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ABSTRACT

LOCALIZED SIGNAL SUPPRESSION IN MAGNETIC
PARTICLE IMAGING

Ege Kor
M.S. in Electrical and Electronics Engineering
Advisor: Emine Ulkii Saritag Cukur
August 2025

Magnetic Particle Imaging (MPI) is a tracer-based imaging modality offering high
temporal and spatial resolution without any signal from the background tissue.
MPT images the spatial distribution of magnetic nanoparticles (MNPs). However,
these MNPs can accumulate in off-target organs, such as the liver and spleen, and
the resulting strong signal can obscure nearby target signals. This problem is fur-
ther exacerbated by the broad point spread function of the imaging system, which
causes even distant off-target regions to interfere with the desired signal. This
thesis proposes localized signal suppression through the use of additional DC
saturation fields that locally saturate MNP magnetization. After deriving the
relevant imaging equations, the requirements for the saturation field strength are
determined via simulations. Next, several coil designs are evaluated for localized
MNP saturation. Quantitative results show that there is a balance between sup-
pression efficiency and spatial spillover, guiding optimal coil design. Electromag-
netic interference caused by interactions between the saturation coil and the rest
of the MPI hardware is investigated by analyzing the sources of secondary field
inductions. Among several potential solutions to address this challenge, an L-
choke component is incorporated into the final circuitry to minimize interference.
Imaging experiments on a custom MPI scanner demonstrate that the proposed
approach effectively reduces off-target signals and enhances target-to-background
contrast in MPI images. The results of this thesis demonstrate localized signal
suppression as a viable and successful approach for improving contrast in MPI in
the case of MNP accumulation in off-target tissues.

Keywords: Magnetic particle imaging (MPI), signal suppression, saturation field,

interference, induction, coil design.
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OZET

MANYETIK PARCACIK GORUNTULEMEDE YEREL
SINYAL BASTIRMA

Ege Kor
Elektrik ve Elektronik Miihendisligi, Yiksek Lisans
Tez Danismani: Emine Ulkii Saritag Cukur
Agustos 2025

Manyetik Pargacik Gériintilleme (MPG), arka plan dokusundan herhangi bir
sinyal olmaksizin yiiksek zamansal ve mekansal ¢oziiniirliik sunan, izleyici
madde tabanlh bir goriintiileme yontemidir. MPG, manyetik nanopargaciklarin
(MNP’ler) uzamsal dagilimim goriintiiler. Ancak MNP’ler, karaciger ve dalak
gibi hedef digi organlarda birikebilir ve ortaya cikan giiclii sinyal, yakindaki
hedef sinyalleri belirsizlegtirebilir. Gortintiileme sisteminin genis noktasal yayilma
fonksiyonu bu problemi daha da kotiilestirir; ¢linkii uzaktaki hedef dig1 bolgeler
bile istenen sinyalle girigime neden olabilir. Bu tez, MNP manyetizasyonunu
yerel olarak doygunluga ulagtiran dogru akim (DC) doygunluk alanlarinin kul-
lanimyla yerel olarak sinyal bastirilmasmi onermektedir. Ilgili gorintiileme
denklemleri ¢ikarildiktan sonra, doygunluk alani gsiddetine yonelik gereksinim-
ler benzetimlerle belirlenmigtir. Daha sonra, yerel MNP doygunlugu icin gesitli
bobin tasarimlar1 degerlendirilmistir. Nicel sonuglar, bastirma verimliligi ile
uzamsal yayillma arasinda bir denge oldugunu gostermekte ve bu da en uygun
bobin tasarimini yonlendirmektedir. Doygunluk bobini ile MPG donaniminin
geri kalani arasindaki etkilesimlerden kaynaklanan elektromanyetik girigim, ik-
incil alan indiiksiyonlarinin kaynaklar1 analiz edilerek incelenmistir. Bu sorunu
¢ozmek amaciyla one siiriilen cesitli ¢oziimler arasinda, indiiksiyon sinyalini en
aza indirmek i¢in devreye bir bogucu bobin (L-choke) bileseni entegre edilmistir.
Ozel olarak tasarlanmus bir MPG tarayicisinda yapilan goriintiileme deneyleri,
onerilen yaklagimin hedef digi sinyalleri etkin bir gekilde azalttigini ve MPG
goriintiilerinde hedef ve arka plan arasindaki kontrast1 artirdigini gostermektedir.
Bu tez ¢aligmasinin sonuglari, MNP birikiminin hedef disi dokularda gerceklestigi
durumlarda MPG kontrastini iyilestirmek icin yerel sinyal bastirmanin uygulan-

abilir ve bagarili bir yaklagim oldugunu ortaya koymaktadir.
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Anahtar sozcikler: Manyetik pargacik gortintiileme (MPG), sinyal bastirma, doy-
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clear detection of the low-amplitude signal from the target region.
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Chapter 1

Introduction

Magnetic Particle Imaging (MPI) is an emerging tomographic imaging modality
that visualizes the spatial distribution of magnetic nanoparticles (MNPs) by lever-
aging their strongly non-linear magnetization response under oscillating magnetic
fields [1, 2]. Since its initial demonstration by Gleich and Weizenecker in 2005 [1],
MPI has garnered attention for its unique ability to directly and quantitatively
image MNPs with high sensitivity and temporal resolution, while avoiding the
use of ionizing radiation [2, 3]. This makes MPI highly suitable for various clini-
cal and preclinical applications, including but not limited to angiographic studies
[4], stem cell monitoring [5, 6], inflammation mapping [7, 8|, image-guided ther-
apy [9, 10], brain trauma detection [11], oncology imaging [12], and localized
hyperthermia treatments [13].

While the sensitivity of MPI in detecting MNPs is a key strength, it can also
lead to challenges. When MNPs accumulate in certain off-target organs in high
concentrations, they can produce overwhelming signal levels that obscure weaker
signals from nearby tissues or pathologies [3, 14]. This disproportionate signal
distribution can compromise image clarity and reduce the diagnostic reliability of
MPI scans. This problem can be further exacerbated by the relatively wide point
spread function of the imaging system, causing even distant off-target regions to

interfere with the desired signal.
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Figure 1.1: Conceptual illustration of selective signal suppression using a sat-
uration coil in MPI. (a) Without a saturation field, the strong signal from an
off-target region (e.g., liver) overpowers the weaker signal from the target region
(e.g., vessel), making it difficult to detect. (b) By applying a local DC mag-
netic field using a saturation coil, the signal from the off-target region can be
suppressed, allowing clear detection of the low-amplitude signal from the target
region.

The biodistribution of MNPs is inherently non-uniform, governed by systemic
and cellular mechanisms, as well as nanoparticle-specific attributes like size, coat-
ing, and charge [3, 15]. Tissues associated with the mononuclear phagocyte sys-
tem, such as the liver and spleen, are known for their ability to uptake substantial
amounts of MNPs, whereas nearby vasculature or pathological tissues may ex-
hibit minimal accumulation [4, 14]. This imbalance poses a significant barrier to

acquiring consistent image quality near an off-target high-accumulation region.

To mitigate this limitation, this thesis proposes a strategy involving localized
magnetic saturation, in which a strong DC magnetic field is applied to off-target
regions with excessive MNP accumulation. This technique renders MNPs in
these regions magnetically saturated, thereby suppressing their contribution to

the time-varying MPI signal during image acquisition, as depicted in Fig.1.1.

In this thesis, first, the theory of signal suppression via the use of a saturation

field is proposed. The magnetic field required for sufficient signal suppression is



investigated via simulations and numerical evaluations. Next, several saturation
coil designs are implemented and evaluated, with the goal of saturation MNP
magnetization in specific regions without adversely affecting those within the
targeted field-of-view (FOV).

Our custom-built MPI system is used for experimental validation of the pro-
posed approach. During the integration of a saturation coil into an MPI scanner,
an important challenge is the generation of unintended electromagnetic interfer-
ence, resulting from the interaction between the saturation coil and the rest of
the MPI hardware. In this thesis, this interference is referred to as the “sec-
ondary field induction”, a phenomenon governed by Faraday’s law. Alternative
solutions to address this challenge are investigated, and an L-choke component
is incorporated into the overall circuitry to effectively overcome this interference.
Finally, a series of imaging experiments are performed to demonstrate localized
signal suppression of dominant off-target signals through the use of saturation

field, while improving the visibility of nearby target regions.



Chapter 2

Background and Theory

Magnetic Particle Imaging (MPI) is a tracer-based imaging modality that maps
the spatial distribution and concentration of magnetic nanoparticles (MNPs),
such as superparamagnetic iron oxide nanoparticles (SPIOs), by leveraging their
nonlinear magnetization response to external magnetic fields [1, 16, 17]. Unlike
conventional tracer-based imaging modalities such as positron emission tomogra-
phy (PET), MPI does not utilize radioactive tracers or rely on ionizing radiation,
and already offers higher spatial resolution. Furthermore, due to lack of back-
ground signal from biological tissue, MPI offers high sensitivity for detecting
MNPs.

2.1 Magnetization Behavior of Nanoparticles

As outlined in Fig. 2.1, the magnetization response of MNPs to an applied mag-
netic field H is nonlinear and is governed by the Langevin function. In the
dynamic region, as H increases, the MNP magnetization M (H) rises sharply.
However, beyond a certain field threshold, the magnetization enters the satura-
tion regime, where further increases in H yield negligible changes in M (H). This

phenomenon enables selective signal generation from MNPs with unsaturated
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Figure 2.1: (a) Dynamic Region: In this region, the applied magnetic field H
has zero or a low DC level and the magnetic nanoparticle (MNP) magnetization
is unsaturated. When an oscillating magnetic field called the drive field is applied
with amplitude Hp, the MNP magnetization M is highly responsive and varies
non-linearly with H. This causes a time-varying magnetization M (t), shown
with the periodic switching in the red curve (top right). This time-varying mag-
netization induces a time-varying voltage u(t) in the receive coil (middle right),
producing strong signal components at the odd harmonics of the applied drive
field frequency f; (bottom right). (b) Saturation Region: Here, the external
magnetic field has a DC component that is strong enough to saturate the MNP
magnetization, keeping their magnetization M nearly constant at the maximum
Ms,:. Thus, despite the applied drive field, the magnetization shows negligible
variation as a function of time (top right), resulting in a weak induced signal ()
(middle right) and a nearly zero frequency spectrum (bottom right).

magnetization, forming the core principle of MPI spatial encoding.

The net magnetization of an ensemble of MNPs is given by [1, 16, 17]:

M(H) =cmL(kH) = cm (coth(kH) — %) : (2.1)
where
Hom
k= T (2.2)

Here, ¢ is the MNP density (particles/m”), m is the magnetic moment of a single
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nanoparticle, p is the vacuum permeability, kg is the Boltzmann’s constant, and
T is the absolute temperature. For spherical single-domain nanoparticles with

core diameter d, the magnetic moment can be approximated as [16]:

m = ]\/[5%7#3 (2.3)
Here, M, is the saturation magnetization of the nanoparticle material. As the
diameter of MNPs increases, the magnetic field strength needed to saturate the
MNP decreases, which enables improved spatial resolution in MPI. However, there
exists an upper limit to this trend, as the relaxation effect becomes significant
for MNPs above a certain diameter. The relaxation effects refer to the time-
dependent delay in the MNP response to external field variations, which can
adversely impact imaging performance when the particle size becomes excessively
large [17].

2.2 Magnetic Particle Imaging

A typical MPI system incorporates three primary magnetic field components to
image the spatial distribution of MNPs. First, a selection field (SF) is applied to
define a specific spatial point known as the field-free region (FFR), where the sys-
tem can detect the presence of MNPs. Second, a sinusoidal drive field (DF) with
sufficient amplitude is used to excite the MNPs and cause a time-varying mag-
netization response of MNPs located near the FFR. Third, a gradually changing
focus field (FF) is employed to shift the FFR throughout the imaging volume,
thereby expanding the field-of-view (FOV) beyond the range achievable by the
DF alone [17]. The response of the MNPs to the time-varying magnetic fields is
detected through inductive coupling by a receive coil. This induced signal car-
ries information about the MNP concentration and its spatial distribution. By
systematically moving the FFR across the imaging volume, a detailed map of
the MNP distribution can be reconstructed from the received signal. Figure 2.2

illustrates typical MPI scanner topologies.
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Figure 2.2: Typical MPI scanner topologies. (a) A schematic of a MPI scanner
where the field free region (FFR) is a field free point (FFP). Black lines represent
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c)

the selection field (SF) generated by two opposing permanent magnets, which
create a FFP at the center (see the magenta circle). MNPs near the FFP are
excited by a time-varying drive field, and their response is detected inductively
by the receive coil. Spatial encoding is achieved by the SF, which causes the
MNPs outside the FFP to be saturated, such that only the MNPs near the FFP
induce signal. (b) Our in-house FFP scanner system with 4.8 T/m SF gradient
along the x-direction. (c¢) A schematic of a MPI scanner where the FFR is a field
free line (FFL). The magenta ellipsoid marks the FFL region along a line. The
MNP signal is acquired from the entire line, enabling projection-format imaging.
(d) Our in-house FFL scanner system with FFL along the y-axis and 4.4 T/m

SF gradients along the x- and z-directions.
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2.2.1 Selection Field for Spatial Encoding

The SF in MPI provides spatial encoding by creating a static magnetic field gra-
dient that defines a FFR, where the magnetic field strength approaches zero. In
areas distant from the FFR, the magnetic field due to SF increases rapidly, caus-
ing the MNPs in those regions to become saturated. These saturated MNPs no
longer respond to time-varying excitations, effectively silencing their contribution
to the received signal. In contrast, only the MNPs near the FFR remain within
their dynamic magnetization range and produce detectable signals in response to
a time-varying magnetic field. This selective sensitivity forms the foundation of

spatial encoding in MPI [17].

For the 1D case, the SF can be expressed as:

Hy(x) = —Gx (2.4)

where G is the magnetic field gradient of the SF, z = 0 is the equilibrium FFR

location, and the negative sign is introduced for convenience.

For the ideal 3D case, the SF can be expressed as:

Hi=Gx =G,z +Guy+G.z (2.5)
where
G; = 2H' ; (2.6)
i i S0 .

Here, x is position in space, G is the SF gradient matrix, and G; denotes the
gradient of the SF along the i-axis. Here, the gradient matrix is diagonal and

satisfies the following condition:

Go+G,+G,=0 (2.7)

For this 3D case, x = 0 is the equilibrium FFR location, i.e., the isocenter of the

MPI scanner.



2.2.2 Drive Field for MNP Excitation

In MPI, the DF is a time-varying magnetic field that is superimposed onto the
static SF. Only MNPs located at or near the FFP remain unsaturated and thus
can respond to the oscillatory DF by varying their magnetization over time.
The resulting time-varying magnetization induces a voltage in the receive coil
according to Faraday’s law. The primary function of DF is to excite the MNPs
and to cause the FFR to move along a chosen axis during signal acquisition. This
movement allows the system to capture magnetization responses from the MNPs
located across the trajectory of the FFR movement, rather than being restricted

to a single point in space [1, 17].
In its most common form, the DF is a purely sinusoidal waveform:
Hd(t) = Hpeak COS(27det> (28)

where Heai represents the DF amplitude, and fg is the DF frequency. The total
magnetic field experienced by the MNPs can be written as the superposition of
the SF and DF, i.e.,

H(z,t) = Hy(x) + Hy(t) = —Gx + Hpeax cos(27 f4t) (2.9)

The instantaneous position of the FFP, i.e., the position that satisfies H (z,t) = 0,

can then be written as:

_ Hd(t> _ Hpeak
G G

cos (2 fyt) (2.10)

As seen in this relation, the spatial extent of the FOV covered by the FFR

movement can be expressed as:

[ FOV FOV] 3 {_Hpeak Hpeak}

2 7 2

2.11
G Y G ( )

Accordingly, the FOV size is determined by both the DF amplitude and the SF
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gradient. As the FFR moves across the FOV, only the MNPs near its instanta-
neous location contribute to the received signal. The speed at which the FFR

moves can be expressed as:

dxs(t)

() =

= —27Tf

2 sin(27 fat) (2.12)

Hence, the FFR moves most rapidly at the center of the FOV and its speed goes
down to zero near the the two ends of the FOV [17].

2.2.3 Focus Field for Extending FOV

Because the DF is limited in both amplitude due to hardware and safety con-
straints, it cannot independently provide full access to an extended FOV [3]. To
extend the spatial coverage of MPI, a supplementary magnetic field known as
the focus field (FF) is employed. This field, characterized by its high amplitude
and low frequency, enables repositioning of the FFR to areas that are otherwise
inaccessible using the DF alone [2, 18, 19].

2.2.4 Signal and Image Equations

Assuming a 1D MNP distribution and ideal conditions (i.e., neglecting the re-
laxation effects of the MNPs and assuming no coupling between the drive and

receive coils), the signal detected by the receive coil can be expressed as [17]:
Bl— / M(H (z,t)) (2.13)
= Bym— / L(kH(x,t))dx (2.14)

Here, s(t) is the induced signal, B; is the receive coil sensitivity (assumed to be
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uniform in this equation) and p(z) is the spatial distribution of MNP concentra-

tion.

Next, inserting Equation (2.10) into Equation (2.9), the total magnetic field

can be expressed in terms of the instantaneous FFR position:

H(z,t) = =Gz + Gay(t) = G(zs(t) — 2) (2.15)

Inserting Equation (2.15) into Equation (2.14), the signal can be expressed as in

the form of a convolution relation [16, 20]:

s(t) = Blm% p(2)L(EG(zs(t) — x)) dz

d
= Blma [p(x) * L(kGz)] ‘x:l‘s(t) (2.16)

— BimkGi,(t) [p(fﬂ) * ﬁ(ka)} |

= ai,(t) [p(x) * f;(ka)] -

r=x5(t)

Here, « = BymkG is a constant that depends on coil sensitivity, magnetic mo-
ment, and SF gradient strength. This equation expresses the MPI signal in terms
of a convolution of the MNP distribution with the derivative of the Langevin

function, multiplied by the instantaneous speed of the FFR.

Using this signal relation, the 1D MPI image p(z) can be obtained by normal-
izing the received signal with respect to the FFR speed #,(t) and the constant «,
and assigning the resulting speed compensated signal to the instantaneous FFR

position z4(t) [16]:

play() = = = p(a) # b, (2.17)

where

h(z) = L(kGx) (2.18)



Accordingly, the 1D MPI image is expressed as the convolution of the true MNP
distribution p(z) and the point spread function (PSF) h(x). Here, the PSF,

h(z) = L(kGx), depends on both the intrinsic properties of the MNPs due to the

parameter k and the selection field gradient G.

This convolution relation shows that the inherent blurring in MPI depends
on both the MNP and the imaging system characteristics, and that both factors
determine the spatial resolution in MPI [16]. In theory, increasing the SF gradient
or the core diameter of the MNPs narrows the PSF, resulting in higher resolution
MPI images. As mentioned previously, for very large MNPs, the relaxation effect

becomes a limiting factor to this trend.

2.3 MPI Scanner and Overall Imaging Setup

The magnetic fields of an MPI scanner may be produced using either specialized
or multi-functional electrocoil arrangements, as well as permanent magnets [21].
As an example, the imaging setup and signal flowcharts of the FFL MPI scanner
at UMRAM are illustrated in Fig. 2.3. The technical details of the hardware

components are explained below.

2.3.1 Selection Field Magnets

The FFR can either be a field free point (FFP) or a field free line (FFL), de-
pending on the geometry of the SF magnets. Configurations such as opposing
permanent magnets or electromagnets arranged in a Maxwell pair are commonly
used to generate the SF [2, 22]. Figure 2.2 illustrates both FFP and FFL MPI
scanner topologies. For the FFP MPI scanner, two disc-shaped permanent mag-
nets are placed with their north poles facing each other, creating an FFP at the
center with SF gradients of (—4.8, 2.4, 2.4) T/m in (z, y, z) directions [23].
In FFL MPI scanner, two sets of rectangular magnets elongated along the y-

direction are placed with their north poles facing each other, creating an FFL
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along the y-direction with SF gradients of (—4.4, 0, 4.4) T/m in (z, y, 2) di-
rections. In the FFL configuration, the signal from all the MNPs along the FFL
are integrated during signal reception. This results in projection-format imaging,
where each measurement corresponds to the integral of the MNP distribution

along the instantaneous FFL position [24].

2.3.2 Drive Coil

The drive coil that generates the DF is typically implemented as a solenoid elec-
tromagnet. For kHz range frequencies at which the DF operates, skin effect and
proximity effect caused by eddy currents increase the drive coil resistance. To

minimize energy losses, the drive coil is usually wound using a Litz wire.

Early MPI scanners typically utilized DF operating at approximately 25 kHz
with magnetic field amplitudes ranging from 10-20 mT. Overtime, the frequency
range has been expanded to 10-100kHz, with amplitudes reaching as high as
100mT [25]. Tt is essential that the DF amplitude is sufficiently strong relative
to the local SF strength within the imaging volume to ensure that unsaturated
MNPs near the FFR are effectively excited and detected. However, the DF
amplitude is limited by biological safety considerations, such as peripheral nerve
stimulation (PNS) and specific absorption rate (SAR) thresholds. Beyond the
conventional sinusoidal excitation, alternative excitation schemes, such as those

based on pulsed square waveforms, have also been proposed as viable options [26].

2.3.3 Transmit Chain

Due to the physical size and high number of windings, the inductance of the drive
coil falls within the mH range (e.g., 0.9 mH for our FFL MPI scanner). This con-
siderable inductance complicates efficient power transfer from the power amplifier
to the drive coil, even when employing high-power amplifiers capable of deliver-

ing multiple kiloWatts. Consequently, impedance matching circuitry between the
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power amplifier and drive coil is employed to maximize the power transfer. This
is commonly achieved using a simple matching network, such as a sizable series
capacitor or a capacitor bank. However, more sophisticated multi-element match-
ing circuits can also used [15]. Typically, impedance matching calculations are
performed for a target DF frequency. Nevertheless, due to component tolerances
and thermal variations (particularly in capacitors), it is challenging to achieve
exact resonance at the desired frequency in practice. For example, while the
intended frequency may be 10 kHz, the resonant frequency might shift slightly
(e.g., 12.1 kHz for our FFL MPI scanner) due to above mentioned practical con-
siderations and unmodeled influences such as the output impedance of the power

amplifier.

When the system is resonant and the desired current is established through
the drive coil, the sinusoidal DF waveform is generated either by a standalone
signal generator or digitally via a data acquisition (DAQ) device interfaced with
a computer. This waveform is subsequently amplified by the power amplifier
connected to the impedance-matched drive coil. To ensure the correct current
amplitude and thus the targeted DF amplitude within the bore, a current probe
is often employed for real-time monitoring [27]. For the FFL MPI scanner in
Fig. 2.3, the DF waveform is sent to the power amplifier via a DAQ card and a

Rogowski current probe is employed for measuring the drive coil current.

2.3.4 Gradiometric Receive Coil

In MPI, the MNP excitation and signal receiption occurs simultaneously. As
a result, the receive coil experiences a strong direct feedthrough signal caused
by the inductive coupling from the time-varying DF. This direct feedthrough
signal presents a significant challenge because its amplitude can be several orders
of magnitude greater than that of the MNP signal, complicating the imaging
process. To mitigate this issue, sinusoidal DF's are typically employed, so that
the spectrum most affected by the direct feedthrough contamination corresponds

to a single frequency and thus can be managed more effectively.
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A common and effective method to suppress the direct feedthrough signal is
the use of gradiometric receive coils [28]. These coils are wound in multiple
segments with opposite winding directions, enabling cancellation of the direct
feedthrough by inducing opposing voltages in the coil segments when exposed to
a nearly uniform excitation field [29]. While a two-segment gradiometer coil with
N-N windings (i.e., each segment having equal number of windings but wound
in opposite senses) can partially reduce the direct feedthrough, it may suffer
from limited sensitivity due to its spatial sensitivity profile. Hence, a three-
segment configuration, with turn ratios set to approximately N-2N-N (where
the central segment is wound opposite to the outer segments) assuming that the
DF is homogeneous over the receive coil, is preferred for improved sensitivity and

direct feedthrough suppression [30].

However, in practical settings, the DF is not perfectly uniform in space, causing
the optimal winding ratio to deviate from the ideal values listed above. Further-
more, the DF profile may slightly vary over time due to system drift or tem-
perature changes. Consequently, fixed-ratio gradiometric coils may not provide
optimal direct feedthrough cancellation. To address this concern, receive coils
with adjustable segments have been developed, allowing fine-tuning of compen-

sation by physically shifting one of the outer segments along the coil axis [31].

2.3.5 Signal Acquisition

On the signal acquisition side, the receive coil feeds into a low-noise amplifier
(LNA) that amplifies the weak signal induced by the MNPs while preserving a
high signal-to-noise ratio (SNR). If residual direct feedthrough signals are not
sufficiently suppressed by the gradiometric receive coil design, an analog notch
filter may be introduced before amplification to attenuate the DF frequency band.
However, if not accounted for, such filtering can introduce nonlinear phase shifts
dependent on frequency, potentially distorting the time-domain signal and com-
promising downstream signal processing accuracy. Alternative methods, such as

active or passive compensation circuits, can also be employed to further reduce
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the direct feedthrough interference and improve the fidelity of the MNP signal
[32].

After amplification by LNA | the signal is digitized by a DAQ card and digitally
stored on a computer for subsequent signal processing and image reconstruction
steps. These signal processing typically include digital filtering of the signal to
remove remaining direct feedthrough signal, and spectrum cleaning by selecting

frequencies bands around the harmonics of the DF frequency to improve SNR.

2.3.6 Focus Coil and Linear Actuation

Unlike the DF, which operates in the kHz range, the FF typically functions at
frequencies of only a few Hz. It produces a slow modulation that, when combined
with the DF', allows the FFR to traverse a broader spatial domain. Traditionally,
this field is generated via additional sets of electromagnets that are placed external

to the drive coil to globally control the FFR location.

As an alternative to electromagnetic steering, the same spatial coverage can be
achieved mechanically by shifting the imaging subject relative to MPI scanner. In
our MPI systems, this is realized using a three-axis linear actuator that translates
the imaging phantom within the scanner bore. This mechanical movement emu-
lates the action of a dynamic FF, enabling precise relocation of the FFR across

multiple imaging positions without requiring additional electromagnet coils.

2.3.7 Copper Shield

During the operation of an MPI system, time-varying magnetic fields from the
drive coil can induce eddy currents on conductive structures, particularly on the
surfaces of the permanent magnets responsible for generating the SF. These eddy
currents may cause undesired electromagnetic interference in the receive chain.

To mitigate this effect, a hollow copper cylinder is strategically positioned within
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the scanner bore, external to the drive coil. This copper shield acts as a pref-
erential path for eddy current formation, effectively redirecting them away from
the magnets. According to Lenz’s law, the induced currents generate opposing
magnetic fields that counteract the effects of the DF, thereby attenuating the
alternating magnetic flux reaching the surfaces of the permanent magnets. As
a result, the SF magnets are electromagnetically shielded from field fluctuations
[22]. Furthermore, the high thermal conductivity of copper can also enable the
shield to dissipate heat efficiently, helping to stabilize the temperature-sensitive
magnetic field strength of the permanent magnets [33]. This shielding configura-
tion contributes both to improved thermal management and to the reduction of

signal artifacts, supporting consistent imaging performance.
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Figure 2.3: The overall imaging setup of the FFL MPI scanner at UMRAM. (a)
Schematic representation of the signal flowchart for the FFL scanner. The blue
lines illustrate not only the drive coils responsible for generating the DF but also
the complete electronic chain associated with it, including the power amplifier
and the impedance matching circuitry. The red lines depict the gradiometric
receive coil arrangement used for signal acquisition. Rather than employing a
dedicated coil for the FF, a three-axis linear actuator is utilized to provide precise
spatial positioning of the imaging phantom with respect to the FFL. The DF
amplitude is continuously monitored during experiments via a Rogowski current
probe integrated into the setup. (b) A photo of the FFL MPI scanner and the

overall imaging setup.
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Chapter 3

Saturation Field for Signal

Suppression

In MPI, high concentrations of MNPs in off-target regions such as the liver can
generate dominant signals that obscure weaker signals from nearby areas of inter-
est. To address this, this thesis proposes using a saturation coil to locally apply
a strong DC magnetic field, saturating the magnetization of MNPs in undesired
regions. The goal of the saturation field is to suppress the contribution to the
MPI signal from off-target regions, allowing improved visualization of the target

tissues.

3.1 MNP Signal Suppression

In the ideal case, the magnetization of MNPs is commonly modeled using the
Langevin function (see Equation (2.1)). If a sufficiently strong DC saturation
field is applied in a localized region, the MNPs in that region can be driven
into magnetic saturation. In this state, their magnetization will become nearly
constant and unresponsive to the time-varying DF. Consequently, these saturated

MNPs will cease to produce a signal, effectively removing their contribution from
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the MPI image. This principle can enable precise spatial control over the active

imaging volume by selectively suppressing signals from undesired regions.

3.1.1 Signal Equation with Saturation Field

To determine how the saturation field affects the MPI signal, first the spatial
distribution of MNPs are modeled as being decomposed of two parts: (1) MNPs
located in the region of interest (target) and (2) MNPs accumulated in the un-
desired anatomical regions (off-target). For the 1D case, this decomposition can

be expressed as follows:

p(l‘) = ptarget(w) + poff(x) (31)

where prarget () and pog(x) represent the distribution of MNPs within the target

and off-target regions, respectively (see Figure 3.1).

As explained previously, during MPI acquisition, the MNPs are exposed to a
superposition of magnetic fields, mainly the DF and the SF (see Equation (2.9)).
This thesis proposes applying an additional DC saturation field that varies as
a function of space but is static in time. The resulting total magnetic field at

position x and time ¢ can then be written as:

H(z,t) = Hy(z) + Ha(t) + Hou ()

(3.2)
= —Gx + Hpeax c08(27 fyt) + Hgar ()

Here, Hg,(z) is a spatially localized DC field introduced to saturate MNPs in
the off-target regions. Assuming that Hg,(z) does not change the position of the
FFR, it follows that:

H(w,t) = G(as(t) — ) + Hea () (3.3)
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Figure 3.1: Spatial distributions of MNPs and the saturation field profile. (a)
The target region distribution, piareet(2), representing MNPs within the region
of interest only. (b) The off-target distribution, pes(x), representing MNPs
accumulated outside the target region. (c) The combined MNP distribution,
p(2) = prarget(T) + por(x). (d) The spatial profile, Bsq(x), for an ideal (albeit
infeasible) saturation field. The saturation field selectively covers the off-target
region, aiming to suppress the unwanted signal contribution from pog(z) without
affecting the target region.

As illustrated in Figure 3.1, in the ideal (albeit infeasible) case, Hgi(z) can
be modeled as a rectangle function in space, i.e., equal to Hg, on the target re-
gion and zero elsewhere. For this ideal case, inserting Equation (3.1) and Equa-

tion (3.3) into Equation (2.16), the MPI signal can be expressed as:

(3.4)

5(t) = aiis(t) | prarget () * L(EGT) + po(x) * L(k(Gx + Hsat))} ety
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3.1.2 Image Equation with Saturation Field

Compensating the previous signal equation by FFR speed, the corresponding 1D

MPT image can be written as:

. s(t)
plas(t) =~ 5.)

- [ptarget(x) % L(KGz) + pon(x) * L(K(Gx + Hsat»] |

r=x4(t)

p (3.5)
= |:ptarget(x) * h(x) + pog(w) * h (x + (S;tﬂ ‘:}c:ms(t)
= [Prarget (%) * A(T) + posi(7) * h(T + ATgat)] ‘x:xs(t)
where
Ay = Hgt (3.6)

Here, h(x) = L(kGx) is the PSF of the imaging system (see Equation (2.18)).
As seen in this equation, the goal of saturation field is to suppress the image
contribution from the off-target region by shifting the effective PSF experienced
by the off-target MNPs to outside the sensitive region of the Langevin function’s
derivative. Using translation equivariance of convolution operation, this equation

can be re-written as follows:

ﬁ(xS(t)) = [ptarget(x) * h(x) + poff(x + Axsat) * h(l‘)] ‘m:xs(t)

= ﬁtarget ('rs (t)) + ﬁoﬁ(xs <t> + A$sat>

(3.7)

where

ﬁtarget(:c) = ptarget<x> * h(r) (3.8)

poii(x) = posi() * h(x)

Here, prarget(7) and pog(x) are image contributions in the absence of saturation
field for the target and off-target regions, respectively. This alternative formula-
tion shows that the saturation field spatially shifts pog(z) by Azgg. Then, the
goal of saturation field is to apply a sufficiently large spatial shift, Awg,, so that
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the image contribution from the off-target region does not overlap with that of

the target region, i.e.,

P(2) = prarget(x), © € FOV (3.9)

As seen in Equation (3.6), Az, depends on both the applied saturation field
H,,; and the SF gradient GG, with larger Hg,; needed for larger G. In addition,
since the width of the PSF is a function of the MNP parameter k, the shift also

depends on the MNP parameters, such as the core diameter.

Hence, by carefully selecting the DC field strength and spatial profile of Hg, (),
one can in theory suppress the signal originating from off-target regions, thereby

improving image quality.

3.2 Simulation-Based Determination of Satura-

tion Field Strength

3.2.1 Imaging Simulations:

To determine the DC saturation field strength required to effectively suppress
signals from off-target MNPs, a set of numerical simulations was conducted using
MATLAB. These simulations were designed to model the magnetization response
of MNPs under the combined influence of the oscillatory DF, the SF, and an
externally applied DC saturation field. The DF was set at 25 kHz with 10 mT
amplitude, and the SF gradients were set as (2.4, 2.4, -4.8) T/m in (x, y, 2)
directions based on our in-house FFP MPI scanner. MNPs at two different core
diameters of d. = 20 nm and d. = 25 nm were considered. Assuming magnetite
MNPs, the saturation magnetization was set as Mg, = 0.6 T/, where g is the
vacuum permeability [16]. The MNP signal was computed using Equation (2.14),

assuming ideal Langevin response for MNPs. FOV was set as 2x2 cm?.
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As shown in Fig.3.2, two different imaging phantoms were created: (1) a refer-
ence phantom containing only a vessel-shaped target region (i.e., prarget 0nly), and
(2) a phantom containing both the vessel-shaped target and a high-concentration
off-target region (i.e., containing both piareet and pogr). The MPI image from the
reference phantom was used as a reference image for quantitative and qualitative

evaluations.

The saturation field, Bg,, was varied from 0-100 mT. For each By, value,
reconstructed MPI images were compared to the reference image. Quantitative

image quality assessment were performed using the peak signal-to-noise ratio
(PSNR) metric defined as follows:

MAX%
PSNR =10 logy, < VSE ) (3.10)
where
m—1n—1
MSE = 2 .
SE = o) Lot (i, 7)] (3.11)
=0 jZO

where [ is the reconstructed image, I is the reference image, and m and n
are their dimensions. M AX7 is the maximum pixel intensity of I, and MSE

measures the mean squared error difference between I and ..

3.2.2 Qualitative Results:

As shown in Fig.3.2(c), first, a saturation field with an ideal rectangular profile
was selectively applied to the off-target region. The FOV was placed such that it
did not overlap with the off-target region. Figure 3.3 shows example reconstructed
images and the corresponding absolute error maps for By, ranging from 0-50 mT,
separately for the cases of d. = 20 nm and d. = 25 nm. These results demonstrate
that for B, = 0 mT, the high-intensity signal from the off-target region spreads
onto the target region, deteriorating the image quality. As B, increases, off-

target signal suppression improves, leading to higher image quality.
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Vessel Only Off-Target Region Field

Figure 3.2: Imaging phantoms and saturation field setups used in the simulation
study. (a) Reference phantom containing only a vessel-shaped target region. (b)
Phantom including both the vessel-shaped target and a high-concentration off-
target region (concentration ratio of 1:5). (c) Visualization of the ideal saturation
field (red shaded area) selectively targeting the off-target region, with the field-of-
view (FOV) (green rectangle). (d) Simulated saturation field profile of a realistic
saturation coil, showing high field strength localized over the off-target region
and minimal exposure within the target region.

Next, considering that a rectangular magnetic field profile is infeasible, the
magnetic field profile for a realistic saturation coil with 16 turns wound on a
1.5 cm diameter was simulated. As shown in Fig. 3.2(d), the resulting saturation
field is strong over the off-target region. Importantly, unlike the ideal case, the
saturation field extends into the imaging FOV and the target region. Figure 3.4
shows example reconstructed images and the corresponding absolute error maps
for B, ranging from 0-50 mT, separately for the cases of d. = 20 nm and
d. = 25 nm. Here, By, is defined as the B-field at the coil center. Once again,
the image quality first improves with increasing By,.. However, large B, values
also perturb the target image region due to partial signal suppression and slight

spatial shifting.

3.2.3 Quantitative Results:

A quantitative summary of the imaging simulations is presented in Fig. 3.5, where
PSNR is plotted as a function of Bg, for the ideal and realistic coil cases, for
d. = 20 nm and d. = 25 nm. In the ideal case (dashed lines), PSNR increases
consistently with Bg,. In the realistic case (solid lines), PSNR keeps increasing

for Bg,t ranging upto 40-50 m'T, but eventually starts decreasing due to increased
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Figure 3.3: Simulated MPI images for the ideal saturation field in Fig.3.2(c

demonstrating the impact of By, on signal suppression for two different MNP
core diameters: (a) d. = 20 nm and (b) d. = 25 nm. In each case, the leftmost
column shows the reference image (phantom with vessel only), while the subse-
quent columns show reconstructed images under different Bs,; values applied to
the off-target region. The second row in each subfigure displays the corresponding
absolute error maps relative to the reference image. In this ideal case, a uniform

DC saturation field is applied over the off-target region, with zero field over the
target region.

Absolute
Error

a)
Reference Image

L
\K A
L

e
d =25nm

Absolute
Error

b)

saturation field spillover into the target region at higher field strengths.

Overall, the results show that increasing B, improves suppression perfor-
mance up to a certain field strength, beyond which further increases yield minimal
gains and potential damages. For both core sizes, a saturation field strength of
approximately 40-50 mT was found to be sufficient for effective off-target suppres-
sion and was used as the design target for the saturation coil in the subsequent

experimental studies.
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Figure 3.4: Simulated MPI images for the realistic saturation field case in
Fig.3.2(d), demonstrating the impact of Bg,, on signal suppression for two differ-
ent MNP core diameters: (a) d. = 20 nm and (b) d. = 25 nm. In this realistic
case, the saturation field is simulated via realistic coil parameters, resulting in a
non-uniform DC saturation field over the off-target region, which partially affects
the target region, especially at high Bg,; values.
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3.3 Integrating Saturation Coil into MPI Scan-

ner

The integration of a saturation coil into the MPI scanner introduces new interac-
tions between the hardware components that must be carefully analyzed. These
interactions directly influence the received signal and overall image quality. To
understand the effects of the saturation coil on signal acquisition, this thesis first

formulates the components of the induced voltage on the receive coil.
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Figure 3.5: Image quality as a function of By, for the ideal (dashed) and realistic
(solid) coil cases, for two different MNP core sizes of 20 nm (blue) and 25 nm
(red). While PSNR increases steadily in the ideal case, it peaks at around 40-
50 mT and declines thereafter in the realistic case, due to field spillover into the
target region at higher Bg,; values.

3.3.1 Formulation of Baseline Signal

When the saturation coil is integrated into the MPI system, the DF induces eddy
currents and voltages on the saturation coil, which in turn induce an undesired
baseline signal on the receive coil. The following derivation assume that the
saturation coil is placed around a specific part of the phantom to locally suppress
the signal from that region. During imaging, the saturation coil is moved inside
the receive chamber of the MPI scanner together with the phantom, at a constant
speed v in the z-direction. Without loss of generality, the following derivations
also assume that the DF is homogeneous in space and can be expressed as By(t) =
B, sin(wt). The total baseline signal induced on the receive coil (i.e., the voltage in
the absence of MNPs) can then be expressed as a superposition of three separate
components:

ep(t) = e1(t) +ea(t) + e5(t) (3.12)

Here, () is the direct feedthrough voltage induced on the receive coil due to
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the DF, whereas €5(t) and e3(¢) are the induced voltages over the receive coil due
to the secondary fields created by the saturation coil and the eddy currents on
the saturation coil, respectively. These induced voltages can be approximated as

follows (see Appendix for detailed derivations):

Ny
e1(t) = — A, Bywcos(wt) Z Wi
i=1

w2

eo(t) = — AstBpmsm(wt —0s)

Ny
X ZWM // Ss(x,y, zr; — vt)dzdy (3.13)
i A
2

2

e3(t) ~ — TBw” (%sm(wt —0,) — |J;’"| sin(wt — Qm))

N
X Z Wr,i // SS(IE, Y, Zri — Ut)dxdy
i=1 Ar

Here, A, is the axial cross-sectional area of the receive coil, N, is the number of
receive coil windings, and W,.; = +1 is the winding sense of the i winding of
the gradiometric receive coil located at position z,; with respect to the scanner
isocenter. In addition, A, is the axial cross-sectional area of the saturation coil,
Ny is the number of saturation coil windings, Z, = |Zs|ej93 is the impedance
seen by the saturation coil at the DF frequency, and Ss(x,y, z) is the position-
dependent saturation coil efficiency (i.e., magnetic flux along the z-direction per
unit current through the saturation coil). Furthermore, R, and R;, are the outer
and inner radii of the saturation coil (with the difference filled with solid copper
windings), and Z, = |Z,|e/% and Z;, = |Z;,|e’% are the impedances seen by
the eddy currents flowing on the outer and inner surfaces of the saturation coil,

respectively. The formation of eddy currents are illustrated in Fig. 3.6.
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Figure 3.6: Schematic illustration of eddy current formation in a saturation coil
wound using a solid copper wire. When the saturation coil is exposed to a time-
varying magnetic field generated by the drive coil, eddy currents form within the
copper wires, as marked with the red arrows (middle), which effective add up to
two circular currents in opposing directions flowing on the outer and inner surface

of the wire (right).

As seen in these equations, all induced baseline signals over the receive coil
are directly proportional to the DF amplitude, B,. Here, the direct feedthrough
signal, €1(t), has a constant amplitude. In contrast, the amplitudes of 5(t) and
e3(t) depend on time due to the movement of the saturation coil inside the MPI

Scanner.

The impedances in the equations for e5(¢t) and e3(¢) depend on the DF fre-

quency, w. For example, the proportionality between the frequency and the

w?
|Zs|”

tively. Additionally, the phase differences, 6, 6,, and 0;,, also depend on the DF

induced voltages can be expressed with w, and for 1(t), and e5(t), respec-

frequency.

3.3.2 Strategies for Reducing Baseline Signal

As stated above, in the experiments conducted in this thesis, the saturation coil

moves together with the phantom inside the scanner at a constant velocity, v. As a
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result, the saturation coil is exposed to the DF and generates secondary fields over
the receive coil. During the imaging experiments, the voltage on the receive coil
consists of the baseline signal and the MNP signal. Typically, the baseline signal is
significantly larger than the MNP signal. Fortunately, the baseline signal appears
at the fundamental frequency, while the MNP signal appears at the harmonics.
Therefore, during the post-processing step, the fundamental frequency is filtered
out, and the remaining MNP signal is utilized for image reconstruction. However,
the high baseline signal on the receive coil limits the low-noise-amplifier (LNA)
gain, causing the higher harmonics of the MNP signal to be buried under noise. As
a result, the reconstructed image quality suffers at low LNA gains. The primary
objective, therefore, is to reduce the baseline signal on the receive coil as much

as possible.

As shown in Equation (3.13), the baseline signal on the receive coil () consist
of €1, €5, and e3, which are due to the direct feedthrough, the secondary fields from
the saturation coil, and the eddy currents on the saturation coil, respectively. As
explained previously, the direct feedthrough is a common problem in MPI and
is not the topic of this thesis. To decrease €1, the receive coil is wound in a
gradiometric configuration, aiming to eliminate the induced voltage from the DF

by reducing the term Zfi’“l W,.; to nearly zero.

To decrease €5, the impedance seen by the saturation coil, Z,, can be increased.
However, there is a constraint in this context. During the experiments, a DC
current source is utilized for supplying a DC current through the saturation coil,
which has a very low DC resistance. Adding a resistance in series with the
saturation coil would also increase the impedance seen by the DC current source.
However, due to the power limitations of the DC current source, increasing the
DC resistance beyond a few Ohms restricts the saturation field strength. Hence,
the goal is to increase the impedance seen by the saturation coil at DF frequency
without significantly affecting the DC resistance seen by the DC current source.
To achieve this goal, this thesis proposes placing a large, air-core L-choke inductor
in series with the saturation coil: the L-choke introduces a high impedance at DF
frequencies, while maintaining a low DC resistance, as described in detail in the

following chapter.
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To decrease €3, the formation of eddy currents need to be minimized. To
address this goal, this thesis proposes using Litz wire instead of solid copper wire
for winding the saturation coil. When a Litz wire is used, eddy currents are
minimized as a result of the electrically insulated strands it contains. Insulated
strands in the Litz wire limits the formation of large loops of eddy currents, such

that €3 becomes negligibly small.
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Chapter 4

Materials and Methods

Parts of this chapter are based on the following publications:

E Kor, MT Arslan, EU Saritas. “Saturation Coil for Localized Signal Sup-
pression in MPI”, Proc of the 11th International Workshop on Magnetic
Particle Imaging (IWMPI), Virtual Conference, p. 2203013, March 2022.

E Kor, MT Arslan, M Takrimi, EU Saritas. “Preventing Interference Be-
tween Saturation Coil and Receive Coil in MPI”, Proc of the 13th Inter-
national Workshop on Magnetic Particle Imaging (IWMPI), Flueli-Ranft,
Switzerland, p. 2403003, March 2024.

4.1 Interference Experiments

To investigate the potential sources and characteristics of the baseline signal in-
terference for an MPI scanner with added saturation coil, a series of experiments
were performed. Since the direct feedthrough signal is already mitigated by uti-
lizing a gradiometric receive coil, the experiments were designed to focus on the

remaining two contributors of the baseline signal: eddy currents on the saturation
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Interference Experiments

4/\

Open Circuit Closed Circuit
Configuration Configuration

— 4,56 kHz-5,10,15 mT — Only Saturation Coil

Tested: f,-B__, — In series with 3Q resistor
— In series with L-Choke
— f,=6kHz,B _, =10mT
Tested: coil parameters — In series with Differential
Mode Choke

Figure 4.1: Summary of interference experiments.

coil and secondary fields created by the saturation coil. These interferences can

significantly degrade image quality by inducing unwanted signals.

Figure 4.1 summarizes the interference experiments. The experiments were
conducted on our in-house FFL MPI scanner as seen in Fig 4.2(a-c). This scanner
features selection field gradients of (-4.4, 0, 4.4) T/m in the (x, y, z) directions,

and has a free imaging bore diameter of 3.5 cm.

4.1.1 Interference Due to Eddy Currents

First, experiments were performed with the saturation coil in open-circuit config-
uration. This configuration makes Z in Equation (3.13) infinitely large, therefore

removes the baseline signal contribution from eo().

To verify the dependence of €3(¢) on B, and w as given in Equation (3.13), an
arbitrary waveform (AW) MPI scanner was utilized [34]. As shown in Fig 4.2(a),
our FFL MPI scanner was equipped with a very low inductance drive coil that
does not require any impedance matching to the power amplifier, enabling arbi-
trary selection of DF frequency. Using this AW MPI scanner, the DF was applied
at different frequencies and amplitudes along the z-direction. Combinations of
fa =4, 5, and 6 kHz frequencies with B, = 5, 10, and 15 mT amplitudes were
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tested. A saturation coil wound using a solid copper wire with 1.2 mm diameter
was utilized. The saturation coil consisted of 2 layers, each with 16 windings,
and had an inner diameter of 1.1 cm. In these experiments, the saturation coil
was moved along a line by a linear actuator at a speed of 3 cm/s, in the abscence
of MNPs. The baseline signal was acquired over a 1D FOV of 16.8 cm along the

z-direction, within a total scan time of approximately 5.6 s.

Next, the DF was applied at 6 kHz with 10 mT, and different saturation coil
designs were tested in an open-circuit configuration . The impact of the number
of layers and windings of the saturation coil on the receive coil was evaluated.
The inner diameter of the coils and the wire diameter were kept the same as
before. In the final stage of the experiments, different wire types were compared.
The performances of saturation coils wound using solid copper wire and Litz wire

were evaluated, all in the open-circuit configuration.

4.1.2 Interference Due to Secondary Fields

In the second part of the interference experiments, the saturation coil was uti-
lized in a closed-circuit configuration, i.e., connected in series with a DC current
source. For these experiments, a saturation coil wound using a Litz wire (1.2 mm
diameter, 125 strands) was utilized. This saturation coil had 2 layers with 16
windings each, with an inner diameter of 1.5 cm. As shown later, utilizing a
Litz wire eliminates the eddy currents on the saturation coil, so that the baseline

signal contribution from e5(¢) can be ignored.

These experiments were performed using our FFL MPI scanner equipped with
its standard drive coil as shown in as shown in Fig. 4.2(b). The standard drive
coil had medium-scale inductance, and hence required impedance matching to
the power amplifier at the DF frequency. Experiments were performed at f; =
12.1 kHz and B, = 10 mT along the z-direction. In these experiments, the
saturation coil was moved by a linear actuator at a speed of 3 cm/s. The baseline
signals were acquired in a 1D FOV of 9.1 ¢cm along the z-direction, within a total

scan time of approximately 3 s.
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Figure 4.2: Experimental setups used in the interference experiments. (a) Open-
circuit configuration interference experiments were performed at DF frequencies
of 4, 5, and 6 kHz to study the interference due to the eddy current effects (i.e., €3).
A low inductance drive coil that does not require any impedance matching was
utilized, converting our FFL MPI scanner to an arbitrary waveform (AW) MPI
scanner. (b) Closed-circuit configuration interference experiments were performed
with a standard drive coil that is impedance matched to the power amplifier at
12.1 kHz, to study the interference due to secondary fields (i.e., £2). (c) The
overall MPI scanner setup, including the phantom and linear actuator system,
and (d) the schematic of the overall setup used in the imaging experiments,
showing the saturation coil moving inside the imaging region, with an L-choke

connected in series.
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Figure 4.3: Schematic representations of potential solutions for suppressing in-
terference due to secondary fields. (a) a resistor (3 €2) connected in series with

the saturation coil, (b) an air-core L-choke, and (c) differential-mode choke.

Different techniques to increase Z,, the impedance seen by the induced voltage
across the saturation coil at the DF frequency, were tested and compared. The

received signals were analyzed for the following cases:

1. No additional impedances,

2. A 3 Q resistor connected in series with the saturation coil (see Fig. 4.3(a)),
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3. A large air-core L-choke connected in series with the saturation coil (see
Fig. 4.3(b)),

4. A differential mode choke connected between the saturation coil and the
DC current source (see Fig. 4.3(c)). Here, the effect of DC current on the
performance of the differential mode choke was evaluated for 0 A and 20 A

DC currents.

4.2 Imaging Experiments

The imaging experiments were conducted on our in-house FFL MPI scanner
equipped with the standard drive coil (see Fig. 4.2(b)). The DF was applied at
fa=12.1 kHz and B, = 10 mT along the z-direction. Images were acquired over
a 1D FOV of 9.1 cm along the z-direction. The linear actuator moved at a speed

of 3 cm/s, with a total scan time of approximately 3 s.

The received signals were first amplified using an LNA and subsequently digi-
tized via a data acquisition card (DAQ). To extract the MNP signal, the baseline
signal for the direct feedthrough (i.e., acquired without the phantom or the satu-
ration coil) was subtracted from the measured signal. Next, a direct feedthrough
filter (i.e., a high-pass filter) was applied to suppress the fundamental harmonic
component. Image reconstruction was performed using the x-space-based Partial
Field-of-View Center Imaging (PCI) algorithm [32]. Table 4.1 lists the devices
and their models used in the imaging experiments. Fig. 4.4 summarizes the imag-

ing experiments.

4.2.1 Saturation Coil & Phantom Design

During the experiments, different types of saturation coils were tested. All coils
had 1.5 cm inner diameter and were wound using a Litz wire with 1.2 mm diameter

and 125 strands. First, a solenoidal saturation coil with 2 layers and 16 windings
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Imaging Experiments
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1D Imaging
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2.3cm
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2D Imaging
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® 4 layers, -3+20 windings
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Figure 4.4: Summary of imaging experiments.

Table 4.1: List of main laboratory instruments used in the MPI experimental
setup, including device types and their corresponding models.

Device Brand / Model
Low Noise Amplifier (LNA) SRS SR560
DAQ Card NI USB-6383

Current Probe
Linear Actuator
Power Amplifier
DC Source

PEM LFR 06/6/300 (Rogowski)
Velmex BiSlide
AE Techron 7224
Keysight N8700 Series

per layer, and another with 4 layers and 16 windings per layer were compared.
These two solenoidal coils have windings in the same sense, as seen in Fig 4.5(a,b).
As a result, the B-field profiles of these saturation coils are relatively wide, causing

the target sample to be slightly affected by the saturation field.

As an alternative design, two reverse-wound saturation coils with 4 layers were
developed to ensure that the target sample is not affected by the saturation field.
To achieve this, an improved 4-layer saturation coil with 3 reverse windings and
20 forward windings per layer was implemented as seen in Fig 4.5(c). In addition,
another 4-layer improved saturation coil with 3 reverse windings and 9 forward

windings per layer was implemented as seen in Fig 4.5(d).

In total, four different saturation coils were designed and tested, as shown in
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Fig. 4.5(a~d). The B-field profiles of these coils for the case of 20 A DC current
are compared in Fig. 4.6, showing that the improved coils with reverse windings

have sharper B-field profiles.

Figure 4.5: The saturation coils and phantoms used in the imaging experiments.
(a)—(d) The four saturation coils: (a) solenoidal 2-layer coil, with 16 windings
per layer coil; (b) solenoidal 4-layer coil, with 16 windings per layer; (¢) improved
4-layer coil, with 3 reverse windings and 20 forward windings per layer (labeled as
-3420 windings); (d) improved 4-layer coil, with 3 reverse windings and 9 forward
windings per layer (labeled as -3+9 windings). (e-f) The two imaging phantoms:
(e) the phantom with the off-target region (red) located farther from the target
region, with 2.3 cm separation; (f) the phantom with the off-target region (red)
located closer to the target region, with 0.6 cm separation.

Two custom-designed phantoms were prepared to evaluate the performances of
the different saturation coil designs. Each phantom consisted of a target region
containing two spatially separated 20 pL. undiluted Vivotrax (5.5 mg Fe/mL
undiluted concentration) samples and an off-target region containing a single
40 pL undiluted Vivotrax sample, as seen in Fig. 4.5(e,f). To analyze the signal
suppression performance, the off-target region was positioned at two different

distances of 2.3 cm and 0.6 cm from the target.
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Figure 4.6: Simulated magnetic field profiles of the saturation coils used in the
imaging experiments for I = 20 A. The comparison includes: 2-layer, 16 windings
coil (magenta); 4-layer, 16 windings coil (red); 4-layer improved coil with -3+20
windings (blue); and 4-layer improved coil with -3+9 windings (black).

4.2.2 1D Imaging Experiments

First, the phantom with an off-target separation of 2.3 cm was used as seen
in Fig 4.5(e). To evaluate the effectiveness of the improved saturation coil, 1D
images obtained using saturation coils with 2 layers and 16 windings, 4 layers and
16 windings, and an improved saturation coil with 4 layers and -34-20 windings
were compared. The 2-layer saturation coil generated a magnetic field of 28 mT
over the off-target sample, whereas the 4-layer coil with 16 windings produced

52 mT. The improved saturation coil yielded approximately 54 mT.

4.2.3 2D Imaging Experiments

Second, a more challenging scenario was evaluated using a phantom with an off-
target separation of just 0.6 cm, as shown in Fig. 4.5(f). In this experiment,

the performance of an improved 4-layer saturation coil with -34+9 windings was
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assessed and compared to that of an improved 4-layer coil with -34-20 windings,
which had previously been tested using a phantom where the off-target separation
was 2.3 cm. Despite its lower number of windings, the improved coil with -349
windings generated a magnetic field of 28 mT over the off-target region. In
comparison, the improved coil with -3+20 windings produced 54 mT over the off-
target region. These experiments aimed to demonstrate the effectiveness of the
improved coil design in maintaining spatial selectivity across varying off-target

distances.

42



Chapter 5

Experimental Results

Parts of this chapter are based on the following publications:

E Kor, MT Arslan, EU Saritas. “Saturation Coil for Localized Signal Sup-
pression in MPI”, Proc of the 11th International Workshop on Magnetic
Particle Imaging (IWMPI), Virtual Conference, p. 2203013, March 2022.

E Kor, MT Arslan, M Takrimi, EU Saritas. “Preventing Interference Be-
tween Saturation Coil and Receive Coil in MPI”| Proc of the 13th Inter-
national Workshop on Magnetic Particle Imaging (IWMPI), Flueli-Ranft,
Switzerland, p. 2403003, March 2024.

5.1 Interference Experiment Results

Two distinct sources of interference—eddy currents and secondary fields—are in-
vestigated under open-circuit and closed-circuit configurations, respectively. In
each case, various strategies are proposed and implemented to decrease the inter-
ference. Their effectiveness is then experimentally validated through quantitative
measurements, providing insight into practical methods for minimizing interfer-

ence and improving overall system performance.
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Figure 5.1: Effect of drive field frequency and amplitude on the interference signal
observed at the receive coil due to eddy currents (e3). All experiments were
conducted using a standard 4-layer copper wire saturation coil in open-circuit
configuration. The drive field was applied at 4, 5, and 6 kHz with amplitudes of
5, 10, and 15 mT, respectively.

5.1.1 Eddy Currents: Experiment Results

To investigate the interference induced by the saturation coil in an MPI system,
a series of interference experiments were conducted under two distinct electrical
configurations: open-circuit and closed-circuit, as mentioned before. In the open-
circuit configuration, the saturation coil was electrically disconnected from any
power supply. This setup was used to isolate and examine interference mecha-

nisms arising purely from eddy currents, particularly the €3 component.

Two sets of experiments were performed. In the first set, the DF amplitude
(Bp) and DF frequency (f4) were varied over 5, 10, and 15 mT, and 4, 5, and
6 kHz, respectively, to observe how these parameters influenced the induced in-

terference on the receive coil as seen in Fig. 5.1.

To validate the analytical formulation derived for the eddy current-induced

interference term e3, a comparison between simulated and experimental received
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Figure 5.2: Comparison of experimental and simulated peak values of the inter-
ference signals caused by eddy currents (g3) in the open-circuit configuration.

signals was conducted. For the simulated signal, the theoretical model in Eq. 3.13
was utilized. Considering the geometry of the saturation coil and drive field
parameters, Faraday’s law of induction was utilized to predict the magnitude of

the induced voltage in the receive coil.

As shown in Fig. 5.2, the simulation results based on this formulation exhibit
excellent agreement with the experimentally measured peak values of the interfer-
ence signal in the open-circuit configuration. This confirms that the interference
mechanism in this configuration is accurately captured by the e3 term, thereby
validating the use of the proposed model in Eq. 3.13 for predicting and mitigating

eddy current effects in system design.

In the second set of experiments, the DF was fixed at 6 kHz and 10 m'T, while
the structural parameters of the saturation coil-—such as number of layers and
wire type—were systematically varied as seen in Fig. 5.3. The results validate
that the increase in the number of windings and layers of the saturation coil
results in an increase in 3. Figure 5.3 also compares the effects of using solid
copper wire versus Litz wire for the saturation coil. The results show that using

Litz wire prevents the formation of eddy currents, effectively diminishing es.
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Figure 5.3: Saturation coils were tested in open-circuit configuration without the
phantom to observe the effect of eddy currents (i.e., the contribution of €3). (a)
No saturation coil. (b)—(d) Results for copper saturation coils with different layer
and winding-per-layer configurations. (e) Result for the Litz wire saturation coil.

These experiments provided critical insights into the role of the saturation coil
geometry and the type of wire in minimizing unintended electromagnetic coupling
in the open-circuit scenario. For the remainder of the experiments, using a Litz
wire is adopted as a solution to the interference problem originating from the

eddy currents on the wires of the saturation coil.

5.1.2 Secondary Fields: Experiment Results

Figure 5.4 presents the experimental results of different approaches aimed at
minimizing €. It shows that when the saturation coil is directly connected to
the DC current source, the LNA gain is limited to a maximum of 2. In contrast,
in the absence of a saturation coil, the LNA gain can be increased up to 100.

Depending on the concentration of MNPs, the received signal may be very weak
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Figure 5.4: Investigation of interference due to secondary fields (e5) and potential
strategies to prevent the secondary induction due to saturation coil. (a) No
saturation coil. (b) Only the saturation coil is used with 20 A DC, leading to
strong secondary induction on the receive coil. A differential mode choke (N:N
turns) is connected in series with the saturation coil, with (c¢) 0 A DC and (d)
20 A DC through the saturation coil. (e) A 3 Q resistor is connected in series
with the saturation coil, with 20 A DC applied. (f) A large air-core L-choke is
connected in series with the saturation coil, with 20 A DC applied.

and therefore requires high LNA gains. However, interference from the saturation

coil limits the LNA gain to undesirably low values.

To address the interference due to secondary fields, a few different approaches
were tested, with results shown in Fig 5.4. First, a N:N differential mode choke
(with N = 8) was utilized, as illustrated in Fig. 4.3(c). In this approach, DC
current does not encounter any large impedance and hence are not affected by
the presence of the differential mode choke. On the other hand, AC currents
induce opposing currents in the other winding, effectively canceling the currents
responsible for interference. Asshown in Fig. 5.4(c,d), the differential mode choke
offers some improvement when DC current is not applied through the saturation
coil, allowing the LNA gain to be increased to 20. However, when 20 A DC current
is applied through the saturation coil, the magnetic permeability of the core

decreases significantly, and the choke can no longer cancel the AC components
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effectively, as seen in Fig 5.4(d).

As described in Equation 3.13, 5 can be reduced by increasing the impedance
seen by the saturation coil. However, the DC current source cannot deliver 20 A if
the resistance exceeds 3 €) at the DF frequency. Here, a 3 () resistor was connected
in series with the saturation coil, as illustrated in Fig. 4.3(a). Figure 5.4(e) shows
that this configuration only allows an LNA gain up to 5, which is insufficient for

capturing the MNP signal.

Finally, we designed an L-choke with 27 mH inductance and 3 €2 resistance
as shown in Fig. 4.3(a). This L-choke provides an impedance of approximately
2050 €2 at 12.1 kHz, while presenting only 3 () resistance to the DC current.
Hence, the L-choke significantly increases the impedance in the &5 expression.
Since the L-choke effectively reduces s, Fig. 5.4(f) shows that it enables the
LNA gain to be increased up to 100. Therefore, the L-choke is selected as the
solution to the interference problem caused by the saturation coil in closed-circuit

configuration.

5.2 Imaging Experiment Results

The experiments were conducted to evaluate the effectiveness of standard and
improved saturation coils in selectively suppressing off-target signals while pre-
serving the target region. The results are presented in two parts: 1D imaging
results for a phantom with target and off-tagert regions seperated by 2.3 ¢cm, and
2D imaging results for two different phantoms with 2.3 cm and 0.6 cm separations

between the target and off-tagert regions.

5.2.1 1D Imaging Results

In the first step of the imaging experiments, the phantom with the off-target

region positioned farther from the target region was utilized. During the imaging
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experiments, a 20 A DC current was applied, resulting in DC magnetic fields of
approximately 52.6 mT and 27.8 mT over the off-target region when using the
4-layer and 2-layer saturation coils, respectively. Figure 5.5 confirms that, as
expected, the 4-layer saturation coil generates a stronger DC magnetic field over
the off-target region compared to the 2-layer coil, and it completely suppresses the
off-target signal. However, as shown in Fig. 5.5, the middle target sample is also
affected and partially saturated. To mitigate this issue, an improved saturation
coil (4 layers, -3+20 windings per layer) was tested. Figure 5.5 demonstrates
that the improved coil fully suppresses the off-target signal without affecting
or saturating the middle target region. Therefore, the improved saturation coil
design is adopted for more selective saturation, allowing suppression of the off-

target region without compromising the target region.

5.2.2 2D Imaging Results

In the second step of the imaging experiments, both phantoms with 2.3 cm and
0.6 cm separations were used. For the phantom in which the off-target region was
located farther from the target region, an improved saturation coil with -3+20
windings was used, whereas a -3+9 winding configuration was employed for the
phantom with a closer off-target region. Figure 5.6 shows the performance of the
improved saturation coil over phantoms with off-target regions located at different
distances from the target region. The improved coil successfully saturates the off-
target region in the phantom where it is far from the target, without affecting the
target signal. However, when the off-target region is very close to the target, a
sharper spatial selectivity is required. Achieving this would necessitate additional
layers and reverse windings. Nonetheless, the scanner bore diameter limits the
saturation coil to a maximum of 4 layers. Despite these restrictions, Fig. 5.6
indicates that the improved saturation coil with -34+9 windings is capable of
distinguishing between very close target and off-target regions, even though it

does not fully saturate the off-target region.
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Figure 5.5: Results of 1D imaging experiments. (a) 1D cross-section images and
(b) their stacked versions (in the vertical direction for display purposes) of a
phantom with a 2.3 cm distance between the target and off-target regions. In the
“Ideal Case”, the off-target sample was removed from the phantom and only the
target samples were included. The “No Sat” image shows the image of the full
phantom including the target and off-target regions, but without any saturation
coil. The effects of standard saturation coils with 2 and 4 layers (each driven
with 20 A DC) are shown. The last image corresponds to an improved sat coil
with 4 layers and -34-20 windings per layer, demonstrating effective suppression
of the off-target signal while preserving the target region.

20



Ideal Case

Improved Sat Coil (-3+20, x4) [0A] - Phantom (2.3 cm)

0.02

Improved Sat Coil (-3+20, x4) [20A] - Phantom (2.3 cm)

Improved Sat Coil (-3+9, x4) [0A] - Phantom (0.6 cm)

Improved Sat Coil (-3+9, x4) [20A] - Phantom (0.6 cm)

0 45 90
[mm]

Figure 5.6: Results of 2D imaging experiments, demonstrating the performance of
the improved saturation coils. In the “Ideal Case”, the off-target sample was re-
moved from the phantom and only the target samples were included. Subsequent
images show results for phantoms with 2.3 cm and 0.6 cm spacing between target
and off-target regions, with and without DC current applied to the saturation
coils. The improved saturation coil with -34-20 windings completely suppressed
the off-target region and preserved the target region when the off-target region
was separated at 2.3 cm. Although the improved saturation coil with -34+9 wind-
ings did not fully suppress the off-target region separated at 0.6 cm, it successfully
separated the intertwined target and off-target regions.
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Chapter 6

Discussion and Conclusion

This thesis proposed a localized magnetic saturation approach to suppress un-
wanted signals from high-concentration off-target regions in MPI. As demon-
strated via 1D and 2D imaging experiments, this technique effectively reduces
the signal contribution of magnetically saturated areas. Because the integration
of the saturation coil into the MPI scanner introduces interference signals on the
receive chain of the MPI system, this thesis also proposes methods to overcome

interference.

To address the interference problem, this thesis first formulated the total re-
ceived signal analytically, as detailed in Equation. (3.12) and further elaborated in
the Appendix. The analysis revealed two primary sources of interference caused
by the saturation coil: e5(t), caused by voltage coupling through the current
path of the saturation coil, and e3(¢), caused by the eddy current induction in
the saturation coil wire. Using a Litz wire instead of solid copper wire for winding
the saturation coil effectively suppressed e5(t), because the individually insulated
small strands of the Litz wire minimizes eddy current formation by limiting circu-
lating currents within the conductor. Moreover, incorporating a large-inductance
L-choke in series with the saturation coil significantly attenuated e5(t) by creating

a large impedance at the DF frequency.

52



As an alternative interference mitigation strategy, a differential-mode choke
was tested based on an N:N reversed-wound transformer connected in series
with the saturation coil. While this method successfully eliminated coupling in
the absence of a DC current, under the operational condition of 20 A DC current,
the magnetic permeability of the iron core deteriorated substantially. As a result,
the differential mode choke became ineffective at blocking the interference, as
depicted in Fig. 5.4(c,d). Given the need for a relatively strong DC magnetic field
to achieve effective local saturation (on the order of 20 A for the experimental

results in this thesis), using a differential-mode choke was deemed unsuitable.

In contrast, the air-core Li-choke used in this study remains unaffected by high
DC currents, since it does not rely on a magnetic core and thus its inductance
remains stable. To achieve a sufficiently high inductance value (e.g., 27 mH in this
thesis) for effective suppression of interference at DF frequency, a large number

of windings was required due to the absence of magnetic material.

An alternative method to eliminate e5(t) involves using a parallel LC circuit
in series with the saturation coil. If the resonance frequency of this parallel LC
circuit is tuned to the DF frequency, it can present a high impedance in the
current path of the saturation coil, thereby attenuating the coupled interference.
However, similar to the L-choke solution, the inductor in this LC circuit needs to
be an air core inductor. If a magnetic core is utilized, the inductance value can
significantly vary due to magnetic saturation effects, which in turn can shift the
resonance frequency of the LC circuit and reduce the impedance at the desired

frequency.

Nevertheless, there exist magnetic materials whose permeability characteris-
tics change predictably under high DC bias [35]. These materials may offer a
promising direction for future designs of parallel LC circuits or differential-mode
chokes that can maintain performance in the presence of strong DC currents,

potentially enabling more compact or efficient interference suppression solutions.

Following the resolution of the interference issues, 1D imaging experiments
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were performed to evaluate the efficacy of saturation coils. In our initial experi-
ments, a coil that generated approximately 52 mT at the location of the off-target
region showed promising results. Given the 4.4 T/m gradient strength of the
MPT system, this field was nearly sufficient to fully saturate the MNPs in the off-
target zone. However, as illustrated in Fig. 5.5(b), the strong magnetic field also
slightly affected the central target sample, indicating limited spatial selectivity
under these constraints. To address this limitation, an improved saturation coil
design that incorporated reverse windings was proposed and tested. This configu-
ration significantly improved spatial selectivity by generating a sharper magnetic
field profile that effectively saturated the off-target region while minimizing the

field extending into the adjacent target areas.

Subsequently, 2D imaging experiments were conducted. Due to the high SF
gradient of 4.4 T/m along the z-axis, our FFL MPI scanner exhibits high spatial
resolution and is therefore highly sensitive to even minor positional deviations.
During the course of the experiments, both the phantoms and the saturation coils
were repositioned between scans. Consequently, small shifts in object placement
resulted in slight misalignments in the reconstructed 2D images, making it more

difficult to quantitatively compare signal intensities across different scans.

Additionally, 2D imaging experiments were conducted using a phantom in
which the off-target region was located closer to the target region. Despite the
small separation and the resulting intertwining between the off-target and target
regions, the central target sample remained partially distinguishable, primarily
due to the high SF gradient. The high SF gradient of our FFL MPI scanner
also made it challenging to demonstrate the problem and the benefits of the
improved saturation coil. Nonetheless, the use of an improved coil improved
spatial separation, with the resulting MPI image closely resembling the ideal

case.

To further optimize the spatial selectivity in 2D imaging, improved coils with
different winding configurations were evaluated. The experimental results demon-
strate that local saturation using improved coils incorporating reverse windings

is a promising approach for selective signal suppression in MPI, even for MPI
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systems with high-gradient SFs.

In this thesis, hardware limitations restricted the DC current of the saturation
coil. Additionally, physical constraints, such as the bore diameter of the MPI
scanner, restricted the number of layers on the saturation coil. Consequently, for
the experiments in this thesis, the saturation coil was limited to a maximum of
4 layers, with a maximum of 20 A DC current. In the case of a larger bore MPI
scanner, alternative coil designs can be explored to achieve better confinement of
the saturation field. Optimizing the coil geometry and winding configurations can
create sharper and more localized saturation regions, leading to precise suppres-
sion of signals from off-target regions in MPI without compromising the integrity

of signals from the target regions.

In this thesis, the phantom and the saturation coil were moved inside the MPI
scanner during imaging, as our FFL MPI scanner does not utilize FFs. For a
system that incorporates FFs for moving the FFR, the speed v of the saturation
coil in Eq (3.13) would be zero. In the interference relations given in Eq (3.13), the
effect of speed is to impose a time-varying amplitude to the interference signals. In
the absence of movement, both the saturation coil and the phantom would remain
stationary, and the entire system would be static. Therefore, the interference
signals would still be present, albeit with constant amplitude. Therefore, the
solutions proposed in this thesis to mitigate interference signals would still be
needed and applicable in such a case. Additionally, introducing extra coils that
generate FF's may also induce eddy currents and inductions in the system. Similar
approaches of preventing eddy currents on the FF coil wires and current through

the FF coils can also be employed to overcome these issues.

In conclusion, this thesis proposed using a saturation coil to suppress the signal
from high-concentration off-target regions, and presented methods for overcom-
ing the interference signals due to the saturation coil. The experimental results
showed that the saturation coil successfully suppressed the off-target region when
it is away from the target region, and successfully separated the target and off-

target regions when they were close to each other with their signals intertwined.
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Appendix A

Mathematical Characterization

of Baseline Signal

A typical MPI scanner incorporates selection field, drive, and receive coils. Typ-
ically, a copper shield is also placed between the selection field and drive coils to
prevent induced voltages and currents on the selection field coils. In our deriva-
tions below, due to the presence of the copper shield, we ignore the effects of the
selection field coils on the received signal. Without loss of generality, we assume
that the drive field is homogeneous and is given as By(t) = B,sin(wt). We also
assume that the saturation coil moves inside the receive chamber together with

the phantom, at a constant velocity, v, in the z-direction.

If the drive field is considered as not homogeneous, it is given as By(z,y, z,t) =
By (z,y, z)sin(wt). Because the saturation coil is also moving inside the drive
field, the position dependent term of B,(z,y, z) has a time dependent effect on
the induced voltage over the receive coil, which results in an additional time
derivative term. On the other hand, by considering the velocity is much less than
the frequency, this term can be ignored. Although time derivative term is ignored,
there is still B,(z,y, z) term which is directly proportional to the induced voltage

over the receive coil with respect to the position of the saturation coil.
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Under these circumstances, the baseline voltage on the receive coil can be
expressed as a superposition of three components as given in Equation. (3.12).

These voltages are derived below using Faraday’s law of induction.

A.1 Direct Feedthrough Voltage

To minimize the direct feedthrough interference between the drive and receive
coils, the receive coil is typically wound in a gradiometric fashion, as depicted in
Figure 4.2. Then, the total linkage flux over the receive coil due to the drive field

can be expressed as:

Ny N,
$i(t) =Y W / / By(t)drdy = A,Bysin(wt) Yy W, (A1)
i=1 Ar i=1

where A, is the axial cross-sectional area, N, is the total number of windings,
and W, ; = &1 is the winding sense of the i winding of the gradiometric receive

coil. Then, the direct feedthrough voltage can be expressed as:

Ny
e1(t) = — %t(t) = —A, Bywcos(wt) Z W, (A.2)
i=1

A.2 Voltage Due to Secondary Fields Created
by Saturation Coil

The drive field induces voltage on the saturation, which in turn causes secondary
fields that induce a voltage on the receive coil. Firstly, the total linkage flux on

the saturation coil can be expressed as:

6u(t) = Z / /A Bu(t)dwdy = A,N,B,sin(uwt) (A3)

where N, is the total number of and A, is the axial cross-sectional area of the
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saturation coil. Then, the voltage induced on the saturation coil is:

£5(t) = — dgb;t(t) = — AN Bywcos(wt) (A.4)

If the impedance of the overall circuit (i.e., the impedance of the saturation coil
in series with the impedance seen by the saturation coil) is Z, = |Z,|e% the

current over the saturation coil can be expressed as:

is(t) = —AsN; BP|Z |cos(wt 0;) (A.5)

Let Ss(x,y, z) be the coil efficiency map (i.e., field per unit current through
the coil) of the saturation coil along the z-direction. Then, considering the linear
movement of the saturation coil, the B-field along the z-direction due to the
current i4(t) is Bs(z,y, z,t) = Ss(x,y, z—vt)is(t). This secondary field due to the
saturation coil creates a linkage flux over the receive coil, which can be expressed

as follows:

Ny
:ZWM // By(z,y, 24, t)dzdy

— A N BP\Z |cos(wt 6;) (A.6)

Ny
X Z W, // Ss(x,y, zr; — vt)dzdy
i=1 Ar

where 2, ; is the z-axis position of the i'" receive coil winding. Finally, the induced

voltage on the receive coil can be expressed as:

oaft) = — 220

=— A,N;B, ‘2 |3m(wt — )

X ZW”// (2, y, 2, — vt)dxdy (A.7)

— A;NgB vcos(wt 0)

dSs(z,y, 2)
S, [ e

dxdy

z=2zp ;—Vt




Eddy Currents

® Z direction

Saturation Coil

Figure A.1: Conceptual diagram of cross-sectional view of a copper saturation
coil illustrating the formation of eddy currents within the windings. The diagram
conceptually represents the source of interference (£3) in the open-circuit config-
uration.

Here, the second term is due to the speed v at which the saturation coil is moved.
Assuming that the speed of movement is in the range of cm/sec and the drive
field frequency is in the range of kHz, the second term is approximately 4 orders
of magnitude smaller than the first term (based on simulation results not shown),
and hence can be ignored. Hence, the induced voltage due to the secondary field
created by the saturation coil can be approximated as:

Cx.)2

g9(t) =~ — ASNSBpmsin(wt —0)

Nr
X Z Wr,i // Ss(x7 Y, Zri — Ut)dxdy
i=1 Ar

(A.8)

Note that for an infinitely long solenoidal receive coil with W, ; =1 for all wind-
ings, the integral term would yield a constant value independent of ¢. In the case
of a finite-length gradiometric receive coil, the second term causes the magnitude

of the induced voltage to change with ¢.
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A.3 Voltage Due to Eddy Currents on Satura-

tion Coil

The eddy currents inside the copper wires of the saturation coil also create sec-
ondary fields over the receive coil. As depicted in Fig. A.1, the effective eddy
currents can be approximated as flowing on the outer and the inner surfaces of
the wire, each of which will create a magnetic field that induces a voltage on the

receive coil.

Let us first consider a solid copper disc of radius R and thickness D. When
exposed to B-field By(t), the eddy currents will flow only in a region close to the
outer surface of this disc. The magnetic flux in the copper cross-section of the

disc in xy-plane can be expressed as:

Pe(t) = //A By(t)dxdy = wR*B,sin(wt) (A.9)

Then, the voltage induced on the disc is:

ee(t) = — %t(t) = —1 R? Bywcos(wt) (A.10)

If the impedance along the circular path of the eddy current is Z = |Z|e??, this

voltage creates an eddy current that can be written as:

io(t) = — TR?*B,—-cos(wt — 0) (A.11)

Considering a cylindrical structure that consists of N such solid copper discs
placed along the z-axis, each disc would have an eddy current iz(t) along its outer
surface when exposed to By(t). Let Sg(z,y, 2) be the coil efficiency map (i.e., field
per unit current) for the cylindrical structure with radius R. Then, considering

the linear movement of the discs, the B-field along the z-direction due to the
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current i.(t) is Be(z,y, z,t) = Sr(x,y, z — vt)i.(t). This secondary field creates a

linkage flux over the receive coil, which can be expressed as follows:

Ny
(bR(t) = Z Wr,’i // Be(ﬂf, Y, Zris t)dl’dy
i=1 v

= - TR*B,—-cos(wt — 0) (A.12)
N,
X Z Wr,i // SR(xv Y, Zri — 'Ut)dl‘dy
i=1 o

Next, we model the saturation coil as the difference of two cylindrical structures
of radii R, and R;,, where R, and R;, are the outer and inner radii of the
saturation coil, respectively. In this model, each cylindrical structure is composed
of N = N, discs, with thickness D = D,, equal to the diameter of the wire used
for winding the saturation coil. Note that R, = R;, + D, for a single layer
saturation coil. Then, as depicted in Fig. A.1, the effective eddy currents flowing
on the outer and the inner surfaces of the wire will be in reverse direction, creating

a linkage flux that can be written as:

$3(t) =¢r,(t) — Pr,, (1)

w
=—71R’B, 7 cos(wt — 0,)

Ny
Wri S s Yy Zrg — tdd
x; // R, (2, Y, 2 — vt)dady (A13)

w
|Zin|

Ny
X ZWm‘ // Sk (2, Y, 2, — vt)dady
i=1 Ar

2
+mR;, B,

cos(wt — O;,)

If R, is suffiently larger than D,,, we can assume that Ss(z,y, z) =~ Sg,(x,y, z) ~

Sg,, (x,y, z), where Ss(z,y, ) is the coil efficiency map of the saturation coil as
before. Then,

¢3(t) =— 7B w( 2 cos(wt — 0,) — —="=cos(wt — by, )
s P |ZO| |Zl |

(A.14)

N,
X Z Wr,i // Ss(xv Y, Zri — Ut)dxdy
i=1 Ar
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Finally, the induced voltage on the receive coil can be expressed as:

dos(t
oaft) = — 2510
R? R?
= — 1Bw? (—Osz’n(wt —0,) — ="sin(wt — Gm))
NP2 |Zinl

Nr
X Z Wr,i // Ss(xa Y, Zri — vt)d:r;dy (A15)
i=1 T
R2

2

R
— 1 Bywv| —%=cos(wt — 0,) — —"-cos(wt — Qm))
P <|ZO| |Zzn|

N,
- dSs(z,y, 2)
X ;Wm//AT — 5

dxdy

z=2zp ;—vt

Similar to the case in Eq. (A.7), the second term is due to the speed v at which the
saturation coil is moved and is significantly smaller than the first term. There-
fore, the induced voltage due to the eddy currents on the saturation coil can be

approximated as:

2 2
e3(t) = — WBpw2(|];o| sin(wt — 6,) — éml sin(wt — 9m)>

(A.16)

Ny
X Z Wr,i // Ss(xa Y, Zri — ”Ut)dfﬂdy
i=1 Ar
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