
EXPERIMENTAL STUDIES FOR LFEIT WITH MAGNETIC FIELD
MEASUREMENTS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY
AHMET ÖNDER TETIK

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR

THE DEGREE OF MASTER OF SCIENCE
IN

ELECTRICAL AND ELECTRONICS ENGINEERING

SEPTEMBER 2018





Approval of the thesis:

EXPERIMENTAL STUDIES FOR LFEIT WITH MAGNETIC FIELD
MEASUREMENTS

submitted by AHMET ÖNDER TETIK in partial fulfillment of the requirements for
the degree of Master of Science in Electrical and Electronics Engineering Depart-
ment, Middle East Technical University by,

Prof. Dr. Halil Kalıpçılar
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Tolga Çiloğlu
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ABSTRACT

EXPERIMENTAL STUDIES FOR LFEIT WITH MAGNETIC FIELD
MEASUREMENTS

Tetik, Ahmet Önder
M.S., Department of Electrical and Electronics Engineering

Supervisor : Prof. Dr. Nevzat Güneri Gençer

September 2018, 77 pages

Lorentz Force Electrical Impedance Tomography based on magnetic field measure-
ments (LFEIT) is a hybrid imaging modality to image the electrical impedance of
body tissues. In this modality, ultrasound pressure waves applied to the body tissues
under static magnetic fields induce Lorentz currents. Magnetic flux density due to
these currents is measured using receiver coils. The main aim of this thesis is to
develop an experimental setup and a data acquisition system to obtain LFEIT sig-
nals from phantoms. Moreover, conductivity contrast images are formed using the
measured LFEIT signals. For the data acquisition system, custom made contactless
receiver coils in Helmholtz configuration are utilized and a two-stage cascaded am-
plifier is designed to obtain LFEIT signals. A magnetic field generator is built with
permanent magnets to apply 0.56 T static magnetic field to phantoms in the experi-
mental setup. In addition, 16-element Linear Phased Array (LPA) Transducer is used
to steer ultrasound waves in the phantoms. Two different phantoms are prepared for
experiments. In the first experiment, a conductive inhomogenity with 3 S/m con-
ductivity is detected at 92 mm from the transducer surface. The last experiment is
conducted with a phantom including sunflower oil and agar-gel having a cavity filled
with 58 S/m solution. The transducer steers ultrasound waves from -20◦ to 20◦ with
1◦ step angle in the phantom. At each angle, data acquisition system records LFEIT
signals. With this system, 58 S/m cavity with 15.15 mm height, 30 mm width and
20 mm length dimensions is detected at a depth of 75 mm. As a result, conductivity
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contrast image of this phantom is formed using LFEIT signals. 3 S/m is the lowest
conductivity detected by this technique compared to the previous studies reported in
the literature.

Keywords: Lorenz Force Electrical Impedance Tomography, Data Acquisition Sys-
tems, Ultrasound Imaging, Conductivity Measurement
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ÖZ

MANYETİK ALAN ÖLÇÜMLERİNE DAYANAN LORENZ KUVVETLİ
ELEKTRİKSEL EMPEDANS TOMOGRAFİSİ İÇİN DENEYSEL ÇALIŞMALAR

Tetik, Ahmet Önder
Yüksek Lisans, Elektrik ve Elektronik Mühendisliği Bölümü

Tez Yöneticisi : Prof. Dr. Nevzat Güneri Gençer

Eylül 2018 , 77 sayfa

Manyetik alan ölçümlerine dayalı Lorenz Kuvvetli Elektriksel Empedans Tomogra-
fisi, vücut dokularının elektriksel empedansını görüntülemeye yarayan bir hibrit gö-
rüntüleme tekniğidir. Bu yöntemde, statik manyetik alan içinde bulunan vücut do-
kularına uygulanan ultrason dalgaları Lorentz akmlarının oluşmasına neden olur. Bu
akımların manyetik akıları alıcı bobinler ile ölçülür. Bu tezin ana amacı, LFEIT sin-
yallerini ölçebilmek için veri toplama sistemi ve deneysel düzeneğin geliştirilmesidir.
Ayrıca, fantomlar üzerinde deneyler yürütülmüştür ve ölçülen sinyaller kullanılarak
iletkenlik kontrast görüntüsü elde edilmiştir. Veri toplama sistemi için Helmholtz
konfigurasyonunda el yapımı temassız alıcı bobinler kullanılmış ve iki aşamalı amfi
tasarlanmıştır. Deney düzeneğinde fantomlara 0.56 T statik manyetik alan uygula-
yan manyetik alan jeneratörü yapılmıştır. Ultrason dalgalarını fantom içerisinde yön-
lendirmek için 16 elemanlı doğrusal faz dizili ultrason dönüştürücü kullanılmıştır.
Deneyler üç farklı fantomda yürütülmüştür. Birinci deneyde, 3 S/m iletkenlik farkı
dönüştürücünün 92 mm ilerisinde farkedilebilmiştir. Son deney ayçiçek ya ‘gı ve içi
58 S/m iletkenli ‘ginde solüsyon dolu oyuğun bulundu ‘gu agar jelatinden oluşan fan-
tom ile yürütülmüştür. Ultrason dönüştürücü dalgalarını -20 dereceden 20 dereceye 1
derece adımlarla yönlendirmektedir. Her bir açı adımında veri toplama sistemi LFEIT
sinyallerini kaydetmiştir. Bu yöntem ile 15.15 mm derinliğinde 30 mm genişliğinde
20 mm uzunluğundaki 58 S/m iletkenliğindeki oyuk 75 mm derinlikte tespit edildi.
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Sonuç olarak, LFEIT sinyallerini kullanarak bu fantomun iletkenlik kontrast görün-
tüsü elde edilmiştir. Literatürde bulunan önceki çalışmalar ile kıyaslandığında, 3 S/m

bu teknik ile tespit edilen minimum iletkenliktir.

Anahtar Kelimeler: Lorenz Kuvvetli Elektriksel Empedans Tomografisi, Veri Top-
lama Sistemi, Ultrason Görüntüleme, İletkenlik Ölçümü
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CHAPTER 1

INTRODUCTION

Breast cancer is the most common cancer type seen among women [1]. It is the third

fatal cancer type among the others [1]. Different methods can be used to diagnose the

breast cancer, namely, mammography, ultrasound, MRI and new alternative methods.

At present time, mammography is commonly utilized to diagnose breast cancer [2,3].

During screening mammography, breast is squeezed to a determined thickness and

two-dimensional (2D) x-ray imaging of the breast is obtained. Mammography has

some drawbacks, as being uncomfortable, even painful for women, and using ionizing

radiation [2]. Moreover, a study done in 2005 shows that this method has higher

false-positive rate reaching 3% than the MRI [4]. Beside mammography, ultrasound

imaging is used to differentiate cystic and non-cystic tissues and guide breast biopsies

[5]. Other methods such as magnetic resonance imaging (MRI) can only diagnose

breast lesions and nuclear medicine has limited success in breast cancer diagnosis [5].

Due to shortcomings of the existing methods for diagnosing breast cancer, alterna-

tive methods have been developed in recent years. Electrical Impedance Tomography

(EIT) is one of these methods. It was developed after realising the fact that the con-

ductivity of malign and benign tissues are different in the low frequency range [6].

EIT has two different approaches based on the type of current application inside the

body, namely Applied Current Electrical Impedance Tomography (ACEIT) and In-

duced Current Electrical Impedance Tomography (ICEIT). In classical ACEIT, elec-

trodes are equidistantly placed around the tissue. An adjacent pair of electrode applies

current through the tissue and the other adjacent pairs measure voltages [7–9]. The

conductivity distribution is reconstructed from the measured voltages. In ICEIT, elec-
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trical current carrying coils encircling the body apply time varying magnetic fields.

Potential differences caused by the induced currents are measured by the electrode

pairs around the body [10–12]. However, these methods suffer from the low spatial

resolution since the current strength is smaller in the inner regions of the body and

the number of measurements is limited.

In order to increase the spatial resolution, MRI has been used to measure the magnetic

fields of injected current density, which is called Magnetic Resonance Current Den-

sity Imaging (MR-CDI) [13–15]. Current density images obtained with this method

is then converted to conductivity images in the MR-EIT method [16, 17].

In addition to conventional EIT methods, Magnetic Induction Tomography (MIT)

method has been developed [18–20]. In this method, eddy currents are induced by

time varying magnetic field using transmitter coils placed around the body. Then,

secondary magnetic flux density generated by the induced currents is measured with

receiver coils. MIT has the advantages of being contactless and non-invasive. Another

advantage over EIT is that the number of measurements can be increased by shifting

the receiver and transmitter coils which leads to an increase in the spatial resolution.

The methods based on applied currents or electromagnetic waves employing surface

measurements yield low spatial resolution in the reconstructed conductivity images

of the body. In order to solve this problem, hybrid methods have been proposed in

the recent decades. Some of these methods, namely, acousto-electrical tomography

(AET), magneto-acoustic-electrical tomography (MAET) and magneto-acoustic to-

mography with magnetic induction (MAT-MI), benefit from the short wavelength,

high penetration depth and focusing properties of ultrasound in body tissues.

The measurement setup for Acousto-Electrical-Tomography (AET) is similar to EIT

but it utilises a focused ultrasound transducer (FUS) [21]. This transducer focuses

ultrasound at a point inside the body yielding a perturbation in the electrical properties

of that point [22]. This perturbation is detected by measuring the potential differences

between the receiver electrode pairs so that the potential measurements are related to

a point inside the body. By shifting or steering the focusing point in the body, the

conductivity distribution is reconstructed. The spatial resolution is highly increased

by using a FUS for conductivity imaging.
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MAT-MI is a different hybrid imaging modality compared to AET [23–25]. In MAT-

MI, transmitter coils apply time varying magnetic field to a body placed in a static

magnetic field. Time-varying magnetic field induces eddy currents in the body and

Lorentz forces appear as a result of interaction of eddy currents and static magnetic

field. These forces cause acoustic waves which are sensed by ultrasound transducers

placed on the body surface.

Magneto-acousto-electrical tomography (MAET) is another hybrid conductivity imag-

ing modality which is based on Lorentz forces [26–30]. In this method, ultrasonic

transducers located on the body surface generate vibrations inside the body. The in-

teraction of the static magnetic field and acoustic vibrations yields Lorentz forces

and currents occur in the conductive body. The resultant current density is sensed

by the surface electrodes and used to reconstruct the conductivity distribution of the

body [31, 32].

Figure 1.1: Forward problem geometry of LFEIT with magnetic field measurement

Lorentz Fields Electrical Impedance Tomography (LFEIT) with magnetic field mea-

surement was developed in [33]. Lorentz currents in the body is generated in the
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same way as in the MAET method. Instead of surface electrodes, this method utilizes

receiver coils to measure magnetic flux density generated by this currents. Then, the

conductivity is reconstructed by using induced voltages of the receiver coils. For-

ward problem geometry is presented in Figure 1.1. As seen in this figure, interaction

of particle velocity ( ⃗v(t)) produced by ultrasound transducer and static magnetic field

(B⃗) induces Lorentz forces on the charged particles. This yields Lorentz currents

in the conductive body. Magnetic field of the Lorentz currents induces voltages on

the receiver coils so that Lorentz current density in conductive body is measured by

measuring voltage on the coils. Advantage of this method is that it allows contactless

measurements. In [33], the relation between the conductivity distribution and the volt-

age measurements was derived using the reciprocity theorem. Sensitivity matrix was

obtained by linearizing the derived relation around the initial conductivity distribu-

tion. Analyzing the sensitivity matrix with the singular value decomposition (SVD),

characteristics of the imaging system were investigated. Also, the performance of the

method was evaluated by performing multiphysic simulations in COMSOL.

MAET-MI method is another name of LFEIT with magnetic field measurement. Guo

et. al. presented general time-dependent reciprocal relation for MAET-MI and the

limits of the perturbation in conductivity distributions that can be reconstructed by

MAET-MI [34]. The first experimental studies were also presented in the same study.

A phantom having two conductive regions 47.7 S/m and 29.6 S/m were placed in

an oil bath. A short acoustic pulse (80 ns) was applied to the phantom by a piston

transducer (500 kHz center frequency) driven with 1200 V pp input signal. Magnetic

fields generated by induced Lorentz currents were sensed by the receiver coils in the

Helmholtz configuration. The phantom was turned in 2.5◦ step angle with a gear

system so that 144 measurements were obtained. The conductivity distributions were

reconstructed using the Levenberg-Marquardt (L-M) and Compressed sensing (CS)

methods.

Instead of using piston transducer, Linear Phased Array (LPA) Transducer is used to

steer ultrasound waves and the forward problem of the LFEIT using (LPA) transducer

is simulated in [35]. Also, the theoretical limits for the conductivity perturbation is

shown in this study.
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Zengin et al. [36] simulated the forward problem of LFEIT with magnetic field mea-

surement in COMSOL and proposed simultaneous use of two receiver coil configura-

tions. In this simulation study, the static magnetic field strength was assumed 4 Tesla

and the conductive body was excited by 16 element Linear Phased Array (LPA) trans-

ducer. 5 mm x 5 mm conductive perturbations were placed in the breast fat model

and the transducer steered a packed (one period) 1 MHz acoustic pressure wave from

-25 ◦ to 25 ◦ in 5◦ degree step angle. Then, conductivity distribution was reconstructed

from the induced voltage signals on the coils using the truncated SVD.

Kaboutari [37] measured LFEIT signals from a tube phantom composed of oil and

70 S/m conductive solution using a Helmholtz coil configuration. A 16 element

LPA transducer (1 MHz central frequency) producing acoustic pressure field of

500 kPa amplitude was used for excitation. In addition, conductivity related images

of a graphite bar was obtained along with B-mode ultrasound images.

In conclusion, two simulation and two experimental studies were done for LFEIT

with magntic field measurement imaging modality. Feasibility of this modality using

LPA transducer and its theoretical limits was presented in [35, 36]. Guo et. al. [34]

utilized the piston transducer to excite phantom with acoustic pressure waves and

turn the phantom in the oil bath. This system is not suitable for clinical usage. Also,

ultrasound pressure level was not mentioned in their study and it is possibly larger

than the safety limit by considering 1200 V pp excitation voltage. On the other hand,

Kaboutari [37] utilized LPA transducer in the experiments. However, the graphite bar

whose conductivity and acoustic impedance are much more than biological tissues

was included in the phantoms. In this thesis study, LPA transducer producing pres-

sure within safety limits was utilized. Also, conductivity related image and B-mode

ultrasound image of 58 S/m solution whose conductivity and acoustic impedance are

closer to the tissue’s conductivity and acoustic impedance compared to graphite bar.

1.1 Scope of the Thesis

In this thesis, the experimental setup for LFEIT with magnetic field measurements

is reported. Experimental studies conducted with various conductivity phantoms are
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presented. Specific objectives of this thesis study are as follows:

• To construct a static magnetic field generator using permanent magnets produc-

ing more magnetic field than the generators used in previous MAET and LFEIT

with magnetic field measurement studies [26–32, 34]

• To design a low noise amplifier for measuring LFEIT signals in µV range.

• To design a conductivity meter in order to measure conductivity of phantom

materials at 1 MHz.

• To prepare phantoms having different conductivities and conduct experimental

studies.

• To develop methods to eliminate the stimulation artifact signals in LFEIT sig-

nals.

• To obtain LFEIT signals from the phantoms having lowest conductivity differ-

ence compared to literature

• To form conductivity contrast image of the phantom having lowest conductivity

difference compared to literature.

1.2 Thesis Organization

In chapter 2, elements in the experimental setup and data acquisition system are ex-

plained. First, the design and realization of the static magnetic field generator is

presented. Then, amplifiers and coils utilized in the data acquisition system are intro-

duced. Finally, the custom made conductivity meter design and calibration methods

are described. Finally, phantoms used in the experiments and their preparation pro-

cesses are presented.

In chapter 3, results of transducer beam pattern measurement and experiments con-

ducted with three different phantoms are presented. Brightness-mode conductivity

contrast image and pulse-echo image of two phantoms are formed. Also, these two

images are compared. A simulation study is done in order to explain the result of the
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last phantom. Furthermore, software and hardware methods to eliminate stimulation

artifact signal are presented.
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CHAPTER 2

EXPERIMENTAL SETUP

2.1 Introduction

Theory of LFEIT with magnetic field measurements was extensively investigated

in [35, 36] (Appendix A). In this thesis, an experimental setup and a data acquisi-

tion system are developed to obtain LFEIT signals from different body phantoms.

The setup contains a static magnetic field generator, an 16 channel linear phased ar-

ray (LPA) ultrasound transducer (IMASONIC) and its driver unit (OPEN SYSTEM),

custom made receiver coils, amplifiers and a data acquisition board. Block diagram

of the experimental setup is presented in figure 2.1. Working principle of the experi-

mental setup is as follows:

• Ultrasound transmit sequence and output signal of LPA transducer driver (OPEN

SYSTEM) are controlled by a computer.

• OPEN SYSTEM Driver drives LPA transducer with a burst signals and send

trigger signals to a Data acquisition board.

• LPA Transducer outputs acoustic pressure waves.

• Lorentz currents are induced in the conductive phantom by interaction of acous-

tic pressure wave and conductive medium in the existence of static magnetic

field.

• Magnetic fields of Lorentz currents induce voltages on the receiver coils.

• Amplifiers amplifies the weak LFEIT signals on the receiver coils.
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• Data acquisition card samples output of the amplifiers according to length of

the trigger signals coming from Open System Driver and sends the data to the

computer.

• The measured signals are processed and an image is formed In computer.

An experimental setup implemented for obtaining LFEIT signals from the phantoms

can be seen in Figure 2.2. This chapter has two sections. In the first section, com-

ponents of the experimental setup and data acquisition system are presented. In the

second section, techniques for measuring conductivity and acoustic properties of the

phantoms are explained.

Figure 2.1: Block Diagram of the LFEIT with magnetic field measurement imaging

system

2.2 Components of the Experimental Setup

LFEIT experimental setup consists of the static magnetic field generator, the linear

phased array (LPA) ultrasound transducer, the receiver coils, amplifiers and the phan-

toms. In this subsection, details about each component are presented.
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Figure 2.2: Experimental setup components for LFEIT-MI experiments: static mag-

netic field generator, receiver coils, a phantom, amplifiers, and DAQ card

2.2.1 Static Magnetic Field Generator Design

Strength of LFEIT signals is directly related to the strength of the static magnetic field

To detect signals from phantoms that have lower conductivities stronger magnetic

fields should be used. In addition, the magnetic field applied to phantoms should be

homogeneous throughout the phantom area. Commercial magnetic field generators

(electromagnets) that satisfy these requirements require large spaces and high power

to generate these fields In addition, their operation periods are limited. Consequently,

commercial magnets are not utilized in the experimental setup of LFEIT. Instead, a

magnetic field generator with permanent magnets was designed and constructed in

the METU Biomedical Research Laboratories.

This generator consist of Neodymium magnets [38] and a steel core. Since electrical

power is not used, it does not suffer from overheating problem and there is no limit

for the operation time. In addition to this, it occupies less space since it does not need

cooling units

Dimensions of neodymium magnets used in the generator is 110mm×89mm× 20mm.

To generate a stronger magnetic field two magnet groups, each comprising three

united magnets (2.5), are separated by 6.4 cm. For the same configuration, COMSOL

simulations shows that the maximum magnetic field on the central plane between the

two united magnet groups is 0.44 Tesla [39] when no core is used. When the mag-

nets are surrounded with an 40 cm × 55 cm × 70 cm U-shape iron core, however,
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the magnetic field strength increases to 0.59 Tesla. Therefore, the magnet groups are

attached to an U-shape iron core. Note that the magnetic field strength on the surface

of the magnet is 1.2 Tesla [38]. Since there is a strong attraction force between the

magnets and the iron core, a setup is built to join the magnets and the iron core safely.

The setup is shown in figure 2.6.

To hold the magnets in the generator stationary, the attraction force between the mag-

nets is calculated using COMSOL [39]. Fig. 2.3 shows the effects of resultant forces

on the location of a magnet (magnet 1) when another magnet (magnet 2) is placed

(fixed in space) nearby. It is observed that the moving magnet (magnet 1) is under

strong attraction force until it contacts to magnet 2. Considering the forces calculated

in the simulation studies, an apparatus (Figure 2.4) is prepared to unite the magnets

safely. As shown in this figure, there is a specific enclosure for the magnets in the ap-

paratus. Magnet 2 is placed on a shelf. The rack carrying magnet 1 can slide in space

as the mill is turned. By doing so, magnet 1 and magnet 2 are brought together in a

controlled manner. Once the magnets are united, they are kept on the shelf and the

third magnet is moved on the rack. Consequently, three magnets are brought together

safely. Figure 2.5 shows magnets attached using this procedure.

Figure 2.3: COMSOL simulations showing the effects of attraction forces on the two

Neodymium magnets (magnet 1 and magnet 2). Magnet 2 is fixed in space. Magnet

1 is free to move under magnetic and gravitational forces. a), b), and c) show the

magnet positions at three time instants.

To bring the two magnet groups and the iron core together a new setup is prepared.

12



Figure 2.4: The apparatus prepared to unite three Neodymium magnets.

Figure 2.5: Three magnets united with the apparatus.

Figure 2.6: The setup built to attach magnets to the iron core.
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The initial position of magnet groups are shown in Figure 2.6. They are pushed

through the wood pistons by turning the attached mill. Figure 2.6 shows the The final

positions of the magnets attached on the corresponding core surfaces.

2.2.2 Phased Array Transducer and Its Driver System

Ultrasound system used in the experimental studies consists of IMASONIC 16 el-

ement Linear Phased Array (LPA) Ultrasound Transducer [40], OPEN SYSTEM

driver [41] and a computer which can be seen in Figure 2.7. OPEN SYSTEM driver

is an 16 channel ultrasound transducer driver. It is controlled by its specific MATLAB

functions. It has an arbitrary waveform generator so that it can produce any wave-

form shape whose amplitude is ranging from 0 to 100 V . Frequency of the generated

waveform is ranging from 0 Hz to 40 MHz. Amplitude, waveform shape, applied

delay and frequency of input signal given to each channel can be controlled.

Figure 2.7: Ultrasound system used in the experiments: Imasonic 16 element Phased

Array (PHA) Ultrasound Transducer, Open system driver and a computer

IMASONIC 16 element Phased Array Ultrasound Transducer [40] is used as LPA

transducer. The transducer 1 MHz pressure wave with 50% bandwidth. Geometrical

specification of the transducer can be seen in Table 2.1. It can focus and steer ultra-

sound waves at the desired point by exciting each element with an appropriate strenth

and delay.

Considering aperture length, near field of the transducer in water is calculated as
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Table 2.1: Measured sourced current and voltage difference values with respect to
concentrations

Spesifications Size(mm)
Length of piezo electric Crystals 10
Width of piezo electric Crystals 0.65

Spacing between Crystals 1
Aperture length 15.7

41.57mm by using the following formula:

LNearF ield =
D2

4λ
(2.1)

In this formula, D is the aperture length of LPA transducer and λ denotes the wave-

length. Consequently, the axial resolution of the transducer can be found with the

following formula:

∆r = c ∗ ∆T

2
(2.2)

where ∆r, c and ∆T are the axial resolution, speed of sound, and pulse length mea-

sured at −6 dB lower than peak of the pulse, respectively. ∆T is directly related with

number of periods and window function of the input signal. In the LFEIT experi-

ments, input signal with 10 periods and the Tukey window [42] is used. The applied

input signal is shown in figure 2.8. Here, the pulse length at half of the peak value is

5µs. Consequently, the axial resolution is 3.7mm.

Figure 2.8: Normalized input signal applied to the transducer.
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2.2.3 Amplifiers And Coils

Simulation works showed that magnetic field strength of Lorentz currents induced

on 1 S/m conductive inhomogenities is on the order of pT [43]. Magnetic fields

in that order induces µV range LFEIT signals on our coils [37]. Hence, amplifiers

should meet the following specifications in order to measure the signals of such low

amplitude:

• Minimum detectable signal level should be on the order of µV .

• It should have more than 100.000 gain.

• It should have high input impedance.

The amplifier employed in the LFEIT experiments are designed and realized to satisfy

the above requirements. It has two stages: pre-amplifier and second stage amplifier.

In the following subsections, specifications of these amplifiers are presented.

2.2.4 Pre-amplifier Stage

In the experimental studies, the Helmholtz coil configuration is used to measure the

LFEIT signals (subsection 2.4). In this configuration, output voltages of the coils

should be measured differentially. Since, induced voltages on the coils are measured,

the pre-amplifier should have high input impedance in order to prevent voltage di-

vision between coils’ output resistance and the amplifier input impedance. For this

purpose, as a pre-amplifier, an instrumentation amplifier is chosen. In addition to the

mentioned properties, this type of amplifier has high common mode rejection ratio.

In Figure 2.9, the schematic of the amplifier circuit is shown.

Gain of this amplifier is calculated with the following formula:

Gain = Vin
R2

R1

(1 +
2R5

Rg

) (2.3)

Most of the instrumentation amplifier boards and chips are designed to be utilized for

low frequency applications, such as, EEG, ECG and EMG measurements. Therefore,
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Figure 2.9: Schematic of the instrumentational amplifier circuit. R1, R1,R3, R4, R5

and R6 and Rg are the resistances in the amplifier circuit. Vin and Vout are the input

and output signals, respectively.

their Gain-Bandwidth products are lower than it is needed. Since the frequency of

LFEIT signals is 1 MHz, more than 100 MHz gain bandwidth product is required.

As a consequence, Analog Devices’s CN0273 instrumentation amplifier board is cho-

sen (Figure 2.10). Properties of this board are as follows [44]:

• 175 MHz Gain Bandwidth product.

• FET input having 500 GΩ input impedance.

• 55 dB Common Mode Rejection Ratio at 1 MHz.

• 10 nV√
Hz

input voltage noise at 100kHz RTI (Referred to Input).

• 0.01V to 4.75V output voltage swing with 150 Ω.

As shown in specifications of this amplifier board, having a high gain bandwidth

product, a high input impedance, relatively high CMRR (Common Mode Rejection
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Figure 2.10: Analog Devices CN0273 instrumentation amplifier board.

Ratio) and a low input noise makes this board suitable for the experiments. In order

to increase the gain of the amplifier, some modifications are made on the board. After

these changes, the schematic of the board is shown in Figure 2.11.

Differences between the general topology and this schematic are that 2 pF capacitors

parallel to 10 kΩ feedback resistors, absence of R1, R2, R3 and R4 resistors, and RC

high pass filter at the output. By adding 2 pF capacitors parallel to these resistors,

a low pass filter having 7.97 MHz is built. The resistors R1, R1,R3, R4 are inside

the opamp ADA4830. ADA4830 is a difference amplifier and it has matched resis-

tor network providing 0.5 V/V gain. Cutoff frequency of the RC high pass filter is

15.9 kHzwhich is placed to block DC component of the output signal. In this board,

Analog Devices ADA4817 is used as input opamp [45]. In the second stage of the

instrumentation amplifier ADA4830 is used [46]. ADA4830 is a high speed differ-

ence amplifier. It has precisely matched input resistance so that the Common Mode

Rejection Ratio (CMRR) of the instrumentation amplifier is increased. In addition,

the total PCB area is kept small since the resistor network is inside this amplifier.

Schematic of the instrumentation amplifier (Figure 2.11) is modelled in LTSpice in

order to obtain its output noise level and analyze its AC performance. AC analysis

is done sweeping the input voltage source frequency from 100 Hz to 10 MHz. The

gain and bandwidth of the amplifier are found as 45 dB and 1.28 MHz, respectively.

Noise of the preamplifier is calculated by implementing LTSpice simulations. Input

referred noise at 1 MHz frequency is obtained as 3.6 nV/
√
Hz. Considering this

noise level, minimum detectable signal of the amplifier is calculated as 12.60µV (3

dB more than input noise level) [43].
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Figure 2.11: Schematic of Analog Devices CN0273 instrumentational amplifier

board.

2.2.5 Second Stage Amplifier

After the preamplifier stage, one more stage is connected to ensure the required sen-

sitivity for the data acquisition system. For this stage,a non inverting amplifier is

designed using ADA4817 opamp [45]. Non-inverting amplifier is set using the Ana-

log Devices EVAL-HSOPAMP-1CPZ bare board. The bare board is shown in Figure

2.12.

Figure 2.12: Analog devices EVAL-HSOPAMP-1CPZ bare board
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For AC analysis and noise calculations, schematic of the amplifier is modelled using

LTspice. Gain is found as 50.8 dB at 1 MHz frequency. The upper -3 dB frequency

of the amplifier is found as 389 kHz. The input referred noise of the amplifier over

the frequency range from 100 Hz to 10 MHz is calculated. Input referred noise at

1 MHz is found as 2.50 nV√
Hz

.

2.2.6 Receiver Coils

Coils used in the experiments were wounded manually in the METU BERG labara-

tory [37]. The coils were wounded by considering geometrical limitations of the

experimental setup. For example, since the distance between the magnets is 64 mm

and the depths of the phantoms are 32 mm, their lengths are kept lower than 16 mm.

Dimensions of the conductive inhomogenities included in the phantoms are at least 15

mm. Therefore, diameter of the coils were chosen larger than length of the diagonal

of the inhomogeneties as seen in figure 2.13. Larger coil diameter means larger re-

gion of interest. However, as larger coils are used, sensitivity to the points nearby the

coil center drops. The optimum inner diameter was found in experiments as 41 mm.

Also, resonance frequency of the coils was adjusted to 1 MHz frequency which is

same with the frequency of the acoustic pressure waves transmitted by the transducer.

This value restricts the number of turns since the resonance frequency falls as the

turn number increases, [37]. Moreover, they were adjusted to have a high quality

factor at their resonance frequency. Consequently, these coils amplify the signals at

1 MHz frequency and work as a band-pass filter. In the experiments, two coils are

used in Helmholtz configuration. One of these coils is shown in Figure 2.14. The

specifications of the coils are presented in Table 2.2.

Table 2.2: Specification of the coils used in the experimental studies

Coil Resonance AC Source -3 dB Bandwidth Quality Inner Turn
Name Frequency(kHz) Resistance(Ω) (kHz) Factor Diameter(mm) number
Coil I 1000.858 45.29 69.70 14.36 44 50

Coil II 1001.05 50.66 73.79 13.66 44 50
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Figure 2.13: Minimum coil diameter and diameter of the coils used in the experi-

ments.

Figure 2.14: Coils used in the experiments.
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2.3 Techniques for Measuring Conductivity and Acoustic Impedance of The

Phantoms

2.3.1 Conductivity Meter Design

In conducting the experimental studies, body phantoms with several layers are devel-

oped. Measuring the conductivity values of these layers at 1 MHz is an important

issue. One of the techniques in the literature is the four-electrode method [47–55].

This method includes a linear array of four electrodes where known current flows

through the outer two electrodes and the voltage is measured between the inner two

electrodes. Although different type of electrode and probe designs are available at

this method, plunge probe with four needle electrodes was used in this study. The

first reason is that this probe type is proven to measure the conductivity of biological

tissues. The second reason is that it allows easy usage to measure the conductivity

values. In order to measure conductivity of materials, outer electrodes of the plunge

probe are connected to a custom made current source and the inner electrodes are

connected to an instrumentational amplifier.

Organization of this section is as follows. Firstly, conductivity meter design and its

elements are explained. Secondly, calculation of the conductivity of the materials

from the current and voltage measurements is presented. After this, conductivity

measurements of saline solutions are presented.

2.3.1.1 Custom Made Conductivity Meter Design

The custom made conductivity meter design consists of a four electrode plunge probe,

a current pump circuit, and a current to voltage converter with an instrumentational

amplifier. Schematic of this method is shown in Figure 2.15.

In this method, conductivity of the material under measurement can be calculated

with the following formulas [47]:

V =
Iρ

2πα
(2.4)

σ =
I

V · 2πα
· c (2.5)
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Figure 2.15: Schematic of the four electrode measurement method.

R =
1

σ · 2πα
(2.6)

where, σ is the conductivity of the material, α is the electrode spacing between outer

electrodes, I is the pumped current and V is the voltage between the inner electrodes.

Load resistance seen by the current source circuit can be found using (2.6) by taking

α as the distance between outer electrodes. In the following subsections, information

about blocks composing conductivity meter are provided.

2.3.1.2 Plunge Probe Design

The plunge probe contains a linear array of four electrodes fixed in a nonconducting

material. These electrodes are spaced at an equal distance (interelectrode spacing)

from each other and their lengths from the surface of the nonconducting layer are

equal. Considering studies done by [50–53], our plunge probe is designed to mea-

sure both low conductivities below 1 S/m and relatively high conductivities between

1 S/m and 30 S/m. For this purpose, the interelectrode spacing is adjusted to be

5 mm. Our custom made four-electrode plunge probe is shown in Figure 2.16. The

electrodes are four EMG needle electrodes. Diameter of these electrodes are 0.39mm

and their depths are 7 mm. Remaining parts of the electrodes which is 7 mm away

from the pinpoints are insulated with varnish. The insulation helps to avoid errors
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resulted from the remaining fluid between electrodes. The insulated electrodes are

brought together with 3D printed cap. This cap is designed to hold them in equal

distance.

Figure 2.16: Custom made plunge probe design for the four-electrode method

2.3.1.3 Current Source Circuit

Improved Howland current source is used to pump constant current through outer

electrodes of the probe regardless of changes in the load impedance. This circuit

topology can be seen in Figure 2.17.

This circuit was printed on the PCB and AD8034 was used as an opamp. It can be seen

in figure 2.18 Details about calculations of pumped current value and spesification of

the circuit can be found in Appendix B.2. When the supply voltages and input voltage

of AD8034 were adjusted to ±5 V and 500 mV , output current of the current source

circuit measured as 1.8 mA.

2.3.1.4 Current Sense Circuit

Current sense circuit is a circuit which converts input current to output voltage in

order to measure input current magnitude. AD8332 variable gain amplifier as used

as current sense circuit. This amplifier’s gain can be adjusted from 0 to 250 by con-

trolling voltage at its gain control pin. Input resistance of the amplifier is 50 Ω. The

amplifier can be seen in Figure 2.19. The input of the amplifier is connected to one
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Figure 2.17: Schematic of improved Howland current source.

Figure 2.18: Current source circit printed on PCB
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of the outer electrode of the probe. Its output voltage is directly proportional to the

input current through its multiplication of its input resistance and gain. The details

about current sense topology and this amplifier are mentioned in the appendix B.2.

Figure 2.19: AD8332 variable gain amplifier board used as current sense circuit.

2.3.1.5 Instrumentational Amplifier

The instrumentational amplifier board mentioned in 2.2.4 is utilized to amplify volt-

age differences between the inner electrodes of the probe. The board provides 177 V/V

gain at 1 MHz frequency. Inputs of the board are connected to inner electrodes of

the probe.

2.3.1.6 Conductivity Meter Calculations

In the four-electrode method, first the plunge probe is submerged into the material

to be measured. Then, the voltage and source current values are measured with the

intrumentational amplifier and current sense circuits, respectively. Using these values,

conductivity of the material is found using the following formula [55]:

σ =
I

V · a · c
(2.7)
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In this formula, σ, I , V , a and c are the conductivity of the material, source current,

voltage between the inner electrodes, interelectrode spacing, and the cell constant

respectively.

The cell constant is specific to the measurement cell and the measurement system

[50]. Consequently, it should be found before the measurements. To calculate this

constant, first the source currents and the voltages are measured for saline solutions

with different (known) conductivities. Then, using the measured values the conduc-

tivity of the solutions are calculated without using the probe constant. The conduc-

tivity versus molar concentration graph is obtained and slope of the resultant graph

is divided by the slope of the same graph whose conductivity values are given in the

literature.

Conductivity of saline solutions with different molar concentrations are measured

with the conductivity meter realized in this study. Table 2.3 presents a list of these

measurements. Figure 2.20 shows the conductivity versus molar concentration graph

of the literature values and measured conductivity values before the calibration con-

stant is found. Figure 2.21 shows the conductivity values after calibration. Calibration

constant is found as 3.5 for our system. The maximum error between the measured

values and the values in literature is found as % 5.68.

Table 2.3: Conductivity values of saline solutions with different concentrations [55]

Saline Concentration mol/lt Conductivity (S/m)
0.01 0.10
0.03 0.28
0.05 0.48
0.15 1.39

2.3.2 Measuring the speed of ultrasound in the phantom materials

Measuring the speed of ultrasound in the phantom materials is an important issue. In

the LFEIT experiments, by knowing the geometry of phantoms and speed of ultra-

sound in the materials, expected location of the LFEIT signals can be found.

In this study, the speed of ultrasound is measured using the LPA transducer. In order
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Figure 2.20: Conductivity versus concentration graph of the measured conductivity

values for different saline solutions. The literature values are the conductivity values

presented by Gabriel et al. [55].

Figure 2.21: Conductivity vs concentration graph of measured conductivity values of

different saline solutions and conductivity values presented in Gabriel et al. [55]
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to see accuracy in the measurements, speed of ultrasound is first measured in pure

water. In the literature, speed of ultrasound wave in water at 20 C◦ is measured as

1482 m/s [56]. The measurements are obtained using a beaker filled with oil and

water as shown in Figure 2.22.

Figure 2.22: Phantom used for measuring the speed of ultrasound in pure water. A

glass beaker is filled with oil and pure water. The height of water column is measured.

Figure 2.23: A-Scan signal obtained by the LPA for the phantom shown in Figure

2.22.

This beaker contains sunflower oil and pure water. The LPA transducer is submerged

in oil layer as shown with the dashed box in Figure 2.22. Height of the water column
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is measured as 34 mm. The LPA transducer generates two-period plane waves and

receives echoes from the boundary between the oil, pure water, and the bottom of

the beaker. A-scan signal obtained by the transducer is shown in Figure 2.23. Time

difference between the echoes is 44.88 µs. This means that speed of ultrasound in

pure water is 1515 m/s. The error between the measured and the literature values is

2.2 %. This error is, most probably, resulted from the error in measuring the height

of the water column. The same method is used in finding the speed of sound for the

agar-gels and solutions used in the LFEIT experiments.

2.4 Phantom Preparation Process and Phantoms Used In The Experiments

Two types of phantoms are prepared for different experiments. These phantoms con-

sist of different materials (oil, saline, acid solution, glass beads and agar-gel) to obtain

different conductivity and acoustic boundaries. One of the phantoms is prepared in

plexiglass tube and others are in rectangular prism case. These phantoms are pre-

sented in the following subsections.

2.4.1 Phantom I

Phantom I is a tube phantom (Figure 2.24(a)). This phantom is used to find the

minimum conductivity value that can be measured by the data acquisition system. It is

developed by filling sunflower oil, saline solution and glass beads in a plexiglass tube.

The acoustic properties of the sunflower oil and saline solutions are presented in Table

2.4. The ultrasound transducer (PHA) is submerged in the oil layer. Conductivity of

the sunflower oil and glass beads are about 0 S/m. Conductivity of the saline solution

is 3S/m. It is prepared according to equation in [54]. According to this formula, the

concentration of the corresponding saline solution is 0.34 M . Glass beads are placed

at the bottom of the phantom since they absorb and diffract acoustic waves. By using

the glass beads, reflections from the bottom are reduced and the LFEIT signals caused

by these reflections are prevented.
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2.4.2 Phantom II

The shape of this phantom is a rectangular prism. It is used to obtain 2D conductivity

related images together with the ultrasound images by steering the acoustic waves.

This phantom consists of oil, acid solution, agar-gel and glass beads. The phantom is

shown in Figure 2.24(b).

(a) (b)

Figure 2.24: Phantom I and Phantom II. Dashed lines represent the size and location

of the LPA transducer. (a) Phantom I is prepared using sunflower oil and conductive

solution. (b) Phantom II is formed using sunflower oil, a cavity filled with conductive

solution (HCl), and agar-gel.

As seen in this figure, the ultrasound transducer is submerged in the oil layer. In the

middle part of the phantom, a channel filled with acid solution is formed in the agar-

gel layer. This channel’s length is same with the length of the phantom. Three sides of

the channel are faced with agar-gel and its top surface is in contact with the sunflower
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oil. This channel provides two different conductive and acoustic boundaries. The first

boundary is between the sunflower oil and acid solution, and the second boundary

is between the acid solution and agar-gel. Agar-gel is prepared according to [57]

without adding salt. At the bottom of the phantom, glass beads are placed in order

to reduce the reflections of the acoustic waves. Acid solution in the channel is 8.75%

HCl acid solution. The conductivity of the solution is measured with conductivity

meter realized in this thesis study, and found as 58 S/m. Conductivity of the agar gel

is measured as 0.2 S/m.

Acoustic properties of the sunflower oil, acid solution and agar-gel are presented in

Table 2.4. Speed of ultrasound in the solution and in the agar-gel are measured as

explained in Section 2.3.2.

Table 2.4: Material properties (speed, density and acoustic impedance) of the phan-
toms used in the experiments.

Materials Speed Density Specific Acoustic Impedance
(ms−1) (kgm−3) (MNsm−3)

Sunflower Oil [58] 1418 919 1.30
Saline Solution

1530 989 1.51
(3 S/m Conductivity)

HCl Solution
1550 1022.5 1.58

(58 Sm−1 Conductivity)
Agar-Gelatin 1487 956 1.43
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CHAPTER 3

EXPERIMENTAL RESULTS

3.1 Introduction

In this chapter, first, the characteristics of the two system components (linear phased

array transducer and static magnetic field generator) are investigated experimentally.

Next, experimental studies conducted with the two phantoms (Phantom I and Phan-

tom II, as described in section 2.4) are presented.

3.2 Characteristics of the Magnetic Field Generator

To check the static magnetic field distribution generated by the magnetic field gener-

ator, the magnetic field strengths are measured in the central plane between the the

two magnet groups. Measurements are obtained on a square grid (1 cm resolution) by

using a Gauss meter (F.W. Bell 5180) [59]. The Gauss meter measures the magnetic

field with %0.1 accuracy.

Before the measurements, a wood block marked with the grid points is placed be-

tween the magnets. Then, measurements are obtained on each grid point. Figure

3.1 shows the magnetic field distribution obtained with these measurements. The

maximum magnetic field strength is measured as 0.56 T at the center of this distribu-

tion. Figure 3.2 shows the distribution on the same plane calculated by using COM-

SOL [39]. At the centre of that distribution, the maximum magnetic field strength is

calculated as 0.59 T . The maximum relative error between the calculated and mea-

sured field strengths is calculated as 10.5%.
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Figure 3.1: Magnetic field distribution measured on the central plane between the two

magnet groups. Measurements are obtained using a Gauss meter.

Figure 3.2: Magnetic field distribution calculated on the central plane between the

two magnet groups. Numerical values are calculated using a COMSOL model.

3.3 Characteristics of the LPA Transducer

To find the pressure distribution produced by the LPA transducer, the beam profile

of the transducer is measured with ONDA AIMS ultrasound measurement system in

the METU ULTRAMEMS laboratory. This system contains a data acquition system,
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Figure 3.3: Block diagram of the experimental setup to measure the pressure distri-

bution of the LPA transducer. ONDA AIMS ultrasound measurement system (METU

ULTRAMEMS Laboratory) is used for the measurements.

a 20 dB amplifier, a hydrophone(HNA-0400, Onda Corp., Sunnyvale, CA) and a 3-

axis scanner in a measurement tank (Acoustic Intensity Measurement System, Onda

Corp.). Block diagram of the measurement system is shown in Figure 3.3.

In this measurement system, the LPA transducer and the hydrophone is placed in the

measurement tank filled with tap water. The LPA transducer is fixed in the tank. The

hydrophone is connected to the oscilloscope (DSO6034A, Agilent Technologies Inc.)

through an amplifier with 20 dB gain (AH-2020-25,ONDA Corp.). Another channel

of the oscilloscope is connected to the trigger output of the Open System ultrasound

transducer driver. The oscilloscope is controlled by a PC running ULTRASCAN

program based on LabVIEW (National Instruments Corp). The hydrophone(HNA-

0400) [60] measures the pressure values and the oscilloscope samples the measure-

ment according to the trigger signals sent by the transducer. The average of the sam-
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Figure 3.4: ONDA AIMS ultrasound measurement system in the METU ULTRA-

MEMS laboratory. The LPA ultrasound transducer placed inside the tank is also

shown.

ples is recorded to the computer.

At the begining of the measurement, dimensions of the measurement region and step

size are entered in the LabVIEW program. The hydrophone is connected to a 3-axis

scanner which can position the hydrohone in the measurement plane with a 11.1 µm

resolution [60]. When the LPA transducer starts to transmit pressure wave signals,

the osciloscope samples the data and sends the average value to the computer. The

3-axis scanner then moves the hydrophone to the next grid point. The same procedure

is repeated until measurements are obtained from each grid point. A picture of the

measurement system is presented in Figure 3.4.

In this system, the measurements are obtained on a rectangular area between −44.25mm

and 44.25 mm in the horizontal direction (x-axis) and between 0 and -80 mm in the

vertical direction (y-axis) using a step size of 0.75 mm. The ultrasound driver sends

a burst 10-cycle square wave truncated with the Tukey window [42]. The input signal

of the transducer is shown in Figure 2.8. Amplitude of the signals is 50 V pp signal

which is half of its maximum voltage. Since the measurements are completed in 8

hours, the applied voltages are kept smaller than the maximum voltages. The input

signal is then applied to all channels of the transducer without a delay in order to
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Figure 3.5: Pressure distribution (beam pattern) of the transducer when it produces

plane waves.

transmit a plane wave. The measured beam pattern is shown in Figure 3.5. As shown

in the figure, when half of the maximum voltage is applied, the maximum pressure is

measured as 217 kPa.

In order to find the lateral resolution, beam profile of the intensity pattern along x-axis

at the edge of the near field should be drawn. Thickness of the beam profile becomes

lowest at the edge of the near field, consequently, the −6 dB beam width is measured

at this point. Beam profile of the intensity at 41.5 mm depth is shown in Figure 3.6.

In this figure, the −6 dB beam width of the transducer, i.e., the lateral resolution of

the transducer, is found as 9mm.

When the transducer focuses the acoustic waves, the beam-width gets narrower. In

order to evaluate this, it is adjusted to focus the acoustic waves at 60mm depth. When

it is focussed, the beam pattern of the transducer is measured at a depth between

41.2mm and 110.2mm and at a lateral distance between −35mm and 35mm. The

measured beam pattern is shown in Figure 3.7.

Intensity profile at the edge of near field is shown in Figure 3.8. As seen in this

figure, the −6 dB beam width of intensity at that distance is 2.25 mm which is far
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Figure 3.6: Intensity profile at the near field edge. The transducer produces plane

waves.

Figure 3.7: Beam pattern of the LPA transducer measured by ONDA AIMS ultra-

sound measurement system when the LPA transducer focusses acoustic waves at

60mm away from the transducer.
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Figure 3.8: Intensity profile at the edge of the near field when the transducer is fo-

cussed at 60mm depth.

narrower than the plane wave case. Moreover, the maximum pressure reaches to

304.8 kPa, and it becomes 609.6 kPa when the maximum voltage is applied to the

transducer. Consequently, the transducer is adjusted to have a focus when it is steering

the acoustic waves in order to increase the pressure strength and have a better lateral

resolution. To check the beam patterns for different steering angles, measurements are

obtained for 4◦, 8◦, 12◦ and 16◦ steering angles. These measurements are obtained

using 0.375 mm step size. Log compression is applied to the measurements and

resulting beam patterns at dB scale are shown in Figures 3.9, 3.10, and 3.11 3.12.

3.4 LFEIT Experiments

Two experimental studies are conducted using two different phantoms. The purpose

of the first experiment is to show the minimum detectable conductivity value with

the experimental setup. In this experiment, Phantom I is employed as shown in Fig-

ure 2.24(a). In the second experiment, LFEIT imaging performance is explored by

steering acoustic waves in Phantom II as shown in Figure 2.24(b).
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Figure 3.9: Log-compressed beam pattern of transducer for a steering angle of 4 ◦.

Figure 3.10: Log-compressed beam pattern of transducer for a steering angle of 8 ◦.

40



Figure 3.11: Log-compressed beam pattern of transducer for a steering angle of 12 ◦

Figure 3.12: Log-compressed beam pattern of transducer for a steering angle of 16 ◦.
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In these experiments, stimulation artifacts are apparent in the measured voltages of

the coils. Before processing the measured voltages, these artifacts are removed with

different techniques. In this section, first the applied artifact removal techniques are

briefly introduced. Then, the imaging formation method is explained. Finally im-

ages obtained by the experimental studies are presented together with the B-Mode

ultrasound images of the same phantoms.

3.4.1 Artifact removal technique

In the LFEIT experiments, when the ultrasound transducer is excited electrically, a

sinusoidal voltage is induced on the receiver coils. This is due to the electromagnetic

waves generated when a voltage pulse is applied to the piezo-electric crystals of the

ultrasound transducer. Since the coils’ resonance frequency is the same, the emitted

electromanetic waves are strongly coupled with the receiver coils. This signal is

undesired in this measurement system, and is named as stimulation artifact (SAT).

Similar stimulation artifacts are seen commonly in Electroencephalography (EEG)

recordings during deep brain stimulations and Electromyography (EMG) recordings

[61–67].

In this thesis study, SAT signals are removed in the measured signals by a combina-

tion of hardware and software methods. In the hardware method, a switch circuit is

placed between the first and second amplifiers stage. It breaks connection between

the amplifiers and grounds the input of the second stage amplifiers. With this method,

it is possible to avoid saturation of the second stage amplifier. The switching circuit is

not placed between the coil and the first stage amplifier. Since the switch circuit itself

injects charges to the coils during switching, this may induce undesired voltages on

the receiver coil.

Analog devices AD713 is used as a switch. The schematic diagram of switch circuit

is shown in Figure 3.13. By choosing a suitable capacitor (C) and a resistor (R) value,

the blanking period of the circuit is adjusted to 15 µs.

Figure 3.14 shows a sample LFEIT signal. In this example, the SAT signal lasts up

to 65 µs. The first 20 µs is removed by the switching circuit. Remaining part of the
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Figure 3.13: Schematic of the switch circuit.

Figure 3.14: Original LFEIT signal received from Phantom I.

SAT is removed by using the software method.

In the software method, the envelope of the SAT signal is extracted. A decaying

exponential function is fitted to the envelope of the signal. Then, 1 MHz sinusoidal

signal is modulated with the fitted exponential function. By subtracting the original

signal and the modulated sinusoidal signal, the SAT is removed. Figure 3.14 shows an

LFEIT signal measured from Phantom I. When the hardware and software methods

are applied together, the measured signal becomes as it is shown in Figure 3.18.
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Figure 3.15: LFEIT signal obtained from phantom I.

3.4.2 Brightness-mode data display

The data acquired by the measurement system is displayed as shown in Figure 3.15.

Firstly, the LPA transducer sends an acoustic waveform at a specified angle. Prop-

agating acoustic wave induces a current inside the conducting body. The magnetic

fields of the induced currents are picked up by the receiving coil. This signal is am-

plified and sampled by the DAQ card. The envelope of this signal is obtained [68]

and displayed at an angle same with the steering angle in polar coordinates. Signals

acquired at each angle are displayed accordingly and a sector image is formed reflect-

ing the material properties of the selected sector. This is named as brightness-mode

or B-mode LFEIT images, similar to the B-mode ultrasound images.

3.4.3 Experimental results

3.4.3.1 Experiments using Phantom I

Geometry of Phantom I is shown in Figure 3.16. The distance between the LPA

transducer and oil-saline interface is 92.7 mm. Amplitude-mode (A-mode) signal
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Figure 3.16: Geometry of Phantom I.

obtained in this phantom is shown in Figure 3.17. To improve the signal-to- noise

ratio (SNR), the LPA is excited 100 times and the average signal is plotted. Echo

signals from that interface arrive the transducer at 128 µs which means that duration

of time for the acoustic wave to reach the boundary takes 64 µs. As shown in Table

2.4, the speed of sound in sunflower oil as 1418m/s. Then the distance between the

transducer and the oil-saline interface is calculated as 91mm. The difference between

two values may originate from the distance measurement method and the difference

between speed of sound values found in the literature.

In the LFEIT experiment, the LPA transducer is excited for 10 periods at the reso-

nance frequency (1 MHz) of the transducer. The repetition frequency of this excita-

tion is set to be 10 kHz. Total gain of the amplifier used in the experiment is 95.8 dB.

Switching circuit is placed between the first and second stage amplifiers. In order to

increase the SNR, experiments are repeated by 1,024,000 times. The average signal

is recorded which leads to a 60 dB increase in SNR. The output signal of the ampli-

fier is acquired with DAQ (sampling rate is 100 MHz). After measuring the LFEIT
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Figure 3.17: A-mode signal obtained from Phantom I.

signal, the stimulation artifact is removed as explained before (section 3.4.1). After

the process, the LFEIT signal is shown in Figure 3.18. The LFEIT signal starts at

66 µs which is very close to the expected time instant of 64 µs. The 2 µs difference

between the A-mode signal and the LFEIT signal is due to a delay between the ultra-

sound driver system and the DAQ card which occurs for the continuous burst mode.

This problem is faced in all experiments. Peak-to-peak amplitude of the signal is

146mV . Considering sensitivity of the coils, noise floor of the amplifiers, maximum

pressure of the LPA transducer and geometry of this phantom, minimum detectable

conductivity of the imaging system is theoretically 1.21 S/m [43]. With this exper-

iment, LFEIT signals from the minimum conductivity difference is measured using

LFEIT method with magnetic field measurement as compared to Literature.

3.4.4 Experiments using Phantom II

Phantom II (Figure 2.24(b)) is prepared to obtain LFEIT images by steering the acous-

tic waves. The LPA transducer is placed about 75 mm away from interface between

the sunflower oil and the conductive solution. The transducer steers acoustic waves

from -20◦ to 20◦ by 1◦ step angles to obtain LFEIT signals from 41 different angles.

The same Helmholtz coils and the two-stage amplifier explained in Chapter 3 are uti-
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Figure 3.18: The LFEIT signal obtained from Phantom I.

lized. Total gain of the amplifiers is 95.8 dB. Switching circuit is placed between the

amplifiers in order to eliminate artifact signal saturating output of the second ampli-

fier by tto reach the DAQ input. 10 period acoustic waves are applied for a period

of 100µs by the LPA transducer for each angle. The DAQ card is triggered by the

transducer to sample the amplifier outputs. A total of 8192 samples are acquired with

100 MHz sampling rate. Each experiment is repeated by 32000 times and the average

of the sampled signals are recorded for each angle so that the SNR is increased by

45 dB. Figure 3.19 shows the phantom geometry in the region of interest, range of

the steering angles, acquisition length and receiver coil dimension.

Stimulation artifact of signals at all angles were removed using the technique ex-

plained in section3.4.1. Figure 3.20 shows the LFEIT signal at 0◦ after the removal

process. Envelope of this signal is shown in Figure 3.21.

Conductivity related image of Phantom II formed using the method explained in sub-

section 3.4.2 is shown in Figure 3.22. The LFEIT signal at 0 ◦ due to the first interface

of the conductive solution starts at 54.1 µs. The signal due to the second (rear) in-

terface starts at 64 µs. Considering the speed of sound in sunflower oil, distances

between the transducer and interfaces (front and rear) are calculated as 76.7 mm and

90.8 mm, respectively. As seen in this figure, the LFEIT signal due to the second

47



Figure 3.19: Cross section view of imaging geometry of the phantom II.

Figure 3.20: LFEIT signal at 0 ◦ obtained from Phantom II.

interface is lower than the first one. The possible reason is that pressure magnitude

of acoustic wave reaching second interface is lower after reflection from the interface

between the oil and the solution. First and second interfaces of the solution physically

cover 14.3◦ and 12.6◦, respectively. In the image, they cover the region between 11◦

and 9◦.
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Figure 3.21: Envelope of the LFEIT signal at 0 ◦ obtained from Phantom II.

Figure 3.22: LFEIT image obtained from Phantom II.
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Figure 3.23: B-mode (Pulse-echo) ultrasound image of Phantom II.

Figure 3.24: A-mode signal at 0◦ obtained from Phantom II.
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Delay and sum method was utilized in order to form Ultrasound brightness-mode

image of the phantom [69]. In this method, echo signals received by each channel

of the phased array is delayed appropriately and delayed signals of all channels are

summed together for the corresponding steering angle. Then, each pulse-echo signal

is placed at corresponding steering angle in polar coordinates. Angle range and step

angle size are the same with the ones in the LFEIT experiment. Pulse-echo image is

shown in Figure 3.23. Plot of the pulse-echo signal at 0 ◦ is shown in Figure 3.24.

Here, echo signals from the first and second interfaces of the conductive solution are

apparent at 104.4 µs and 124 µs. This means that the distances between the LPA

transducer and the interfaces are 74 mm and 88 mm. The difference between the

calculated distances from the LFEIT signals and ultrasound echo signals is due to

the delay between the ultrasound driver system and the DAQ card. In the pulse-echo

ultrasound image, width of the first interface is same with real width of the channel.
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CHAPTER 4

CONCLUSION

4.1 Summary

This thesis study is mainly focused on the realization of the experimental setup for

LFEIT with magnetic field measurements. In the experimental setup, a custom made

magnetic field generator, IMASONIC 16 channel Linear Phased Array (LPA) ultra-

sound transducer, OPEN SYSTEM ultrasound transducer driver, two stage cascaded

amplifier with 95 dB gain and GaGe compuscope data acquisition board are used.

The magnetic field generator is built with 6 Neodymium magnets and an iron core.

An apparatus is made to bring 3 magnets together and a mechanism is constructed

to place magnets in the U-shape iron core. Pressure distribution produced by LPA

transducer for different steering angles is measured in order to investigate the char-

acteristics of the transducer and to obtain beam patterns of the transducer. Two-stage

cascaded amplifier with high gain-bandwidth product, high input impedance, low in-

put referred noise is realized. Four electrodes conductivity meter is designed in order

to measure the conductivity of the materials used in phantoms at 1 MHz frequency.

For this purpose, four electrode plunge probe is made. Also, a current source circuit

is designed using an improved Howland current pump circuit topology and printed on

PCB. Different amplifier boards are utilized for sensing the current flowing through

the outer electrodes and voltage difference between inner electrodes. During the ex-

citation of the LPA transducer, Stimulation Artifact (SAT) signal is induced on the re-

ceiver coils. A switching circuit is designed and placed before second stage amplifier

to prevent the SAT signal to saturate it. Remaining part of the SAT signal is removed

numerically by software. Moreover, two phantoms with different conductivity distri-
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butions are prepared. Experimental studies are conducted with these phantoms. In

the first experiment, minimum detectable conductivity difference is investigated and

LFEIT signal starting at the boundary between sunflower oil and 3 S/m conductiv-

ity difference is measured. In the second experiment, LPA transducer steers pressure

waves from -20◦ to 20◦ in 1◦ step angle in the phantom containing sunflower oil,

58 S/m conductive solution and agar-gel. In this phantom, a cavity inside agar-gel is

filled with the solution. LFEIT signals starting at top boundary between the oil and

the solution and the bottom boundary between the solution and agar-gel are measured

at each steering angle. Brightness-Mode image of the phantom is formed by plac-

ing the LFEIT signals at the corresponding steering angles in the polar coordinates.

This image is compared with Brightness mode ultrasound pulse-echo image of the

phantom.

4.2 Discussion

In this study, the experimental studies of LFEIT with magnetic field measurements are

performed. Experiments are conducted with the phantoms having different conduc-

tivity values of inhomogeneities. The lowest conductivity (3 S/m) is detected with

LFEIT with magnetic field measurement method when compared to studies about

this method in literature. In these experiments, it is found that minimum distance be-

tween the transducer and conductivity differences to detect an LFEIT signal is 4 cm.

The reason why LFEIT signal cannot be detected within a shorter distance is slow

damping of the SAT signal induced on the receiver coils with high quality factor. The

receiver coils are adjusted to have high quality factor at 1 MHz frequency which is

same with the center frequency of the transducer. The higher quality factor means

the lower damping factor. Therefore, damping the SAT signal induced on the coil

takes longer time. If the receiver coils having unity quality factor were utilized in

the experiments, minimum detectable range would be reduced. The receiver coils

amplify the induced signals with their quality factor. In order to use the advantage

of the quality factor, one must apply more than one period of acoustic pressure wave

at each excitation. On the other hand, this causes a decrease in the axial resolution.

Consequently, trade off exists between the axial resolution and amplification of the
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induced signal. To increase resolution, wide band coils with high turn number and

unity quality factor should be used. In the LFEIT experiments, encircling coils are

used whose sensitivity regions are ring shape covering small area. Sensitivity expres-

sion of this imaging system is the dot product of the Lorentz force and the reciprocal

electric field of the coils. Hence, if the reciprocal field covers less area in the region

of interest, coils are sensitive to smaller area. Therefore, coil configurations whose

reciprocal fields are homogeneous in the imaging domain should be used. For this

purpose, several coils can be gathered together to obtain a coil array. The reciprocal

field of the array will cover more area and thus it will be more homogeneous than a

single coil.

In the experimental studies, strong side lobes are observed in the beam pattern of the

phased array transducer. In order to suppress them, delay and amplitude of the input

signals of each channel should be adjusted using adaptive beamforming algorithms.

Amplifiers with lower noise floor and higher gain should be chosen to measure LFEIT

signals from bodies of lower conductivity. Also, magnetic field strength and pressure

of the transducer should be increased to detect conductivity of biological tissues.

4.3 Future Work

The following improvements should be done in future studies:

• Applying beamforming algorithms to the input signals of the LPA transducer

in order to suppress the side lobes of the transducer.

• Designing wide band high turn coils to decrease transient response of receiver

coils.

• Designing different coil configuration to have wide homogeneous reciprocal

field and higher sensitivity.

• Designing coils using Litz wire.

• Designing amplifiers having lower noise level and higher gain in order to detect

LFEIT signals from biological tissues.

• Designing coil configurations in order to obtain LFEIT signal from 3 axis.
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• Conducting LFEIT experiments in the static magnetic field of MRI.

• Increasing pressure of the transducer up to safety limits to receive LFEIT sig-

nals from bodies of lower conductivity.

• Preparing phantoms mimicking acoustic and electrical properties of the body

tissues.

• Investigating different image reconstruction algorithms to reconstruct conduc-

tivity distributions from voltage measurements.

• Designing an imaging system to receive LFEIT signals in 3D phantoms.

• Designing a robust LFEIT imaging system ready for clinical trials.
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APPENDIX A

FORMULATION OF FORWARD PROBLEM

A.1 Introduction

LFEIT is a hybrid imaging modality bringing ultrasound and Hall effect imaging to-

gether [33, 36]. The theory behind this modality was given in [33]. In this section,

summary of the forward problem of the modality was presented. Geometry of the

forward problem can be seen in figure A.1. In this modality, phased array transducer

applies acoustic fields to a body volume with electrical properties (ϵ, σ, µ0) under

static magnetic field. Applied acoustic fields introduces propagating particle velocity

(v⃗) in the body with acoustic properties (ρ,β). Since the body is under static mag-

netic field (B⃗0), velocity current densities (J⃗) are induced as a result of interaction of

the particle velocity and magnetic fields in the conductive body (σ). Magnetic flux

density of these currents induce voltage on the receiver coils. In the following parts,

relation between Lorentz current and induced voltage on the receiver coil are given.

A.2 Relation between induced voltage on the coil and Lorentz current

The aim of the forward problem of LFEIT with magnetic field measurement is to

find voltage induced on the coil sensor as a result of Lorentz currents depending on

conductivity distribution. Induced voltage on the coils due to Lorentz currents can be

found with [33]:

V (σ0, t) =

∫
Vbody

σ0
δ

δt
( ⃗v(t)× B⃗0) · E⃗R(σ0)dV (A.1)

In this equation, E⃗R(r⃗) is reciprocal electric field of the coils [70], v⃗(t) is particle
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Figure A.1: Forward problem geometry of the MAET with magnetic field measure-

ment.

velocity due to acoustic pressure wave, B⃗0 is static magnetic field, σ0(r⃗) is conduc-

tivity distribution in the body. When the conductivity perturbation is introduced to

homogeneous background conductivity distribution, equation A.1 becomes [33]:

V (σ0 +∆σ, t) =

∫
Vbody

(σ0 +∆σ)
δ

δt
( ⃗v(t)× B⃗0) · E⃗R(σ0 +∆σ)dV (A.2)

where ∆σ is the conductivity perturbation in the initial conductivity distribution. In

this equation, reciprocal electric field expression also depends on conductivity per-

turbation which causes non-linearity in the inverse problem. In order to linearize the

problem, reciprocal electric field should be assumed same as the one for homoge-

neous conductivity distribution [33]. Karadas [35] showed that this assumption is

valid for magnitude of conductivity perturbation up to 50% different from the initial

distribution. By subtracting voltage expression for inhomogeneous case from the ho-

mogeneous case, change in induced voltage on the coil depending on conductivity
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perturbation is:

∆V (∆σ, t) =

∫
Vbody

∆σ
δ

δt
( ⃗v(t)× B⃗0) · E⃗R(σ)dV (A.3)

The equation A.3 is analytic expression of the forward problem of LFEIT with mag-

netic field measurement.

65



66



APPENDIX B

CONDUCTIVITY METER DESIGN

B.1 Current Source Circuit

Improved Howland current pump circuit is used to source current from one of the

outer electrodes of the plunge probe. Schematic of the current source can be seen in

figure 2.17. How much current is pumped through the load resistance is calculated

using the following equation:

iL = −Vin
R2

R1R5

+ VL(
R3

R4(R3 +R4)
+

R3(R1 +R2)

R1R5(R3 +R4)
− R4 +R5

R4R5

) (B.1)

If the following equation holds,

R2R3 = R1(R4 +R5) (B.2)

then the load current becomes independent of the load and its expression reduces to

the following:

iL = −Vin
R2

R1 ∗R5

(B.3)

In our case, implemented resistance values are presented in Table B.1.

Table B.1: Resistance values used in the Howland circuit.

Parameters Value
R1 10kΩ
R2 10kΩ
R3 10kΩ
R4 9.76kΩ
R5 330Ω

In this study, AD8034 was used as an opamp in this circuit. The reason is that it
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has wide output swing range and its gain bandwidth product is 80 MHz. This cir-

cuit with these resistance values and AD8034 opamp are simulated in LT Spice. In

this simulation, supply voltages and input voltage of the opamp are chosen as ±5 V

and 330 mV , respectively. The current source circuit is designed to pump constant

current for materials having conductivity values ranging from 0.1 S/m to 30 S/m.

This means that it should provide constant current regardless of changes in the load

resistance at some extent. In this simulation, load resistance is changed from 106.1

Ω to 0.35 Ω since these values are corresponding to 0.1 S/m and 30 S/m according to

equation (2.4). Current on the load is found as 6.06 µA and it is almost constant for

the conductivity values of interest. After simulations of the circuit are completed, the

circuit is implemented on the PCB. Output of this board is connected to one of the

outer electrodes of the plunge probe.

B.2 Current Sense Circuit

The general topology of the circuit can be seen in Figure B.1. In this topology, circuit

has a fixed current sensing resistance converting input current to input voltage.

After this stage, the non-inverting amplifier amplifies the input voltage. Value of the

current sensing resistance and gain of the amplifier should be chosen large enough to

measure input current and should not be chosen too large to saturate the circuit output.

For our conductivity meter, AD8332 evaluation board is used as current sense circuit.

This board is a variable gain amplifier. Its input impedance is 50 Ω. Its measured gain

vs. gain control voltage plot is shown in Figure B.2.

The relation between the output voltage and input current of this amplifier is as fol-

lows:

Iin =
Vout

RsenseG
(B.4)

where, Vout, Iin, Rsense, G are the output voltage, input current, input resistance, and

gain, respectively. This board is used as it has fixed input resistance and wide gain

bandwidth product. Also, its gain can be adjusted regarding to input current amplitude

to avoid saturation in the output.
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Figure B.1: General topology of the current sense circuit.

Figure B.2: Gain of AD8332 with respect to input signal frequency for different gain

control voltages.
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APPENDIX C

STIMULATION ARTIFACT REMOVAL TECHNIQUES

The stimulation Artifact (SA) signal is a voltage signal induced on the receiver coils

during excitation of ultrasound transducer. Since it has large magnitude and long

duration, the conductivity contrast images are deteriorated with this signals. Hence,

the SA signal is removed by software and hardware methods in this thesis. First,

hardware method is explained. Second, algorithms applied for software method are

presented.

C.1 Switching circuit

The stimulation artifact signals cause to saturation of second stage amplifier. This

caused to adjust large volt/div setting of DAQ card, which reduces to sensitivity of the

DAQ card. In order to prevent the saturation of the second amplifier, switching circuit

is placed between first and second stage amplifiers. By doing so, volt/div setting of

DAQ card is lowered to increase its sensitivity. The stimulation artifact tale remaining

after blanking period is removed with an algorithm. The circuit is composed of two

part: mono-stable multivibrator and an analogue switch. The schematic of the circuit

can be seen in figure 3.13

C.1.1 Monostable multivibrator

In this schematic, the monostable vibrator turns trigger signal to 5V pulse whose

duration is determined with the following formula [71]:
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t = K ∗R ∗ C (C.1)

Here, K is a constant determined from graph provided in datasheet, R and C are

resistor and capacitor seen in figure 3.13, respectively. In our case, SN74acht123-

DIP is used as a monostable circuit. The capacitor and resistor are chosen as 4.7 nF

and 6.66 kΩ. With these values, K is 0.5 and pulse width is 15 µs’dur. The width

can be adjusted easily changing the resistor value.

C.1.2 Analog Switch

Analog Devices AD713 is used as an analog switch. First reason to choose the switch

is that it has very low charge injection (3 pC). The second reason is that it has low

On resistance value (5 Ω). Lower on resistance means lower noise. Its digital input is

connected to the output of the monostable multivibrator as seen in figure 3.13. When

the input is grounded, S1 and S4 switches are off and S2 switch is on. When the

input is pulled up, S2 switch is off and S1 and S4 switches become on so that first

and second amplifiers connection is broken and input of the second stage is grounded.

The switching circuit is printed on PCB and it can be seen in figure C.1.

A tube filled with only sunflower oil is placed in the experimental setup in order to

see the effect of the switch circuit on the stimulation artefact signal. The signal seen

in figure C.2 was obtained by taking 8000 average.

Then, the switch circuit is placed between amplifiers. Its trigger input is connected to

the trigger output of the ultrasound driver. As the ultrasound driver sends burst signals

to the transducer, it will ground second amplifier for determined period. Name of this

period is blanking period. When the blanking period is chosen as 15 µs, recorded

stimulation artifact signal can be seen in figure C.3.

As seen in figure C.3, blanking period of the stimulation artifact signal is removed.

Whole artiefact can be removed by adjusting duration of the grounding,
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Figure C.1: The switching circuit printed on PCB

Figure C.2: The stimulation artifact signal is obtained without using switch circuit.
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Figure C.3: The stimulation artifact signal is obtained using switch circuit.

C.2 Software Method

C.2.1 Extracting Envelope of the Stimulation Artifact Tale

The stimulation artifact tale is a exponentially damped sinusoidal signal. As seen in

figure C.3, its amplitude is damped up to 23 µs. In order to remove the artifact tale,

its envelop should be extracted. Before extraction of the envelope, DC component of

the signal is removed by taking the mean of the signal and subtracting it. By doing so,

the obtained signal is symmetric. Envelope of the signal is taken using the following

formula [68] :

Senvelope(t) = |S(t) + j ∗HS(t)| (C.2)

In this formula S(t) and H(S(t)) represent signal and Hilbert transform of the signal.

The envelope of the signal in figure C.3 can be seen in figure C.4.

In this figure, the part of the signal after 40 µs is set to zero, since only envelope of

stimulation artifact is needed.
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Figure C.4: The envelope of the stimulation artifact signal after its first 13 µs is

grounded.

C.2.2 Fitting Exponential Decaying Sinusoidal Function

Envelope of the artifact is exponentially decaying. This means that exponential de-

caying function can be fitted to the envelope. Hence, following function is fitted:

Senvelope(t) = c ∗ eτ∗(t−τ) (C.3)

In this formula, c and τ are constant and delay of the function. Algorithm for fitting

sinusoidal signal to artifact oscillations is as follows:

Figure C.5: The envelope of the stimulation artifact signal and fitted exponential

decaying function.
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• Positive voltage samples of the envelope are represented with 1 and negative

samples are represented with -1 using ’sign’ function of MATLAB.

• Derivative of the representation is taken so that zero crossing points are found.

• There exists a half sine wave between two zero crossing point. By subtracting

two crossing point location, half period of the sine wave is found.

• A half sine wave is generated using the corresponding half period.

• In that way, half sine waves are placed between zero crossing points.

After sinusoidal wave is generated, it is multiplied with the envelope. The artifact is

removed by subtracting the artifact and fitted sinusoidal signal.
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