this yields

Awn(f)an(f) = Mym (f) (4)

AP =M (5)

where Pnp(f) is the Fourier transform of signal pam(t), Mwm(f) is the Fourier transform of signal
Mwm(t). prm(t), STA equivalent RF data, can be estimated using a linear dependent combination in

frequency domain by calculating Pnm(f) and applying inverse Fourier transform to it.

e-iznfdi .. e—ianduv] [Pu o Pry [Mn Mw] (6)
Myy - Myy
From (5) and its expanded version (6), the matrix P can be solved since spectrum of PW data,

e—iZTL'fdwl v e—iZTL'deN PNl e PNM

matrix M, and encoding matrix, A, are known. The matrix P is the data spectrum of the
equivalent STA data. Using matrix P, RF data of synthetic aperture imaging can be estimated by
an inverse Fourier transform of P, and a high-resolution image can be achieved by compounding
low-resolution images reconstructed from p,m(t) RF data corresponding to each transmitter.

B. Singular Value Filter (SVF): Optimizing STA Equivalent RF Data Obtained from
Pseudoinverse Using Singular Values

For solving for P in (5), the pseudo-inversion is needed for matrix A since it is not a

square matrix, in general. Matrix P is derived using:
P=A"M @)

where A" is the pseudo-inversed matrix of A.
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Pseudoinversion is the application of mathematical operation using singular value
decomposition (SVD) [12]. SVD decomposes the w-by-n matrix A into the two orthogonal
matrixes and a diagonal matrix that consists of values that are called the singular values of A.

A=UX V! (8)
At=vzl Ut ©9)

where U and V are unitary matrices, X is a diagonal matrix whose elements are the singular
values of the original matrix A. X; is the inverse of the diagonal part of matrix X. If matrix A is
not square or if it is square but not invertible, then it cannot be inverted. However, in the case of
a non-square matrix A, one can apply pseudoinversion because matrix X is always invertible.
The pseudoinverse is a more general method that can be applied to all matrices. Matrix X is a
diagonal matrix of oy with as many singular values as the rank of matrix A arranged in order of

descending value.
0,>0,>03> > 0,>0 (k=1.m,rank of A) (10)

Since high k numbers of singular values are smaller numbers, the undesirable noise that may
exist in matrix P will be amplified during the pseudoinversion because of the inversion in

constructing matrix X;.

In order to optimize the matrix P to avoid amplified noise due to the inversing, a filter
can be applied by cutting off the small singular values. Any singular value below a set cut-off
value would not contribute to calculating matrix P. The criteria chosen for the cut-off value was
set by observing the singular value distribution of each frequency because the distributions of the
singular values change at different frequencies. There are two a priori criteria that were used in
this study. Ultrasound RF data is the most stable at the central frequency. All singular value
components of the central frequency must be included because transmission at the central
frequency gives the most stable RF data. As the frequency gets further away from the central
frequency, the distribution of the singular value changes and contains a low number of singular
values. Another criterion is to avoid amplification due to the inversion. Any singular value that is

smaller than 1 would cause the amplification when it is inversed. Therefore, the cut-off value
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should be set below the lowest singular value at the central frequency and greater than or equal

to 1. Using these characteristics, the SAPW imaging can be stabilized.
Om,f, > Ocut—off =1 (11)

Once the SAPW data or equivalent STA data are estimated, the image of SAPW is obtained
using the standard delay-and-sum reconstruction in synthetic aperture imaging.

C. Generating the Simulated RF Data with Field Il Simulation Software

Field 11 simulation software [13], [14] was used to simulate the PW RF signal in two
dimensions. To generate the PW signals, each different PWs in different directions were
transmitted using a linear phased array transducer with 64 elements. The angle step size was kept
constant for all transmissions depending on the range of the angles. Linear phased array probe
with 64 elements that has a half-wavelength pitch and a quarter-wavelength element width was
excited with a one-cycle 5 MHz sinusoidal pulse. The received signals were sampled at 20 MHz.
The speed of sound was kept at 1540 m/s and an attenuation of 0.6 dB/(cm-MHz) was assumed
in the simulations to mimic the tissue phantom. The phantom was 40 mm x 80 mm x 10 mm
(lateral x axial x elevation) with a scattering density of 10 scatterss/mm?. These background
scatters are mathematical point scatters. The spatial distribution of the scatters was randomly
distributed and their scattering strength followed a zero-mean Gaussian distribution. For
measuring the depth of penetration and the field of view, contrast-to-noise ratio was used as a
quantitative metric, and the phantom for this study included 5 mm diameter anechoic inclusions.
For measuring the lateral and axial resolutions, the full width half maximum (FWHM) of the
imaging value of the point scatters in a liquid medium with the same attenuation was used. These

point scatters have 20 times the strength of the background scattering.
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Table 2.1. PW simulation parameters

Simulation Parameters

Default Values

Central Frequency (f,)
Sampling Frequency (f;)
Number of Transmissions
Angular range of Transmissions
Cut-off Parameter for SVF
Phantom Size

Phantom Attenuation Coefficient
Scattering Density

Speed of sound (c,)

Number of Elements
Wavelength (Ao)

Array Element Pitch

Array Element Width

Dynamic Range of the Images

5 MHz

20 MHz

16

10 — 80 degrees

1

40 x 80 x 10 mm?
0.6 dB/(cm-MHz)
10 scatters/mm?®
1540 m/s

64

0.308 mm

M2

M4

60 dB

The CNR of the anechoic inclusion was measured for quantitative metric. Referring to

Figure 2.1, the CNR of an ultrasound image is measured using the following expression (12) [15]:

anechoic cyst, respectively, and o; and o, is the standard deviations inside and outside the cyst
respectively. The total areas of the inside and outside measurement regions are equal for

measuring the CNR.
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Fig. 2.1. Region of interest (ROI) in anechoic cyst simulation to estimate CNR. The white box
indicates the ROI inside the cyst and black boxes indicates ROI outside the cyst. The mean and
standard deviation of pixel values inside and outside the cyst were used to compute CNR as

expressed in (12).

I1l. RESULTS AND DISCUSSIONS

A. Depth of Penetration and Field of View Using Contrast-to-Noise Ratio (CNR) as a

Quantitative Metric

There is an optimal configuration of PW imaging to obtain the same focusing quality as
the optimal multifocus [5]. The step-size for angles of transmission and the number of
transmission are determined by the total length of the aperture, wavelength at central frequency,

and F-number as the following equations:

A
as = Sil’l_1 (f) (13)
_ L (14)
YA

where s is the step-size of angles of transmission, L is the total length of the aperture, and F is
the F-number. Previous studies have kept an F-number of 1.75 [5]. With the same F-number and
the above parameter of the transducer, it is enough to use 19 transmissions with the step-size of

1.80 degrees insonifications of PWs to obtain the same focusing quality as the optimal
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multifocus from (13) and (14). Figure 2.2 shows the images reconstructed in both PW and

SAPW, and Figure 2.3 shows the CNR comparison between the two methods.

0

(@]

Axial distance [mm]

[@]

-20 0 20 -20 0 20
Lateral distance [mm] Lateral distance [mm]

Fig. 2.2. Simulated log-enveloped beamformed PW (left) and SAPW (right) imaging using the
optimal configuration of PW in tissue mimicking phantom.
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Fig. 2.3. CNR comparison between PW (dashed lines) and SAPW (solid lines) of Fig. 2.2 at
different depth at the 0 mm lateral distance (left) and different lateral distance at depth 30 mm

(right).
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There is no significant improvement with visual inspection of Figure 2.2 and CNR did not
significantly improved in the imaging region under the aperture (-5.0 to 5.0 mm) at the depth of
penetration (10, 20, 30 mm). However, Figure 2.3 shows an increase in the depth of penetration
and a slight improvement of the field of view. At 40 mm under the aperture, the CNR value of
SAPW imaging was increased by 38.5% comparing to PW imaging. Also the CNR value of two
anechoic inclusions at a lateral distance of -7.5 mm and 7.5 mm show significant improvements
as well, at 52.2% and 35.8% respectively. The number of the transmission and the step-size of
angles of transmissions were changed because there is no significant improvement with the
optimal configuration of PW imaging and the transmission of SAPW imaging, which is what
SAPW is calculating does not vary with the F-number. For this simulation, a total of 16
transmissions of PW were used. The range of the transmission angles is from +10 degrees to +80
degrees, and they have the same number of transmissions, which means each range of the
transmission angles has a different step-size. The 16 transmissions were chosen to have less
transmission than the optimal configuration, and also to use a quarter transmission of

conventional synthetic aperture imaging.

Figures 2.4 and 2.5 show the simulated PW and SAPW images with eight different
ranges of the transmission angles, respectively. With visual inspection, the depth of penetration
and field of view of the SAPW imaging show improvements. As the range of the angle increases,
more improvements are observed. There is no apodization applied to any of these images. Since
there is an attenuation of 0.6 dB/(cm-MHz), the depth of penetration is limited; however, SAPW
imaging shows an improved depth of penetration over PW imaging.
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Fig. 2.4. Simulated log-enveloped beamformed PW imaging with 16 transmissions and different
range of angles. Top row: £10, +20, +30 and +40 degrees from left. Bottom row: £50, +60, £70

and £80 degrees from left.
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Fig. 2.5. Simulated log-enveloped beamformed SAPW imaging with 16 transmissions and
different range of angles. Top row: £10, +20, £30 and +40 degrees from left. Bottom row: £50,
160, £70 and +80 degrees from left.

Figure 2.6 and 2.7 show CNR vs. the range of transmission angles at different locations. PW
imaging is proven to achieve superior image quality at the regions under the aperture; therefore,
CNR of PW is better than SAPW in the range of angles within£10 degrees where the
transmission wave is concentrated in the shallow depth and region under the aperture. However,
as the range of angles increases, the step-size of the angles increases as well because number of
transmissions was kept constant throughout the study; therefore, CNR is decreasing as the range

of transmission angle increases for anechoic cyst inclusions located at the centre of lateral
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distance. The cyst inclusions located in regions outside the aperture have the optimal CNR

depending on the range of the transmission angle due to locations and transmission beam being

scanned. Generally, the effect of SAPW shows greater improvement at deeper depth and at

regions outside the aperture. Moreover, SAPW imaging would have better CNR values than PW

imaging. This CNR decrease in PW imaging is due to limited number of transmissions, which

can be compensated for by using the proposed SAPW image reconstruction method. The effect

of the range of transmission angles of PWs on the CNR are shown in Figures 2.6 and 2.7.
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Fig. 2.6. The effect of the range of transmission angles of PWs on the CNR of reconstructed

anechoic cysts at different depths in PW (dashed lines) and SAPW (solid lines) imaging methods.
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Fig. 2.7. The effect of the range of transmission angles of PWs on the CNR of reconstructed
anechoic cysts at different lateral locations of PW (dashed lines) and SAPW (solid lines) imaging
methods.

B. Dynamic Apodization

Figure 2.8 shows the effect of applying dynamic apodization on SAPW imaging using the
optimal configuration of PW transmissions (19 with a step-size of 1.80 degrees of PW
insonifications). Dynamic apodization for SAPW was applied in both transmitting and receiving
with the same sub-aperture angles as the transmission angle. However, the dynamic apodization
can only be applied in receiving with PW. Because of applying dynamic apodization, the
advantage of increasing field of view has been reduced; however, the depth of penetration has
been shown to improve (Figure 2.8). Reducing field of view happens naturally due to the
calculation of dynamic apodization. It was reduced because the outside of the sub-aperture angle

would not be used for reconstructing the image. Dynamic apodization increases the signal
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amplitude at large depth (Figure 2.9); however, it does not improve CNR directly (Figure 2.10).

This effect will bring practical advantage when electric noise is added.

-20 0 20 -20 0 20 -20 0 20 -20 0 20
Lateral distance [mm]  Lateral distance [mm] Lateral distance [mm]  Lateral distance [mm]

Fig. 2.8. Simulated log-enveloped beamformed PW without dynamic apodization (from left),
PW with dynamic apodization in receiving, SAPW without dynamic apodization and SAPW
with dynamic apodization in both transmitting and receiving imaging using the optimal

configuration of PW in tissue mimicking phantom.
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Fig. 2.9. Line profile comparison between PW and SAPW without and with dynamic apodization

of Fig. 2.8 at different depth at the 0 mm lateral distance.

35

-=-PW

= PW with Apod.
—=SAPW
-=-SAPW with Apod.

3¢ 20 30 40 50 60 70 80
Axial distance [mm]

Fig. 2.10. CNR comparison between PW and SAPW without and with dynamic apodization

corresponding to Fig. 2.8 at different depths and at the 0 mm lateral distance.
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C. Singular Value Distribution of PW Transmission

For all these simulation, a cut-off number of 1 was chosen. Moreover, the singular value
distribution is different when frequency varies. Figure 2.11 shows the singular value distribution

at three different frequencies when the PW RF data is obtained using the optimal configuration.

ol v v v vy
1234567 8910111213141516171819 01 234567 8910111213141516171819 01 234567 8910111213141516171819

k K K

Fig. 2.11. The singular value distributions at three different frequencies with optimal
configuration of PW imaging: central frequency, 5.0 MHz (left), 1.0 MHz (centre), and 7.0 MHz

(right).

Since there were 19 PW transmissions in optimal configurations, there are 19 singular values.
Because the RF data at the central frequency is the most stable one, all singular values are evenly
distributed. However, as frequency gets further away from the central frequency, the
distributions have steeper change.

Most of the singular values near the central frequency tend to have a similar number
because it gives the most stable RF data. For this simulation, at the central frequency with a
range of the transmission angle of +60 degrees, the first singular value was 8.80 and the last
singular value was 7.23. Moreover, as the frequency gets farther away from the central frequency,
the range of the singular values of those spectra gets wider and contains very low numbers. For

example, at 1.00 MHz, the first singular value was 10.68 and the last singular value was 0.15.
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Therefore, the cut-off number would filter values mostly from the contribution of further
frequencies from the central frequency. Figure 2.12 shows the singular value distribution with

PW transmission angles of £60 degrees.
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Fig. 2.12. Singular value distributions at three different frequencies with PW transmission angles
of +60 degrees: central frequency of 5.0 MHz (left), 1.0 MHz (centre), and 7.0 MHz (right).

D. Noise

Figure 2.13 and 2.14 shows results of PW imaging and SAPW imaging in simulation
with 1 dB white Gaussian noise added to RF signal. Due to noise, the depth of penetration has
been reduced. As with the previous simulation, SAPW imaging also has improved depth of

penetration and field of view in comparison to PW imaging.
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Fig. 2.13. Simulated log-enveloped beamformed PW (left) and SAPW (right) imaging using the
optimal configuration of PW and 1 dB white Gaussian noise added to RF signal.
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Fig. 2.14. Simulated log-enveloped beamformed PW (left) and SAPW (right) imaging in tissue
mimicking phantom with 16 PW transmissions, transmission angles of +40 degrees and 1 dB

white Gaussian noise added to RF signal.
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E. Spatial Resolutions

Figure 2.15 and 2.16 show the point scatter images with different ranges of transmission angles
with the same number of transmissions in both PW and SAPW respectively. With visual
inspection, the depth of penetration and field of view of SAPW imaging show improvements

again; however, there is no significant improvement in spatial resolution in SAPW.
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Fig. 2.15. Simulated log-enveloped beamformed PW imaging of point scatters with 16
transmissions and different range of angles. Top row: £10, £20, £30 and +40 degrees from left.

Bottom row: 50, £60, £70 and £80 degrees from left.
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Fig. 2.16. Simulated log-enveloped beamformed SAPW imaging of point scatters with 16
transmissions and different range of angles. Top row: £10, £20, £30 and +40 degrees from left.

Bottom row: 50, £60, £70 and +80 degrees from left.

The comparison between PW and SAPW imaging methods were conducted in a simulation study.
Figures 2.15 and 2.16 show simulated log-enveloped beamformed images of point scatters with
16 transmissions and different range of angles from +10 to +80 degrees using PW imaging and
SAPW imaging, respectively. There is no significant and consistent improvement in spatial

resolution with the proposed SAPW imaging method over the PW imaging method as it observed
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from these simulation results. Figures 2.17 to 2.20 show the change in spatial resolution with the

range of transmission angles at different locations for both imaging methods.
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Fig. 2.17. The performance of the range of transmission angles with constant 16 transmission
PWs and its effect on lateral resolution at different depths of PW (dashed lines) and SAPW (solid

lines) imaging methods.
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effect on the axial resolution at different depths of PW (dashed lines) and SAPW (solid lines)

imaging methods.
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Fig. 2.19. The performance of the range of transmission angles with 16 transmission PWs and its
effect on lateral resolution at different lateral distances of PW (dashed lines) and SAPW (solid

lines) imaging methods.
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Fig. 2.20. The performance of the range of transmission angles with 16 transmission PWs and its
effect on the axial resolution at different lateral distances of PW (dashed lines) and SAPW (solid

lines) imaging methods.

F. Summary and Discussion

The improved results of SAPW over PW are the increase in depth of penetration and field
of view. PW imaging suffers from limited depth of penetration due to lack of transmit focusing
[16]. The assumption of the infinite extent of PWs fails at large depth even for PWs steered at a
small angle. SAPW decodes delay-encoded matrix to estimate the RF signal that is equivalent to
synthetic aperture imaging. Through the process of image reconstruction and combining low
resolution images, fully dynamic focusing has been performed for all points in the image [8]
without assuming an infinite extent of PWs. Since the transmitting and receiving focus at all
points in the image have been made in SAPW, the depth of penetration of SAPW is better than
PW.

The main advantage of using PW imaging is ultrafast frame rates. The data acquisition

speed of SAPW is the same as PW imaging. However, the image reconstruction is more time-
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consuming in SAPW than PW due to the decoding process and reconstructing more low
resolution images. The time it took for image processing and reconstruction in PW imaging and
SAPW imaging was 85.46 seconds and 224.76 seconds, respectively in this study, using the
parameters that were studied and using MATLAB R2013a. The configuration of the computer
processor and memory was Intel® Core™ i7-4770K CPU operating at 3.50 GHz (8 CPUs) and
16 GB RAM. The decoding processes for each frequency and each receiving channel are factors
that affect data acquisition speed. After decoding, the image reconstruction in traditional STA
imaging can be implemented in real time [17], [18]. Therefore, future work may focus on the

optimization of SAPW imaging to speed up decoding.

V. CONCLUSIONS

This paper presents a new image reconstruction method (SAPW) to be used in
conjunction with the PW RF signal ultrasound imaging technique. Using a unique delay
sequence of PW transmissions, the RF signal contribution of individual elements was estimated
using a pseudoinverse method based on the singular value decomposition technique. The new
SAPW algorithm was simulated and evaluated using the Field 11 software. The estimated SAPW
RF signal was stabilized by suppressing singular values below a cut-off value. The cut-off value
was chosen in order to suppress the amplification of noise generated by small singular values in
the proposed algorithm. To this end, the complete range of singular value components at the
central frequency of the transmitted beam was investigated towards obtaining the most stable RF
data. The results obtained demonstrate significant improvements in both field of view and depth
of penetration in SAPW imaging compared to conventional PW imaging. Moreover, the depth of
penetration has greater improvement when applying dynamic apodization. The field of view is
naturally reduced due to the calculation of dynamic apodization. Dynamic apodization improves
the depth of field by increasing the signal amplitude, but not CNR, directly at large depth. As the
range of transmission angles increases, both PW and SAPW imaging methods show
improvements in their respective field of views. However, the image quality of SAPW imaging

improves at a higher rate compared to image quality of PW imaging by widening the range of
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angles, increasing the angular step-size, and lowering the number of transmissions. There is no
significant and consistent improvement in spatial resolution with the proposed SAPW imaging
method over the PW method as observed from these simulation results. This study can be
extended further to other array transducer geometries. An important practical example is the
convex array which typically has a low depth of penetration due to its diverging beam geometry.
Since the proposed SAPW method increases the depth of penetration, it can potentially improve
the image quality of convex array transducers. This simulation study was entirely conducted
using the Field Il software [13], [14] and a linear phased array transducer. The linear phased
array transducer was used due to its large range of steering angles. In the next phase of the study,
an experimental validation of the SAPW method will be conducted using a research ultrasound

imaging system.
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Chapter 3

Conclusions and Suggestions for Future Work

3.1 Summary

The proposed image reconstruction method for PW RF data was defined as SAPW
(synthetic-aperture plane wave). It simulates the RF data that is equivalent to the STA RF data
through pseudoinverse using SVD. The RF data of the PW is converted from time domain to
frequency domain using Fourier transform. Using a unique delay sequence of the PW
transmissions, the RF signal contribution of individual elements which is the STA equivalent RF
signal was calculated using a pseudoinverse method based on the singular value decomposition
technique on the delay-encoded matrix. In order to stabilize the calculated RF data, the singular
value threshold was introduced. It was concluded that the cut-off singular value should be less
than the last singular value of the central frequency and greater or equal to 1. All singular value
components from the central frequency should be included because the RF data of the central
frequency is the most stable data. Moreover, it should be greater than or equal to 1 to avoid any
noise implication from the inversing the singular value smaller than 1 and greater than 0. After
the STA equivalent RF signal is calculated in time domain, the RF data is reconstructed using
synthetic aperture image reconstruction method. The performance of SAPW was evaluated using
CNR and spatial resolutions. The SAPW was compared with PW imaging reconstruction method
and showed the improvements in the depth of penetration and the field of view; however, the

spatial resolutions of SAPW did not show significant improvement.
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3.2 Conclusions

This thesis presents a new image reconstruction method to be used with the PW RF signal
ultrasound imaging technique. The new SAPW algorithm was simulated and evaluated using
Field 11 software and MATLAB R2013a. The advantages of using SAPW are: (a) ability to
estimate the synthetic aperture imaging data with lower number of transmissions (typically the
number of transmissions in synthetic aperture imaging is the same as the number of the
elements), and (b) the actual contribution on PW by each element is calculated without assuming
the wave front as an ideal PW that is an infinite extent PW, because spherical waves generated

by individual elements are all considered in calculation.

The results obtained demonstrate significant improvements in both field of view and
depth of penetration in SAPW imaging compared to conventional PW imaging. As the range of
transmission angles increases, both PW and SAPW imaging methods show improvements in
their respective field of views. However, the image quality of SAPW imaging can potentially
compensate for the lowering image quality of PW imaging by widening the range of the angles,
increasing the angular step-size, and lowering the number of the transmissions. For the spatial
resolutions, there is no significant and consistent improvement in the proposed SAPW imaging
method over the PW method as it is observed from these simulation results. For the temporal
resolution, the SAPW imaging has 168% increase in simulation computing time in comparison to
PW imaging. SAPW has shown the significant improvement on imaging a large area in deeper

depth; therefore, SAPW imaging can compensate for fast temporal resolution of PW imaging.

3.3 Suggestions for Future Works

This study can further be extended to other array transducer geometries. An important
practical example is the convex array which typically has a low depth of penetration due to its
diverging beam geometry. Since the proposed SAPW method increases the depth of the
penetration, it can potentially improve the image quality using the convex array transducers.

The simulations in this thesis were mostly conducted using the Field Il software. A
preliminary experimental validation of the SAPW is presented in Appendix A. The optimization
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of experiment result can be further investigated. Moreover, the PW with large range of angle
requires large amount of delay which has so far been difficult to implement with current
experimental setup. Moreover, PW imaging can be compared with other encoded transmissions

such as Hadamard transmission which briefly studied in Appendix B.
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Appendix A

A Preliminary Experimental Validation of the Synthetic-Aperture
Plane Wave (SAPW)

A preliminary experimental validation of the SAPW imaging method has been conducted
in this study. The experimental data was acquired using a research imaging system (Vantage
Platform, Verasonics Inc., Kirkland, WA, USA). Table A.1 shows the parameters that were used
in the experiments. The array probe is a typical linear array that has 128 elements. Each element
has width of 0.250 mm and pitch of 0.298 mm. The central frequency of the array probe was 2.5
MHz and data was sampled at 10 MHz. A tissue mimicking phantom was used in the experiment.
The phantom was made of degassed water (93.85% of total weight), gelatin powder (4.69%),
polyethylene oxide (scatter) (1%) and formaldehyde (0.46%). In the background of the phantoms,
the scatter concentration was 1% of the total weight, while inside the hypo-echoic inclusions
located at depth of 37 mm and 85 mm had no scatters and the weak hyper-echoic inclusion
located at depth 60 mm had the scatter concentration of 1.4%.
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Table A.1. PW experiment parameters

Experiment Parameters Default Values
Central Frequency (f,) 2.5 MHz
Sampling Frequency (f;) 10 MHz
Number of Transmissions 16
Cut-off Parameter for SVF 1

Speed of sound (c,) 1540 m/s
Number of Elements 128
Wavelength (A) 0.616 mm
Array Element Pitch 0.298 mm
Array Element Width 0.250 mm
Dynamic Range of the Images 60 dB

Figure A.1 and A.2 shows the experimental images of PW, SAPW and B-mode. B-mode image
was taken with a focal depth at 60 mm where weak hyper-echoic inclusion is located. Figure A.1
was performed with 16 PW transmissions and the angular range of transmissions of +15.88
degrees and Figure A.2 was performed with 16 PW transmission and the angular range of

transmissions of 40 degrees

Axial distance [m!'n]

Lateral distance [mm] Lateral distance [mm]

Lateral distance [mm)]

Fig. A.1. The experimental results of the tissue mimicking phantom in 16 transmission of PW
with range of transmission of +15.88 degrees. PW imaging (left,), SAPW imaging (middle) and
conventional B-mode imaging (right)
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Fig. A.2. The experimental results of the tissue mimicking phantom in 16 transmission of PW
with range of transmission of 40 degrees. PW imaging (left,), SAPW imaging (middle) and

conventional B-mode imaging (right)

Table A.2. Preliminary experimental quantitative comparison for the different methods.

CNR CNR CNR CNR

Imaging mode (Depth 37 mm, (Depth 37 mm, (Depth 85 mm, (Depth 85 mm,
Experiment) Simulation) Experiment) Simulation)

B-mode 2.98 3.03 1.74 1.77

PW (+15.88°) 2.03 1.97 1.82 1.84

SAPW (+15.88°) 2.13 2.71 2.16 2.40

PW (£40°) 0.93 0.91 1.05 0.93

SAPW (+40°) 1.39 1.94 1.52 1.73

The preliminary experiment results matches with the simulation studies. SAPW shows better
improvement at the deeper depth. Also, the SAPW shows better improvement when the step size
of the transmission angle increases. Since this is just a preliminary result, the SAPW image can
further be improved and optimized in the future phase of this study. Moreover, both PW and

SAPW detects the weak hyper-inclusion located in the depth of 60 mm.
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Appendix B

Comparison between Hadamard Encoded Transmission and

Specifically Reduced Transmission

Hadamard encoded transmission imaging is known as the best standard method to
improve the low signal-to-noise limitation of synthetic aperture imaging by generating a field of
much higher energy. [1]-[3] In this Hadamard encode transmission, a part of the array elements
transmit a pulse (positive pulse) while the others transmit a phase inverted version (negative
pulse) of the same pulse simultaneously. The sequence and order of the pulses is determined by
the coding matrix called Hadamard matrix which named after the French mathematician Jacques
Hadamard. This matrix is a square matrix which composes of either +1 or —1 and whose rows
are mutually orthogonal. Each row of the Hadamard matrix would determine which pulse to
transmit. +1 is corresponded to positive pulse. On the other hand, -1 is corresponded to a
negative pulse. After multiple transmissions, the backscatter signals received from all the
transmissions can be processed to obtain the traditional STA data. However, Hadamard encoded
transmission requires n (number of elements of a probe) number of transmissions to have the
best results. [4] In this study, a multiple of quarter transmission of Hadamard encoded
transmission imaging is specifically chosen. It will be compared to the SAPW imaging that had a
same number of transmissions; in this case, it will be 16 transmissions with same simulation
parameter. From 64 Hadamard encoded transmission, 8 different sequences of transmissions
(Rows of Hadamard matrix) were chosen: r, r+16, r+32, r+48, 4r-3, 4r-2, 4r-1 and 4r wherer = Z
€ [1,16]. Figure B.1 shows the simulated log-enveloped image of the anechoic soft tissue

phantom by 8 different Hadamard sequences of transmissions.
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Fig. B.1. Simulated log-enveloped beamformed imaging of anechoic soft tissue phantom with 16

transmissions with different sequences of the quarter of Hadamard encoded transmissions.

r, r+16, r+32, r+48, 4r-3 Quarter Hadamard encoded transmission imaging also shows the
increases in the field of view and the depth of penetration than the PW imaging. The interesting
results of quarter Hadamard encoded transmission imaging is the results of 4r-2, 4r-1 and 4r. The
imaging result shows that there is strong detection capability in the region outside of the aperture
than the region under the aperture. If the region under the aperture is the region of the interest,
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the transmission 4r-3 shows the best CNR result. Figure B.2 shows the CNR comparison of

different quarter Hadamard transmission and SAPW of anechoic inclusions at different location.
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Fig. B.2. Contrast-to-noise value anechoic inclusion of SAPW of different range of transmission
angle from £10 degrees to +80 degrees and different quarter Hadamard transmissions at different

lateral location at depth 20 mm.
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Fig. B.3. Contrast-to-noise value anechoic inclusion of SAPW of different range of transmission
angle from £10 degrees to +80 degrees and different quarter Hadamard transmissions at different

axial location at lateral distance 0 mm.

These preliminary simulations demonstrate that different quarter Hadamard transmissions can be
chosen depending on the region of the interest. This decoding method may be also applied to B-
mode and any synthetic aperture sequential beamforming. Furthermore, the combination of the
above transmissions can be used to improve the imaging quality. Figure B.4 shows the
combination of £20 degrees PW transmission and 4r transmission imaging since +20 degrees
PW transmission gives the better detection in the region under the aperture and 4r shows better
detection of the region outside of the aperture.
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Fig. B.4. Simulated log-enveloped beamformed imaging of anechoic soft tissue phantom with
combination of 20 degrees SAPW and 4r quarter of Hadamard encoded transmissions (left),

+20 degrees SAPW only (middle) and 4r quarter of Hadamard encoded transmissions only
(right).
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