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ABSTRACT

DESIGN AND IMPLEMENTATION OF MAGNETIC FIELD SENSORS FOR
BIOMEDICAL APPLICATIONS

Can Inan, Ulas
M.S., Department of Electrical and Electronics Eng.
Supervisor : Prof. Dr. Nevzat G. Genger

February 2015, 85 pages

In this work, firstly the magnetic sensor types and their feasibility for biomedical ap-
plications are investigated. Then the air-cored induction coil sensor is chosen due to
its advantages. Afterwards the usage of induction coils combined with amplifiers and
connection types are studied. The biomedical applications requiring the use of mag-
netic field sensors are introduced. One of them, Lorentz Field Electrical Impedance
Tomography (LFEIT) is explained in detail and experimental work is done for this ap-
plication. In the second part, formulation of the magnetic sensor and the amplification
circuitry, its frequency related components and frequency response is introduced. An
optimization algorithm using MATLAB software is prepared to be able to determine
the most sensitive disk shaped air-cored induction coil by its size parameters. This
software is tested before moving further forward, according to the formulations given.
After explaining the discrepancies caused by the problems encountered through the
experimental process, an optimum induction coil sensor is designed for LFEIT ap-
plication. The sensitivity and linearity of the system are analyzed. Two different

amplifier configurations are used. First one includes AD797 as voltage amplifier and



the sensitivity of this system is measured to be 17.1 (V m/A). The amplification factor
obtained is 20. The maximum deviation from linearity for this case is computed as
%15.3. Second one includes two cascaded amplifiers namely, AD600 and AU-1291.
The sensitivity of this configuration is measured as 5.45 (V m/A). The maximum de-
viation from linearity is computed as %2.7. Second configuration is preferred since
with the use of cascaded amplifiers, the amplification is increased to 160000. Al-
though the coil with the best sensitivity using the present equipment is wound, the
performance of the sensor is still inadequate and it is concluded that better sensitivity
is required. There are also other promising coil designs obtained using the software
developed, however they are not wound yet. Still, the performance is not expected
to increase significantly. A sensitivity of about 107 is itself a great challenge which
cannot be overcome by adjusting the amplifier since the signal to noise ratio (SNR)
does not improve and the signal to be observed remains smaller than the noise level.
However the software providing the optimum coil parameters for a specific case is
useful in more than one application. Furthermore it can be modified to optimize other
coil types such as rectangular coil, flat-spiral coil etc. allowing a very wide range
of possible sensor designs. Other than LFEIT, wireless power transfer application
of magnetic sensors is also investigated. The conditions that maximizes the power
transfer efficiency are studied. The same algorithm used in determining the coil size
parameters with maximum sensitivity is also applied to find the coil with the optimum
quality factor, which is the most important condition for obtaining the best efficiency
in power transfer. Four coil wireless power transfer is chosen, designed and imple-
mented to compare with the analytical results. The efficiency of the designed system
is measured as %7.6. This value is increased to %39 by using litz wire at the windings

instead of enamel copper wire.

Keywords: Magnetic Field Sensors, Biomedical Applications, LFEIT, Lorentz Field,

Induction Coil, Coil design
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BIYOMEDIKAL UYGULAMALARI ICIN MANYETIK ALAN SENSOR
TASARIMI VE YAPIMI

Can Inan, Ulas
Yiiksek Lisans, Elektrik ve Elektronik Miithendisligi Boliimii
Tez Yoneticisi : Prof. Dr. Nevzat G. Gencger

Subat 2015, 85 sayfa

Bu calismanin ilk kisminda, manyetik sensor tiirleri ve bunlarin biyomedikal uygula-
malarinda kullanilabilirligi arastirilmaktadir. Sagladig1 avantajlar géz oniinde bulun-
durularak hava cekirdekli endiiksiyon bobini se¢ildi. Calismanin devaminda endiik-
siyon bobini ile amplifikatér kombinasyonu ve baglanti tiirleri incelendi. Manyetik
alan sensorii kullanimi1 gerektiren biyomedikal uygulamalari tanitildi. Bunlardan biri,
Lorentz Alam Elektriksel Empedans Tomografisi detayl bir sekilde aciklandi ve bu
uygulama 1¢1n deneysel calisma gerceklestirildi. Ikinci kisimda manyetik sensor ve
amplifikator devresinin frekansa bagl elemanlar1 ve bunlarin frekansi cevabi, ayrica
ilgili formiiller verildi. En hassas 6l¢iimii yapabilecek disk seklindeki hava ¢ekirdekli
endiiksiyon bobininin boyut degiskenlerini belirlemek amaciyla MATLAB yazilimi
kullanilarak bir optimizasyon algoritmasi gelistirildi. Daha fazla ilerlemeden 6nce bu
yazilim, verilmis olan formiillerden yararlanarak test edildi. Deneysel siire¢ boyunca
kargilagilan problemlerden dogan farkliliklar acgiklandiktan sonra, LAEET uygula-

masinda kullanilmak iizere bir optimum endiiksiyon bobini dizayn edildi. Iki farkli
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yiikseltici diizenegi kullanildi. Bunlardan birincisinde AD797 isimli voltaj yiikselti-
cisi bulunmaktadir ve bu sistemin duyarlilig1 17.1 (V m/A) olarak 6l¢iildii. Yiikseltme
faktorii 20 olarak elde edildi. Maksimum c¢izgisellikten sapma bu sistem i¢in %15.3
olarak hesaplandi. Ikinci diizenekte ise iki yiikseltici seri bagl ve bu yiikselticilerin
isimleri AD600 ve AU-1291°dir. Bu sistemin duyarlilig1 5.45 (V m/A) olarak ol¢iildii.
Maksimum ¢izgisellikten sapma %2.7 olarak hesaplandi. Seri bagh yiikselticilerin
varlig1 yiikseltme faktoriinii 160000’e ¢ikardigi i¢in ikinci sistem tercih edildi. Mev-
cut ekipman ile en yiiksek duyarliliga sahip bobin sarilmis olsa da performans yine
de yetersiz kald1 ve daha yiiksek duyarliligin gerekli oldugu sonucuna varildi. Gelis-
tirilmis olan yazilim ile iimit verici bagka bobinler dizayn edildi, ancak bunlar saril-
madi. Yine de performansin etki yaratacak kadar artmasi beklenmemektedir. 107’ ye
varan bir duyarlilik orani, yiikselticinin ayarlanmasi ile asilmasi miimkiin olmayan
bir giicliik tegkil etmektedir, ¢linkii sinyal giiriiltii oraninda iyilesme gozlenmemekte
ve Ol¢iilmek istenen sinyal giiriiltii seviyesinin altinda kalmaktadir. Ancak bir durum
icin optimum bobin degiskenlerini veren yazilim birden fazla uygulama i¢in yararl
olabilmektedir. Ayrica bu yazilim dikdortgen bobin, diiz-spiral bobin gibi farkli bobin
tiirlerini optimize etmek iizere modifiye edilebilir, boylece olas1 sensor dizaynlarinin
yelpazesinin genis tutulmasina olanak saglanabilir. Sistemin duyarlilig1 ve ¢izgiselligi
analiz edildi. LAEET in yanisira, manyetik sensorlerin kablosuz gii¢ aktarimi uygu-
lamasi da arastirildi. Gii¢ aktarimi verimliligini maksimize eden kosullar incelendi.
Gii¢ aktariminda verimliligin en 6nemli kosulu olan optimum kalite faktoriine sahip
bobini bulmak i¢cin maksimum duyarlili§1 veren bobin boyut degiskenlerini elde et-
memizi saglayan algoritma burada da kullanildi. Dort bobinli kablosuz gii¢ aktarimi
sistemi se¢ildi, dizayn edildi ve uygulamaya gecirilerek analitik sonuglarla karsilas-
tirma yapildi. Dizayn edilen sistemin verimliligi %7.6 olarak ol¢iildii. Bu deger, sa-

rimlarda enamel bakir tel yerine litz teli kullanilmak suretiyle %39’a yiikseltildi.

Anahtar Kelimeler: Manyetik Alan Sensorleri, Biyomedikal Uygulamalari, LAEET,
Lorentz Alani, Endiiksiyon Bobini, Bobin Dizayni
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CHAPTER 1

INTRODUCTION

1.1 Magnetic Sensors

Magnetic sensor is a device that measures the magnetic field in a medium. The range
of frequencies and magnitudes of these fields are very wide. Therefore different types
of magnetic sensors are required for their measurement. As shown in Figure 1.1, the
magnetic field sensors are divided into two: The ones measuring the magnitude of the
field and the ones measuring the vector component of the field. The types measur-
ing vector component are also divided into two sections: Magnetometers, which are
specialized in measuring low magnetic fields (< 1m7’) and gaussmeters, which are

specialized in measuring high magnetic fields (> 1mT).

The most recent of the magnetometers is fiber optic magnetometer. Various optical
techniques are used in these devices. One of these is the magneto-optic Kerr effect
(MOKE) [1]. In this technique, the sample surface is exposed to light which has a
nonlinear interaction with the surface causing the reflected light to have an ellipti-
cal polarization and that is measured by a detector. It is still in development and its
performance is as good as fluxgate magnetometers currently. The superconducting
quantum interference device (SQUID) has the highest sensitivity among magnetome-
ters [2]. These sensors need an ambient temperature about 0°K, therefore it is highly
dependent on external conditions. These devices are more expensive than other mag-
netometers. They are usually used to measure biomagnetic signals due to its high

sensitivity and flat noise spectrum around frequency range of interest [3].

The Hall effect device is the most common magnetic field sensor used in gaussmeters,



MAGNETIC FIELD SENSORS

VECTOR SCALAR
MAGMETOMETERS GAUSSMETERS Proton Precession
SQuID I Hall Effect Optically Pumped
Magnetoresistive Magnetoresistive
Fiber-Optic || Magnetodiode
Fluxgate — Magnetotransistors
Search Coil

Figure 1.1: Types of Magnetometers

that is designed to measure very high fields (> 17°) [4]. Its basic principle is varying
its output voltage due to the change in the input magnetic field. Therefore it can be

used in switches, current sensors, position sensors, etc [5].

The magnetoresistive sensors are both used in gaussmeter and magnetometer appli-
cations due to their wide range of operating magnetic field strengths (10~2 — 10 mT).
Anisotropic magnetoresistors (AMR) are used in magnetometers for some applica-
tions. The giant magnetoresistive effect (GMR) provides better sensitivity and may
be used instead of fluxgate magnetometers in some of the applications [6], [7]. The
proton precession magnetometer is the most widely used device to measure only the
strength of the magnetic field. Its principle is related to the atomic constants; therefore
it is also used for calibration purposes. The optically pumped magnetometer operates
slightly better than proton precession magnetometer but it is more expensive. The
fluxgate magnetometer is composed of a ring shaped core with high magnetic perme-
ability and two windings wound around it. One of the windings is for driving and
the other is for sensing. AC current is introduced to the driving winding, causing the

magnetic saturation of the core to alternate. This alternating magnetic field causes an

2



induced

Table 1.1: Magnitude and frequency range of different magnetometers

Instrument Range (mT) Resolution (nT) | Bandwidth (Hz)
Induction Coil 107 t0 10° | Variable 1071 to 10°
Fluxgate 107710 0.5 0.1 dcto 2 x 10?
SQUID 10Yt0 0.1 1071 dcto5

Hall effect 0.1to3 x 107 | 100 dc to 10%
Magnetoresistance | 1073 to 5 10 dc to 107
Proton precession | 0.02 to 0.1 0.05 dcto?2
Optically pumped | 0.01 to 0.1 0.005 dcto5

voltage, which is picked up by sensor windings. Fluxgate magnetic sensors are widely
used, high performance, not expensive sensors. Another magnetic sensor with high
performance and low cost is induction coil (search coil) magnetometer [8]. Induction
coil magnetometer is based on Faraday’s Law. Induction coil magnetometer sensi-
tivity and resolution are variable and can be adjusted; therefore it can be used in a
great variety of applications. It cannot measure DC magnetic fields or very slowly
varying magnetic fields. Table 1.1 illustrates the magnitude and frequency range of

the sensors mentioned above [9].

1.2 Induction Coil Sensors

Induction coil sensor [10], [11] is a magnetic field sensor whose working principle is
based on Faraday’s law of induction. The description of the coil sensor was given in
1960s [12]. In time, the coil sensors have become more popular and used in various
applications such as proximity sensors, traffic light sensors, metal detection, biomag-
netic measurements. There are mainly two types of induction coil sensors: Air-cored
and ferromagnetic core coil types. First one does not have core material. On the other
hand, ferromagnetic core coil has soft magnetic material as core such as silicon iron
or mu-metal. The coils are classified by their shapes according to the applications
they are used in. An air-cored disk coil side view is shown in (Figure 1.2a) and top

view in (Figure 1.2b). A disk coil with ferromagnetic core is illustrated in (Fig-

3
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Figure 1.2: Air-cored induction coil (Disk coil) a) Side view, b) Top view

ure 1.4). Instead of a disk coil, a rectangular multilayer coil is sometimes preferred

(Figure 1.3a, Figure 1.3b). A spiral planar coil is shown in (Figure 1.5a, Figure 1.5b).

The air coil sensor has lower sensitivity, especially when it is small in size. The rel-
ative magnetic permeability introduced by the ferromagnetic core element increases
the sensitivity greatly. Let us consider a search coil sensor with high sensitivity,
including an amorphous ribbon (Metglas 2714AF) core which is described in [13].
Its sensitivity is measured to be about 300 times larger in comparison with an air
coil sensor with the same dimensions [8]. The ferromagnetic core coils has increased
sensitivity compared to air-cored coils of same dimensions. However this increase
in the sensitivity costs one of the most important features of air-cored coil, which
is linearity. Even the best ferromagnetic material core performs poorly in terms of

linearity since many non-linear factors including temperature, frequency, flux den-
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Figure 1.6: The main configuration of the system

sity etc. are introduced by core to the transfer function of the sensor. Besides, the
use of ferromagnetic core increases the noise (e.g. Barkhausen noise), which further
decreases the sensor’s output performance. Another very important hindrance is the

disturbance in the magnetic field to be measured, caused by the ferromagnetic core.

Due to the problems mentioned above and the strong requirement of linearity for
biomedical applications of magnetic sensors, air-cored induction coil sensor is pre-
ferred over others. These applications require measurement of magnetic fields of
specific range and frequency. The coil and the amplification stage are to be designed

accordingly.

1.3 Air-Cored Induction Coil in Biomedical Applications

The applications of air-cored induction coil in biomedical area are challenging due
to the reasons such as the magnetic field to be measured having relatively high fre-
quency (kHz-MHz range) or low magnitude (pT range). Therefore a specific coil
design combined with amplifier circuitry is required for each application. The main
configuration of the system (Figure 1.6) also includes a tuning circuit part which tunes

the circuit to the resonance frequency.

Biomedical applications of air-cored induction coils include Magnetic Induction To-
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mography (MIT), Contactless conductivity imaging, Lorentz field electrical impedance

tomography (LFEIT), wireless power transmission, etc.

One of the applications that will be investigated through this study is Lorentz force
electrical impedance tomography (LFEIT) [14], [15]. Tissues in the body have dif-
ferent conductivities. The contrast between neighboring tissues allow them to be
distinguished by conductivity. LFEIT is a technique of Electrical impedance tomog-
raphy(EIT) method to measure the conductivity of different tissues which is then used
for imaging purposes [16]. EIT method includes electrodes being placed around the
body or the organ of interest. Then by injecting electrical current through one of the
electrodes and measuring its distribution through tissues with the others, electrical
impedance properties of different areas are obtained. This information then leads to
an image reconstruction process. This technique has a weakness that is the low spatial
resolution due to positional problems [17]. In order to increase the spatial resolution
for this technique which can image the body through a specific property, improve-
ments are sought. It is observed that causing vibration inside a magnetic field using
ultrasound waves, induces a current proportional to the electrical conductivity of the
conductor by Lorentz force [18]. This method is called LFEIT. Its alternative names
are: Magneto-Acousto-Electrical-Tomography [19] or scan of electric conductivity
gradients with ultrasonically induced Lorentz force [20]. The advantage of LFEIT
is that its spatial resolution is close to ultrasound imaging applications. The disad-
vantage however is the magnitude of induced current being very small. Thus a very
sensitive induction coil with good signal-to-noise ratio (SNR) is required to obtain
this current. An illustration of the expected signal is given in Figure 1.7. As observed
from this figure, in order to obtain the electrical signal, a change in the conductivity,
leading to a conductivity gradient is required. The phase of this signal depends on the
sign of the conductivity gradient. The illustration also shows that the magnitude and
phase of the electrical signal obtained is proportional to the convolution product of
conductivity gradients and the ultrasound pressure wave [16]. Therefore the signal
strength is proportional to the difference of conductivity between two neighboring
medium. This difference is high at the boundary between tissues. Detecting the sig-
nal at these locations are the main objective. A very high quality current sensor is

required to achieve this.
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Another biomedical application of air-cored induction coil is wireless power trans-
fer [21]. The charging through wireless induction with ferromagnetic core should be
avoided due to core increasing the size of the device as well as posing danger of inter-
acting with its environment. These environments include wet and chemical medium
such as humid air or human body. Therefore it is possible to implement wireless
power transfer with air core induction in biomedical systems [22], [23]. Secondary
coil implanted inside the human body can be powered by the external primary coil,
providing power for the device. The advantage of this is the disappearance of the need
for invasive methods such as changing a battery inside of a body or placing wires to

charge the battery.

Wireless power transfer (WPT) applications may require various types of coils ac-
cording to the device it is implemented in. In [21], a multilayer coil is designed to
resonate at 125 kHz operating frequency whereas in [24], a chain of coils are used
all tuned to 7.65 MHz in order to transfer power more efficiently. The choice of type
and size of coil depends on the conditions providing the maximum power transfer at
the operating frequency. The system includes a single loop driving coil, transmitter
(Tx) coil, receiver (Rx) coil and another loop (Load loop) between the Rx coil and
load. The sketch of the system is given in Figure 1.8. Both transmitter and receiver
parts are to be designed in order to obtain an optimum result. In order to maximize
power transfer, transmitter and receiver parts should be in resonance. So in addition
to other magnetic sensor applications where adjusting the transmitter part is enough,
the receiver part should also be tuned in wireless power transfer applications. LFEIT
application of induction coil sensor did not require this, because it is a current sensing
application where the magnetic field is obtained in order to sense the current causing
it. In WPT applications however, the goal is to sense the magnetic field itself, there-
fore generation of the magnetic field to be sensed is also adjusted according to the
specific application. Due to the need for induction coil sensors to be used in appli-
cations with various specifications, a flexible design is required to cover a wide range
of operating frequency and include some size related constraints. This design should
also check the different coil types given in the previous section(multilayer coil, flat

spiral coil) for their advantages.
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Figure 1.8: Sketch of the WPT system

1.4 Objectives of the Thesis

The objectives of the thesis are listed below:

e To design an air-cored induction coil with best sensitivity for various cases in
biomedical applications. A software should be developed to specify the geom-

etry of the coil that gives the optimum performance for a specific application.

e To perform experiments to verify the design in detail in order to be able to use

it in different applications.

e To implement certain biomedical applications and to determine the perfor-

mance of the sensors including amplifiers.

1.5 Outline of the Thesis

Chapter 1 is an introduction on magnetic sensor types, induction coils, and biomed-
ical applications of interest. In Chapter 2, the theory of designing an induction coil,

its important parameters and the relationship between them are given. Afterwards in

11



Chapter 3, the formulations given in Chapter 2 are used in order to develop an op-
timization software whose mechanism is explained in detail. Chapter 4 includes all
the experimental work done for both verification and implementation of the design.
Chapter 5 concludes with discussion of the performance of the design and the results

of the applications.
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CHAPTER 2

THEORY

2.1 Introduction

The measurement of magnetic fields of high frequency and low magnitude requires
careful design of the sensor coil and the amplification circuitry. The main challenges
that need to be overcome are the tuning of the circuit to the resonance frequency and
designing a low noise amplifier stage. The maximum sensitivity is needed at high
frequency (kHz-MHz). There are also challenges caused by the specific application
that the magnetic sensor is desired to use. These are usually caused by the system

restrictions affecting the sensor geometry or small source of magnetic field.

Firstly, formulations related to output voltage of an air cored induction coil due to an
AC magnetic field, including coil parameters will be given. Frequency response with
additional amplifier circuitry and tuning methods will be observed. Then the different
coil types and their frequency related parameters will be investigated. Finally, the

magnetic field produced by an induction coil as a function of distance will be studied.

2.2 Formulation for Induced Voltage on an Air Cored Induction Coil

Formulations differ among the types of air cored induction coils, therefore there will

be two subsections related to each type: Multilayer coil and flat spiral coil.
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2.2.1 Multilayer Coil

As stated by the Faraday’s Law, the voltage output U of an induction coil with n turns

is calculated according to the formula below:

U=—-n— 2.1
n 2.1

where n is the turn number and ¢ is the time varying magnetic flux through each turn.

For a sinusoidal flux variation:

¢ = Pmazcos(wt) (2.2)

where w is the angular frequency. Combining (2.2) with (2.1), voltage induced on the

coil takes the following form:

U = nwmazsin(wt) (2.3)

The magnitude of the resulting signal is:

UO = nw¢max (24)

where U is the open-loop peak value of the coil output voltage. The turn number n
depends on the size parameters of the coil and diameter of the wound wire. These
parameters are shown in Figure 2.1. The formulation relating the turn number to the

coil size and wire size is:

D —D;

k is called the packing factor, which is a constant determined by the winding style,
usually around 0.8-0.9. It can be obtained by dividing the total wire cross-sectional
area to the winding cross sectional area. Obtaining the packing factor is illustrated
in Figure 2.2 by illustrating two extreme cases. In the experiments, this factor is

calculated by the ratio of real turn number to the turn number according to Equation
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Figure 2.1: Coil parameters for multilayer coil

(2.5) since the coils of our interest are wound by hand. This turn number determined
by Equation (2.5) is the maximum turn number that can be wound on a designed
coil. However the coil may not be fully wound, resulting in less turn number. This
may be useful for tuning the coil, however it will decrease the sensitivity and the
applications of interest usually require high sensitivity. Therefore winding the coil

with the maximum turn number will be necessary.

Omaz 18 the peak value of the magnetic flux through single turn. Magnetic flux de-
pends on flux density, sensor coil area and the angle between coil and input magnetic
field. This angle is illustrated in Figure 2.4. In order to maximize the measurement

signal, ¢,,q, can be expanded as:

qu(l.T = BiazScosa (2.6)

where S is the sensor coil area. Therefore combining equations (2.1) to (2.6), the

induced voltage on the multilayer sensor coil in terms of coil parameters is:

D — D, D + D;)?
Bmaxucosa 2.7)

- _W R e 2k A

where F' is the transfer function which depends on the operating frequency and the
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Figure 2.2: Packing Factors of Two Different Winding Configurations

resonance frequency. This term is related to the tuning of the circuit and therefore

will be explained in detail in the next section (section 2.3).

2.2.2 Flat Spiral Coil

The formulations (2.1) to (2.4) are also valid for flat spiral coil. However the relation
of turn number to coil geometry differs for this case. Instead of (2.5), for a flat spiral

coil, the equation for turn number becomes:
n=-——* (2.8)

where D is the outer spiral diameter, D; is the inner spiral diameter, d is the wire
diameter and s is the spacing between two turns all in meters. These parameters are
illustrated in Figure 2.3. Another difference from equation (2.5) is the absence of
packing factor £ since the spiral coil is loosely wound for most of the applications.

Therefore a more general equation for induced voltage on the sensor coil:

1 D+ D;)?
Us = 57° anBm%cosa 2.9)

where n is obtained using (2.5) for multilayer coil and (2.8) for flat spiral coil.
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Figure 2.3: Coil parameters for flat spiral coil

2.3 Formulation for Induced Voltage on an Air Cored Induction Coil

There are three common configurations of coil circuits: Series resonant circuit (Fig-
ure 2.4(a)), parallel resonant circuit (Figure 2.4(b)) and transformer coupled circuit
(Figure 2.4(c)). The series resonant circuit, at the resonance frequency, draws max-
imum current due to the minimized impedance. On the other hand, parallel reso-
nant circuit has maximum impedance; therefore the output voltage is maximized.
Even though the resonant current is minimum, the current circulating around the
coil loops is strong. The series resonant circuit should be connected to a low in-
put impedance (current) amplifier. Other configurations are to be connected to a high

input impedance (voltage) amplifier.

Figure 2.4 shows the equivalent circuit of air-cored induction coil. The coil induc-
tance L, coil resistance R, series capacitance C;, parallel capacitance (), tuning ca-
pacitance Cj; are the parameters of interest. These parameters are to be determined

as accurate as possible to design the amplifier properly. The capacitance and induc-
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Figure 2.4: o Representing the Angle Between Sensor Coil and Magnetic Field (B)

tance of the coil are the main parameters that affect the resonance frequency. They
are mainly determined by the coil geometry and wire size. The methods to determine

these parameters will be given in detail in the next section of this chapter.

The impedance of a coil is defined in terms of the effective inductance L, the fre-
quency f and the tangent of the phase angle denoted by Q. This value is called the
quality factor of the coil at the resonant frequency. For all frequencies, Q can be

modified as:

Q =Q( —w’LC) (2.10)

When w?LC' term is equal to 1, Q’ is equal to 0. Therefore the frequency where:

wo = ——— 2.11)

is called the sel f resonant frequency [25].

The frequency response of the circuit depends not only on the coil but also on the
circuit configurations. Figure 2.5 shows equivalent circuits for three different con-

figurations. Although in the figure, three configurations are shown, the transformer
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Figure 2.5: The Equivalent Circuit of Three Different Configurations
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coupled circuit is also considered as parallel resonant type, therefore the main focus

will be on the comparison between the series and parallel resonant circuits.

2.3.1 Parallel Resonant Circuit

The parallel resonant circuit is to be connected to a high input impedance amplifier
stage. This is also called voltage amplifier. The schematic of the circuit including
a basic voltage amplifier stage is shown in Figure 2.6. R; is the input impedance
of the amplifier, C; is the input capacitance of the amplifier and R;; is the external
resistance for further adjusting the damping of the circuit. Cj; is the total parallel
capacitance seen on the coil. The contributions to this component are from the coil
and the external capacitance used for tuning. Output voltage of the circuit with respect

to angular frequency, using the expression from (2.7) is:
Ua(w) = AVp(w) (2.12)

where A is the amplification factor, 1 is the output voltage of coil and the transfer

function F'(w) from (2.7) can be expressed as:

F(w) = (2.13)

where K is a voltage division factor:

RII
K=——7"#+ 2.14
R+ Ry ( )
and w, is the resonant angular frequency
1
w, = (2.15)

vVKLCyy

The damping of the resonant circuit is represented by D, and it is expressed as [10]:

/| L
D:\/R( Crr R (216)

2 Ry - /L>
Crr

For a low noise coil R << Rj;, so K can be assumed to be 1. Therefore the approx-

imated damping coefficient becomes:

(2.17)



Figure 2.6: Induction Coil Connected to a Voltage Amplifier

If the sensor is tuned to resonance frequency w,, then the magnitude of F'(w) be-

comes:
Rpr Crr
|F(w,)| = = Rir I (2.18)
Crr
Then using (2.15):
CU R
R — = 2.19
N T Wl (2.19)

which indicates that the quality factor of the induction coil that is connected to a
parallel resonant circuit is inversely proportional to its frequency dependent transfer
function F'(w) at the resonance frequency [26]. However, F'(w) reaches its maximum

value at resonance since the denominator term is minimized.

2.3.2 Series Resonant Circuit

The series resonant circuit is to be connected to a low input impedance (current)
amplifier. The schematic of the circuit including a basic current amplifier stage is
shown in Figure 2.7. R, is the feedback resistance in this configuration and series
capacitance of the coil can be neglected. Output voltage of the circuit with respect to

angular frequency can be assumed as in equation (2.8), however the transfer function
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F(w) in Vj changes:
Ry

A(Rs +iwl)
where R, term is the total resistance in series with the coil inductance L and the

iF(w) = — (2.20)

denominator term in (2.18) indicates that the quality factor is in the form of voltage

division. R4 can be expressed as:

R, = R+ (%) (2.21)

In this configuration there is no shunt capacitance, the high pass filtering will not be
observed. In order to obtain the ideal results, the amplifier should have a large band-
width. In order to satisfy this condition, R;/R ratio cannot be very high. However
R and R;/A can be neglected compared to wl term especially at higher frequen-
cies at resonance frequency. Therefore at the resonance frequency, transfer function

becomes:

iF(w) = — — i (2.22)

Then in final form F' is:

F = 2.23
) = A (2.23)
The () of the series resonant circuit is:
woL
- 2= 2.24
Q@ R (2.24)

which indicates that the quality factor of the induction coil that is connected to a series
resonant circuit is actually inversely proportional to its frequency dependent transfer

function F'(w) at the resonance frequency.

2.3.3 Frequency Response Comparison of Parallel and Series Resonant Circuit

For both series and parallel configurations, the output voltage is inversely proportional
to the quality factor of the circuit. To maximize the absolute value of F'(w), the circuit

is required to be tuned to the resonance frequency.

The parallel resonant circuit includes components R;; and C7; which introduces a
low-pass filter to the circuit, also leading to frequency response having a peak value

at the resonance frequency. Therefore tuning the circuit to the resonance frequency is
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Figure 2.7: Induction Coil Connected to a Current Amplifier

extremely critical for the best performance in terms of sensitivity for this configura-

tion.

The series resonant circuit has no shunt capacitance or resistance, causing the fre-
quency response to have no upper band limitation. This provides a very wide band-
width, however it has a drawback in terms of sensitivity. The comparison between the
frequency responses of series resonant circuit and parallel resonant circuit is given in
Figure 2.7. The same coil is used in both configuration types and the results are ob-
tained with a software developed on MATLAB platform. Another difference between
the two configurations is the tuning method. In parallel configuration, tuning capac-
itance is connected in parallel to the capacitance in the equivalent circuit. Therefore
the total capacitance in the system is increased in an attempt to increase the value of
the transfer function according to (2.18). This is more beneficial when the coil self
resonance frequency is greater than the operating frequency since the increase in sen-
sitivity comes both from the system approaching resonance(2.15) and the increase in

the transfer function.

In series configuration, the shunt capacitance of the coil is neglected and the tuning
capacitance is connected in series to the equivalent circuit of the coil. In this con-

figuration, the total capacitance is decreased in an attempt to increase the resonance
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Figure 2.8: Comparison between the Frequency Responses of Parallel Resonance
and Series Resonance Configurations. Results are obtained for 1 nT input and an
amplification factor of 20. The parallel resistance R;; is 100 €2.

frequency, tuning the circuit at a higher frequency level. This also provides a low-pass
filtering effect which can increase the sensitivity at the newly obtained resonance fre-

quency while losing bandwidth.

Although series resonant connection can benefit from improvements due to its fre-
quency response and the biomedical applications requiring high operating frequency,
in terms of sensitivity, the performance decrease significantly as suggested in Fig-
ure 2.8. Another reason for choosing the parallel configuration is that the applica-
tions of interest do not require high bandwidth. Therefore if the circuit can be tuned
at a sufficiently high frequency, parallel resonant circuit provides a greater sensitivity,

which is critical for almost every biomedical magnetic sensor application.

2.4 Frequency Related Parameters

As indicated in (2.15), there are three main parameters that affect the frequency re-
sponse of the circuit. These are the voltage division factor K, coil inductance L and

the total capacitance C' of the amplifier circuit.
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2.4.1 K Parameter

The K parameter as given in (2.14), depends on the resistance of the coil and the
damping resistor whose purpose is to adjust the frequency dependent transfer function
F(w). However the addition of the damping resistor is based on the assumption
that the input resistance of the amplifier stage is high, therefore when connected in
parallel, effect of 1?; would be negligible. If R; is not sufficiently high, then the total

shunt resistance R;; is actually a combination of R; and the damping resistance.

In biomedical applications of induction coil, requirements due to the sensitivity and
SNR properties encourage the use of low-noise coils. The noise caused by the induc-
tion coil is mainly the thermal noise that is directly proportional to the DC resistance
of the circuit. Since obtaining the minimum noise is critical, coil resistance should be

kept as small as possible leading the K value to be approximately 1.

The resistance of an induction coil has two components namely: DC resistance and
AC resistance. The DC resistance depends on the resistance of the wire wound in the

coil. It can be expressed as:

_
- gA

where [, is the total wire length, o is the conductivity of the wire, and A is the wire

Rgc (2.25)

area. For multilayer coil /,, would be:

D + D;
ly =T + n (2.26)
2
The cross sectional area of the wound wire in terms of its diameter is:
d 2
A=nm (5) (2.27)

Then combining (2.26) and (2.27) into (2.25) and recalling (2.5), DC resistance is

then in terms of coil parameters [8]:

(D + D))(D — Di)l
okd*

Ry = (2.28)

25



For flat spiral coil, [,, would be:
ly =mn(D + (d + s)(n—1)) (2.29)

leading to DC resistance to become:

(D + (d+ s)(n—1))
omd?

The thermal noise caused by the DC resistance of the coil in terms temperature and

Ry = (2.30)

frequency is:

Up = \/(un)? = A/AkgT RN f (2.31)

where kp is the Boltzmann constant, 7" is temperature in Kelvin and A f is the fre-
quency bandwidth. Therefore from (2.31), it can be observed that temperature, band-
width and the DC resistance are the factors that can increase the thermal noise of the
induction coil. This also proves that the DC resistance of the coil should be mini-
mized for the induction coil sensor to be able to sense signals of small magnitude.
The noise level of the induction coil and its comparison to the signal level will be

discussed thoroughly in the next chapter.

The AC resistance of the induction coil is caused by the variation of the magnetic
field through the inductor leading to change in current density in different regions
of the wire. This difference in current density between inner and outer regions of
the wire is called skin effect. However when multilayer coils are the case, there is
another dominating modification on the resistance which is called proximity effect. It
is caused by the constrain of current distribution within the first conductor to smaller
regions. There is a model that includes both effects and modify the DC resistance
accordingly. It is called Dowell Method [27], where the round wires are approximated
by an equivalent foil of rectangular wires, and a one dimensional solution is done

afterwards.

The total resistance of a multilayer coil is in terms of DC resistance:

Rac = Rne (6| Gal6) + 30 - D(Grlo) - 26:0)|) 232
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where n; is the number of layers and phi is the correction factor due to the rectangular

wire replacement which is:

-(£)()

In this equation, J represents skin depth, which proves that the skin effect is covered

in (2.32). Skin depth can be expressed as:

1
T f o

(g1 and G5 are equations expressing the geometry of infinite conducting foil:

5 =

(2.34)

_ sinh(2¢) + sin(2¢)
Gilo) = cosh(2¢) — cos(2¢) (2.35)

sinh(p)cos(¢p) + cosh(¢p)sin(¢)

Ga(¢) = cosh(2¢) — cos(20)

(2.36)

Therefore computing (2.33), (2.34), (2.35), (2.36) and (2.30), then using the results in
(2.32) gives the approximate resistance of a multilayer coil. However discrepancy is
expected since the approximation is one dimensional to a three dimensional problem.
The model is accurate enough to use in design equations and the include of proximity
effect is extremely important in high frequency sensor applications that is affected by
quality factor such as wireless power transfer, since it depends heavily on resistance.
The accuracy of the Dowell method will be further discussed in experimental work

part by comparing the measured and calculated coil resistance values.

2.4.2 Inductance Parameter

The inductance of an air-cored coil is highly dependent on turn number, coil diameter
and slightly dependent on inner coil diameter and wire diameter. Inductance increases

with the square of the turn number and diameter.

Inductance of a single turn circular loop if D >> d [9]:
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D
L =6.28D (zn87 — 2+ a) 107°[H] (2.37)

where « is the factor representing the skin effect. Since the induction coils with mul-
tilayer winding design is of interest, the inductance of such a coil can be calculated

under the assumption D >> [ using:

o TeT (2R
324D 49l 1 10(D — D)

nH (2.38)

This formula is very critical for designing a multilayer disk shaped induction coil and
a small experiment to prove the accuracy of this formula will also be given at the

experimental work section.

For the case of flat spiral coil, the inductance is calculated using [28]:

an’?

L=—" _uH
8a+ 110 "
where a = (D + D;)/4 and b = (D — D;)/2, all dimensions are in inches.

(2.39)

Increase in inductance is extremely undesirable since it both reduces the resonance
frequency, forcing the operating frequency to be also lowered and recalling (2.18),
the inductance also decreases the transfer function F'(w) output of the coil. Therefore
according to (2.38), even though mean diameter of the coil greatly increase the output
signal of the sensor, the need to minimize the turn number can be understood. This
is one of the reasons thicker wires are preferred in the probable coil designs in some

biomedical applications.

2.4.3 Capacitance Parameter

The final parameter to be examined in (2.15) is the capacitance of the coil. In a
multilayer solenoid, there are two kinds of capacitance: Distributed capacitance be-
tween two adjacent turns and two adjacent layers. The lumped self capacitance of
the coil depends on the operating frequency and reaches its maximum at the reso-
nance frequency. However this variation with the frequency is relatively small and

can be neglected, leading to a constant frequency capacitor model. However it is very
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difficult to obtain a formula that gives the self capacitance C' due to the fact that it
is affected by many internal parameters like style of winding, presence of insulation

etc. This is actually the most challenging aspect of the coil design.

Due to the need of high resonance frequency in the applications of interest, capac-
itor should be minimized. This also improves sensitivity in a way by avoiding the
restriction of minimizing the inductance, further allowing the increase in turn number
and coil mean diameter which will provide valuable increase in the output voltage of
induction coil as indicated in (2.9). Therefore it is important to be able to design the

coil capacitance as accurate as possible.

There are various formulas for self-capacitance of an air-cored multilayer solenoid
which are relatively accurate for certain conditions. Due to these formulas being un-
reliable, the experimental way to obtain the capacitances is used to verify the accuracy

of the formulas. This method is explained in the experimental work section in detail.

Three equations to obtain the self-capacitance of the induction coil are to be examined

and compared in this study. First one is [10]:

O — 7T50€Tl (D + DZ

o\ T (d+ t)) (2.40)

where ¢ is the electric permittivity of free space and ¢, is the relative electric permit-
tivity and ¢ is the thickness of the wire insulation. All dimensions in (2.40) are to be

measured in meters. Moving on to the second equation [1]:

03725,

C= = [pF] (2.41)

All dimensions in (2.41) are to be measured in cm. Third and final equation [12]:

_ 0.3Ple,
B t?’Ll

C

[pF] (2.42)

P is the mean circumference of the coil and all the dimensions to be measured in

(2.42) are in inches.
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All three formulas indicate that the capacitance is directly proportional to the axial
length and the mean diameter of the coil. On the other hand, it is inversely propor-
tional to the number of layers and the insulator thickness. Relative electric permittiv-
ity of the insulator also increases the capacitance. The effect of the parameters for all
three equations are the same, however different constants are used in these equations
which make them more accurate at certain frequency ranges. These will be analyzed
along with the experimental capacitance measurement technique in the experimental

work chapter.

For flat spiral coil case, turn to turn capacitance is calculated according to the equation

[29]:

(—1+v3)(2e,+In%2) )
(1+\/§)\/Zn%’(257+ln%’)

\/ln%’(Qar + Inde)

2e.arctan(
C = Eglw

[pF] (2.43)

Total capacitance can be obtained by multiplying the turn to turn capacitance with

n— 1.

2.5 Magnetic Field Produced by an Induction Coil

To be able to calculate the magnetic field produced by an induction coil is useful and
necessary for some applications. This calculation will also be necessary for the basic

test setup that will be given in the experimental work part.
From Ampere’s Law, the magnetic field at the center of a current loop is:

_ poln

B
l

(2.44)

where I is the current per turn. The magnetic field on the axis of a current loop which

1s illustrated in figure 2.9 can be obtained using Biot-Savart Law:

woladL

B, — — M0t
47t(p? + a?)3/2

(2.45)
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dB, components around the x-axis cancel out each other due to the symmetry along
x axis therefore the only component of the on-axis field is the d B, component. Af-

terwards, integrating along the x axis results in:

po2mla? pola?
B,=\|dB, = = 2.46
f An(® + a2 2(p + @) (2.46)

However in the case of a multilayer solenoid, d/ changes due to the included pa-
rameters such as D and D;. The magnetic field produced on the axis of an air-cored
multilayer solenoid can be obtained from the sum of the fields on the individual turns.

The current inside the area dzdy on the coil can be expressed as [11-12]:

nldxdy

dl =
b—a

(2.47)

Therefore d B now becomes:

JB - ponly?dzdy

B 2(b — a)(x? + y2)3/21 (2.48)

Integrating over the cross section of the coil, total field can be obtained as:

a T2

pond 9 dz
B=_—"+ dy | ————=5 2.49
2(b—a)l Jy yJ (22 +y?)3/2 (249)

b T

In order to integrate, first x = ytané substitution is used leading to second integral to

be:

2
€T
[—y2 " y2] (2.50)

1

then the first integral can be obtained using:

d
f—y = In(y + /22 + y?) (2.51)
Va?+y?
Therefore the resultant equation for B at any point on the axis of the solenoid is:
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Figure 2.9: Magnetic Field on the Axis of a Current Loop

I b+ /b2 2 b+ /b2 2
B Mot Zoln LR AR z1ln b+ VO ¥y (2.52)
2(b—a)l a++/a®+ 23 a++/a®+ a3

The parameters are illustrated in figure 2.10

In the figure 2.10, specified parameters z; and x5 are indicating the position of the
both ends of the solenoid. b is the outer radius and a is the inner radius. 7 is the

distance between a point inside the solenoid and a point on the axis of the solenoid.

The use of (2.52) in a simulation software developed using MATLAB with varying
position on the axis, after being applied to an air-cored solenoid with 0.25 cm length,
2 cm outer and 0.4 cm inner diameter, the resultant magnetic field behavior versus
the position is illustrated in figure 2.11. x; is the x5 is the addition of the values of

position x starting from the center of the coil and the coil length 1.
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CHAPTER 3

DESIGN OF THE MAGNETIC SENSOR

3.1 Introduction

The next step is the design of magnetic sensor using a multi-turn circular coil (Figure
2.1). To be able to provide an accurate design procedure, MATLAB is used, first
to investigate the effects of certain coil parameters, then to develop an optimization

software using all equations given so far.

Therefore, firstly the coil parameters and their effects will be discussed. Then the
optimization software will be explained. After a brief explanation is given about the
experimental work that is intended to be done in this study, the amplifier design and
requirements will be examined. Finally, the frequency response of the sensor circuit

connected to the amplifier will be illustrated.

3.2 The Effect of Coil Parameters

There are mainly three multilayer induction coil parameters: mean diameter, coil
length and wire diameter. Their effects on measurement performance is observed in
this section. In order to provide an accurate design, the circuit is actually tuned at
the resonance. So for every parameter, it is expected that an optimum point is to be

reached.
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Figure 3.1: Output voltage versus coil diameter for different coil lengths

3.2.1 Coil Diameter

As indicated in equation (2.7), the output voltage of an induction coil is directly pro-
portional to the mean diameter. However, too much increase can result in a decrease
in the resonance frequency, forcing the designer to work at a lower operating fre-
quency. The tests in this section are made at 1 MHz operating frequency condition.
This balanced structure is illustrated in Figure 3.1. It can be observed that the output
voltage is better for different coil lengths at certain D values, for example at D=0.02
m, 1=0.002 m should be chosen among the three, however at D=0.04 m, 1=0.001 m
should be chosen for a better performance. For instance at D=0.016m, 0.002m long
coil performs the best, however for lower coil diameters a longer coil performs better
and at higher coil diameters, a shorter coil performs much better. This implies an
optimum range of turn number. Wire diameter d is constant and 0.6 mm through the

process. This information is useful while developing the optimization software.
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3.2.2 Coil Length

In equation (2.7), it is observed that the coil length has relatively smaller effect. It has
a contribution though, through the increase in turn number. It also increases induc-
tance and capacitance which decreases the resonance frequency, and is undesirable.
Figure 3.2 shows coil voltage V versus coil length 1 plots for different coil diameters
D. Results are similar to the previous case in terms of coils of different diameters
performing the best at different coil length ranges. This again implies the existence

of an optimum turn number.

3.2.3 Wire Diameter

Wire diameter d, as mentioned in equation (2.7), has a great effect on turn number
n, however, it does not affect other parameters individually. Due to its effect on
the turn number, there is a clear optimum point for every coil diameter and length
combination. Two different examples are given in Figure 3.3a and b. These and
other results suggest that wire diameter is the parameter to start the optimization. It
is computationally easier to get a maximum point for every parameter combination
when the wire diameter varies since it only affects the turn number. Therefore the
variation of wire diameter is used as the inner member of the loop hierarchy. The
next section will include a MATLAB software developed to obtain the parameters for

the best sensitivity.

3.3 Coil Parameter Optimization

According to the data obtained through previous sections, it can be deduced that the
design of a coil with optimum sensitivity for a specified operating frequency can be
achieved. The behavior of the output voltage due to the change in wire diameter
shapes the code yielding the d loop as the inner loop. Outer loops are the coil di-
ameter D and coil length 1. The maximum output voltage value is obtained among d
variation for each D and stored according to the indices of D. Then the same proce-

dure is applied for I until the greatest output voltage is obtained. Then using all of the
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Figure 3.2: The effect of coil length

stored indices, the coil parameters for the maximum voltage is obtained, rendering

the optimization complete for a given frequency.

Therefore, it is possible to design an optimized coil for various operation frequencies
and applications. This software is used to design measurement coils for LFEIT and

after the optimum coil is specified, its performance will be discussed.

Figure 3.4 shows the graphical user interface (GUI) of the MATLAB software for a
specific set of coil parameters. This software determines the optimum coil size pa-
rameters for an operating frequency and size constraints. Graphs on the figure further
verifies the size parameters that provide optimum sensitivity. The input magnetic field
1s 100 pT and amplifier gain A is set to a value of 2000 V/V. Operating frequency of
this test case is chosen as 0.5 MHz. Maximum coil diameter is given as 0.01 m and
maximum wire diameter is specified as 0.002 m. The graphs indicate that there is an
optimum point in terms of coil diameter at 0.01 m. This means that in order for the
optimization to occur, a maximum coil diameter constraint is necessary. This is also
meaningful since the output voltage of the coil sensor increases with coil diameter.
The diameter of the coil will be limited due to the nature of the application where

the sensor is used. After the maximum coil diameter constraint is applied, an appro-

38



Voltage vs Wire diameter

0.025

0.02¢

OO 0.2 0.4 0.6 0.8 1

-3
d(m) x 10
(a) 1 = 0.0012m, D = 0.02m

Voltage vs Wire diameter
0.05 ‘

o
o
=

o

o

@
T

V(Volts)

o

o

N}
T

0 0.2 0.4 0.6 0.8 1
d(m) x10°°

(b) 1 = 0.002, D = 0.03m

Figure 3.3: Wire diameter vs output voltage for different coil diameter and length
combinations
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priate coil length and wire diameter for the optimum output voltage is determined
by the software. These parameter values for maximum output voltage are the results
of interest. The magnitude of the maximized voltage is also computed. Therefore
as shown by the test case results, a maximum output voltage of 0.0024 Volts can be

obtained using an air-cored multilayer coil.

Specifications of different wireless power transfer applications require coil sensor de-
signs for a wide range of operating frequencies. Therefore, further improvement on
the GUI software is done to determine the optimum coil type and its parameters. Im-
proved GUI determines whether air-cored multilayer coil or flat spiral coil performs
better and specifies an optimum coil, also providing its parameters. These features
are added and new GUI with two different example cases are given in Figure 3.5 and
Figure 3.6. These examples show that at 10 MHz operating frequency, using flat spi-
ral coil is more advantageous, whereas at 100 kHz operating frequency, multilayer
coil holds better results. Note that, flat spiral coil does not have a coil length param-
eter and multilayer coil does not have turn spacing parameter. This improved GUI
will prove very useful due to the fact that certain wireless power transfer applications
work at higher operating frequencies, flat spiral coil is proven to perform much better

than its multilayer counterpart.

3.4 Amplifier Design

Due to their low pass filter behavior, OP-AMPs will have their gain reduced after a
certain frequency. Since the operating frequency required by the biomedical appli-
cations are usually high, the amplifier should be chosen carefully in order to obtain
sufficient gain. AD797, which is actually a low-noise, high input impedance OP-AMP
that suits very well for the desired purpose except for its insufficient bandwidth. This
causes AD797 to perform better than many of its counterparts, however its gain is

still not enough for applications which require high sensitivity..

The high frequency behavior of a voltage amplifier OP-AMP can be explained with
the following equation [13]:
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Figure 3.6: Improved optimization GUI software example 2
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A, = —20
1+ Goy

3.1

where A, is the closed loop gain of the OP-AMP, G5 is the open loop gain and the
is the feedback factor. Closed loop gain A, also has a relationship with the frequency

such as:

GBP = A,BW (3.2)

where GBP is the gain-bandwidth product and BW is the bandwidth. The gain-
bandwidth product is constant, and for AD797, it is specified in the datasheet as 110
MHz. G and A, decreases as the frequency increases for the whole frequency range
for this OP-AMP. Therefore, for the case when the operating frequency is 2.2 MHz,
(G is obtained as 52.2 using AD797 datasheet. According to this information, for
v = 1073, A, is calculated as 50 using equation (3.2).

The circuit from Figure 2.6 is drawn in the simulation program multisim for its tran-

sient analysis. The results are shown in Figure 3.7. The smaller signal (V) is the
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Figure 3.7: Transient analysis of amplifier circuitry. Simulation software used is
multisim. Green signal is the input of the amplifier, indicated as V. Red signal is
the output of the amplifier, indicated as V;. The operating frequency used in the
simulation is 2.2 MHz

input voltage and the greater one (1) is the output voltage. After the signal is stable,
Vi is obtained as 1.2 V), and V5 is obtained as 24 mV/,, then their ratio becomes 50,

which proves the relationship between the frequency and the open loop gain.

3.5 Frequency Response of the System and Noise Analysis

The sensor system has a bandpass characteristic. On the logarithmic frequency scale,

the output reaches its maximum when f = f, as was illustrated in Figure 2.8.

The bandwidth of the system is important and the requirements change for different
applications. If the bandwidth is high, the frequency range of operation for the system
becomes wide. However it should be noted that high bandwidth causes the system
noise to increase. Figure 3.8 shows the amplifier circuit with its equivalent noise

2
sources referred to the input [10]. In this figure, 4/ Z—’;ﬁ term is the thermal noise
i2
voltage caused by the coil resistance, 4/ Z—P} term is the thermal noise current due to

the total shunt resistance, 4 /Z—; and 4 / £—2f are the series and shunt noise components

caused by the amplifier.
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The total noise power density can be expressed in terms of total noise voltage Uy [10]:
U? Uy U 2 U3 9 I? Iz 9

= F —+ = |Z 33

Af = a7 T afF@ | g5+ Ap | 12FFw)] (3.3)

where Z is the impedance of the coil. By neglecting the contribution of the capac-

itance at high operating frequencies, the coil impedance can be written simply as

follows::

Z =R+ jwlL (3.4)

The coil is designed to be low noise by keeping its resistance around a few ohms
at maximum, which is another restriction upon the turn number recalling (2.20) and
(2.21). As seen by the combined noise equation (3.3), there is also the need to use
a low noise amplifier. It should also be noted that the noise is mainly of thermal
characteristic and determined by the resistances included in the system. Thus it is
nearly DC throughout the frequency band due to its AC component being too small
to affect , except around the resonance frequency. This is because of the effect of

F(w)in (3.3).

The noise equivalent magnetic field can be obtained using the relationship between

the sensitivity and the voltage:

— UO
So = TH (3.5)

where U is the voltage induced on the sensor coil due to the applied magnetic field H.
If the sensor is assumed to be free of internal noise, the noise voltage at the output of

the coil is:

B__1 %
Af — F(w)2 Af

(3.6)

Therefore combining (3.3), (3.5) and (3.6), the resultant equation for the noise equiv-

alent magnetic field power spectral density is [10]:
H?, 1 \*[U? U2 r I3 )
N (2 I 4 Z 7
5 (a) (oo Z- (G2 o] oo
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Rz

2 -2
Figure 3.8: Noise equivalent circuit [10]. Z—’} and 2—1} are the noise voltage represent-
ing the thermal noise of the coil resistance R and the noise current representing the

2
damping resistor R respectively. Z—; and i—"} represent the internal noise voltage and
internal noise current of the amplifier

An illustration of the above explanations and equations is required. Thus a frequency
sweep MATLAB code for the induction coil sensor is developed. The coil designed
for LFEIT application is used in the simulation. The results are shown in Figure 3.9.
It is observed that the noise does not depend on the frequency except around the
resonance frequency for this application. This figure is obtained for 1 nT magnetic
flux density as an input. The parallel resistance R;; is 100 €2, causing the system to

have relatively high bandwidth at the cost of lower sensitivity.
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Figure 3.9: Signal, noise and magnetic noise comparison for the first system designed
for LFEIT application. Simulation software used is MATLAB. Input magnetic flux
density is 1 nT. Amplifier used is AD797. Parallel resistance R;; is 100 2.
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CHAPTER 4

EXPERIMENTAL WORK

4.1 Introduction

In this chapter, the implementation of the designed coil and amplifier combination is
presented. Based on the design principles outlined in the previous chapters, two ex-
periments are performed, namely, "Lorentz Field Electrical Induction Tomography"
and "Wireless Power Transfer". The circuit schematics for both designs, experimental

results and a comparison with the theoretical data is provided.

4.2 Test of the Induction Coil Design

The first experimental work is to test the designed coil in a simple amplifier circuit,

to verify the design further before moving on to the biomedical applications.

In this experiment, the input AC magnetic field is given through a transmitter coil
system where another induction coil identical to the sensor coil is used to be able to
reach more accurate results. The transmitter part is shown in Figure 4.1. Induction
coil is connected in series to the function generator and a resistance to control the
current flowing through it. The impedance of the coil at the frequency range of inter-
est is composed of inductance and resistance. The resistance and the capacitance of
the coil are neglected due to relatively high operation frequency and low coil resis-
tance. Therefore the inductance formula (2.35) can be tested by simply changing the
frequency and measuring the peak voltage over the test resistance which is chosen as

1.2k€2. Likewise, the DC resistance formula (2.27) can be tested measuring the resis-
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tance of the coil with a multimeter. Both parameters can be obtained experimentally
using Agilent E4980A Precision LCR-meter alternatively. Both experimental meth-
ods give the same results. The results of the comparison of theoretical inductance
and resistance values are given in Table 4.1. The coil designed for LFEIT is referred
as coil 1. The coils used in [30] are named coil 2-3, other examples from [31] are
the coils 4 and 5. L,,..s and L., indicate the measured and calculated inductance
values. R,,cqs and R, are likewise. In Table 4.1 measured and calculated param-
eters are seen. The discrepancies are mainly due to windings not being as tidy as
designed since even a machine is used to wind the coil, it will only increase the speed
of winding process. This causes the turn number for same coil size and wire diame-
ter to differ from calculations which leads to changes in the resistance and inductance
values. The measurement results indicate that equations used to obtain the inductance

and resistance of the coil are accurate with 20-30 percent deviation.

This experiment led to an important correction. The calculation of the turn number,
as obtained from equation (2.5), is not accurate in most cases. This is caused by the
insulation of the wire. The wire cross-sectional area in resistance equation (2.24)
is the area of the conducting part. However while calculating the turn number, this
extra thickness from wire insulation need to be included. Then the new turn number

becomes:

_ D-D,

n=lg e @D

where v is the ratio of the total wire diameter to the conducting diameter. This is also
mentioned in [32]. The equation related to the coil resistance should also be modified

as:

(D + Di)(D — Di)l

ov2d?

Rdc =

4.2)

Note that after these corrections, the results matched with 20-30 percent deviation.

The next stage is to determine the self capacitance of the coil in order to find the
location of the resonance frequency. There are again two experimental methods to

obtain the self capacitance of an induction coil and three equations are available for
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Figure 4.1: Transmitter coil circuit. Signal given from function generator is measured
on 1.2 k) resistance in order to determine the current through the transmitter coil later
to be used in (2.47) to calculate the input magnetic field of the sensor.

designing purposes which are mentioned in the previous chapters. In this part how-
ever the equation that performs best will be determined through comparison with the
results obtained using experimental methods. First method is to find the resonance
frequency of the coil using oscilloscope, then using the obtained resistance and in-
ductance of the coil to get the capacitance. Second method is actually an improved
version of the first one. It includes connecting two different external test capacitors
to the coil and comparing the resonance frequency of the system for both cases. The
advantage of using this method is that the inductance and resistance information is
not required. However, the first method will be used to determine the capacitance be-
cause the resonance frequency of the coil is also of interest. Equation for calculating

the capacitance of the coil is [33]:

2
2 (2)' -
C =C———— [pF] 4.3)
-
f1
The coils used in this experiment are coil 1 and 4 from Table 4.1. The results are pre-
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Table 4.1: Comparison of theoretical and measured inductance/resistance values for
different coils.

Parameter | Coil 1 Coil 2 Coil3 | Coil 4 Coil 5
I(m) 0.0025 | 0.005 0.005 0.007 0.002
D(m) 0.02 0.03 0.03 0.05 0.03
D;(m) 0.004 0.007 0.007 0.015 0.01
d(mm) 0.6 0.06 0.5 0.45 0.1

n 70 10000 200 300 1000
Lieas 31pH | 1.22H | 361puH | 2.6 mH | 21 mH
Leaie 27uH | 1.14H | 320uH | 22 mH | 17.3 mH
R eas 0.2 3.5k | 1.02Q2 | 3.8Q 1572
R.u.c 0.155Q | 3.22 k€2 | 0.79Q2 | 3.220) 13202

sented in Table 4.2. The capacitances calculated using (2.40), (2.41) and (2.42) are
referred as C1, C2 and C3, respectively. fl, f2 and {3 are the resonance frequencies
calculated using these capacitances, respectively. C.,, is the capacitance obtained
using fy, the experimentally determined self resonance frequency of the coil. Note
that when calculating the capacitance, the additional 20 pF emerging from the oscil-

loscope probe at the measurement side is also included.

Table 4.2: Comparison of the theoretical and experimental capacitance values and
resonance frequencies for different coils.

Parameter | Coil 1 Coil 4
I(m) 0.0025 0.007
D(m) 0.02 0.05
D;(m) 0.004 0.015
d(mm) 0.6 0.45

n 70 300

Cl1 110.1 pF | 108.8 pF
C2 62 pF 62 pF
C3 14 pF 11.6 pF
f1 2.69 MHz | 290 kHz
2 3.81 MHz | 382 kHz
3 5.31 MHz | 605 kHz
Ceap 76 pF 77 pF

fo 2.80 MHz | 330 kHz

It is observed that the capacitance value C2 which is calculated using equation (2.41)

is closer to the measured capacitance value. However due to the discrepancies in
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the inductance calculation, capacitance C1 that is calculated using (2.42) results in
a much more accurate resonance frequency, namely fl. This means that the dis-
crepancy in capacitance compensates the inductance error returning a resonance fre-
quency value closer to the experimentally measured fy. The accuracy in obtaining the
resonance frequency is more critical, therefore (2.41) is slightly more advantageous

and used in design.

Next part presents an experiment to compare the measured voltages with the the-
oretically calculated values. To conduct this experiment, the circuit illustrated in
Figure 4.1 is used as the transmission stage where the transmitter coil has the same
properties as the receiver coil. Selected coil for the experiment is the coil 1 whose
properties are given in the first column of Table 4.1. The receiving stage is shown
in Figure 4.2 R and L values are given in Table 4.1. In this configuration, because
the amplifier has a high input impedance, the transfer function F' of the coil could be

modified. Parallel resistance used is 4.1 k{2 and parallel capacitance is 2 pF.

Input magnetic field of the receiving stage B is calculated using equation (2.52). Then
using this input, output voltage is calculated using MATLAB software. Theoretical
and experimental results are given in Table 4.3 (i.e., coil 1) . The output voltage for
different measurement distances (existing between transmitter and receiver coils) are
compared through this experiment. The measurements are obtained at the coil self
resonance frequency (2.8 MHz). V},...s s the experimental and V. is the calculated

output voltage of the sensor.

Table 4.3: Measured and calculated voltage output for different magnetic field input
at respective measurement distances

Parameter | d1=2 cm | d2=1.75 | d3=1.5cm | d4=1.25cm | d5=1 cm
B 16 nT 19.5nT | 27.1 nT 41.6 nT 67.4nT
Vineas 0.27V,, | 032V, | 0.45V,, 0.64 V,, 0.81 V,,
Vieaie 031V,, | 038V, | 0.534V,, | 0.82V,, 1.3V,

There is significant discrepancy between the results which further increase with the
closer measurement distance. To visualize these data and the discrepancy better, Fig-

ure 4.3 is obtained. This difference is mainly caused by the effect of mutual coupling
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Figure 4.3: Comparison of the theoretical and measured output voltages for a range of
magnetic flux density values (on the order of nT) as given in Table 4.3. The operation
frequency is 2.8 MHz.
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coefficient on inductance that should be included because of the existence of a trans-
mitter coil in order to create input magnetic field. This not only affects the sensitivity
directly, but also changes it due to the slight change in the resonance frequency. To
show this, mutual coupling for every distance value is measured and the calculation
results are modified accordingly as L, = M + L where M represents the mu-
tual inductance. The corrected set of output voltage values along with the respective

coupling coefficients are given in Table 4.4.

Table 4.4: Measured and calculated voltage outputs after modification of inductance
by including mutual inductances and respective coupling coefficient value measure-
ments

Parameter | d1=2 cm | d2=1.75 | d3=1.5cm | d4=1.25cm | d5=1 cm
B 16 nT 19.5nT | 27.1 nT 41.6 nT 67.4nT

Vineas 0.27V,, | 032V, | 045V, 0.64 V,, 0.81V,,
Vieaie 028 V,, | 034V, | 047V, 0.65 V,, 0.84 V,,
k 0.062 0.063 0.065 0.09 0.15

As observed, the coupling coefficient becomes almost constant when the distance be-
tween the coils is higher than 1.5 cm. However, some discrepancy is still not cleared.
This is due to calculation of the input magnetic field using equation (2.52). It should
be noted that B is obtained through calculation however it was not verified using an
experimental technique. This second reason for the discrepancy is caused by the as-
sumption of uniform flux across the coaxial solenoids. Although coils were placed
coaxially in order to obtain smooth comparison between measured and calculated val-
ues, the measurement results can only be approximately accurate due to assumptions
calculating input magnetic field. Table 4.4 also shows that the output voltage of a de-
signed induction coil magnetic field sensor can be approximately determined without

experimental work.

The linearity performance of the sensor is analyzed using the least squares best fit
straight line method. This method fits the input output characteristics on an optimum
line by selecting the minimum squares of the differences between linear fit and actual
values. First step is to determine the slope of the best linear approximation. It is done

by taking n data points and then using the following formula:
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where m is the slope, X and Y}, representing the input and output data points respec-

m (4.4)

tively. After mathematically determining the slope of the best fit straight line, it is
then possible to obtain the maximum deviation percentage of any point from this line

using the equation:

Yk - ka
d=-r__""k 4,
% mXg, (4.5)

where Xy, is full working range of the input data. According to (4.4), the linear
approximation obtained is shown in Figure 4.4. The approximated sensitivity can be
obtained by multiplying the slope of the line with yy. Sensitivity of the magnetic
field sensor (output voltage/magnetic field intensity) is computed as 17.1 (V m/A).
The maximum deviation from linearity is calculated using equations (4.4) and (4.5).
It occurs at 67.4 nT magnetic flux density (0.0536 A/m magnetic field intensity) and
is %15.3. The aim of this part was to verify whether it is possible to determine the

output voltage of an induction coil sensor and amplifier combination with the aid of
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a design software. The next section will include the optimization of both coil and

amplifier using the software mentioned in this section.

4.3 LFEIT Application

The details about LFEIT are given in the introduction chapter. This section will
mainly focus on the experimental work relating to LFEIT. As mentioned before,
LFEIT aims to reconstruct the conductivity distribution of body using the magnetic
fields of ultrasonically induced electrical currents. Thus, a strong amplifier (A=10000-
100000) and an induction coil with high sensitivity are required. The contribution of
this study to the LFEIT application is to design the optimum coil for given circum-

stances.

The experimental setup includes two magnets producing DC magnetic field horizon-
tally while an ultrasound source is introduced to the system vertically (perpendicular
to the magnetic field axis). The system is illustrated in Figure 4.5 [15]. A test tube
including two immiscible substances with different conductivities, namely salt water
and oil in this case, is attached to the mid section of the system. The sensor coil is
placed next to the tube over the boundary area of the two liquids. The important ob-
servation here would be the maximum area that sensing can be done. The induction
coil sensor diameter will be limited by the tube diameter. If the sensor area is greater
than the source area, then S in equation (2.6) is determined by the smaller of the two,
rendering a portion of the sensor useless. Therefore there is an upper limitation to the
coil diameter. In this experiment it is set to 2 cm. This is one of the reasons a maxi-
mum coil diameter input parameter is added to the GUI software. There were also a
limited variety of wire while conducting the experiment, so maximum wire diameter
is also added to the GUI. There may be cases where an upper limitation to the coil
length exist or lower limitations to every parameter can also be taken into account ac-
cording to the type of the application. After considering all the factors, the results of
the GUI software is given in Figure 4.13. The numerical input-output part of the GUI
is not the source of data for the graphs. The purpose of the graphs is to verify if there
is an optimum result for the induction coil. Therefore they are obtained under the

condition where a single parameter is varied while others are fixed at their optimum
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Figure 4.5: Experiment setup without test tube, sensor and ultrasound input, the width
of the mid section is greater than the diameter of the test tube and 2.5 cm [15]

values, which are already determined by the GUI. These results are obtained for 10
pT magnetic field input and a gain of 160000 obtained by the chain amplifier circuit
designed specifically for this case. The resulting optimum sensor coil is wound and

shown in Figure 4.6a and b.

The schematic of the amplifier circuitry is given in Figure 4.9. AD600 is used as
amplifier. Its pin configuration and internal structure is illustrated in Figure 4.11. Two
ADG600 are connected using TLO72 as buffer in the first stage. TLO72 is chosen due
its bandwidth compatibility with AD600. The second stage includes the amplifier
block AU-1291. ADG600 is an IC component with low input impedance, causing
the adjustment of the transfer function F of the sensor to be challenging. On the
other hand, it became possible to adjust the operating frequency band by designing
appropriate filters. The circuit board is shown in Figure 4.12. AU-1291 has high
input impedance, allowing it to be considered as a first stage in an amplifier chain.
However this component can not be classified as low-noise, therefore it is used as

second stage. AU-1291 has 63 dB gain which corresponds to 1415. The detailed
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(b)

Figure 4.6: Optimum coil designed for LFEIT application (20 mm coil diameter, 2.5
mm coil height (length), 0.6 mm wire diameter) a) Top view, b) Side view
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Figure 4.7: Simulation results for the amplifier circuitry designed for LFEIT applica-
tion. The left hand side shows the input signal characteristics(20 uV, 1 MHz). On the
right hand side, the output signal is observed at channel B. The amplification can be
calculated as 40mV/20uV=2000. Input signal (channel A) is too small to be revealed
on the oscilloscope screen.

schematic of the first stage of the amplifier circuit is given in Figure 4.10. As observed
from the schematic, a high pass filter of cutoff frequency 723 kHz is added between
the AD600 and buffers to adjust the bandwidth of the system. A low pass filter is
not necessary for the application since the frequency of interest is around 1 MHz for
LFEIT application. The total amplification factor gained from this circuit is actually
greater than 160000. However as the gain increases to a value around 130 dB, it is
observed that the input signal to be given for test purpose is below the noise value.
Therefore the signal that is observed at the output included significant noise due to
the amplification of the noise. As a solution, the second AD600 is excluded in the
experiments, leading to an amplification factor of 160000 (104 dB). This amplifier
circuit is tested using the simulation software of PROTEUS. The results for the two
ADG600 case are shown in Figure 4.7. This suggests that if this circuit is used as
amplifier as it is, with the additional gain from the second stage total gain will reach
2000*1415=2830000. This corresponds to 129 dB. Results for the case with second
ADG600 excluded is given in Figure 4.8. The total amplification including the cascaded
second stage is 112.5%1415=159200. Therefore in the design simulations, 160000 is

used.
The input signal is given through the function generator Agilent HP33120A in the
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Figure 4.8: Simulation results for the amplifier circuitry designed for LFEIT applica-
tion(second AD600 excluded). The left hand side shows the input signal characteris-
tics (20 uV, 1 MHz). On the right hand side, the output signal is observed at channel
B. The amplification can be calculated as 2.25/20mV=112.5. Input signal (channel
A) is also shown on the oscilloscope screen and it is 20 mV in amplitude.
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Figure 4.9: Amplifier circuitry designed for LFEIT application
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CiLo
A1HI

Al1LO
GAT1

GAT2

A2L0

A2HI

C2L0

Al

REF

A2

C1HI
A1CM
A10P
VPOS

VNEG

A20P

A2CM

C2HI

Figure 4.11: Pin configuration and internal structure of AD600

60

+5 N



Figure 4.12: The amplifier circuit board
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Figure 4.13: GUI results for LFEIT application (with 10 pT input and maximum coil

and wire diameter constraints)

61




form of 1 MHz 3 cycles sinusoid bursts at a pulse repetition frequency of 50 Hz. This
signal is amplified using the RF power amplifier. Afterwards it is sent to a 1 MHz 20
mm in diameter transducer focused at 50 mm. The ultrasound pressure was 1 MPa
at the focal point. A cylindrical test tube of diameter 20 mm and height 100 mm is
placed in the middle of the experiment setup. This test tube is filled with a mixture
of salt water and oil, each filling half of the tube. The magnetic field is introduced

from both sides by two identical magnets, centering the focal point with a magnitude

of 0.5T.

GUI results given in Figure 4.13 are based on 10 pT input as indicated. However,
this magnetic field is induced at the center of the boundary of two liquids inside the
test tube. Therefore the magnetic field at the surface of the tube decreases to 0.1 pT.
Therefore after administering new input magnetic flux density to the simulation, re-
sults shown in Figure 4.15 are obtained. The output voltage is reduced in magnitude
by a factor of 100 and the coil parameters are the same as expected. Output volt-
age is computed as 0.37 mV. However this simulation is done using a wire diameter
constraint of 0.6 mm. The case where the wire diameter is not limited is also inves-
tigated by adjusting the maximum wire diameter parameter to a greater value. The
GUI results for this case are given in Figure 4.16. These new results suggest that the
output voltage can be further increased to 0.7 mV by using a 1.6 mm diameter wire

and using a 2 cm length coil.

The schematic of the final version of the whole experiment setup is given in Fig-
ure 4.19. Expected results are as shown at the introduction part and they are also
shown with better quality in Figure 4.20. Two high amplitude signals on the sides are
phase inverted and the smaller signal in the middle is to be detected by the magnetic
sensor. However, the waveforms obtained at the experiment results are in the form of
Figure 4.21. After not being able to distinguish a signal from the noise, an analysis
using (3.3) inside MATLAB software gives the results illustrated in Figure 4.22. The
bandwidth Af is calculated as 42 kHz. Resonance frequency f of the overall system
is 1.287 MHz. The comparison of the output signal without the amplification and the
noise shows that it is not possible to distinguish the signal from noise level with any
amount of amplification. However if the input magnetic flux density is increased to

10 pT, the output signal of the sensor can be observed. Figure 4.23 shows that the
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signal is barely above the noise level around the frequency of interest (1 MHz). Input
spectral noise density of AD600 is given as 1.4n1// v/H z which actually becomes the
dominant factor in system noise. The reason that the second AD600 is excluded from
the system is related to this noise doubling for two AD600 and since noise level is

already critical, it should be minimized.

The sensor designed to use in LFEIT application along with the amplification cir-
cuitry is also tested in terms of sensitivity and linearity. Using the same arrangement
from the previous section, an identical test coil is used to generate AC magnetic field
at distances from 1 cm to 2 cm. Output is obtained without amplifier block cir-
cuitry(Amplification factor A=112.5) The results include the data set for the target
operating frequency (1 MHz). They are shown in Table 4.5. The linearity perfor-
mance of the sensor is illustrated in Figure 4.14. Maximum deviation from linearity
is %2.7 at the 1 cm distance which is the closest. Again as in the case of test system
constructed in the previous section, linearity gets distorted as the measurement dis-
tance decreases. The sensitivity with amplification factor of A=112.5 is computed as
5.45 (V m/A). This indicates that in terms of sensitivity, this system performs worse
than the test case since the measurements are already done at the resonance frequency.
This is due to low input resistance of AD600 amplifier which has a negative effect on
the system. However it was chosen in order to be compatible with AU-1291 since
very high amplification at 1 MHz operating frequency was required for the applica-

tion.

Table4.5: Measured voltage outputs at two different frequencies of importance for a
range of measurement distance and respective coupling coefficient values

Parameter | d1=2cm | d2=1.75 | d3=1.5cm | d4=1.25cm | d5=1 cm
B 16 nT 19.5nT 27.1nT 41.6 nT 67.4nT
Vicimm. | 0.072V,, | 0.088V,, | 0.122V,,, | 0.184 V, 0.286 V,,
k 0.062 0.063 0.065 0.09 0.15
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Figure 4.15: GUI results for LFEIT application with 0.1 pT input and maximum coil
diameter and wire diameter constraints of 2 cm and 0.6 mm respectively. Operation
frequency is 1 MHz. Output voltage is calculated as 0.37 mV. Optimum coil length is
computed as 2.5 mm. Wire diameter of the optimized coil is 0.6 mm.
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Figure 4.16: GUI results for LFEIT application with 6 mm wire diameter constraint.
This value is chosen high enough to check whether there is a better coil if there
were no wire diameter constraint. Output voltage for the determined optimum coil is
calculated as 0.7 mV. Wire diameter is computed as 1.57 mm. Optimum coil length
is also changed and it is 2 cm.

4.4 Wireless Power Transfer (WPT) Application

Although WPT is a form of magnetic sensor application, it requires a different ap-
proach. In magnetic sensor applications, the goal is to maximize the voltage sensi-
tivity. However in WPT, it is necessary to maximize the power transfer. To achieve
this, the efficiency should be maximum. It is given for two coil system in equa-

tion [34], [35], [36]:
_RQQ
T 17120,0,

where 7) is the efficiency, k is the mutual coupling between the coils and (), and

(4.6)

(s are the quality factor of the primary and secondary coils respectively. However,
the low Q-factor especially observed under loaded condition and the low coupling
between the coils, two coiled system has relatively low efficiency. This efficiency also
decreases exponentially with the distance between coils. This limits the maximum
distance both coils could be placed from each other. Therefore four coiled system

is preferred. The schematic of such design is given in Figure 4.24 where all the
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Figure 4.17: Improved GUI results for LFEIT application with 0.6 mm wire diameter
constraint. Improved GUI includes additional software that determines whether flat
spiral coil or air-cored multilayer coil performs better. It is observed that a flat spiral
coil provides a slightly better output voltage (0.4 mV) compared to the results given
in Figure 4.15. Since the optimum coil type is determined as flat spiral, instead of
coil length parameter, the turn spacing parameter is included. Wire diameter of the
optimum coil is calculated as 0.2 mm and the turn is spacing is 0.004 mm.
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Figure 4.18: Improved GUI results for LFEIT application with 6 mm wire diameter
constraint. The results are same as in Figure 4.16 since the optimum coil type for this
case is air-cored multilayer coil.
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Figure 4.19: The schematic of the final version of the experiment setup. Dc magnetic
field is seen at inward direction which is perpendicular to the measurement axis. In-
duction coil sensor is placed adjacent to the tube in order to obtain best sensitivity
performance.

parameters illustrated will be used in its efficiency equation [37], [38], [39], [40]:

7= (k1,Q1Q2) (k33Q2Q3) (k3,Q3Q4)
[(1 + A2,Q1Q2) (1 + k3,Q3Q4) + k33Q2Q3] [1 + k5,Q2Q5 + k3,Q3Q4]

4.7)

where k,,, is the coupling factor between coil m and coil n, and @),, is the quality
factor of coil m. Equation (4.7) is valid assuming all coils are tuned to the same
resonance frequency and operating at this frequency. Also for this equation to hold,
coupling coefficients between nonadjacent coils k13, k14 and ko4 should be negligible
compared to the coupling coefficients between adjacent coils. Since the interaction
between nonadjacent coils would be weaker, equation (4.7) performs better as the dis-
tance between primary and secondary coils increases. Coupling factor k has a value
between 0 and 1. It is 1 for two identical coils placed next to each other. However as
the geometry of the coils differ and as they become more distant, k decreases. Since
the distance between Tx and Rx coils is relatively greater, their coupling coefficient

ko3 is small compared to k15 and k34. Hence the quality factors of these coils ()2 and
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Figure 4.20: The illustration of expected results of the experiment. The scale among
the signals to be measured is represented in this figure. The signals with greater
amplitude correspond to outer boundaries with higher conductivity gradient namely
the boundary between air and oil, salt water and tube respectively. These expected
signals are out of phase 180 degrees. The waveform in the middle corresponds to the
conductivity gradient between salt water and oil therefore it is smaller. The aim is
to observe this smaller signal since it will prove whether the conductivity difference
between two different tissues can be distinguished.
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Figure 4.21: The illustration of results of the experiment. The outer boundary signals
are obtained at a scale of 5 V. However the noise signal obtained is greater than the
expected inner boundary waveform, therefore it was not possible to distinguish this
signal from the noise.
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Figure 4.22: Theoretical results for noise analysis of the experiment setup for 0.1 pT
input magnetic flux density. It is observed that the output voltage of the sensor is
below the noise level.
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Figure 4.23: Theoretical results for noise analysis of the experiment setup for 10 pT
input magnetic flux density. This simulation indicates that if it is possible to increase
the input flux density by using a higher magnitude DC field or placing the sensor
closer to the source with a different configuration, output signal reaches above the
noise level at the resonance frequency.

(23 are required to be maximized in order to compensate the reduction in the effi-
ciency caused by low coupling. In order to achieve this, the optimization algorithm
designed in the previous sections is modified into determining the coil parameters for

maximum quality factor.

The quality factors of driving and load coils (Q); and ()4 respectively), cannot reach
the level of unloaded (), and ()3 because of source and load resistances. Therefore
their effects on efficiency are limited. Q of an unloaded coil is:

- 27TfL€ff

7 4.8)

Q

where R is the total resistance and L.y is the effective inductance which is obtained

by:
Ly -1 (1 _ (%) ) (4.9)

fo 1s the self resonance frequency of the coil as mentioned in the sections before.
Therefore quality factor also depends on the operating frequency. To determine this

frequency, the structure of overall system and its relation with human body should
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Figure 4.24: Four coil wireless power transfer system. In the figure, k,,,, is the cou-
pling factor between coil m and coil n, and @), is the quality factor of coil m

be considered. The receiver coil, as mentioned, is to be placed inside the tissue.
The permeability of the tissue can be assumed to be close to free space [41]. This
indicates that the coil inductance inside a tissue will not be affected. However, the
tissue has high dielectric constant [42], [43], and hence, introduces more capacitance
to the system. This further reduces the quality factor of the implanted coil, which
has relatively small size causing its capacitance to be small. Therefore a possible
tuning capacitor at the receiving end has very little effect on operating frequency of
the system. The tissue and the high frequency magnetic field is rather close to each
other, resulting in tissue absorbing part of magnetic field input due to the eddy current
generation. This absorption is lower for a frequency range of 100 kHz-4 MHz, leading
to an improvement in the efficiency due to minimizing the effects of tissue. Operating
frequency of a wireless power transfer system to be used in biomedical applications

should be in this range. For this application, 1 MHz is chosen due to practical reasons.

The distance between the transmitter and receiver coils is determined using the equa-
tion (2.52). To maximize B,, a = p+/2 condition should be met. This means that
in order to maximize the magnetic field transfer, the diameter of the transmitter coil

should be chosen as D = 2+/2p.
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It is not possible to accurately model the coupling factor between two multilayer coils,
therefore it is measured experimentally. The method is as follows: The inductance of
the primary coil is measured while the secondary coil is under open circuit and short

circuit conditions. Then using the equation:

k=af1— =2 (4.10)

where L indicating the primary coil inductance for short circuited secondary coil and

L, indicating the open circuited secondary.

The optimization algorithm from previous section is also used here to obtain coil
parameters for maximum Q. Calculated and measured quality factors of selected coils
and their size parameters are given in Table 4.6. LCR meter is used to measure the
quality factor parameter. The loaded quality factors are not measured, only calculated
due to discrepancy being relatively low. In the table, it can also be seen that the
calculation of the multilayer coil resistance using Dowell method, results are accurate

with the resistance measurement with some discrepancy.

Table 4.6: Size parameters of the coils with optimum quality factor

Parameter Coil 1 | Coil 2 | Coil 3 | Coil 4
Coil Outer Diameter(D)-mm 30 25.5 17 20
Coil Inner Diameter(D;)-mm | 25.5 6 4 17
Coil Length(l)-mm 5 5 2.5 2.5
Wire Diameter(d)-mm 1 1 0.6 0.6
Number of Turns 8 36 44 12
Inductance(L) H 34 13.4 15.8 44
Calculated Resistance(R.,;.)S) | 1.5 3.77 6.35 2.57
Measured Resistance(R,,cq5)¢2 | 1.87 4.5 6.25 2.85
Q(calculated-loaded) 0.216 | 17 13 0.16
Q(measured) 11.5 18 12.7 9.7

Using the method indicated above, k5 is found as 0.62, ko3 is 0.0675, k34 is 0.55 for
8.5 mm distance and 1 MHz operating frequency for the selected coils. Then using
(4.5) since all the parameters included are revealed, the efficiency is calculated as

%6.8. Coil 1 is loaded with 5.6 € in series to represent the source impedance and coil
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Figure 4.25: Four coil wireless power transfer system circuitry schematic including
components with their respective values

4 is loaded with 100 €2 in series to represent the load. The schematic of the whole

circuitry is given in Figure 4.25

The coil 3 of the selected coils is the one used as induction coil sensor in LFEIT appli-
cation in the previous section. The optimum coil parameters were actually, D=2 cm,
1=0.3 cm, d=0.06 cm and D;=0.4 cm. However since there is no significant difference
in quality factor, the sensor coil from LFEIT application is used as the receiver. Coil
2 on the other hand, is newly designed for this application. It is shown in Figure 4.26a
and 4.26b as top view and side view. The driver and load coils are concentric with the

transmitter and receiver coil respectively by forming the outermost layers of them.

The driver coil and load coil are designed with relatively low turn number due to the
fact that their quality factor will be already small due to loading. Their inductance
values are also of importance since they need to resonate at the selected operating

frequency which is 1 MHz for this case. The tuning capacitance can be calculated
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Figure 4.26: Optimum quality factor coil designed for WPT application (30 mm coil
diameter, 5 mm coil height(length), 1 mm wire diameter ) a) Top view, b) Side view
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using:

1

1

The inductance of the driver coil is 3.4 ;H and the load coil is 4.4 H. Therefore
the tuning capacitances for driving and load parts are 9 nF and 7.6 nF respectively.
The tuning capacitances of primary and secondary coils are close being 1.9 nF and
1.6 nF respectively. Remembering the condition D = 24/2p, the distance between
the coils is adjusted as 8.5 mm. Afterwards the experiment setup included the four
coil system, specified tuning capacitances and load resistances connected to driving
and load coils in series. Input signal given has 1 MHz frequency and 10 Vpeak
amplitude and as the load, 100 €2 is connected in series. The input power is measured
as 0.15 Watts, which is inversely proportional with the load impedance seen by the
source. The output voltage on the 100 2 is measured as 1.5 Vpeak, using average

V2

power equation P = 5,

leading to an output power of 0.0113 Watts. Therefore the
efficiency calculated using measurement values is %7.7. This shows that although the
efficiency is low in this case, the discrepancy of the design is also low. The reason for
low output power is the low input power transfer from voltage source which has 50 €2

internal resistance.

The efficiency can be improved by using litz wires which provide significant improve-
ment in coil quality factor. Litz wire is composed of many wire strands. It increases
quality factor by providing very low resistance compared to regular copper wire. To
prove this, the windings of primary and secondary coils mentioned are changed to
I mm diameter litz wire with number of strands as 66. The resulting coils have the

properties mentioned in Table 4.7. These coils are shown in Figure 4.27a and b.

It is shown that the usage of litz wire as windings increase the quality factor greatly.
The coupling coefficients for this case are computed as: ki =0.515, ko3 =0.043, k34
=0.43. Then using (4.7), efficiency is increased up to %13.8. This is verified through
implementation by obtaining an output voltage of 2.3 Vpeak for 0.18 W input power,
therefore resulting in %14.7 efficiency. Although by only changing the windings
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Figure 4.27: Optimum quality factor coil with litz wire windings designed for WPT
application (30 mm coil diameter, 5 mm coil height(length), 1 mm wire diameter ) a)
Top view, b) Side view
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Table 4.7: Critical parameters of the coils modified to include Litz wires as their
windings

Parameter Coil1 | Coil2 | Coil 3 | Coil 4
Inductance(L)u H | 1.76 3.25 0.53 0.23
Resistance(R.;.)S2 | 0.19 0.176 | 0.045 | 0.047
Q(loaded) 1.94 134 81 0.015

into litz wire without any coil design process the efficiency is doubled, the resulting
efficiency is still relatively weak. This is due to the low loaded quality factor of
the load coil. Therefore assuming there is further space for improvement, another
secondary coil with better loaded quality factor is wound. The 0.3 mm diameter 40
strand litz wire is used in the windings. The properties of this coil along with its load

counterpart is given in Table 4.8.

Table 4.8: Critical parameters of the secondary coil modified further to have high
loaded quality factor

Parameter Coil 3 | Coil 4
Inductance(L)u H | 65 41
Resistance( R )2 | 23 23
Q(oaded) 17 2.094

Afterwards, considering mutual coupling coefficient values, ki and k3, are measured
as same, however ko3 is measured as 0.052. Then using (4.7), the efficiency is calcu-
lated as %37.1. This is again verified as 3.3 Vpeak is observed on the 1002 load at
0.14 W input power resulting in %38.9 efficiency. This is the best efficiency obtained
so far, even so the quality factor of the secondary coil is relatively low. It should be
noted that in the litz wire winding part of the WPT application, coil design was not
required since there were two different types of litz wire available during the exper-
iments. The coil design of WPT application with enamel copper wire can be easily
modified to design litz wire coils by changing the resistance and inductance equa-
tions. This part is only done to prove that the efficiency can be greatly increased by

usage of litz wire.
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CHAPTER 5

CONCLUSION AND DISCUSSION

A magnetic sensor system with the best sensitivity under certain circumstances, in-
cluding an air-cored induction coil connected to an amplifier circuit is designed. A
MATLAB based graphical user interface software is developed for this purpose. This
software is verified by checking with numerous coils designed for various biomedical
applications like MIT or contactless conductivity imaging. The precision of calcu-
lations and the discrepancies are investigated thoroughly. The linearity of sensitivity
is New parameters such as wire insulation thickness are understood through exper-
imental work. The optimum coil is designed using the present equipment and its
parameters are: Diameter(D): 2 cm, length(l): 0.25 cm, wire diameter(d): 0.6 mm,
inner diameter(D;): 0.4 cm. However the performance of the system designed for the
LFEIT application is found to be inadequate. This is both due to requirement of very
high sensitivity and signal being so small that its level remaining below noise level.
The sensitivity can be increased by using another low noise amplifier circuit with high
input impedance through placing an adjusting resistance in parallel, but at the cost of
bandwidth. One of the suggestions to improve the results would be to find a way to
get close to the source. This might be achieved if the sensor coil is placed inside the
test tube, by using a wider tube. However fixing its position inside the liquids would
be challenge and it would also introduce another boundary area. Another suggestion
is to use the improved GUI to determine whether the coil type used is optimum or not.
The results of related simulations are given in Figure 4.17. This proves that under the
wire diameter limitation, the use of flat spiral coil gives better results. However this
is not the case when the wire diameter is not limited as shown in Figure 4.18. There-

fore multilayer air cored coil is the optimum coil type choice for LFEIT application
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given that all required material such as wire with appropriate diameter is accessible.
A noise shielding metal casing is also necessary in the final design of the system in
order to minimize the noise from the coil, both thermal noise and interference from

the environment, however it is not implemented in this study.

After the LFEIT application, the properties of wireless power transfer is also inves-
tigated. Four coil structure is chosen due to having more flexible design constraints.
The maximum efficiency of the power transfer is required to be achieved. In order to
accomplish this, quality factor of the transmitter and receiver coils should be maxi-
mized according to the equation given. To obtain the size parameters of the maximum
quality factor, optimization software designed in MATLAB is modified into providing
size parameters for the greatest quality factor. Afterwards, coupling factors between
the coils are measured by separating coils two by two. Then the tuning capacitances
are determined. Finally, the distance of greatest magnetic flux transfer and tuning ca-
pacitances for driving and load sides are determined and the system is implemented.
Expected efficiency was %6.8, which can be considered as rather poor performance,
however the resulting practical efficiency value was obtained as %7.6. Afterwards,
litz wires is used at windings instead of enamel copper wire. The efficiency of the
system is increased up to %39 through the improvement observed in the coil quality

factors.

As an improvement, litz wire coils should be designed in detail in order to increase
the quality factor which greatly affect the efficiency of the system, while improving
the loaded conditions. As another improvement, there are other coil types than the
disk shaped air-cored induction coil such as rectangular coil, ferromagnetic-core coil.
These coils can also be optimized for the desired applications since their inductance
and capacitance can also be formulated or derived from the air-cored coil. An im-
provement for wireless power transfer could be the use of coils with better coupling
coefficients, especially the coupling between transmitter coil and receiver coil needs
improvements. This can be done by making the transmitter and receiver coils’ turn
number close hence adjust their inductance closer to each other. This application also
requires the coils to be shielded by a metal casing, not because of noise this time but
in order to prevent the resistance from changing due to temperature. Again this is

not implemented, but mentioned as a suggestion to improve the system further, espe-
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cially in the final implementation stage. There are also other applications that can be
studied such as MIT, contactless conductivity imaging etc. These applications can be

studied in detail and suggestions about various types of coil for every application can

be made.
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