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Abstract

Water quality is a central concern for human health and environmental preservation, par-
ticularly in remote areas where access to drinking water is difficult. Faced with this need,
the development of a point-of-care biosensors is emerging as a promising solution to carry out
analyses in the field, without the need for specific technical knowledge or equipment.

One of the strategies being considered for the quantification of bacterial concentration in
water is based on magnetic nanoparticles that bind to bacteria and are then detected with
planar inductors, which have the advantage of being economical and easy to produce. This
research focuses on the in-depth analysis of these planar inductors and their role in the detection
of magnetic nanoparticles. The goal is to use a pair of exciting and sensing inductors in a
differential fashion to refine the detection sensitivity. In this study, we develop theoretical
models to derive the electrical parameters from the geometric specifications of the inductors.

Our results highlight the performance of the exciting and sensing inductor pair, underlined
by a variation of 4 to 5% of the initial voltage in response to the presence of ferromagnetic
materials with a surface area of 1 cm2, as well as a variation of 0.001 to 0.002% caused by the
presence of magnetic nanoparticles. Possible improvements, particularly in terms of magnetic
coupling, have been proposed, allowing a maximum k-factor of 0.46 for the design of a simple
pair of internal/external inductors. Other designs, such as interleaved inductors, have been
suggested to achieve magnetic coupling coefficients greater than 0.6. In addition, the study of
differential systems integrating these inductors reveals a clear potential to make the system
almost 10 times more sensitive. This work thus paves the way for functional and efficient
magnetic nanoparticle detectors for water quality monitoring.
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Acronyms

AMR Anisotropic magnetoresistance.
AuNP gold nanoparticle.

BNC Bayonet Neill-Conceman connector.
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SQUID superconducting Quantum Interference Device.

TMR Tunnel magnetoresistance.

VIA vertical interconnect access.
VNA vector network analyzer.

WHO World Health Organization.
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Introduction

« We will not be able to defeat any of the infectious diseases that afflict developing countries
until we win the battle for clean water, sanitation and basic health care. » - Kofi Annan (1938 -
2018), septième secrétaire général des Nations unies, prix Nobel de la paix 2021 [1].

Water, this precious element, not only quenches our thirst, but also plays an essential role in
maintaining good hygiene, fighting many diseases and preventing deadly infections. Yet more
than 2 billion people live in regions where access to water is limited, a situation that is worsening
with climate change and demographic expansion [2]. Given this stark reality, it is alarming to
note that 8% of the world’s population, or more than 686 million people, rely on unprotected
surface water or springs [3]. Every drop of water that contains microbiological contaminants
can serve as a vector for devastating diseases. These diseases, including diarrhea, cholera, and
poliomyelitis, are responsible for some 485,000 deaths a year from diarrheal complications [2].

To better meet the need for water quality control, a point-of-care (POC) bacteria biosensor
is being developed to meet the « ASSURED » criterion defined by World Health Organization
(WHO): Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free and
Deliverable to end-users [4].
This biosensor is based on the use of lateral flow assay (LFA) [5, 6] paper-based [7] as well as
the use of magnetic nanoparticles (MNP) [8, 9] allowing the bacteria to be labeled in order to
improve the limit of detection (LoD).

Figure 1 – Differential MNP sensor concept. Illustration by
M. Hauwaert from [10]

It is in this context that this work takes place. The main objective is to develop and master
the use of square planar inductors to detect MNP. The idea originates from the article
"Modeling and Simulation of Magnetic Nanoparticle Sensor" by J. Mäkiranta and J. Lekkala [10]
using planar inductors in a differential system (Fig. 1).

This thesis consists of four main parts. In the first, we will review the state of the art
of existing solutions and knowledge regarding the detection of MNP. First, we will highlight
the concepts involved in characterizing a sensor, then go on to describe the various magnetic
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properties useful for detecting MNP, before concluding with a comparison of different methods,
highlighting the advantages and disadvantages of a sensor based on planar inductors.

Second, we will present various models for characterizing a square planar inductor by its
geometric parameters, and then print out a simple planar inductor to measure and model its
electromagnetic behavior when immersed in a controlled variable magnetic field.

We will then develop a pair of exciting/sensing inductors. We will use various ferromagnetic,
nanocrystalline, and amorphous samples to characterize the frequency response of the voltage
induced across the sensitive inductor. We will highlight the electromagnetic behavior, the
various specificities measured, and the limitations of our system.

Finally, we present three differential system designs to improve the sensitivity of our detector.
The first design is based on the inductor pairs already presented, while the second and third
designs are based on interleaved and superimposed inductors, respectively. The advantages and
limitations of these systems are measured and discussed at the end of this fourth section.

This work concludes with a review of the different stages and relevant results encountered in
the use of planar inductors for the detection of magnetic nanoparticles.
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Chapter 1

State of the art

The first part of this thesis describes the main aspects of the magnetic nanoparticle detector,
and reviews the state of the art in nanoparticle detection techniques. This chapter is divided
into three distinct sections :

1. Sensors : via a synthetic overview, an introduction to the subject of sensors will be
made by discussing about their main characteristics as well as biosensors and examples of
transductions.

2. Magnetic nanoparticles : the primary aim of our sensor is to measure the concentration
of magnetic nanoparticles, which will ultimately be attached to bacteria in a given sample.
We will be introducing these particles, their properties and the means of detection based
on these properties.

3. Inductances : our detector relies on the variation of magnetic behavior in the vicinity
of inductances whose electrical parameters we measure. In this section, we will therefore
define the theoretical concepts useful for understanding the system under study.

1.1 Sensors
The very basis of the project is to develop a sensor. But what is a sensor? A sensor converts

physical input signals into electrical output [11]. From the sensor, we can differentiate the
transducer (Fig. 1.1), which will be the centerpiece of the detector. The transducer will enable us
to transform our physical quantity into another type that can be easily processed. For example,
we want the voltage of our device to vary according to the concentration of our magnetic
nanoparticles.

Figure 1.1 – Schematic representation of a detection system [12]
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1.1. SENSORS

A sensor can be defined by a number of parameters and characteristics. One of the first
steps in its development is to determine its transfer function, defined as the response of the
sensor to the stimulus. Generally speaking, finding the exact transfer function of a complex
sensor is not so easy. We therefore resort to approximations.

A linear approximation (Fig. 1.2a) of a transfer function and its inverse transfer function
can be defined by :

E = A + Bs (1.1)

s = E − A

B
(1.2)

with
— E : the measurement of the receiving signal
— s : the stimulus sent to the sensor
— A : the measurement when there is no stimulus (s = 0)
— B : the measured slope of the linear regression of our signal. This slope is called the

sensitivity, because the higher the slope, the more the sensor’s output signal varies as a
function of the stimulus.

We also find the transfer function and its inverse by logarithmic approximation (Fig. 1.2b) :

E = A + B ln(s) (1.3)
s = e

E−A
B (1.4)

As well as the exponential approximation (Fig. 1.2c) :

E = Aeks (1.5)

s = 1
k

ln(E

A
) (1.6)

where k is a fixed parameter. And the power approximation (Fig. 1.2d):

E = A + Bsk (1.7)

s = k

√
E − A

B
(1.8)

In addition to the transfer function modeling our sensor’s response, it also has an operating
domain, notably a detection limit determining the minimum magnitude to which the sensor
is capable of responding, as well as an upper limit, called saturation, above which a sensor is
no longer capable of responding according to the stimulus detected (Fig. 1.3).

In addition to these upper and lower limits, sensors are only able to detect a certain amount
of variation, called resolution. Resolution is the minimum change in the stimulus that creates
a detectable increment in the output signal. Resolution is greatly limited by the noise present
in the signal.

1.1.1 Noise
Unexpected changes in the output signal are defined as noise [13, 14].

As our sensor is designed to be economical, it will be more sensitive to noise, so it is important
to consider this when designing our system.

2



1.1. SENSORS

(a) Linear approximation (b) Logarithmic approximation

(c) Exponential approximation (d) Power approximation

Figure 1.2 – Illustrations of different transfer function approxima-
tions [11]
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1.1. SENSORS

Figure 1.3 – Overview of sensor transfer function specifications

The standard deviation of the noise amplitude is an important factor in our measurements. We
characterize the signal-to-noise ratio (SNR) [15] by :

S

N
= Average signal value

Noise standard deviation (1.9)

Or in decibels [16] by

SNRdB = 10 log

(
Signal

Noise

)
(1.10)

Intrinsic noise sources are a set of fluctuations in currents and voltages. They are present in
any electronic system and arise from the Brownian motion of electrons and the discrete nature of
electrical charges [17]. One of the major noises that can impact the quality of our nanoparticle
sensor is thermal noise, also known as Johnson’s noise or white noise [18], resulting from the
agitation of charges in the conductor. This movement is directly proportional to temperature,
and can be described by Nyquist’s formula :

v2
n = 4kbTR∆f [V2] (1.11)

where v2
n is the variance of the voltage across the resistor, or noise power, kb, Boltzmann’s

constant in joules per kelvin, T for temperature in kelvin, R for the resistance value in ohms
and ∆f the frequency component expressing the bandwidth in hertz. It is called white, because
it doesn’t depend on frequency as such, but only on the width of the frequency range. In fact,
the power spectral density is uniform over all frequencies of the passband [19].

1.1.2 Biosensors
Our project will eventually detect bacteria, and therefore falls into the category of biosensors.

Biosensors are measuring devices that integrate a biological component such as an enzyme, an
antibody, a plant or animal cell, a DNA fragment, lipids, with a physical transducer (an elec-
trode, an optical fiber, a piezoelectric quartz, etc.) to generate a manipulable electrical signal [20].
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1.1. SENSORS

After this, the signal undergoes processing and amplification. In some cases, signal con-
version and electronics can be integrated together, notably in micro-sensor systems based on
complementary metal oxide semi-conductor (CMOS) technology.

1.1.3 Examples of transduction
In order to best detect biological material, we need to transform the measurand into a

manipulable signal. To achieve this, several techniques exist, either destructive, i.e. the sample
is altered or degraded for analysis, or non-destructive, also known as NDT for non-destructive
testing [21].

Electrochemical detection The electrochemical biosensor is a conventional sensing device
that transforms biochemical events into electrical signals by means of conductive elements. This
includes methods such as potentiometry, which measures the potential difference between two
of these elements [22], amperometry, which evaluates the current resulting from the application
of a voltage across the electrodes [23], as well as voltametry, which analyzes the corresponding
voltage for a specific current [24] between these same electrodes [25, 26].

There iss also the measurement of the change in impedance, calculated as the ratio of
a gradually increasing voltage to the change in current across a frequency spectrum. This
measurement, also known as electrochemical Impedance Spectroscopy (IES), is one of the most
important electrochemical techniques, measuring the impedance of the circuit [27].

Piezoelectric detection Biodetection is also possible thanks to the piezoelectric properties
of certain materials, such as quartz, which enable them to polarize electrically in response to
mechanical stress, and conversely, to deform when an electric field is applied. These two effects,
known respectively as the direct piezoelectric effect and the reverse piezoelectric effect, are
inseparable [28].

The vibratory frequency of a quartz crystal is inversely proportional to the root of its
mass. A quartz crystal coated with enzymes, antibodies or other binders can thus be used as a
microbalance, for example [29].

Optical detection One of the first optical detection techniques was fluorescence detection. It
consists in « attaching » to the target sample a fluorescent chemical label, i.e. one that emits a
light beam in a given spectrum. This spectrum is then measured to determine the concentration
of the target sample [29, 30].

The simplest version of optical detection is sample colorimetry. Using a given marker or
reaction, the color of the concentration can be altered according to the presence or absence of
the target sample. It is not a very precise method, of course, but it does enable you to tell
quickly whether or not, for example, a virus is present in a sample.

Another optical detection technique is interferometry, i.e. the measurement of interference
between light waves (Fig. 1.4). One method is the Mach-Zehnder interferometer, in which a
sample is placed in the path of one of the light waves produced by the same source, and the
interference between the two is studied. The sample will modify in phase and/or amplitude the
result on the interference spectrum, which will indicate the concentration of target biomolecules
in the sample [30].

5



1.1. SENSORS

Figure 1.4 – Diagram of a biosensor based on the Mach-Zehnder
interferometer[30]

Magnetic biosensing One of the last detections to be discussed in this section is magnetic
biodetection. This type of detection involves labelling target biomolecules with magnetic
particles. This particle, generally of the nanometer order, will alter the characteristics of the
sample, for example by increasing or decreasing its impedance, and enable it to be detected via
this change [30].

In particular, these particles can be detected by magnetoresistivity, i.e. by measuring the
variable resistance of the sample when subjected to a magnetic field [31, 32].

Or the nanoparticle-labeled sample can be measured using the Hall effect, a phenomenon
that occurs when a material is immersed in a magnetic field, generating a voltage in the material
which can then be measured to determine the concentration of magnetic particles [33].

Some detection techniques require labelling, such as the ELISA (Enzyme Linked Immunosor-
bent Assay) [34] method, which detects an antigen or antibody in a sample via the enzymatic
colorimetric reaction of the antigen-antibody reaction. But there are also unlabelled techniques
such as interferometry [35].

Lateral flow test and markers

To enhance the biosensor, the above-mentioned detection systems can be coupled with lateral
flow assay (LFA), a test most often coupled with immunochromatography. This is one of the
most modern, simple and rapid techniques for testing a given sample. The best-known examples
are pregnancy tests and the COVID-19 self-test.

The standard (or sandwich) test, the most common and simplest, is based on the migration
of a sample through a nitrocellulose membrane (Fig. 1.5). The membrane is loaded with
nanoparticle-labeled bioreceptors that react with the desired analyte. By capillary action,
the particles migrate to two reagent lines, the test line and the control line. The test line
contains another bioreceptor which will react and attach to the first if it has previously bound
to the target sample. The control line also contains another bioreceptor « attaching » to any
bioreceptor, whether bound to the desired analyte or not. Different types of nanoparticles
enable different types of detection. For example, AuNP enable red colorimetry when test and/or
control lines are reached by the analyte and its bioreceptors [36].

Most LFA are purely qualitative (i.e. we only want to know if the biomolecule is present
or not in the given sample), but some can be quantitative (to know the precise concentra-
tion of the target molecule) using the appropriate nanoparticle markers and detection devices [37].

6



1.1. SENSORS

Figure 1.5 – Standard operation of a lateral flow assay [36]

The use of LFA is economical, fast and has two major advantages: the capillarity of cellulose
enables the sample to be moved to a target zone without any energy input, and it is an
excellent substrate for functionalization (i.e. making particles compatible to capture a desired
biomolecule more easily) [7]. These qualities mean that this type of assay is greatly emphasized
in biosensors point-of-care (POC), i.e. sensors that can be easily and quickly manipulated close
to the patient [38, 39].

1.1.4 Differential detection
One of the techniques studied in the design of our biosensor is the « differential » assembly,

a widespread technique in the world of sensors. The principle is based on detection via two
different sensors, a reference sensor and a main sensor. To improve output processing, the two
signals are subtracted to recover the difference. This type of arrangement has a number of
applications, including noise reduction, improved selectivity and the possibility of obtaining a
relative measurement.

Noise reduction

The differential circuit can be used to reduce additive noise defined as en in (1.12), such
as intrinsic noise produced by electron motion, or extrinsic noise such as environmental noise,
power supply noise or noise from external electrical sources:

Vout = Vs + en (1.12)

Where Vout is the noise-damaged output signal and Vs, the useful signal. As can be seen,
when the sensors and interface electronics are linear, the magnitude of the additive noise does
not depend on the magnitude of the signal, and persists even when the signal is zero.

To improve the stability of the output signal in the face of transmitted additive noise, sensors
are often arranged in pairs, in a differential configuration. One of the sensors (the main sensor)
is exposed to the stimulus of interest, while the other (the reference sensor) is protected from
this stimulus. The transmitted noise, known as common noise, affects both sensors identically.
Subtracting the output signals of these sensors eliminates this additive common noise.

Improving selectivity

In some cases, such as electrochemical sensors, it is common practice to use several sensors
to accurately measure the concentration of a gas. Indeed, some electrochemical sensors are

7



1.2. MAGNETIC NANOPARTICLES IN BIOSENSORS

sensitive to two or more gases at the same time. As a result, the output signal from these sen-
sors, a single value, contains the sum of the concentrations of the gases measurable by that sensor.

One technique for improving the selectivity of a gas sensor is to combine it with one or more
other sensors to subtract the gases between them in order to recover the desired concentration.
For example, AlphaSense’s OX-A431 [40] sensor captures both ozone (O3) and nitrogen dioxide
(NO2). It is customary to use the NO2-A43F [41] sensor in parallel to subtract the NO2 concen-
tration measured by the second sensor from the first in order to recover the ozone concentration.

Another example is the measurement of infrared radiation via a pyroelectric transducer,
a transducer with the ability to change its polarity under the effect of radiation [42]. The
major problem with this type of detector is that it also has a piezoelectric effect, i.e. a certain
sensitivity to mechanical vibrations and voltages. The differential circuit is a solution to this
problem. By placing two pyroelectric sensors side-by-side, one of which is the main radiation
sensor, and the other which serves as a stimulus-protected reference, the piezoelectric effect can
be subtracted from the output signal to improve the overall selectivity of the detector.

Relative measurement

Some detection techniques require the removal of an unnecessary part of the input signal.
This is particularly the case in interferometric detection, where the differential setup enables
direct recovery of the values impacted by the presence of the target sample, without having to
manipulate the input signal. A concrete example is shown in Fig. 1.6.

Figure 1.6 – Differential circuit diagram of two interferometers [43]

By subtracting the signal from the reference interferometer from the signal from the main
interferometer, two identical interferometers can be used to recover the frequencies impacted
by the presence of gas in the frequency domain [43]. This technique highlights an amplitude
difference on two input signals, but it is perfectly possible to do the same to recover a phase
difference [12].

1.2 Magnetic nanoparticles in biosensors
Most biosensors can be relatively improved by the use of nanoparticles, including magnetic

nanoparticles (MNP). In particular, these nanoparticles are used in particular to label biological
components (bacteria, DNA, viruses, etc.), improving detection both qualitatively and quantita-
tively. An example is gold nanoparticle (AuNP), which can be used for sample colorimetry and
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amperometric detection [44].
A « nanoparticle » is defined as a particle with a size between 1 to 100 nm. At this scale, the
particle possesses particular chemical, electrical and magnetic properties [45], with different
types of potential applications.

After several studies by other students and PhD students [7, 6, 8, 46], one possible design is
the addition of MNP in a LFA. This work takes place in the design of a magnetic nanoparticle sen-
sor respecting the « ASSURED » standards dictated by World Health Organization : Affordable,
Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free and Deliverable to end-users.

This section focuses on magnetic nanoparticles, whose properties make them much more
effective than other conventional detection methods for reading the concentration of a given
sample.
Where, for example, an optical reading will only read the surface at a thickness of around 10 µm,
marking with magnetic nanoparticles enables in-depth reading (Fig. 1.7) of the concentration of
the sample, which can be between 150 and 200 µm thick [47]. As the lateral-flow test holder has
no magnetic element, the contrast of the MNP readout is quite high, providing a much higher
SNR than conventional detection methods such as optical detection, which can be affected by
scintillation, absorption and/or autofluorescence within samples [48].

Figure 1.7 – Comparison between optical and magnetic reading (1)
Contact membrane, (2) Plastic support (3) Latex or gold colloid
particles, (4) Magnetic particles [47]

In addition to their attractive physical properties for detection, magnetic nanoparticles
have the advantage of being economical to produce, stable and compatible with biological
materials, depending on the type of nanoparticle used. Some of them, such as iron oxide, have
an ecological dimension, and they continue to offer a non-invasive, non-destructive method of
sample analysis [49].

1.2.1 Design
In order to be used to detect biological material such as bacteria or viruses, magnetic

nanoparticles need to undergo various operations (Fig. 1.8) to be fully usable for biodetection.

First of all, we need to select the desired characteristics of our particle, choosing its size, the
analyte at the center of detection, constraints such as the environment or available resources,
and so on. Next, we need to produce the basic material, designing the shape and structure of our
particle starting from a magnetic material such as gold or iron. The third step is to functionalize
the nanoparticle. Functionalization focuses on chemically modifying nanoparticles to give
them new properties to facilitate compatibility for its primary use : binding to a target
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biomolecule to make it detectable via the properties of the magnetic nanoparticle. The final
step is bioconjugation. From this new functional surface, particles acquire the ability to form
a covalent bond with biomolecules for targeting purposes. Covalent conjugation refers to the
formation of a strong chemical bond between nanoparticles and biomolecules, enabling the
creation of complex assemblies capable of specifically targeting certain cells or molecules [50, 51].

Figure 1.8 – Summary of the design of a magnetic nanoparticle for
biosensing applications [52]

1.2.2 Toxicity
Of all the characteristics of magnetic nanoparticles, it is important to consider their potential

toxicity. MPNs, mainly composed of transition metals, can release metal ions and generate
reactive oxygen species, which can cause adverse effects. Exposure to nanoparticles can lead to
inflammation, impaired mitochondrial function, DNA damage and severe toxicity at high doses.
The coating of magnetic particles (MP) can limit the generation of reactive species. For example,
iron oxide MP can be made biocompatible by coatings such as silica, gold or polyethylene glycol.
The toxicity of particles depends on their size, chemical composition, surface charge and reaction
with cells. Smaller nanoparticles have a larger surface-to-volume ratio and are therefore more
chemically reactive than larger ones. Hydrodynamic size [53] also affects the interaction of MNP
with biological systems. Coating and surface loading can modify this size and optimize the
functionality of the MP. The interface between MP and biological systems is a crucial factor for
nanoparticle biosafety. In conclusion, a suitable coating on MP, depending on their size and
shape, will determine their interaction with biological molecules and their biocompatibility [52].

1.2.3 Magnetic properties
The detection of magnetic nanoparticles enables quantitative measurement of the concen-

tration of the target sample via their functionalization. The various detection techniques are
based on properties specific to all magnetic materials, but also to nanoscopic samples. Before
reviewing the state of the art in magnetic detection techniques, it is worth defining some of the
properties on which current magnetic detectors are based.

Magnetic susceptibility is the first property to be discussed. It refers to the magnetizing
capacity of a material, and characterizes its behavior when interacting with a magnetic field.
The second property highlighted is magnetic remanence, i.e. the characterization of the residual
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magnetic field produced by magnetic nanoparticles after magnetic excitation of the material.
This remanent field can last to a greater or lesser extent. The decrease in the remanent field
over time is called magnetic relaxation. Then we have magnetoresistance : this property is
defined as the variation in resistance of the material as a function, once again, of the external
magnetic excitation to which it is subjected.

Magnetic susceptibility

Magnetic susceptibility characterizes the magnetizing behavior of a material, i.e. its ability
to become a magnet and generate its own magnetic field when subjected to an external field [54].
The Lorentz law of electromagnetic forces defines the magnetic field as one of the vector
components exerting a force on an electric charge [55] :

F = qE︸︷︷︸
Electric force

+ q(v × B)︸ ︷︷ ︸
Magnetic force

(1.13)

with
— q : the electric charge of the particle [C]
— F : the force vector applied to the charge [N]
— E : the electric field [V/m].
— B : magnetic field [T]
— v : particle velocity vector [m/s]

If the electric field E [ V
m

] can be seen as the force granting uniform displacement to our
charged particle, then the magnetic field B [T = V · m

s2 ] can be seen as the acceleration applied
if this particle crosses a magnetic field perpendicular to its velocity. The field B varies as a
function of its medium, and can be redefined by :

B = µ0H (1.14)

Where µ0 is defined as the magnetic permeability in vacuum, i.e. 4π · 10−7 [T · m
A

]. The
literature describes B as magnetic induction, and H, measured in [ A

m
], as the exciting or external

magnetic field, in order to better differentiate them. B varies differently from H depending on
the medium in which it evolves.

Magnetism, on the other hand, originates in the magnetic moments caused by the movement
of electrons. These form tiny loops of current, called spins, which generate their own magnetic
fields. This induction is explained by Lorentz’s law (Eq. (1.13)). In most materials, these
currents are randomly oriented and create no net magnetic field. However, in some materials,
the application of an external magnetic field (generated by currents outside the material) can
cause these loops to align themselves preferentially with the field, resulting in the addition of
their magnetic fields to the external field. This is when the material is said to be magnetized [56].

Depending on the properties of the atoms making up the material, an additional magnetic
field generated by the alignment of magnetic moments can be added to the external magnetic
field. The total field in the material can be defined as [57] :

Bm = B0 + Bi (1.15)
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B0 being the magnetic field in vacuum defined by the (1.14) and Bi the field induced by
the orientation of the magnetic moments under the constraint of the field B0. By adding the
property of magnetic susceptibility χm characterizing the magnetization of the material, we
can redefine (1.15) by :

Bm = µ0H + µ0 χmH︸ ︷︷ ︸
Magnetization

(1.16)

Bm = µ0H (1 + χm) (1.17)

where the second term is defined as the magnetization M of the same unit as the field H in
[ A

m
]. In addition, magnetic permeability is defined by :

µ = µ0(χm + 1) = µ0µr (1.18)

as well as

µr = (χm + 1) (1.19)

where µr is the relative permeability such that

Bm = µ0µrH (1.20)

We can characterize three great magnetic behaviors based on their magnetization relationship
and magnetic susceptibility : diamagnetic, paramagnetic and ferromagnetic behavior. Two other
behaviors, ferrimagnetic and antiferromagnetic, can be compared with ferromagnetic behavior,
subject to certain differences, and will not be developed in this document.

Diamagnetism Diamagnetism characterizes materials composed of non-magnetic atoms,
making them extremely insensitive to the external magnetic field (Fig. 1.9). Their magnetization
is weak and opposed to the exciting magnetic field. Typical susceptibility values are of the order
of −10−5, such as gold with −2.74 · 10−6 susceptibility or copper with −7.7 · 10−7.
This behavior can be explained by Lenz-Faraday’s law, which indicates that the temporal
variation of a magnetic flux induces an electromotive force of the form :

ϵ = −dΦ
dt

(1.21)

This force resulting from the exciting magnetic field can be seen as the behavior of electrons
tending to oppose the exciting magnetic field.

Figure 1.9 – Diamagnetic behavior of magnetic moments [58]

12



1.2. MAGNETIC NANOPARTICLES IN BIOSENSORS

Paramagnetism In many cases, the magnetism of paramagnetic substances derives from
the permanent magnetic moments of some or all of the constituent atoms or ions. When these
moments have negligible interactions with each other and can orientate freely in any direction,
we speak of free-atom paramagnetism. When a magnetic field is applied, the average direction
of the moments is altered (Fig. 1.10), resulting in an induced magnetization parallel to the field.
Magnetic susceptibility values generally range from 10−5 to 10−3.

Figure 1.10 – Paramagnetic behavior of magnetic moments

Ferromagnetism Ferromagnetic behavior describes materials with interacting magnetic mo-
ments that tend to align with each other (Fig. 1.11a). These moments will therefore be more
inclined to align themselves according to an external magnetic field. By removing this exciting
magnetic field, the material’s moments will retain their alignment and thus their magnetization.
Some materials have a natural magnetization, such as magnetite (Fe3O4).

In addition to this remanent magnetization, ferromagnetic materials also possess magnetic
hysteresis. When the material is magnetized, the relationship between H and B (or M
according to the literature) is non-linear (i.e. the magnetic susceptibility χm varies as a function
of H).
At a certain value Hsat, the field inside the material is said to be saturated (Bsat). When the
exciting magnetic field is removed or reduced, the decrease in the field inside the material will
not follow the same curve as its magnetization, a phenomenon known as hysteresis. In the
absence of an external field, the material retains an induced field after magnetization, known as
the remanent field (Br). In order to demagnetize the material, an external field must be applied
which is the inverse of the induced field, known as the coercive field (Hc). All this is illustrated
in Fig. 1.11b.

(a) Behavior of magnetic moments [58] (b) Magnetic hysteresis cycle [59]

Figure 1.11 – Illustration of ferromagnetic behavior
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Magnetic relaxation and superparamagnetism

Introduced in 1949 by Louis Néel, superparamagnetism defines a particular state of
ferromagnetic materials. This type of material, in the form of very small particles, may have the
capacity to naturally reverse, i.e. to relax, naturally its magnetic moments under thermal energy
input [60] towards a different magnetic orientation, known as easy magnetization, different from
the exciting magnetic field, if the latter is present. In other words, if ferromagnetic particles, for
example, are subjected to a magnetic field, their moments will align themselves according to the
field. If the magnetic field is removed, the thermal energy required for a change in oscillation is
sufficiently high to counteract the stored magnetic energy and thus reorient the particle in a
direction other than that of the initial exciting field. This magnetic behavior can be likened to
paramagnetic behavior.

Where ferromagnetic materials normally become paramagnetic above the Curie tempera-
ture (limit temperature at which the material’s magnetic behaviour changes), nanoparticles
will be considered superparamagnetic below this temperature. This property derives from the
magnetic domains of the grains, which are so small, in the order of tens/centuries of nanometers,
that they can be considered monodomain. The thermal energy required for this change is
much lower in the nanoparticle domain, enabling a change in magnetization orientation in the
material [61].

This phenomenon of demagnetization due to the reorientation of particles after removal of
the exciting magnetic field is called magnetic relaxation.

Hall effect

The Hall effect is an electromagnetic effect that describes the generation of voltage within
a material through which a current flows in a magnetic field, the voltage generated being
perpendicular to the field. This effect was discovered by Edwin Herbert Hall in 1879, and has
given rise to numerous applications, including the detection of magnetic nanoparticles [62].
The Hall voltage is defined in relation to the width of the surface of the material immersed in
the magnetic field :

VH = −w · (v × B) (1.22)

Magnetoresistance

The magnetoresistance (MR) is the property of certain materials that their resistance varies
according to the applied magnetic field. Discovered at the same time in 1988 by two physicists,
Albert Fret (France) and Peter Grünberg (Germany), they were awarded the Nobel Prize in
Physics for their discovery, which has had a significant impact on current technologies. This
phenomenon is at the root of our computers’ hard disks, for example.
This relationship can be defined mathematically by the ratio :

δH = R(H) − R(0)
R(0) (1.23)

With R, the electrical resistance of the material and H, the exciting field. Three effects whose
proportion δH exceeds several percent derive from magnetoresistance and are used in magnetic
field detection technology : Giant magnetoresistance (GMR), Anisotropic magnetoresistance
(AMR) and Tunnel magnetoresistance (TMR). These sensors use ferromagnetic thin films such
as soft magnetic alloys with a thickness of less than 10 nm [62, 63, 64].

14



1.2. MAGNETIC NANOPARTICLES IN BIOSENSORS

1.2.4 Detection techniques and examples
To round off this section on magnetic nanoparticles, here’s a non-exhaustive and very brief

overview of some possible detection techniques based on the effects previously highlighted.

Semiconductor-based

Giant magnetoresistance (GMR) and spin valve Giant magnetoresistance (GMR) uses
alternating thin ferromagnetic and non-magnetic layers to amplify the magnetoresistance phe-
nomenon (Fig. 1.12). This increasingly popular method offers improved sensitivity, portability
and accuracy for medical detection [65].
A more advanced technology based on this principle is called spin valve detection, where manip-
ulation of the magnetic field and magnetoresistance can modify the very spin of electrons across
the structure. This method offers better characterization of nanoparticles, their concentration,
but above all their magnetization. [66, 67].
These methods can improve the magnetoresistive variation by up to 20 % compared with just
a few per cent for natural magnetoresistance, making it possible to measure nanoparticles as
small as around twenty nanometers [52].

(a) Detector structure (b) Sensor layer

Figure 1.12 – Application based on the spin valve concept [62]

Anisotropic magnetoresistance (AMR) AMR is based on the variation of a material’s
resistance as a function of the angle of an exciting magnetic field. As with the other two effects of
GMR and TMR, depending on the response of the resistance variation with respect to the angle
of the magnetic field incident on the sample placed between two electrodes, the concentration of
MNP can be measured using the anisotropic magnetoresistance [68] method. In the same range
as the two previous magnetoresistance-based detection methods, the AMR is easy to set up and
inexpensive, enabling the measurement of magnetic nanoparticles down to 20 nm.

Tunnel magnetoresistance (TMR) Tunnel magnetoresistance is another technique derived
from the measurement of resistivity variation as a function of magnetic field. This technique is
based on the quantum tunneling effect. An example of a possible detection method with TMR
is based on a differential system of two Wheatstone (Fig. 1.13) bridge TMR fixtures [69]. A
lateral flow assay (LFA) is immersed in a constant magnetic flux. This magnetic flux will impact
the MNP and generate a tunnel magnetoresistance in the sensors on either side of the strip test
line. Via the induced variation, we can then measure the concentration proportional to this
variation [70]. This technique, like its counterpart, enables detection of magnetic nanoparticles
down to less than 15 nanometres in diameter, thanks to magnetoresistance amplification of up
to 70 %, or even 300 % for the most sophisticated machines. But this sophistication makes TMR
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detection costly and less robust, since it is based on a quantum phenomenon that is sensitive to
material imperfections and environmental conditions [52].

Figure 1.13 – Illustration of TMR differential detection assembly [70]

Superconducting quantum interference device (SQUID) The superconducting quantum
interference device is a highly accurate low-frequency magnetic field detection system. It also
detects relaxation, remanence and magnetic susceptibility. The SQUID operates on the basis of
superconductivity and the Josephson effect. It consists of two superconductors separated by
thin insulating layers to form two parallel Josephson junctions. The electric current flowing
through these junctions depends on the phase difference between the wave functions of the
superconductors. This phase difference is influenced by the magnetic flux through the SQUID.
We can therefore measure our sample containing magnetic nanoparticles via the influence of the
magnetic field on the current flowing through the SQUID. We can measure nanoparticles up to
20 nm in diameter, but unfortunately this detection system is expensive, requires experience in
use and is not very portable [52, 71].

Coil-based

Search coil One of the simplest techniques is to use the variation in magnetic susceptibility
brought about by a magnetic material such as nanoparticles. The value of the inductance,
and therefore the induced voltage, will vary according to the presence of the sample [72]. Like
fluxgate, this technique is easy to set up and requires few resources.
What’s more, it’s possible to combine several magnetic nanoparticle parameters to detect and
even characterize them. For example, researchers were able to easily highlight the concentration
of 25 nm nanoparticles using a search coil set-up coupled to frequency mixing detection [73].

Fluxgate sensor Fluxmeter detection can be enhanced by using the saturation property of a
ferromagnetic core (Fig. 1.14) by a first exciting coil, and then measuring the voltage induced
by the variation in the total magnetic field in a second detection coil. In fact, magnetically
saturating the core will induce a zero voltage in the detection coil, but if an external magnetic
field is approached, this field will create a difference desaturating the material in certain
directions (Fig. 1.15) [74, 75, 76].

This type of magnetometer can be used to measure the variation of magnetic fluxes produced
by MNP in a sample, or to measure their magnetic relaxation. The system is affordable,
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Figure 1.14 – Basic structure of a fluxgate magnetometer [74]

(a) Without sample (b) With sample

Figure 1.15 – Exciting signal and saturated output signal [77]

portable and still easy to manufacture. Detection is possible down to the hundred-nanometer
level [52, 78, 79].

Other means of detection

Planar Hall Effect (PHE) For the past twenty years or so, the Hall effect coupled to a
microscopic substrate (Fig. 1.16) or CMOS technology has been used to detect the magnetic
relaxation of superparamagnetic nanoparticles. Indeed, some techniques such as detection via
SQUID are not sufficiently reactive to correctly measure the magnetic relaxation of magnetic
nanoparticles, unlike some systems using the Hall effect [62, 80, 81, 82].

Figure 1.16 – Detection of a single superparamagnetic particle using
the Hall effect [80]
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Switching detection by magnetic relaxation (MRS) Derived from the principle of
nuclear magnetic resonance (NMR) describing a phenomenon where certain atomic nuclei
possess a magnetic moment sensitive to external excitation produced at a certain frequency,
magnetic relaxation switching detection enables the detection of biological material by creating
aggregations of particles around target samples and measuring their magnetic relaxation following
external magnetic excitation. Despite good resolution down to 25 nm, this technique is not very
affordable in terms of equipment POC [49, 83, 84].

Magnetic detection techniques using frequency mixing A detection technique based
on magnetic resonance, where nanoparticles are excited at several frequencies, including the
magnetic resonance frequency of the nanoparticles and a detection frequency. The contribution
of magnetic nanoparticles will influence the output frequency, enabling us to measure its
concentration. Nanoparticles as small as twenty nanometers can be detected, but this technique
requires more or less expensive and less portable equipment [85].

Non-electromagnetic detection The above-mentioned detection techniques are just a
small sample of all possible detection methods. Only detection methods based on magnetic or
electrical phenomena have been mentioned, but magnetic nanoparticles can have many other
applications than just inducing a voltage or influencing a nearby magnetic field. These include
optical sensing such as plasmon-enhanced fluorescence [86], Raman spectroscopy [87], dynamic
light scattering [88] or atomic magnetometry [89], but also mechanical sensing techniques such
as piezoelectric or magnostrictive sensing [90, 91]. We won’t even mention electrochemical
impedance spectroscopy (IES), whose scope extends much further than simply measuring the
concentration of magnetic nanoparticles, but whose presence can improve measurement [27, 92].

Summary and comparison

Several detection methods have been put forward, but some do not meet the « ASSURED »
standards defined earlier. Here’s a summary Table 1.1 highlighting the various advantages and
disadvantages of each detection technique.
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Technique Sensitivity Magnetic properties Advantages Disadvantages

GMR [65,
66, 67] Up to 12.8 nm Magnetoresistance

• Inexpensive
• Robust
• Good resolution

• Microfabrication

AMR [68] Up to 50 nm Magnetoresistance
• Inexpensive
• Robust

• Microfabrication
• Low resolution

TMR [69, 70] Up to 12 nm Magnetoresistance • Good resolution
• Microfabrication
• Expensive
• Fragile

SQUID [71] Up to 11 nm Josephson effect

• Extremely sensitive
• High resolution
• Low-frequency

• Extremely expensive
• Complex (requires

cryogenics, for exam-
ple)

• Sensitive to external
magnetic fields

Search
coil [72, 73] up to 25 nm Relaxation and susceptibility

• Simple mounting
• Portable
• Low power consump-

tion
• Good resolution if

coupled with other
techniques

• Sensitive to noise and
other external inter-
ference

• Requires a combina-
tion of techniques to
improve resolution

Fluxgate [74,
75, 76] up to 100 nm Relaxation and susceptibility

• Compact
• Portable
• Low power consump-

tion
• Inexpensive

• Low sensitivity
• Sensitive to magnetic

noise
• Non-linear

PHE [62, 80,
81, 82] Up to 50 nm Hall effect

• Robust
• Low power consump-

tion
• Environmentally re-

sistant (dust, humid-
ity, etc.)

• Sensitive to magnetic
noise

• Microfabrication

MRS [49, 83,
84] Up to 21 nm Relaxation

• Polyvent
• Possibility of cou-

pling with magnetic
resonance imaging

• Complex
• Limited resolution
• Sensitive to magnetic

noise

Frequency
mixing [85] up to 20 nm Relaxation and susceptibility

• Good sensitivity
• Versatile

• Signal processing
• Limited resolution
• Sensitive to magnetic

noise
• Expensive

Table 1.1 – Summary of the various techniques for detecting MNP
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Bearing in mind that we need a system that is affordable, sensitive, specific, easy to use,
fast, robust, requires no special equipment and can be used close to the user, we conclude that
only fluxgate and search coil techniques are feasible. Indeed, any technique that is complex or
requires microfabrication, which adds to the cost of the system and its development, should be
avoided.

With this in mind, the study of a pair of search coil-type exciting and sensing inductors
that can be easily printed on PCB was envisaged in order to study the variation in magnetic
susceptibility brought about by magnetic nanoparticles.

1.3 Inductors
As we saw in the previous chapter, flux meters can be a simple and effective solution for

measuring the concentration of magnetic nanoparticles for medical purposes. Based on the
phenomenon of induction, which describes the relationship between the magnetic field and the
voltage within a conductive material, inductors can be used for many applications, including
the detection of magnetic nanoparticles. These inductors exploit the magnetic properties of
nanoparticles to create measurable changes in magnetic flux, revealing their presence and
characteristics.
With this in mind, the following section explores the fundamental principles of inductors, and
introduces some of the theoretical concepts that are key to understanding the following chapters.

1.3.1 Electromagnetic reminders
As a reminder, the movement of an electron, the origin of current, is closely linked to

magnetism. It was first put forward by Michael Faraday and Heinrich Lenz in the 1830s as the
Lenz-Faraday law (Fig. 1.17b) describing the phenomenon of induction, i.e. the generation of
an electromotive force ϵ inducing a displacement in electrons if they have the possibility :

ϵ = −dΦ
dt

[V] (1.24)

With Φ, the magnetic flux [Wb = T · m2], i.e. the magnetic field passing through a given
surface (Fig. 1.17a) :

Φ =
¨

B · dS [Wb] (1.25)

These laws explain the operation of electronic elements called inductors, i.e. components
built around the principle of induction [56].

1.3.2 Induction
Induction is therefore defined as the generation of an electromotive voltage across an inductor

immersed in a variable magnetic field. The value of the inductance can be defined as the ratio
between the variation in magnetic flux and current, such that :

ϵ = −dΦ
dt

= −L
di

dt
[V] (1.26)

The inductance value measured in Henry is therefore linked to the magnetic flux measured
in Weber. The inductance value depends solely on the physical parameters of the structure
(geometry, material, etc.) in which the current flows, since the magnetic field is directly
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(a) Magnetic flux illustrated [93] (b) Illustration of Lorentz and Lenz-Faraday
laws. Displacement of a conducting bar gen-
erates an electromotive force perpendicular to
the magnetic field [56]

Figure 1.17 – Illustration of electromagnetic laws

proportional to the current. If we add turns to this structure, the magnetic field intercepted
is multiplied by the number of turns present. For example, N turns of length l conducting a
current I, of surface area S and generating a field will have the following inductance value [94] :

Figure 1.18 – Solenoid diagram [93]

L = µ0N
2S

l
[H] (1.27)

As can be seen, L depends not only on geometric parameters, but also on the magnetic
permeability of the medium through which the magnetic field passes. Indeed, one way of
improving the inductance value is to add a core within it, as illustrated Fig. 1.19, multiplying
this value by the relative magnetic permeability µr of the inductor (Eq. (1.28)).

Figure 1.19 – Adding a magnetic core [95]

L = µ0µrN
2S

l
[H] (1.28)
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1.3.3 Mutual induction
If we add a second circuit of conductive turns not far from our first circuit, the second circuit

will intercept the magnetic field B1 of the first and generate its own current i2. The current of
the second circuit will then generate its own magnetic flux B2, which will increase the value
of its current, but will also be intercepted by the first circuit, which will also see its current i1
increased (Fig. 1.20). This principle is called magnetic coupling.

Figure 1.20 – Illustration of mutually intercepted magnetic field [93]

The flux generated by i1 and intercepted by the second circuit is defined by Φ12 = B1S2 and,
conversely, the flux generated by i2 and intercepted by the first circuit is defined by Φ21 = B2S1.
Or, by introducing the value of mutual inductance M :

Φ12 = M12i1 (1.29)
Φ21 = M21i2 (1.30)

M = Φ12

i1
= Φ21

i2
[H] (1.31)

The value of mutual inductance M measured in Henry, like L, depends only on the geometry
and permeability of the total assembly, but can be negative, since the influence of one assembly
on another can increase or decrease the current induced in the other, depending on the direction
of the magnetic field, and therefore of the current.

Any additional flux variation captured by the inductor is a voltage contribution to the
electrical system. If we place a second winding next to the first, the mutual inductance will
influence the voltage of our initial assembly, and so on if we add M assemblies. Each flux
variation can be summed up as follows :

ϵn = dΦ0n

dt
+ dΦ1n

dt
+ ... + dΦnn

dt︸ ︷︷ ︸
Auto-induction

+... + dΦMn

dt
[Wb] (1.32)

With, as a reminder, Φmn, the external magnetic flux m intercepted by the n assembly. For
example, for mutual induction, we have :

v1 = R · i1 + L
di1

dt
+ M

di2

dt
(1.33)

v2 = R · i2 + L
di2

dt
+ M

di1

dt
(1.34)

We can define the magnetic coupling coefficient k describing the mutual interception of
magnetic fluxes by :

k = |M |√
L1L2

(1.35)
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With L1 and L2, the inductance values of the two circuits. A coupling worth 1 is an ideal case
where the fluxes are mutually and totally intercepted such that :

Mmax =
√

L1L2 (1.36)

Measuring mutual inductance Mutual inductance can sometimes be difficult to quantify.
A simple way of determining it in practice is via several measurements. Depending on the
configurations available, several methods are possible [96]. Given Ltotal, the total inductance
measured, L1, the value of the first inductor in the system, L2, the value of the second and M ,
the mutual inductance, we have, for a circuit where the currents flow in the same direction,
indicated by a point located at the same level in Fig. 1.21, produce additive fluxes (Eq. (1.32)),
called a aiding circuit:

Ltotal = La = L1 + L2 + 2M (1.37)

And by the reciprocal in opposing montage :

Ltotal = Lo = L1 + L2 − 2M (1.38)

Based on measurable values, as it is not always possible to have an accessible series/counter-
series circuit or to have the measurement of self-inductances, we can easily determine M . For
example, using the inductance values of series and counter-series circuits, if available :

M = La − Lo

4 (1.39)

(a) Aiding montage (b) Opposing montage

Figure 1.21 – Coil assembly for calculating mutual inductance [96]
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Chapter 2

Objectives of this work

As part of the development of a bacteria biosensor to measure, among other things, water
quality, several master’s and doctoral theses are being written to study various possibilities for
developing a device that complies with the « ASSURED » standards set by WHO. One of the
avenues being explored is the use of magnetic nanoparticles coupled with a paper-based LFA to
make the device as economical and practical as possible. The aim of this project is to develop a
sensor capable of measuring the concentration of MNP in a given sample.

As we saw in the state of the art (Section 1.2.4), one simple and effective possibility would
be to deploy a fluxmeter capable of measuring the magnetic variation induced by nanoparticle
excitation. Based on the article [10] (Figure 2.1), the concept of planar inductances was put
forward, combined with a differential system to capture the voltage difference produced by
the excitation of MNP.

Figure 2.1 – Differential MNP sensor concept. Illustration by
M. Hauwaert from [10]

Planar inductors, and more precisely, spiral and square inductors, offer the advantages of
ease of manufacture, a certain robustness and simplified modeling of electromagnetic behavior.
These characteristics put them in the forefront of the development of a simple, practical and
economical sensor.

The aim of this work is therefore to investigate the potential applications of magnetic
nanoparticles as sensors, to understand and control their behavior, and to highlight future
possibilities for their use as functional biosensors.

The research will be divided into three parts :
1. The study of planar inductors, their characterization and behavior within a variable

magnetic field will be outlined first. This section will focus on figures of merit and the
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frequency response of the voltage induced by the external magnetic field (Fig. 2.2a).
2. We will then study the pair of exciting/sensing inductors that will make up half of

the differential system. We will subject it to various ferromagnetic materials to study
the variation induced by the introduction of these samples at the center of the sensitive
inductor (Fig. 2.2b).

3. Finally, we will approach some prototype designs of differential assemblies based on
the results of the previous two sections, to study their possible prospects for use. We will
subject them to the same tests as the simple pair of exciting/sensing inductors, in order
to compare the results of these assemblies as closely as possible (Fig. 2.2c).

Each section will highlight the equipment used and the results obtained. These will be
discussed at the outset in each corresponding section. The work will conclude with a brief
summary of the major observations and a discussion of possible prospects for the use of planar
coils in a biosensor.

(a) First part : sim-
ple inductor

(b) Second part : pair of ex-
citing/sensing inductors

(c) Third part : Differential system

Figure 2.2 – The different parts of this research work
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Chapter 3

Electromagnetic behavior of a square
inductor

In this first chapter, before we start trying to detect magnetic nanoparticles, we first need to
get to grips with the behavior of a single planar inductor. This first part will therefore highlight
the theory characterizing planar inductances, followed by the various tools used to measure
the parameters. We will use this to study the behavior of a square inductor printed on PCB
in a controlled variable magnetic field. The electromagnetic response will then be studied and
discussed at the end of the chapter.

3.1 Planar inductors
Planar spiral inductors are becoming increasingly popular, thanks to the ease with which

they can be created on the market and their wide range of applications [97]. One notable area of
study is their ability to measure the concentration of magnetic nanoparticles [98], and so are a
highly suitable solution to our needs. If we can control the variation of electrical parameters in
the presence of ferromagnetic samples, planar inductors are just the thing to be easily inserted
into a robust, compact device manufactured for health purposes.

3.1.1 Structure and modeling
Inductors spread over a surface are referred to as planar, while spirals are used to describe the

shape of a single wire winding on itself. These geometries allow for a number of mathematical
simplifications, notably characterization via thickness, which is, by approximation, negligible
in relation to other dimensions. Planar spiral inductors require at least two layers in order to
be able to pass its output under its winding. Some examples of planar spiral inductors are
shown Fig. 3.1.

In this study, we will confine ourselves to the description of square inductors. These have
the advantage of being easy to design on PCBs, as well as generating certain simplifications due
to the parallel nature of their branches.

Geometric parameters

These inductances can be modeled via six arbitrary parameters (Fig. 3.2) :
— dout : the outside diameter [m].
— N : number of loops
— s : the space between two loops [m].
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3.1. PLANAR INDUCTORS

(a) Circular inductance (b) Square inductance (c) Octagonal inductor

Figure 3.1 – Different planar spiral inductances [99]

— w : the bandwidth of a loop [m].
— t : thickness [m]
— ρ : material resistivity [ Ω

m
]

Figure 3.2 – Parameters of a planar square inductance [100]

From these parameters, we can derive other dimensions such as the length of the wire [101]
making up the inductance :

l = 4Ndout − 4Nw − (2N − 1)2(s + w) (3.1)

We can also derive the inside diameter [102] :

din = dout − 2[Nw + (N − 1)s] (3.2)

Electrical parameters

Our inductance, via its geometry, has electromagnetic parameters that can be determined
by certain approximations. Its equivalent circuit is given Fig. 3.3 and is determined by its
series resistance and inductance Rs and Ls and its parasitic capacitance Cp arising from the
capacitance between wires occurring significantly at high frequency.

From this model, we can derive the equivalent impedance :

Zt = Rs + jωLs

1 + jωRC − ω2LC
(3.3)
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3.1. PLANAR INDUCTORS

Figure 3.3 – Equivalent circuit of a planar inductor [99]

Resistance DC resistance can be calculated as follows [99] :

Rdc = ρ · l

w · t
(3.4)

At high frequencies, however, the conductor falls victim to skin [99] effects, a phenomenon
caused by eddy currents tending to amplify the movement of electrons on the surface of the
conductor and cancel it out at its center. (3.4) then becomes :

Rs = ρ · l

w · δ · (1 − e
−t
δ )

(3.5)

With the skin depth given by :

δ =
√

ρ

πfµ
(3.6)

As we have already explained, the skin effect occurs mainly at high frequencies (around
ten MHz for our study), characterized by a distribution of current on the surface, with the
conductor’s resistance increasing as a function of frequency.

Inductance Its inductance is a little more complicated to calculate. Several models [103]
have been established [104] but it’s the Greenhouse model developed in 1974 [105] that remains
the most widely used in the scientific literature. It is based on geometric approximations, such
as the reduction of the wire to an infinitesimal thickness, and on equations solved numerically.

The model is given by the (3.7) :

Ls = µN2davgK1

2

[
ln(K2

ρr

) + K3ρr + K4ρ
2
r

]
(3.7)

With the following parameters and constants related to a square inductance. Other constants
are determined numerically as a function of the shape of the indutance; here, we only specify
those for a square inductance :

K1 = 1.27
K2 = 2.07
K3 = 0.18
K4 = 0.13

(3.8)
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3.1. PLANAR INDUCTORS

With davg and ρr respectively the mean diameter and the fill ratio defined by :

davg = dout + din

2 (3.9)

ρr = dout − din

dout − din

(3.10)

This modeling, based on numerical iteration, only works for inductances with an integer
number of loops. Calculations are based on assumptions such as the length of an inductance
arm being much greater than its width or thickness [106].

Capacitance For the parasitic capacitance Cp produced by interaction between branches,
between branches and substrate, and between superimposed circuits, several models and studies
have been made to determine it [107]. We will simply formulate the parasitic capacitance of the
circuit [108] by :

Cp = 2lϵ0

π
ln

(
w + s

2
s
2

)
(3.11)

With ϵ0 being the permittivity of vacuum and 1
µ0c2 with c2, the speed of light, c = 3 · 108.

3.1.2 Specifications
Let’s talk about the specifications of our planar inductor. As described in section 1.1, sensors

have various limits, such as sensitivity, dynamic measurement range, saturation and so on.
These limits are defined by both the geometric and electrical characteristics of our inductor.

Theoretical sensitivity The sensitivity of our detector, in a linear approximation model, can
be described as the ratio between the magnetic field and the measured induced voltage. The
article [109] gives us the sensitivity by extracting it from the Lenz-Faraday law (Eq. (1.24)) as :

s = V

B
= 2πSeq√

(1 + Rs

R0
)2 +

[
(CR)2 + ( L

R0
− 2LC)2

]
ω2 + (LC)2ω4

(3.12)

With R0, the load of the measuring device. As this is theoretically infinite for a voltmeter, (3.12)
becomes :

s = 2πSeq√
(1 − ω2LC)2 + (ωCR)2

(3.13)

SNR We can calculate the theoretical SNR based on the geometrical parameters using (1.11)
and (3.13) previously presented as :

SNR = s

2
√

kBT∆fR
= piSeq√

(1 − ω2LC)2 + (ωCR)2
· 1√

kBT∆fR
(3.14)

We could translate each electrical component into geometric parameters, then maximize the
formula to find out how each parameter behaves in relation to noise. Unfortunately, the study
due to SNR will not be pursued further in this document [110].
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3.1. PLANAR INDUCTORS

Measurement domain Our measurement domain can be considered to extend from resistive
noise to sensor saturation. But is the sensor saturable? We can assume that the only limits
to the induced voltage are the physical limits of the copper used to design our sensor. For the
lower limit, the resistive noise given by (1.11) gives us for an arbitrary resistance value between
1 Ω and the characteristic resistance of 50 Ω over a bandwidth ranging from 1 Hz to 1 MHz :

vn =
√

4kbTR∆f =
√

4kbcdot293.15 · 50 · 109 ≈ 1.27 · 10−7 V (3.15)

This noise is a purely illustrative value to give us a certain detection limit for the magnetic
field produced by our samples. In practice, there are many other factors besides resistive noise,
such as external electromagnetic noise, voltage source noise and measuring instrument noise.

3.1.3 Figures of merit
Figures of merit represent the performance of a system. For the characterization of our

inductor, we find the quality factor Q describing the ratio between stored magnetic energy
and lost energy, the max frequency fQmax at which the factor Q is maximum and the resonant
frequency fres (or SFR depending on the literature) at which the parasitic capacitance and the
induction balance [111, 99].

Q-factor

The quality factor Q will depend on the electronic parameters of our inductor and character-
izes the energy utilization efficiency of our system as a function of frequency [112] :

Q = Estored

Edissipated

= Im[Zt]
Re[Zt]

= −ω(CpR2
s − Ls + CpL2

sω
2)

Rs

(3.16)

The figure of merit is maximum at a given frequency fmax, i.e. it is at this frequency that
the inductance is most effective, and minimum at the resonant frequency fres and takes the
form shown Fig. 3.4a.

(a) Quality factor modeling Q (b) Modeling apparent inductance as a function
of frequency

Figure 3.4 – Illustration of figures of merit [99]
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3.1. PLANAR INDUCTORS

Resonance frequency

This frequency characterizes RLC circuits such as :

fres = 1√
LsCp

(3.17)

At resonant frequency, impedance is at a maximum, but for all frequencies above this,
parasitic capacitances override the system’s inductance, making it capacitive. Above this
frequency, most simplified models no longer prevail.

In practice, the inductance value of the system is not constant, only its self-inductance,
i.e. the inductance defined by the physical parameters of the system, is constant, but the
apparent inductance, depending both on the current flowing in the system and the magnetic
field intercepted by the inductor, is frequency-dependent (Fig. 3.4b).

3.1.4 Parameters influence
Thanks to [113] highlighting the optimization of parameters for the design of a planar spiral

inductor circular, we can, by analogy, understand the impact of the parameters of a coil square
on the quality factor and on the inductance, thus allowing us to best design optimized square
inductors.

The various parameters vary one by one, leaving the others at fixed values : din = 40 µm,
w = 20 µm, s = 10 µm and N = 2.5 loops. We will confine ourselves to a purely qualitative
analysis.

Number of loops N

As shown in (3.7), the number of turns quadratically increases the number of times the
self-magnetic flux is intercepted by the inductance, the higher the number of turns, the higher
the inductance (Fig. 3.5b). Figure 3.5a shows the effect of the number of turns on the quality
factor.

Increasing the number of turns lengthens the spiral inductor, resulting in an increase in the
parasitic capacitance between inductor and substrate, thus contributing to a reduction in the
quality factor. On the other hand, a large surface area implying a large inductance also implies
a higher resonant frequency.

Furthermore, we note that the Q factor does not rise once the resonant frequency is passed,
contrary to Fig. 3.4a. The Q-factor is defined as absolute, and theoretically becomes negative
after the resonant frequency, if we rely solely on the study of inductance. Some literature
therefore decides not to display the Q factor beyond the resonant frequency, as this reflects the
capacitive nature of the system under study.

Inside diameter din

Increasing the inside diameter directly increases the surface area, increasing parasitic capaci-
tive effects and reducing the quality factor spectrum (Fig. 3.6a). On the other hand, a larger
surface area provides greater inductance (Fig. 3.6b).

Space between loops s

Increasing the space between the loops increases the surface area intercepting the magnetic
flux, and as with the other parameters, it increases the value of the inductance (Fig. 3.7b).
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3.1. PLANAR INDUCTORS

(a) Variation in Q (b) Inductance variation

Figure 3.5 – Variation on N worth 1.5, 2.5 and 3.5 loops with din = 40
µm, w = 20 µm and s = 10 µm

(a) Variation in Q (b) Inductance variation

Figure 3.6 – Variation on din worth 20, 40, 60 and 80 µm with w = 20
µm, s = 10 µm and N = 2.5 loops

On the other hand, the s parameter does not significantly change the Q factor. Varying the
space s only results in an increase in length, and therefore an increase in resistivity, as well as
an increase in parasitic capacitance. This in turn reduces the quality factor (Fig. 3.7a).The
small variation of the Q factor with respect to the s space indicates that the parasitic capacity
is greater between the branches and the substrate, or between the superposition of branches
passing over or over each other, than the parasitic capacity between spiral inductors.

Wire width w

Reducing the inductance wire width (Fig. 3.8a) results in a spread and a reduction in quality
factor. A wider wire width means less resistance (Eq. (3.4)), and therefore fewer resistive losses
at low frequencies. As shown in Fig. 3.8b, this reduction in wire width, and therefore resistance,
leads to an increase in inductance. As a result of these facts, we end up with a more constant
quality factor over the frequency band with a high wire width, but we obtain a better quality
factor over a smaller spectrum at low frequencies if we reduce this width.
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3.2. MATERIAL

(a) Variation in Q (b) Inductance variation

Figure 3.7 – Variation on s worth 5, 10, 15 and 20 µm with din = 40
µm, w = 20 µm and N = 2.5 loops

(a) Variation in Q (b) Inductance variation

Figure 3.8 – Variation on w worth 10, 15, 20, 25, et 30 µm with din = 40
µm, s = 10 µm and N = 2.5 loops

In conclusion, if you want to quickly increase the inductance value, you need to increase the
number of loops of the coil, but this will have the effect of reducing the quality factor. A wide
wire width reduces the resistivity of the track, resulting in a higher quality factor and increased
inductance.

3.2 Material
Several tools will be used to characterize our sensitive inductance : first of all, we will

use Helmholtz coils to fully control the magnetic field incident on the inductance, then the
magnetic field will be measured using a Hall probe to check that the field is well controlled on
our inductance, which will be connected to a multifunction meter including a Lock-In amplifier.
All inductances will be characterized using a VNA.
Some of these devices will be used throughout the study to monitor and study the various
behaviors of our systems.
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3.2. MATERIAL

3.2.1 Helmholtz coils
Helmoltz coils are an assembly of two circular coils arranged face to face (Fig. 3.9) to generate

a uniform magnetic field at its center. They are notably used to counteract the Earth’s natural
magnetic field to create a neutral volume [114].

(a) Coil diagram [115] (b) Picture of laboratory coils

Figure 3.9 – Helmholtz coils

The coil datasheet B Scientific® Physics 3U8481500 tells us that for an average radius of
≈ 15 cm, with a gap of the same size between the two coils and 124 loops per inductance, we
get 1.2 Ω per coil. The magnetic field, as a function of current, and with the given parameters,
is according to datasheet [116] :

B(I) =
(4

3

) 3
2

· µ0 · N

R
· I T

B(I) = 7.433 · 10−4 · I T
(3.18)

3.2.2 Hall probe
To measure the magnetic field generated by the coils and confirm Eq.(3.18), we use the

three-axis Hall effect magnetometer probe THM1176-LF (Fig. 3.10) from Metrolab® [117],
capable of measuring variations of up to 8 mT with a resolution of 2 µT and an accuracy of
≈ ± 20 µT. The probe can be positioned to measure the magnetic field at the center of the coils
on its axis, thanks to a hook located on the structure of the Helmholtz coils (Fig 3.9b). The
probe has a built-in acquisition system enabling communication with a computer at a frequency
of up to 2300 samples per second.

Figure 3.10 – Hall effect probe
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3.2. MATERIAL

3.2.3 MFLI
The Multifunction Device with Lock-In Amplifier or MFLI (Fig. 3.11) from Zurich In-

struments® offers, in addition to digital synchronous latching detection, voltage and current
measurement, as well as the generation of oscillating signals up to 5 MHz.

Figure 3.11 – MFLI device

Synchronous detection [118, 119] is an amplification technique which, via a reference signal
synchronized with the input signal, enables the latter’s amplitude and phase to be recovered
despite the very high noise impacting it (Fig. 3.12). The input signal and output signal are of
the theoretical form :

s(t) = Vscos(ωst + ϕs) (3.19)
r(t) = Vrcos(ωrt + ϕr) (3.20)

In practice, the input signal is distorted by noise, hence the interest of the Lock-in amplifier,
and may include several other frequency components, but the principle remains the same. The
only condition is that the input signal must be a periodic signal whose amplitude and phase
shift relative to the reference signal are to be extracted.

By multiplying the two signals that allow us to down-convert our signal to DC frequen-
cies (Fig. 3.13a), we obtain :

s(t)r(t) = VsVr

2 cos([ωr − ωs]t + ϕs − ϕr) + VsVr

2 cos([ωr + ωs] + ϕs + ϕr) (3.21)

We can quickly see that at the same frequency ωs = ωr, and by applying a filter (Fig. 3.13b),
we can easily recover the amplitude (Fig. 3.13c) and phase of our input signal :

VsVr

2 cos(ϕs − ϕr) (3.22)
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3.2. MATERIAL

Figure 3.12 – Lock-in amplifier system diagram

(a) Frequency spectrum of in-
put signal

(b) Frequency shift 0 Hz and
low-pass filter

(c) Temporal low-pass filter

Figure 3.13 – Illustration of the lock-in amplifier principle [119]

Note that the bandwidth and order of the low-pass filter will determine the extent of noise
reduction and the filter response time. In a measurement context, one can afford to have a
narrow bandwidth and a high order.

3.2.4 VNA
A vector network analyzer (VNA) is a measuring device for recovering the amplitude and

phase of a system’s S parameter via one or two ports over a given frequency range. For the
purposes of this work, we will be using the ENA E5061B device from the Keysight® brand,
which has the ability to scan the spectrum from 5 Hz to 3 GHz. This VNA is used each time
after a calibration made with the kit Anritsu® 3652-series.

When using the scattering parameters, or S-parameter, to perform a two-port measurement
using a VNA, we can retrieve the impedance values Z of the components connected to it. The S
parameter is a matrix that describes the linear behavior of the device under test (DUT) through
its ports, two for our situation, taking into account the coefficients of incident, reflected and
transmitted waves at different frequencies. More precisely, for a two-port DUT, we have :

where the matrix S is composed of four elements :
— S11 : the coefficient of the wave from port 1 of the DUT reflected back to port 1
— S12 : the transmission coefficient from port 1 to port 2
— S22 : the reflection coefficient of port 2
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3.2. MATERIAL

Figure 3.14 – Equivalent diagram of S-parameter

[
b1
b2

]
=
[
s11 s12
s21 s22

]
·
[
a1
a2

]
(3.23)

— S21 : transmission coefficient from port 2 to port 1
To obtain the impedance Z of the DUT, we start with the parameter Z defined as :

Figure 3.15 – Equivalent circuit for Z-parameter

[
V1
V2

]
=
[
Z11 Z12
Z21 Z22

]
·
[
I1
I2

]
(3.24)

Z11 = (1 + S11)(1 − S22) + S12S21

(1 − S11)(1 − S22) − S12S21
Z0 (3.25)

Z12 = 2S12

(1 − S11)(1 − S22) − S12S21
Z0 (3.26)

Z21 = 2S21

(1 − S11)(1 − S22) − S12S21
Z0 (3.27)

Z22 = (1 − S11)(1 + S22) + S12S21

(1 − S11)(1 − S22) − S12S21
Z0 (3.28)

Using the values of the Z parameters, we can determine the input impedance Zin and output
impedance Zout of a DUT composed of two independent exciting/sensing inductors (Eq. (3.29)
and (3.30)). This type of reading can be considered as a double reading at a single port, with
Zin corresponding to the reading of the inductor connected to port 1 and Zout, the reading of
the inductor connected to port 2.
Alternatively, we can recover the parameters of the equivalent circuit in « T » if the circuit is
said to be reciprocal and therefore Z12 = Z21 (Fig. 3.16. Since our system is passive, the circuit
is reciprocal, so we can determine the through impedance Zth (Eq. (3.31)).

Figure 3.16 – Equivalent T circuit

Zin = Z11 − Z12Z21

Z22 + Z0
(3.29)

Zout = Z22 − Z12Z21

Z11 + Z0
(3.30)

Zth = Z11 + Z22 − 2Z12 (3.31)

With Z0 = 50 Ω, the characteristic impedance of the VNA input ports.
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3.3. PRINTED INDUCTOR

Thus, S-parameters provide a powerful approach to characterizing and analyzing RF [120,
121, 122] circuits and components.

3.3 Printed inductor
The coils are printed on a substrate FR4, a material used for printed circuit boards, fire-

retardant in epoxy resin and reinforced with fiberglass and suitable for single- or double-layer
PCB with good adhesion to copper [123].
The maximum resolution of the printer used is 0.4 mm, this constraint will be our limiting
dimension for designing our inductors. The connectors used will either be of the type BNC
type, limited when venturing into high frequencies such as 3 GHz, or the SMA type, which
is much more stable than the BNC type and therefore more suitable for frequency analysis,
notably with the VNA [124].

3.3.1 Specifications
The first printed sensitive coil (Fig. 3.17) serves as a reference for the next prints presented

in this work. It has arbitrary parameters (Table 3.1) whose only constraints are to have an
integer number of loops N for Greenhouse’s formula to be applicable (Eq. (3.7)) as well as a
size suitable for future implementation in a biosensor POC. This sensitive inductor is intended
to be surrounded by a larger excitation inductor at a later date.

dout [mm] din [mm] N s [mm] w [mm] t [µm] ρ [Ωm]
11.2 2.4 6 0.4 0.4 18 17·10−9

Table 3.1 – Dimensions of the first printed sensitive inductor

(a) Inductance design via KiCad (b) Picture of the print

Figure 3.17 – Illustration of sensitive inductance [119]

Electrical parameters

Thanks to the equations presented in the theoretical part (Eq. (3.4), (3.7) and (3.11)), we
can calculate geometric parameters, the electrical parameters (Table 3.2).
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3.3. PRINTED INDUCTOR

Rs [Ω] Ls [µH] Cp [pF]
0.3 0.26 0.77

Table 3.2 – Electrical parameters derived from geometric dimensions

By analyzing the VNA over the entire available spectrum of the device (i.e. from 5 Hz to
3 GHZ) after calibration, we can compare our estimates with reality. Figure 3.18 shows the
impedance Zth extracted from parameter S. From our first analysis of the real measurement, in
green, we can see all the non-idealities and imperfections present, particularly around 1 kHz
and in the irregular phase shift in the inductive part. These are due, among other things, to
imperfections in the track (Fig. 3.17b) and in the vertical interconnect access (VIA) connecting
the output at the center of the coil to the output of the PCB.

We also identify our purely inductive operating range when R ≤ 2πfL. In our case,
based on estimates from geometric parameters, inductance exceeds resistance at around
fL = Rs

2πLs
= 0.3

2.6·10−7 = 189.37 kHz, with fL giving the frequency of transition from the
resistive to the inductive domain. Based on the measurements, our usable inductive range (i.e.
the part evolving linearly with frequency such that |Z| = ωL) lies between 1 MHz and ±200 MHz.
Beyond that, we reach the resonant frequency of 324.73 MHz. Above this frequency, the behav-
ior becomes capacitive and random, and can no longer be correctly modeled by our simplifications.

The dotted blue line represents our model (Eq. (3.3)) using the previously estimated pa-
rameters. As can be seen, it allows us to recover the general shape of our curve, but a serious
difference between the estimated and measured resistance can be observed on graphs 1 and 3 of
Fig. 3.18. This error is due to the resistance of the cables between the inductor and the VNA,
as well as the resistance provided by the connectors and the VIA. The total resistance of the
cables, connectors and system measured with a multimeter gives a value of ± 1.5 Ω.

In graphs 3 and 4, the blue dotted line represents the resistance or inductance estimated
with (3.4) and (3.7). The red line represents the average of points whose variation between two
consecutive points is smaller than the set threshold (here, 0.01 for resistance and 3 · 10−9 for
inductance), each point meeting this condition is highlighted by a blue dot on these graphs.
This method makes it possible to recover resistance R = ℜ[Z] or inductance L = ℑ[Z]

ω
in a

graph where the constant value is present only on a portion of the graph (full code available in
appendix A.1).

By comparing the estimated and extracted values of impedance Zth measured with the VNA
and listed in table 3.3 and the general appearance of the graphs, we conclude that the estimates
derived from the geometric parameters are reliable. The notable difference comes from the
resistance measurement, which is greater than the expected estimate, due in particular to the
resistance of the cables, via and connectors, the latter contributing non-idealities to our DUT.

Rs [Ω] Ls [µH] Cp [pF]
Estimated values 0.3 0.26 0.77
Extracted values 1.73 0.24 1.01

Table 3.3 – Dimensions of the first printed sensitive inductor. The first
line are the values estimated via the models defined in section 3.1.1
and the second lines are the values extracted from the Z parameter
measured via the VNA.
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3.3. PRINTED INDUCTOR

Figure 3.18 – 2 port measurement of VNA sensitive inductance.
The first graph shows the amplitude of the VNA measurement
Z = Z11 + Z22 − 2Z12 in green, accompanied by the red dotted fit of
the resistance (graph 3) and inductance (graph 4) values extracted
from the VNA measurements. The dotted blue line represents the
theoretical impedance derived from the geometric parameters. The
second graph represents the phase, with the same comparisons as for
the amplitude.
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3.3. PRINTED INDUCTOR

For the Q factor, we use (3.16) to compare 3 values: the real Q factor, the ideal Q factor via the
real impedance, and the theoretical Q factor derived from the geometric parameters (Fig. 3.19).

The solid blue line represents the impedance value derived from the S parameter measure-
ments, the solid green line represents the Q parameter calculated from the VNA measurements,
and the dotted red lines represent the Q factor calculated from the theoretical impedance
model (Eq. (3.3)) with the values R, L, and C values taken from the VNA measurements, and
the blue dotted line represents the theoretical value based on the R,L and C values previously
estimated from the geometric (Table 3.2) parameters.

The first surprising piece of information that jumps out is the error around 10 to 50 MHZ,
where the measured Q factor drops sharply. This error stems from the resistance having the
same blunder, with outliers coming from either poor VNA calibration (which seems unlikely,
as the rest of the data is consistent), or poor contact within the cables or connectors. A new
measurement would be interesting to confirm whether the error is repeatable or due to an
irregular measurement, but as the rest of the data is consistent, we can simply consider this
part as an outlier and ignore it for our observations.

Apart from that, the frequencies match: the frequencies where the Q-factor is at its maximum
coincide, as does the fact that the Q-factor drops sharply at the resonant frequency, illustrated
by the impedance spike on the blue curve. As for the divergent maximum Q-factor values, this
again stems from resistance-induced errors and non-idealities between the theoretical model and
actual measurements.

Figure 3.19 – Quality factor Q. In blue, the impedance measurement;
in green, the Q factor extracted from the VNA measurement; in dotted
red, the Q factor from the theoretical model based on the previously
measured R and L values; and in dotted blue, the Q factor estimated
via the geometric parameters.
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From this first sensitive inductance, we derive specific frequencies such as the resistive-
to-inductive transition frequency (fL), the maximum quality factor frequency (fQmax) and
the resonant frequency (fres). The table 3.4 compares analytically predicted and measured
frequencies.

fL [kHz] fQmax [MHz] fres [MHz]
Estimated values 189.368 203.95 324.732
Extracted values 1158.45 191.15 349.842

Table 3.4 – Comparison of sensitive indutance singular frequencies. The
first line are the values estimated via the models defined in section 3.1.1
and the second lines are the values extracted from the Z parameter
measured via the VNA.

Apart from a large discrepancy in the fL frequency due to the difference in resistance between
the estimated and actual frequencies, the variation of which is due to the cables, the VIA and
the connectors, the other frequencies are correctly estimated. We can therefore rely on the
models presented above to predict the inductive behavior of our printed material.

3.4 Magnetic variation
3.4.1 Theory

In addition to detecting the magnetic field induced by the nanoparticle sample, the sensitive
coil will also detect the excitation magnetic field. To better control the behavior of planar
inductors, we need to anticipate the behavior of the induced voltage.

Figure 3.21 shows the simplified block diagram representing the transfer function between
the excitation voltage Vin and the induced voltage Vout. Figure 3.20 details the equivalent circuit
of an excitation/sensitive coil system.

Figure 3.20 – Equivalent diagram of the excitation coil and sensitive
coil system

1. First, we have the impedance behavior of the primary circuit (the excitation coil) shown
in Fig. 3.22a. Impedance will increase linearly with frequency once it has exceeded the
value of the resistance at frequency fL = Rp

2πLp
.
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Figure 3.21 – Block diagram of the various physical quantities, including
B, the magnetic field produced by the Helmholtz coils (Eq. (3.18))

2. The current, shown in Fig. 3.22b, will decrease as a function of impedance and constant
generator voltage Vin. The magnetic field, inducing a voltage at the sensitive coil, is
directly proportional to the generator current, and will therefore decrease in the same way,
while undergoing the identical 90° phase shift typical of inductances.

3. The induced voltage ϵ depends directly on the external magnetic field (Fig. 3.22c), and can
also be seen as the mutual contribution such that ϵ = −jωB · Seq = −jωM · Ip, depends
directly on the geometry of the inductor as well as the current in the excitation coil. The
induced voltage is initially 90° out of phase below fL and drops to -180° when the current
in the excitation coil is completely 90° out of phase.

4. The final voltage Vout (Fig. 3.22d), taking into account the internal resistance R0 of the
voltmeter, adds a new limiting frequency fH depending on the parameters of the sensitive
coil, such that fH = Rs

2πLs
. Interestingly, since the phase shift is linear, if fL defines the

frequency at which the phase shift is -90° and fH , the phase shift at 90°, then the jump
between -180° and 180° lies in the middle of the frequencies fL and fH and can therefore
be used as a benchmark for future measurements.

The various diagrams shown are only a simplified illustration of the electromagnetic behavior
of our system. One important point to note is that the voltage induced in the coils becomes
constant above the frequency fL, as the decreasing current counteracts the increasing induced
voltage. The expression for induced voltage as a function of frequency and generator voltage is
given by :

ϵ = −jωB · S (3.32)
= −jωMIp (3.33)

= −jωM
Vin

Zp

V (3.34)

If we take into account the voltmeter load R0 :

Vout = ϵ · R0

Zs

(3.35)

= −jωM
Vin

Zp

· R0

Zs

V (3.36)

3.4.2 Results
First of all, we need to check the magnetic behavior of the Helmholtz coils. To do this, we

use the Hall probe presented in section 3.2.2. This probe has certain limitations, notably a
sensitivity of up to ± 2 µT, and a sampling frequency of 2300 Hz. In addition, thanks to the
VNA and datasheet, we know that Helmholtz coils have a resistance of 2.4 Ω, an inductance
of 19.45 mH and a resonant frequency of 100 kHz. By applying the various parameters and
formulas described above, we can predict the behavior of the magnetic field and induced voltage
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3.4. MAGNETIC VARIATION

(a) Primary impedance variation (b) Current variation in the excitation coil

(c) Variation of the voltage induced in the
sensitive coil

(d) Variation of output voltage

Figure 3.22 – Logarithmic representation of the behavior of the ex-
citation/sensitive coil system. The frequency fL corresponds to the
frequency when Rp ≤ ωLp and fH correspond to Rs ≤ ωLs.

Figure 3.23 – Picture of induced field measurement setup
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within a square inductance immersed in the magnetic field (Fig. 3.23).

The MFLI presented in section 3.2.3 will scan the maximum frequency range at maximum
voltage, i.e. from 1 kHz to 5 MHz at 3 V. For the clearest possible reading, we need maximum
current in the coils to generate a large magnetic field. In addition, we’ve added a 100 Ω series
resistor to get a frequency fL closer to the spectrum under study.

(a) Magnetic field simulation (b) Time measurement of the magnetic field
generated by the MFLI. Frequency sweep from
1 kHz to 5 MHz starts at 6.9 seconds. Before
the scan, the highly noisy magnetic field is at
1 kHz frequency.

Figure 3.24 – Magnetic field generated by Helmholtz coils

Figure 3.24a shows the theoretical value of the magnetic field generated. Figure 3.24b shows
the magnetic field measured by the probe. As we can see, apart from some noise and a sensitivity
limited to ± 2 µT, the estimates hold up well. Unfortunately, hardware limitations prevent us
from obtaining a cleaner signal and better measurements of the magnetic field produced. As the
probe measurement is in the time domain, markers have been placed to delimit the frequency
sweep. The sweep time indicated by the MFLI is 3.2 seconds, and since we know when the
sweep began, we can delimit the frequency sweep temporally. It starts at 1 kHz around 6.9
seconds, marked by the first black line, and stops at 5 MHz around 10.1 seconds, marked by the
second black line.

Figure 3.25 compares the voltage measured via the MFLI with the estimated voltage. As
we can see, below the 100 kHz resonant frequency of the Helmholtz coils, our estimates are
fairly reliable. But as we get closer to this frequency, the predicted behavior diverges from our
measurement. One of the hypotheses would come from certain simplifications made during the
development of the calculations presented above, as well as non-idealities around the resonant
frequency.
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Figure 3.25 – Simulation using 3.36 and measurement of the voltage
induced in the internal coil using the MFLI.
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Chapter 4

Electromagnetic behavior of a pair of
inductors

Now that we have seen that it is possible to detect a magnetic field based on a simple
planar inductor, we are going to expand our system to include a second inductor whose role
will be to excite the magnetic nanoparticles. Indeed, as explained above, these nanoparticles
have superparamagnetic behavior (Section 1.2.3), i.e., as a reminder, despite their magnetic
susceptibility classifying them as ferromagnetic, their size means that they demagnetize as soon
as an exciting external magnetic field is removed. This is why they need to be magnetized with
a first exciting coil, and then, to facilitate detection, the magnetizing field produced by them
needs to be received with a second sensitive coil.

This chapter introduces the dual exciting/sensing inductor system. Initially, as in the
previous chapter, we present the printed inductors and the samples that will be used to highlight
the magnetization producing a variation in inductance. We will then analyze the results of the
frequency response of the induced voltage as a function of the presence of these samples.

4.1 Material
4.1.1 Pair of printed inductors

We are going to take the inductance presented in the previous chapter and add an external
coil, known as the primary coil, independent of the internal coil, known as the secondary coil.
Like Helmholtz coils, the external coil will act as a magnetic field generator. The generated
field will magnetize the ferromagnetic sample, which will vary the inductance and therefore the
voltage induced in the internal coil, also known as the sensitive coil.

External inductance parameters

Figure 4.1 shows the system printed under the same conditions as in the previous chapter.
Tables 4.1 and 4.2 detail the physical and electrical parameters of the external coil, respectively,
compared with theoretical estimates. As with the internal coil, a shift in resistance due to the
cables is noticeable. A multimeter measurement of the circuit including the cables confirms this
theory by giving us a value of 1.12 Ω. Our estimates are therefore correct. All this is shown
graphically once again in Fig. 4.2.

47



4.1. MATERIAL

(a) Designing the pair of inductors using KiCad (b) Picture of the print

Figure 4.1 – Introducing the exciting/sensing inductor pair

dout [mm] din [mm] N s [mm] w [mm] t [µm] ρ [Ωm]
21.6 12.8 6 0.4 0.4 18 17·10−9

Table 4.1 – External inductor dimensions

Rp [Ω] Lp [µH] Cp [pF]
Estimated values 0.958 1.10 2.37 heightMeasured values

2.07 0.837 1.62

Table 4.2 – Electrical parameters of the external inductance. The first
line are the values estimated via the models defined in Section 3.1.1
and the second lines are the values extracted from the Z parameter
measured via the VNA.

48



4.1. MATERIAL

Figure 4.2 – Two port measurement of exciting inductance at VNA.
Display of amplitude, phase, comparison with estimated values and
measurement of resistance and inductance.The threshold gives the
minimum difference required between two consecutive points to be
considered « constant » and part of the « average » measurement for
resistance and inductance.
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Figure 4.3 – Quality factor Q of the exciting coil

Table 4.3 shows the estimated and measured specific frequencies. Same analysis as for the
internal coil, the differences between estimates and reality stem from cable resistance, as well as
from vias and connectors. Once again, we note a singularity in the Q factor measured around
10 MHz (Fig. 4.3), due to the singularity in the resistance.

fL [kHz] fQmax [MHz] fres [MHz]
Estimated values 139.166 37.94 97.0172
Measured values 393.093 79.31 136.48

Table 4.3 – Comparison of exciting inductance specific frequencies. The
first line are the values estimated via the models defined in section 3.1.1
and the second lines are the values extracted from the Z parameter
measured via the VNA.

4.1.2 Mutual inductance parameter
To determine the mutual inductance between the external coil and the inner coil, 3 meth-

ods are used:
1. The classical method presented in Section 1.3.3 : we print a new inductance based on our

pair, but the two coils are connected in series (Fig. 4.4) with their loops rotating in the
same direction so that the mutual inductances add up.

2. The theoretical method, where we assume that our pair of coils in series amounts to a
single large inductance whose number of turns is equal to the number of loops in the
first inductor (Np) plus the number of loops in the second inductor (Ns). The theoretical
inductance is then calculated and the mutual inductance deduced in the same way as for
the first method.
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3. The direct method, where we consider the two-port measurement of our independent
inductances. From this measurement, we take the parameter Z12 = Z21 which is the
mutual inductance [125].

Classical method

The « classical » method is based on the measurement of a new printout of the two inductances
previously presented, this time with a series connection. On Fig. 4.5a, this connection has been
highlighted in green. What’s more, the internal inductance has been reversed so that the two
coils rotate in the same direction for positive mutual inductance, but also for ease of connection.

Figure 4.4 – Schematic of section 1.3.3. With L1 and L2, the internal
inductance Ls and external inductance Lp whose values have already
been estimated/measured.

(a) Designing a pair of series-connected induc-
tors highlighted in green.

(b) The same pair without the series-connected
inductors

Figure 4.5 – Comparison between the series-connected inductor and
the inductors without connection. Let us note the reversed wiring
direction for the internal inductor.

From these inductors in series, we derive the total induction Ltot = 1.26µH. Knowing the
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other two inductances Lp and Ls already measured (Table 4.2 and 3.2), we find :

M = Ltot − Lp − Ls

2
= 1.26 − 0.944 − 0.238

2 [µH]

= 0.0375 [µH]

(4.1)

For a coupling coefficient of :

k = M√
LpLs

k = 0.21
(4.2)

Theoretical method

If we assume that the two series-connected internal and external inductances are equivalent
to an inductance with the same inner radius din, but whose number of loops is the sum of the
number of internal loops Ns and external loops Np (Fig. 4.6), we can find the theoretical series
inductance and compare it with the printed inductance presented in the previous paragraph.
By applying Greenhouse’s model (Eq. 3.7) to this inductance, we can find the series inductance,
and therefore the mutual inductance.
Table 4.4 shows the geometric parameters of our inductances. The Lseries series inductance has a
smaller outer diameter dout than the primary inductance, because a gap is physically present on
our pair to allow our via to pass through, which is not the case for our virtual series inductance.

dout [mm] din [mm] N s [mm] w [mm] t [µm] LGreenhouse [µH]
Ls 11.2 2.4 6 0.4 0.4 18 0.26
Lp 21.6 12.8 6 0.4 0.4 18 1.06

Lseries 20.8 12.8 6 0.4 0.4 18 1.59

Table 4.4 – External inductor dimensions

The same logic applies to mutual inductance :

M = 1.59 − 1.06 − 0.26
2 [µH]

= 0.135 [µH]
k = 0.25

(4.3)

As with previous Greenhouse estimates, the result is overestimated in relation to reality, notably
due to physical differences such as the gap between external and internal inductance. Apart
from this slight overestimation, we can nevertheless conclude that this theoretical technique
gives a good approximation of the mutual inductance of two concentric and coplanar square
planar inductors.

From this technique, we can go even further, in particular by looking at the influence of
parameters on mutual inductance. The parameters of inter-branch spacing s, wire width w and
thickness t are fixed by technical means, so they will not be studied in this document. The
internal diameter din will not be studied here either, but we can assume that all the parameters
vary the surface area in some way, and that this variation in surface area can be represented by
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Figure 4.6 – Illustration of the theoretical series inductance. In green,
the secondary inductor with Ns = 6, in blue, the primary inductor with
Np = 6, and both combined, the series inductance with Nseries = 12.
Note the absence of gap between internal and external inductance,
unlike Fig. 4.5.

the number of loops (Fig. 4.7) : twice as many loops give twice as much surface area.

On the other hand, manipulating the number of loops can be interesting and much more
representative of mutual inductance. A first study is made if we keep the ratio Np = Ns.
Figure 4.8 shows a constant evolution as we increase the number of loops while keeping the ratio
constant. In addition, the factor k has an outlier at its origin, probably due to the limitations
of the Greenhouse model.

(a) Illustration of Np = 7 and Ns = 3 (b) Illustration of Np = 3 and Ns = 7

Figure 4.7 – Illustration of series inductance with Ntotal = 10. In blue
the primary inductance Lp, in green the secondary inductance Ls and
the two wires make the series indutance Lseries. The inside diameter
din, the outside diameter dout and the width and space between two
wires w and s all remain constant.

Apart from that, nothing surprising. Internal and external inductances increase with the
number of loops, and the mutual inductance follows this trend. The coupling coefficient decreases
inversely, since the external inductance will always be greater than the internal inductance.
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Figure 4.8 – Evolution of primary inductance Lp, secondary inductance
Ls, mutual inductance M and coupling coefficient k as a function of
the same number of loops Np = Ns.

What becomes much more interesting is when we vary the ratio Ns

Np
. This ratio is illustrated

in the form of a graph (Fig. 4.9) where the number of loops of the secondary inductance Ns

is increased from 1 to 100 while the number of loops of the primary inductance Np decreases
inversely such that Ntotal = Np + Ns = 100.
.

This study highlights several crucial points. Firstly, it should be noted that the mutual
inductance M reaches its maximum value when the ratio Ns

Np
is 73

27 = 2.70. This ratio approaches
≈ 2.42 as the total number of loops increases. In other words, for a specific surface area, mutual
inductance is optimal when there are approximately 2.42 times more loops in the secondary
than in the primary. So, for a pair of 10 loop sensing and exciting inductances, taking into
account the need for an integer number of loops, it is preferable to have 7 loops in the primary
and only 3 in the secondary to maximize mutual inductance.

Secondly, the primary and secondary inductances are equal when the ratio Ns

Np
= 70

30 = 2.33
is reached. We might have thought that mutual inductance would be at its maximum when
primary and secondary inductance are equal, but this is surprisingly not the case. We can
assume that this difference is due to the constant surface ratio : as the inner diameter of
the secondary inductor is equal to the outer diameter of the primary inductor, a constant ap-
pears. Unfortunately, no analytical study will be produced in this document to explain this ratio.

A third salient point is the maximum coupling coefficient, with a value of k = 0.46 when the
ratio Ns

Np
is 90

10 = 9. It may seem surprising that this maximum differs from the ratios quoted above.
Although a quadratic trend can be discerned between mutual inductance and coupling coefficient,
this observation does not seem robust. This study does not dwell further on an analytical
explanation for this peculiarity. It is worth mentioning that values of k greater than 1, physically
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Figure 4.9 – Evolution of primary inductance Lp, secondary inductance
Ls, mutual inductance M and coupling coefficient k as a function of
the number of loops Ns = 100 − Np

impossible, are outliers, artifacts of the model. Similarly, we observe that k increases markedly
after reaching its minimum at around Ns = 10. This portion of the results could also be consid-
ered an anomaly, perhaps due to the inapplicability of the Greenhouse model in this context.
Nevertheless, it would be relevant to carry out inductors in order to verify whether the coupling
coefficient really cannot exceed the maximum value k = 0.46, thus corroborating this supposition.

From the few observations we have been able to make, these various particular ratios are
constant, regardless of the number of turns (Fig. 4.10a) or the value of the geometric parame-
ters (Fig. 4.10b) as long as the inductors remain square, concentric, coplanar and the external
inductor can be considered an extension of the inner inductor. The complete code for studying
mutual inductance is available in Appendix A.2.

Knowing that the signal is influenced by the primary inductance at low frequency, and
the mutual inductance at high frequency, and that, above all, we’ll tend to want to take
measurements at high frequency in order to have a sufficiently strong signal, it’s the mutual
inductance that we’ll seek to maximize, aiming for a ratio of ≈ 2.42 between the number of
loops of the sensing inductor and the exciting inductor.

Direct method

The direct method allows us to directly derive the mutual inductance of the S-parameter
measured with the two-port VNA. Indeed, if we measure our pair of inductors with two ports
with the VNA (Fig. 4.11a), the measurement Zin ≈ Z11 takes the impedance measurement of
the external coil, while Zout ≈ Z22 takes the internal measurement, depending of course on
how we connect the ports to our pair of inductors. For your information, a comparative table
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(a) Same parameters as for the 4.9 graph, but with
Ntotal = 5000 loops.

(b) Ntotal = 100 but the geometrical parameters
have been randomly modified: din = 4.4 mm and
w = s = 0.8 mm.

Figure 4.10 – Variation of the parameters of the theoretical model
of series inductance. The various markers are always in the same
places (i.e. we always have the same Ns

Np
ratios on the graph regardless

of the parameters).

between the VNA measurements of the pair of coils, and the coils alone is highlighted in Table 4.5.

Lp [µH] Ls [µH]
Isolated inductor 0.944 0.241
Pair of inductors 0.842 0.264

Table 4.5 – Comparison between VNA measurements directly on the
exciting/sensing inductor pair and inductor measurements alone

If we take the equivalent circuit in « T », we can show that the measurement Z12 = Z21 = M (Fig. 4.11b).
For k, we can use the Zin and Zout values to get a good estimate for our system. We therefore
find :

M = Z12 = Z21 = 0.118 [µH]

k = M√
Zin · Zout

= 0.25
(4.4)

The mutual inductance found is different from other estimates/measurements made, but
remains within the same range of values. This measurement can be considered a good estimate
of mutual inductance.

Comparison and conclusion

Let us compare our 3 methods (Table 4.6). We note that the theoretical and direct methods
more or less agree on the mutual inductance, and completely agree on the coupling coefficient.
In contrast, the classical method deviates from both.
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(a) Classic representation (b) « T » representation

Figure 4.11 – Two-port measurement of inductance pair

Method Classic Theoretical Direct
M [µH] 0.0375 0.135 0.118

k 0.21 0.25 0.25

Table 4.6 – Comparison of conventional and direct measurements with
theoretical estimates of mutual inductance

At first glance, one might assume that the classical method is the most reliable. However,
it requires two circuit impressions to evaluate mutual inductance, which multiplies the risk of
imperfections and may alter the accuracy of the measurement. A significant discrepancy is also
observed between the mutual inductance obtained by this method and that measured by other
techniques. However, the coupling coefficient remains within acceptable ranges. This suggests
that, despite the discrepancy in mutual inductance, the relationship between the inductances,
illustrated by the coupling coefficient, remains stable.

The theoretical method based on the Greenhouse model often tends to overestimate
inductance values. Although it offers a decent estimate, it is essential to remember that this
approach is strictly theoretical. It is therefore advisable to adopt a cautious attitude when using
it, especially as it does not consider the concrete discrepancy between internal and external
inductance caused by the vias.

The direct method directly evaluates the relationship between sensing and exciting
inductance. The advantage of this two-port measurement on our pair is that it allows us to
obtain the majority of the system’s key values without the need for additional printed circuit
boards. This method is therefore highly recommended for rapid characterization of such systems.

4.1.3 Samples
For our experiments, we will first use two types of ferromagnetic samples of known relative

permeability. We will vary the size and thickness of these samples to conduct our various tests.
We will then carry out tests with samples of different concentrations of MNP.

Ferromagnetic samples

To highlight the variation in inductance in the presence of ferromagnetic samples, we will
use two types of iron (Fe) alloy foil. The first type has an amorphous structure characterized by
a relative magnetic permeability of µr = 5000. The second type has a crystalline structure with
a relative permeability of µr = 80000, i.e., 16 times greater than the amorphous structure.

Samples will therefore be classified based on three parameters:

57



4.1. MATERIAL

1. Their nature: amorphous or crystalline
2. Their surfaces: three were chosen: one covering the entire internal and external inductance

of ±5 cm2, one covering only the internal inductance of ±1 cm2 and one fitting into the
internal diameter of the internal inductance of ±1 mm2.

3. Their thicknesses: the 1 and 5 cm2 surfaces have thicknesses of 1, 5 and 10 layers. The
1 mm2 samples are 1, 2 or 3 layers thick. Making more than 3 layers was difficult at this
size without specialized tools. Each layer is 17 µm thick, but a more or less irregular air
space may have crept in between layers due to the hand-made design.

Each sample is isolated with adhesive tape to avoid any false contact during measurement.
Fig. 4.12 shows all the samples created. The left-hand side shows the crystalline samples, the
right-hand side the amorphous samples. From the center to the sides, the surfaces are 5 cm2,
1 cm2 and 1 mm2 respectively. From top to bottom, thicknesses range from the thickest layer (10
or 3) to one layer.

Figure 4.12 – Ferromagnetic samples used in this work

To make the graphs easier to read, sample identification is abbreviated. Following the
layout Fig. 4.12, the list of abbreviations is shown Table 4.7.

Cristalline Amorphous
1 mm2 1 cm2 5 cm2 5 cm2 1 cm2 1 mm2

1 layer Cri-1mm-1L Cri-1cm-1L Cri-5cm-1L Am-5cm-1L Am-1cm-1L Am-1mm-1L
2 or 5 layers Cri-1mm-2L Cri-1cm-5L Cri-5cm-5L Am-5cm-5L Am-1cm-5L Am-1mm-2L
3 or 10 layesr Cri-1mm-3L Cri-1cm-10L Cri-5cm-10L Am-5cm-10L Am-1cm-10L Am-1mm-3L

Table 4.7 – Sample identification abbreviation

Magnetic nanoparticle samples

The magnetic nanoparticles samples are for qualitative study only. For information, ferrite
nanoparticles are between 50 and 100 nanometers in size, and rest in an ethanol solution which
must be sonic in order to obtain the most homogeneous mixture possible and avoid aggregates
which can deteriorate the magnetization.
We created 6 samples shown Fig. 4.13. From left to right, we have the first sample, which is the
base concentration, the second contains twice as much concentration as the first, and so on up
to the sixth on the right.
Each concentration was spread over an area of ±10 mm2 and 0.14 mm.
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Figure 4.13 – MNP samples. The sample in the foreground, and its
labeling on a simple grid in the background. Total thickness with foil
and tape ≈ 1 mm.

4.2 Study of frequency response
In this section, we get to the heart of the matter: understanding and modeling the frequency

response of our pair of inductors. We will start with an analysis without sample of the
voltage induced across the sensitive coil under electromagnetic excitation from the external
coil. We will then highlight the impedance variation due to the presence of a ferromagnetic
sample, and finally compare the different responses produced by the different samples to study
their detection efficiency, as well as the different sample parameters influencing the measured
induced voltage.

4.2.1 No-sample frequency response
Figure 4.14 shows the measurement of the induced voltage as a function of frequency. As

with previous measurements made at the MFLI, the range swept is from 1 kHz to 5 MHz. We
have chosen a voltage of 1 V for the exciting coil, as our inductors will eventually be incorporated
into a low-energy measuring device, and as the system is on PCB, it is in our interest to use a
low voltage.

Unlike the theoretical induced voltage described in the previous chapter (Figs. 3.22c
and 3.22d), this time we have a different graph shape. We can see several features: a stable
initial voltage before increasing linearly with frequency as predicted theoretically, a phase shift
per stage, an initial phase shift up to 90° where the phase shift becomes stable over a range of
frequencies, then increases again towards 180°.

In addition, the graph in the form of error bars shows the standard deviation (vertical bars)
around the mean value (solid line). Our original signal is small relative to the noise amplitude,i.e.
a lower SNR (Section 3.1.2), which explains why we have a higher standard deviation at low
frequencies. This is already a good parameter to take into account when choosing the frequency
for future biosensor design.

Figure 4.15 shows the theoretical induced voltage based on the observations made Fig. 4.14.
Seeing an initial voltage V0, I add this to our model. What is more, the initial 90° phase shift
indicates that the inductive nature of the sensing coil first takes over, before continuing its
phase shift induced by the inductive nature of the exciting coil.

As can be seen, two key frequencies are again highlighted. The first frequency, fL, marks
the transition from the resistive to the inductive domain:

fL = V0

Vin

· Rp

2πM
(4.5)
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Figure 4.14 – Induced voltage measurement without sample

Figure 4.15 – Theoretical voltage of inductor pair
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The second frequency gives the passage of the second stage from 90° to 180° as follows:

fH = Rp

2πLp

(4.6)

All the elements of the previous models highlighted (Eq. (3.34)) give the new model (Eq. (4.7))
:

Vout = V0 − jωM · Vin

Zp(f) (4.7)

If we apply the various data collected (self-inductance, mutual inductance, etc.), while taking
into account generator impedance R0 = 50 Ω, we obtain the graph depicted Fig. 4.16. The
dotted line shows the predicted voltage, the solid line the measured voltage.

Figure 4.16 – Theoretical voltage of inductor pair

We can see that we are not far from reality, with a few differences. One hypothesis is that
the voltage could be induced by an initial current generated by the magnetic field. However,
this idea seems implausible, as it would not result in a stable low-frequency voltage. Even if
it did, the value would be approximately Rs · Vin

Zp
≈ 23 mV , which is considerably higher than

what we observe.
Another potential explanation could be a weak short-circuit between the exciting and sensing
coils, resulting in a stable voltage of around 65µV . To confirm this theory, it would be relevant
to carry out measurements on the detection coil with a fixed voltage from the generator.

The models we have presented are admittedly simplified, and it is likely that certain details
or constants have not been taken into account. Nevertheless, our model accurately describes the
general trend in induced voltage, and provides a basis for predicting future inductance variations
caused by the presence of samples.
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4.2.2 Theoretical inductance variation
Now that we have a model to work from, we can look at what would happen with the

addition of a ferromagnetic sample.
A magnetized ferromagnetic sample will produce its own magnetic field aligned with the

exciting magnetic field. Thanks to (1.32), we know that this additional magnetic flux (Φs) will
induce an additional voltage such that :

ϵ = −jωΦ0 − jωΦs (4.8)

This contribution to the general magnetic flux can be considered as a variation such that :

ϵ = −jω (L0 + ∆Lsample)i (4.9)

The magnetic variation generated by the material is influenced by its magnetic permeability,
its geometry, and any other factor that may modify the perception of the magnetic field it
produces by the inductors. With a higher relative permeability µr, the variation in inductance
∆Lsample should be greater. Note that relative permeability is not the magnetic permeability
perceived by the inductance. Relative permeability describes the magnetic behavior within the
material, but not the magnetic behavior around the material. In this case, we speak of apparent
magnetic permeability [126].

For example, the distance between the sample and the inductor is an important factor to
take into account. The impact of the distance between a ferromagnetic sample and a square
inductor is indeed highlighted in [127] . In Fig. 4.17, we can see that 2 mm of distance can
bring almost 20 % variation on the total inductance value.

Figure 4.17 – Variation of measured inductance as a function of the
deviation between a sample and a square inductance [127].

For this reason, measurements are carried out with a clamp holding the sample against the
inductance, previously insulated with adhesive paper.
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Other parameters such as surface area, thickness and magnetic permeability will be considered
in later sections.

But what impact does this variation have on our induced voltage? As the sample will
influence our two inductors, their inductance values and their mutual inductance will vary. Since
our model depends only on M and Lp, we can consider three cases:

1. ∆Lp = ∆M

2. ∆Lp < ∆M

3. ∆Lp > ∆M

With ∆Lp, the sample variation impacting the primary inductance and ∆M, the variation
impacting the mutual inductance such that the variation is defined as the ratio between the
inductance without the influence of the sample’s magnetic field and the inductance with the
sample’s influence.

In Fig. 4.18, we find an identical variation, i.e. we vary Lp and M by the same ratio. This
case can be encountered if the sample covers both inductances. We can see that a positive
variation, i.e. when Ls < Ls + ∆Ls (conversely M < M + ∆M), induces an earlier transition
into the inductive domain, whereas a negative variation will delay this transition. Note that the
high-frequency voltage remains unchanged.

(a) Positive variation (b) Negative variation

Figure 4.18 – Identical variations in inductance values Lp and M . In
blue, the signal without sample, and in red, the signal with sample.

The first Fig. 4.19a shows the case where the variation is stronger on the mutual inductance
than on the primary inductance, for example when the sample covers only the central inductance.
This variation induces an earlier transition into the inductive domain, but delays it towards
180°. In addition, the high-frequency voltage is greater than expected.

The second Fig. 4.19b shows the opposite case: the inductive domain is reached later and
the fH frequency is reached earlier. In addition, the voltage at high frequency is lower.

In conclusion, the impact of the measured sample on primary and mutual inductances need
to be monitored . If both are affected in the same way, measure at a frequency within the
inductive range, i.e. between fL and fH . If only one of the inductances is affected, it is best to
measure the voltage at high frequencies, i.e. above fH . Voltage can also be measured in the
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(a) Variation ∆Lp < ∆M (b) Variation ∆Lp > ∆M

Figure 4.19 – Variations in inductance values Lp and M . In blue, the
signal without sample, and in red, the signal with sample.

inductive range, but the variation will be less pronounced.

You can also measure the impact of the sample on the phase shift, but avoid the purely
inductive range (i.e. 90°) or the extremes (0° or 180°), as these ranges are less affected by
the sample. Instead, we recommend measuring phase shifts around fL and fH to be sure of
measuring a variation large enough to be detected.

In any case, the impact of the sample is relative. In other words, we are measuring a
difference between the state without sample and the state with sample. This is why it is worth
using a differential system for the final design of the biosensor.

4.2.3 Operating mode
In the next sections, we will study the frequency response of the induced voltage as a function

of the different samples available. First, we will study the variation as a function of surface
area, then as a function of thickness, then as a function of position on the inductance, and fi-
nally, we will highlight the measurement of the different concentrations presented in section 4.1.3.

We supply the external exciting coil with a voltage of 1 V. The voltage induced across the
sensing coil is measured by the MFLI. The phase of our signal is measured relative to the input
signal. The maximum frequency spectrum of the MFLI is swept for 101 measurements with
logarithmic spacing from 1 kHz to 5 MHz.

For each measurement, each sample is measured 5 times, with each sample interchanged
between each measurement, to highlight the repeatability of the measurements. The average of
the measurements and the standard deviation are displayed as amplitude/phase graphs of the
induced voltage. A large standard deviation indicates sensitivity to electromagnetic noise, or a
problem of repeatability between two measurements.

In order to highlight the variation induced by the sample, 3 frequencies are chosen: the first
fL, the theoretical frequency based on the preliminary studies of the previous sections, where
we pass into the inductive domain, fM , the theoretical frequency where the induced voltage
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reaches 90° and a third frequency chosen arbitrarily where the variation seems relevant to be
highlighted.

The frequencies fL and fM are calculated from (4.5) and (4.6) such that:

fL = V0

Vin

· Rp

2πM
= 5.4 · 10−5

1/
√

2
· 1.73

2π0.25
√

8.37 · 10−7 · 2.38 · 10−7
= 6.72 kHz (4.10)

fM = 10
log(fL)+log(FH )

2 = 257.99 ≈ 258 kHz (4.11)

With Vin, the 1√
2 volt generator voltage in Root Mean Square (RMS), and fM taken from

the fact that fL and fH are the frequencies where the phase passes through 45° and 135°
respectively, and according to a logarithmic relationship, half the distance corresponds to 90°.
These frequencies are based on models and measured values. As we shall see, these will be
slightly offset from the phase shifts targeted by these frequencies. In addition, we will choose as
a third arbitrary frequency 50 kHz, which represents a frequency close to the true frequency fM ,
where the phase shift is 90° and amplitude variations are greatest.

Once the measurements of the phase and amplitude of the induced voltage have been put
forward, we will illustrate the relative ratio (Eq. (4.12)) of variation as the absolute difference
between the induced voltage measured without samples, Vout0 , and the induced voltage measured
with sample N, VoutN

, divided by the voltage without sample, thus giving the ratio of variation
due to the presence of the sample.

Ratio = |Vout0 − VoutN
|

Vout0

(4.12)

4.2.4 Variation of sample surface
In this section, we will vary the surface area of our samples. To simplify reading the results,

we will confine ourselves to varying the surface area of a single layer. From Table 4.7, we have
highlighted in blue the samples used (Table 4.8).

Cristallin Amorphous
1 mm2 1 cm2 5 cm2 5 cm2 1 cm2 1 mm2

1 layer Cri-1mm-1L Cri-1cm-1L Cri-5cm-1L Am-5cm-1L Am-1cm-1L Am-1mm-1L
2 ou 5 layers Cri-1mm-2L Cri-1cm-5L Cri-5cm-5L Am-5cm-5L Am-1cm-5L Am-1mm-2L
3 ou 10 layers Cri-1mm-3L Cri-1cm-10L Cri-5cm-10L Am-5cm-10L Am-1cm-10L Am-1mm-3L

Table 4.8 – Highlighting the samples used and their abbreviations

Both types of sample have a high relative magnetic permeability, suggesting an increase
in total system inductance. As discussed in section 4.2.2, this increase in inductance should
translate into a higher induced voltage than that measured at no load, and an accelerated phase
shift in the direction of -90°, then -180°. Furthermore, a larger surface area is likely to have a
greater impact on the system than a smaller one. For example, an area limited to the secondary
inductance will only influence the secondary inductance and the mutual inductance. However,
an extended area will also affect the primary inductance, on which the frequency fL is based,
intensifying the frequency phase shift towards -90°.

Absolute measurements

Figure 4.20 shows the amplitude and phase measurements of the voltage induced across
the sensitive inductor. Figure 4.20a shows measurements taken with crystalline samples, and
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Fig. 4.20b with amorphous samples.

(a) Crystalline samples (b) Amorphous samples

Figure 4.20 – Absolute measurements of induced voltage when samples
with different surfaces are present. The dotted red lines represent the
specific frequencies chosen for the analysis of future graphs

.

As expected, we observe a rise in voltage and an accentuated phase shift for a larger surface
area. A noticeable noise is also perceptible at low frequencies, a phenomenon already detected
during the no-load measurement (see Section 4.2.1).
Variation predictions appear to be consistent. In particular, the induced voltage fluctuates
significantly around a 90° phase shift. In addition, a surface encompassing both inductances
leads to a significant variation in mutual inductance. This is manifested by a much earlier
changeover to -135°, implying a much reduced frequency.

Absolute measurements at specific frequencies

When measuring specific frequencies, measurements are grouped by sample. The measure-
ments in blue represent the mean and standard deviation at frequency fL. The measurement in
red is made at an arbitrarily chosen frequency corresponding to the greatest amplitude variation,
and the last frequency corresponds to the theoretical fM frequency.

In Fig 4.21, amplitude variation is not very pronounced in absolute terms, and we can see
an increase closer to a logarithmic approximation as a function of surface area than a linear
variation.
In contrast, the absolute phase variation is a little more pronounced, particularly at fre-
quency fL = 6.7 kHz. But as the high standard deviation shows, this frequency is subject to a
fair amount of noise.

In addition, the phase variation shows an error in the prediction of frequencies fL and fM .
This would normally indicate the intersection between the phase and the 45° and 90° axes.
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(a) Crystalline samples (b) Amorphous samples

Figure 4.21 – Absolute measurements at three specific frequencies :
the theoretical frequency fL where the phase shift is 45°, the frequency
chosen arbitrarily around the real 90° phase shift and the frequency
fM corresponding theoretically to the 90° phase shift

.

(a) Crystalline samples (b) Amorphous samples

Figure 4.22 – Relative measurements of samples versus induced voltage
without sample: |VNo Sample−VSample|

VNo Sample
. With VNo Sample, the measured

induced voltage with no sample on the inductors, and VSample, the
induced voltage with a sample (Cri-1mm-1L, Cri-1cm-1L or Cri-5cm-
1L) on the inductors.
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Relative measurements

Relative measurements are visually more interesting than absolute ones. As can be seen
in Fig 4.22, the larger surface area implies a much greater variation in amplitude. We find a
relative ratio of around 0.45 against less than 0.1 for smaller surfaces.

In addition, as mentioned several times, we can also highlight the opposition between phase
measurement and amplitude measurement. On the one hand, if you want to measure a strong
amplitude variation, you have to look at the 90° range. But when it comes to phase variation,
it is better to look at transitions, i.e. around 45° and 135°.

Another point to raise is the greater variation on the amorphous side than on the crystalline
side, which contradicts the prediction made in relation to permeability, where a higher perme-
ability translates a higher variation. This point is developed in Section 4.2.6.

Relative measurements at specific frequencies

Figure 4.23 accentuate the exponential profile (Section 1.1) of amplitude variation in relation
to surface area. Thus, between a surface of 1 mm2 and 1 cm2, the variation is relatively minor,
even almost non-existent. However, the change becomes much more marked when comparing
1 cm2 to 5 cm2. This trend can be explained by the fact that the surface area of the sample also
increases exponentially.

Furthermore, in terms of amplitude, although the arbitrary frequency chosen dominates
the other two frequencies when measuring voltage with a large sample area, the theoretical
frequencies fL and fM are not necessarily very far apart. This observation shows that, although
frequency selection is essential to maximize detection, this decision is less constraining for
amplitude than for phase shift. Indeed, for the phase shift, the fluctuation is much more
pronounced at low frequency fL. The theoretical frequency fM , being underestimated, would
have shown a clearer divergence from the arbitrary frequency if it had been estimated with
greater precision.

(a) Crystalline samples (b) Amorphous samples

Figure 4.23 – Measures relating to specific frequencies
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Conclusion

These initial observations of the surface indicate that it is better to have a larger surface
area in order to achieve greater variation. Not surprisingly, the larger the surface area, the
greater the impact on the primary and mutual inductances on which our frequency response
depends. What’s more, amplitude or phase measurement is entirely possible, depending on the
frequency at which the measurement is made.

4.2.5 Sample thickness variation
We now turn to the variation in thickness of the ferromagnetic material. Once again, the

samples used are highlighted in Table 4.9. This time, we keep the median surface, i.e. 1 cm2. We
expect little variation on the low-frequency side fL due to the surface not impacting the primary
inductance. Logically, the greater the thickness, the greater the impact on overall inductance.

Cristallin Amorphous
1 mm2 1 cm2 5 cm2 5 cm2 1 cm2 1 mm2

1 layer Cri-1mm-1L Cri-1cm-1L Cri-5cm-1L Am-5cm-1L Am-1cm-1L Am-1mm-1L
2 ou 5 layers Cri-1mm-2L Cri-1cm-5L Cri-5cm-5L Am-5cm-5L Am-1cm-5L Am-1mm-2L
3 ou 10 layers Cri-1mm-3L Cri-1cm-10L Cri-5cm-10L Am-5cm-10L Am-1cm-10L Am-1mm-3L

Table 4.9 – Highlighting the samples used and their abbreviations

Again in this section, we will highlight 4 pairs of graphs as in the previous section: two pairs
of graphs presenting the absolute measurement over the whole frequency spectrum and at specific
frequencies, and two pairs of graphs of measurements relative to the no-load measurement over
the whole spectrum and also at specific frequencies.

(a) Crystalline samples (b) Amorphous samples

Figure 4.24 – Absolute measurements with and without samples, vary-
ing sample thickness. Dotted vertical lines represent specific frequencies
for measurement comparison

.

For this series of measurements, the variations are more subtle. Looking the graphs in Figs.
4.24a and 4.24b, a general trend can be observed when a sample is present: there is an increase
in the inductance value. In other words, as mentioned earlier, there is an increase in amplitude
between fL and fH and a phase shift that occurs earlier around fL and fH . However, these
variations are modestly perceptible on absolute measurements, particularly on Fig. 4.25. We
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(a) Crystalline samples (b) Amorphous samples

Figure 4.25 – Comparisons of absolute measurements with and without
frequency-specific samples

(a) Crystalline samples (b) Amorphous samples

Figure 4.26 – Relative measurements of samples by varying their
thickness. Dotted vertical lines represent specific frequencies for mea-
surement comparison

.
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(a) Crystalline samples (b) Amorphous samples

Figure 4.27 – Comparisons of relative measurements with and without
frequency-specific samples

can see a slight increase, which could be likened to a linear progression, but our observations do
not go any further.

On the other hand, on the graphs of relative measurements in Figs. 4.26 and 4.27, it is a
little more marked.
As we assumed, increasing the thickness causes the induced voltage to vary linearly, both
in amplitude and phase. This is particularly apparent in the relative amplitude variation
(Fig. 4.27a) of crystalline samples.

Amorphous samples react differently. There is a limit at around the 0.10 relative ratio on
the Fig. 4.26b. This can be due to two factors: an operator problem or a magnetic property
problem such as saturation or magnetic penetration.
For an operator problem, a sample problem would introduce outliers and thus result in a much
higher standard deviation. But here, the three curves, taken separately, seem coherent.
We’re more inclined to think in terms of magnetic properties. As we vary the thickness, we
could evoke a problem of magnetic penetration.

As illustrated in Fig. 4.28, the magnetic field is channeled within the sample, following
the field lines created by the inductance as closely as possible. If the thickness of the sample
increases, this does not necessarily mean that the magnetic field will penetrate further inside.
One hypothesis is that the amorphous nature of our ferromagnetic material could limit this
magnetic penetration, which would explain the curve observed on our graph. To substantiate
this assumption, it would be wise to undertake an in-depth study of the fluctuation in thickness
of the amorphous material, or to test other ferromagnetic materials with a lower permeability
than our amorphous material. This would enable us to determine whether they respond in the
same way, or even more intensely, to our set of inductances.

4.2.6 About magnetic saturation
Another concern is the greater variation with an amorphous sample than with a crys-

talline one, notably visible in Fig. 4.23 where we have a relative ratio of ≈ 0.5 maximum for
the crystalline against ≈ 0.6 for the amorphous. As can also be seen from the graphs 4.26

71



4.2. STUDY OF FREQUENCY RESPONSE

Figure 4.28 – Illustration of magnetic behavior in a ferromagnetic
sample [127]

and 4.27, if we look at the measurement for the first thickness at 50 kHz, the relative mea-
surement of the amorphous sample is much greater (≈ 0.08) than the crystalline sample (≈ 0.02).

Figure 4.29 highlights the above-mentioned differences. For the same surface area and
thickness, in addition to the problem of magnetic penetration, the amorphous sample produces
a greater variation in inductance than the crystalline sample, which is contrary to what was
predicted in theory (Section 4.2.2).

(a) Relative measurements of a crystalline
sample and an amorphous sample

(b) Relative measurements with specific fre-
quencies

Figure 4.29 – Evidence of inconsistency of amorphous sample amplitude
greater than crystalline sample amplitude

This phenomenon is explained by magnetic saturation. Indeed, if we look at the charac-
teristics of our samples as communicated by the manufacturer (Table 4.10), we discover that
amorphous ferromagnetic material has a higher magnetic saturation than crystalline material.

The magnetic permeability describes the linear behavior between the exciting field and the
magnetic field inside the material, as described in Section 1.2.3. In a ferromagnetic material,
this behavior is linear only within a limited range, but for the sake of simplicity, let us assume
that this behavior is linear.
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Fe-based Amorphous Fe-based Nanocrystallin
Saturation Flux Density Bs(T) 1.56 1.25

Initial Permeability µi 5 000 80 000
Max Permeability µm 50 000 400 000

Table 4.10 – Magnetic characteristics of samples

Simulate the magnetic field as :

B0(Vin, f) = i · Ls

Seq

= Vin

Zp

· Lp

Seq

(4.13)

with Seq, the equivalent surface worth davg · N . Let us take an input voltage of 1 V for 1 MHz.
Using conventional inductance data, we obtain :

B0(1, 106) ≈ 60 µT (4.14)
This is well below our saturation magnetic field! Let’s continue by saying that this value is

valid in the vicinity of the material. We know that in the material we have :
µ0µrB = µrB0 = BM (4.15)

If we multiply our magnetic value by the maximum relative magnetic permeability of our
materials, we find :

BMam = 50000 · 60 · 10−6 = 3 T (4.16)
BMcri

= 400000 · 60 · 10−6 = 24 T (4.17)
We can see that we can easily reach our saturation values within the material. This time, let

us apply our various formulas with an input voltage of 0.5 V, so that the material desaturates
in our frequency range of application. We obtain Fig.4.30 giving the magnetic field produced by
our external inductance as well as the magnetic field within our different materials.

Figure 4.30 shows that around 1 MHz, the amorphous material is no longer saturated,
and around 10 MHz, it is the crystalline material’s turn to become unsaturated. So, if our
calculations are correct and we apply a voltage of 0.5 V at the input, we should see a reversal of
trends at around 1 MHz.

Remember that the magnetic field BM within the material is the main element influencing
our inductance, and it is this magnetic field that will induce more or less voltage in our sensitive
inductance. Figures 4.31 and 4.32 represent the same analyses as above, except that this time
we are analyzing frequencies at 100 kHz, 1 MHz and 2.5 MHz, which represent states during
saturation and after desaturation. Beyond these frequencies, the fH frequency is exceeded, and
the relative ratio, because of its absolute nature, gives a truncated value.

As can be seen, the amorphous material has a higher amplitude value before 1 MHz, and
above this value, the crystalline material is above, as predicted by theory. Of course, the models
employed are ideal, and the predicted amorphous desaturation frequency may differ slightly
from the measured one.
This phenomenon is best represented Fig. 4.32b. We can see that the blue (100 kHz) and
red (1 MHz) markers in the relative amplitude ratio are lower in the crystalline case than in the
amorphous, and become higher than the amorphous value with the green (2.5 MHz) markers.

This phenomenon shows that the amplitude of the magnetic field generated and the magnetic
saturation of the materials studied must not be neglected. As nanoparticles behave differently
from a simple ferromagnetic material, this remark may not be valid and requires further research.
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Figure 4.30 – Simulation of the magnetic field produced by induc-
tance (blue), the magnetic field inside crystalline material (green) and
amorphous material (red). The dotted lines represent the thresholds
beyond which B saturates the materials.

(a) Absolute measurements of induced volt-
age. The 3 vertical dotted lines represent the
specific frequencies used to compare measure-
ments

.

(b) Comparisons of absolute measurements at
given frequencies

Figure 4.31 – Absolute measurements with and without samples at
0.5 V input voltage to highlight magnetic saturation
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(a) Relative measurements of induced voltage
.

(b) Comparisons of relative measurements
relating to specific frequencies

Figure 4.32 – Relative measurements of samples at 0.5 V input voltage
to highlight magnetic saturation

4.2.7 Variation of sample position
The final modification explored for our planar inductors concerns the positioning of the

samples on them. For this purpose, we use a nanocrystalline sample with a surface area of
9 mm2 and composed of a single layer (Fig. 4.33a). This size was chosen because it is large
enough to guarantee a meaningful measurement without being too cumbersome, and to overlap
several positions studied simultaneously. The choice of material and number of layers is arbitrary.

We also use a different set of inductors (Fig. 4.33b) from the one initially presented. This
new pair of inductors features an outer inductor with a larger inner diameter, making it easier
to measure the sample when placed between the two inductors. Apart from this change of
equipment, the experimental procedure remains unchanged.

(a) 9 mm2 crystalline sample (b) A pair of inductances whose separation
is greater than the pair previously presented.
Five positions are highlighted

.
Figure 4.33 – Presentation of the material used to highlight the variation
in position

For this experiment, we move the sample to five different positions:
1. The center of the two inductors

75



4.3. CONCLUSION AND PERSPECTIVES

2. On the loops of the internal inductance
3. Between the internal and external inductances
4. On the outer inductance loops
5. Outside inductances
The samples are too small to see any variation in the absolute measurements, so we won’t

show them here. On the other hand, Figs. 4.34a and 4.34 show the variation in induced voltage
as a function of sample position.

(a) Relative measurements of induced voltage (b) Comparisons of relative measurements to
specific frequencies

Figure 4.34 – Relative measurements of sample displacement at five
different positions

It is clear that position mainly influences low frequencies. At high frequencies, the impact is
marginal. Furthermore, it should be noted that the sample positioned outside the inductors (po-
sition 5) generates almost the same voltage variation as the other positions.

At low frequencies, the position with the greatest effect on the inductance value is the one
between the two inductances (position 3). A plausible interpretation would be that energy
exchange between the two inductors is maximized at this position.

But why is the position only relevant at low frequencies? To tell the truth, we have no concrete
hypothesis on this subject. Is it related to wavelength versus material thickness? Or is there a
capacitive effect of the material on the inductances? More detailed analysis of the ferromagnetic
properties of our samples and the magnetic behavior of our inductors would be needed to decide.
A finite element simulation of the device as a whole could probably shed some light on the matter.

4.3 Conclusion and perspectives
In conclusion, the first major point to remember about measuring ferromagnetic samples on

a system of coplanar and concentric exciting/sensing inductors is that it is possible to measure
the induced voltage, and therefore the variation in inductances produced by these samples, in
both amplitudeand phase.
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It is essential to note that this measurement is relative. In other words, a sample-free
voltage measurement is required for quantitative detection of magnetic samples.

For amplitude measurement, we recommend inductive range at frequency fM , where the
offset is -90°. As for phase detection, it is preferable to measure either close to voltage fL,
resulting in a phase shift of -45°, or at frequency fH , where the phase shift is -135°.

As far as sample dimensions are concerned, we recommend choosing a sample that covers the
entire surface of the inductor and is of optimum thickness, thus guaranteeing maximum variation.

If the sample cannot cover the entire inductance, it can be positioned between the two
inductances for low-frequency measurement, or close to or even on the external inductance for
high-frequency measurement.

4.4 Measuring MNP concentration
Let us move on to the measurement of magnetic nanoparticle concentration. Figure 4.35

shows the absolute measurement of the various concentrations presented in Section 4.1.3. As
you can see, the induced variation is far too small to be seen by the naked eye; all we see is the
base voltage induced by the external coil.

(a) Absolute measurements on the frequency
spectrum

(b) Absolute measurements at specific fre-
quencies

Figure 4.35 – Absolute measures of the concentration of samples of
magnetic nanoparticles

So we move on to relative measurements in Fig. 4.36. Our first observation is that we are
indeed detecting something, but this conclusion may be a little strong in view of the significant
noise present in our measurements.
In Section 3.1.2, we talked about the average noise of a 10−7 V magnitude. If we look around
the frequency fL = 6.7 kHz, our relative ratio of ≈ 0. 001 (Fig. 4.36b) and the absolute signal
amplitude of ≈ 10−4 V (Fig. 4.35b) gives us a variation of around 0.001 · 10−4 = 10−7 V, of the
same order of magnitude as our resistive noise. This initial conclusion suggests that we need to
work at higher frequencies, so that the basic induced voltage allows a variation greater than the
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intrinsic noise.

(a) Relative measurements on the frequency
spectrum

(b) Relative measurements to specific frequen-
cies

Figure 4.36 – Relative measurements of the concentration of samples
of magnetic nanoparticles

Indeed, looking at frequencies at 50 kHz (Fig. 4.37a) and 260 kHz (Fig. 4.37b), the standard
deviation is much smaller than at the low frequency. Once again, the measurements prove that
we do detect something, whether in phase or amplitude, but this detection is really low and
remains highly noisy. What is more, no real linear, exponential or other trends can be confirmed.
At present, therefore, our system is based on a simple qualitative measurement, and even this
can be called into question by the presence of significant noise.

(a) Relative measurements to 50 kHz (b) Relative measurements to 260 kHz

Figure 4.37 – Relative measurements of the concentration of magnetic
nanoparticles samples at high frequencies

One way of improving our results would be to optimize the mutual inductance (Section 4.1.2)
on which our high-frequency detection depends (i.e. towards fH , the frequency at which the
signal phase shift is 135°), notably by changing the ratio of the inductance loops. The theoretical
model predicts that mutual inductance is maximum for a ratio of plus or minus 3 loops of
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4.4. MEASURING MNP CONCENTRATION

external inductance to 7 loops of internal inductance.

A second possible way of improving nanoparticle detection is to apply the advice given in the
previous section 4.3, notably by increasing the surface area and thickness of the sample under
the guarantee that the sample has a homogeneously distributed concentration. In addition, we
can further optimize our detection by placing the samples between our two inductors, rather
than in the center of the sensitive inductor.

A third possible approach would be to modify the geometrical parameters to improve the
inductance value (Section 3.1.4), but also to reduce resistive noise, for example, by increasing the
width of the wires. Beware that increasing wire width also increases the parasitic capacitance
between substrate and inductor.

And of course, the best thing to do is to increase the frequency range studied, in particular
by working around the frequency fQmax where the quality factor is maximum, as well as working
more around the frequency fH where the sample induces the most variation. Unfortunately, the
MFLI device used in this work restricts us to frequencies below 5 MHz.
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Chapter 5

Electromagnetic behavior of a
differential system

To improve the detection of magnetic nanoparticles, we considered the use of a differential
system. As we noted earlier (Section 4.3), the measurement is said to be relative, i.e., the
measurement of the voltage induced by a magnetic sample is compared with the measurement
without a magnetic sample in order to be able to correctly detect a variation. In this context,
the use of a differential system becomes more than relevant.

The original idea comes from [10], whose equivalent circuit and schematic are shown in
Figs. 5.1a and 5.1b.

(a) Equivalent circuit : Components 1 and
2 represent primary inductors and compo-
nents 3 and 4 represent secondary inductors,
Cs and Cp represent inter-pair and series
parasitic capacitance respectively. The mea-
surement is taken from a voltage-to-current
converter circuit.

(b) Differential system diagram : p1 and p2
represent the primary inductors of the first
and second pair. s1 and s2 represent the
secondary inductors of the first and second
pair.

Figure 5.1 – Representation of the differential system presented by [10]
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Electromagnetic behavior of a differential system

Note that the inductances L1 and L3 representing the external and internal inductors of
one of the two pairs, are opposite, i.e., their wiring are in opposite directions, the induced
magnetic field opposing each other and thus creating an opposite induced voltage. If the system
is balanced, i.e., if L1 = L2 and L3 = L4 and therefore the mutual inductance is identical within
the two pairs, then the induced voltage from the two sensitive inductances L3 and L4 cancel
each other out. The presence of a magnetic sample unbalances the system and induces a voltage.
This principle is illustrated by the simplified diagram (Fig. 5.2). Equation (5.1) details the
mathematical reasoning, which is only valid if there is no current flowing in the secondary coils,
a strong assumption given that the voltmeter, despite its very high internal resistance, cannot
be considered an ideal open circuit.

A differential system should therefore measure only the variation produced by the presence
of a sample influencing the magnetic field intercepted by the sensitive inductors. In theory, we
should therefore have a voltage that increases only linearly with frequency, the slope of which is
proportional to the magnetic influence. The same applies to phase, which should vary linearly
up to 90°.

Figure 5.2 – Simplified equivalent circuit
of the differential system

Vout = ϵ1 + ϵ2 + jωΦSample

= −jωMIin + jωMIin + jωΦSample

= jωΦSample

(5.1)

This chapter therefore seeks to evaluate the possibilities of using a differential system, in
particular the one presented by [10].
In this context, we also take the opportunity to test two designs other than the one presented
in the previous sections. In Section 4.2.7, we discover that the position of the sample in relation
to the inductors can have an impact, as the sample must be between the two inductors to
maximize the variation induced. In addition, in order to best capture magnetic variations, it is
advisable for the inductors to have the largest possible surfaces. With these two parameters
in mind, we decided to create a second design where the inductors would be interleaved so
that the primary and secondary inductance would be as large as possible, while increasing the
mutual inductance. And as a third design, we are testing two inductors with the same surface
area, but superimposed where the sample will slide between the two.

First, we will develop each design individually, highlighting their electrical characteristics
and frequency response in relation to ferromagnetic samples with variable surface area, and
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5.1. SPECIFICATIONS OF THE THREE DIFFERENTIAL SYSTEMS

hence variable permeability. Then we will compare the various electrical characteristics and
frequency responses between the different designs and the simple exciting/sensing pair. Finally,
we close this chapter by presenting the various advantages and disadvantages of each design, as
well as outlining the potential for improvement and development.

5.1 Specifications of the three differential systems
We have created three differential systems based on a different exciting/sensing pair design:
1. The classic system based on the pair of inductors presented so far, with an internal

inductor, and an external inductor.
2. Another so-called « interleaved » system where the two inductors are on the same surface,

but the two inductors wind together while being insulated. This design improves magnetic
coupling while retaining the constraint of being on a single surface.

3. The final « superposed » system consists of two identical inductors, one on top of the
other. The sample is sandwiched between these two inductors. This system allows higher
inductance values for the primary and secondary inductors, as well as improved magnetic
coupling.

5.1.1 Classical system
The « classic » system is illustrated Fig. 5.3. The first connector supplies power to the

primary inductors, while the second measures the voltage across the two secondary inductors.

(a) KiCad system diagram (b) Printed system picture

Figure 5.3 – « Classic » differential system based on the pair of inductors
studied above

As a reminder, here are the specifications for the pair of internal/external inductors :

Primary Secondary
Rp [Ω] Lp [µH] Cp [pF] fQmax [MHz] fres [MHz] Rs [Ω] Ls [µH] Cs [pF] fQmax [MHz] fres [MHz] M [µH] k

1.73 0.24 1.01 191.15 349.84 2.07 0.837 1.62 79.31 136.48 0.0375 0.21

Table 5.1 – Specifications of the inductors making up the « classic »
differential system

Now let us compare the measurement of single-layer crystalline samples by varying the
surface area. This is equivalent to varying the magnetic permeability, allowing us to quickly
assess the sensitivity of our detector.

As can be seen Fig. 5.4a, the large standard deviation indicates a lower SNR than when
measuring with a single pair. What is more, we can see that the trend of the « No Sample »
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5.1. SPECIFICATIONS OF THE THREE DIFFERENTIAL SYSTEMS

curve is not as expected. In fact, a voltage is measured across the sensitive inductors, which is
the opposite of what was assumed (Eq. (5.1)). This error is due to the fact that the system
is not balanced. This is partly because the primary and secondary inductors are not perfectly
identical, but also because the system is not perfectly open, so a current flows and creates a
voltage caused by the system’s resistance.

(a) Absolute measurements over the frequency
spectrum 1 kHz to 5 MHz

(b) Absolute measurements at specific fre-
quencies

Figure 5.4 – Absolute measurements of single-layer crystalline ferro-
magnetic samples with variable surface area

Figure 5.5 – Comparison of induced voltage with a sample on the left
pair and a sample on the right pair

In addition, we also find an inconsistency in the phase shift, which should be zero without a
sample, but varies up to 90°, symptomatic of a self-inductance, corroborating the thesis of a
non-zero current flowing in the secondary inductor. The negative phase shift of the 5 cm2 sample
(red curve) is due to the fact that it overlaps both inductors, unlike the other two samples. This
negative phase shift suggests that the voltage induced by the mutual inductance is greater than
the voltage induced by the self-inductance.

Despite this, we can see clear detection in the presence of sample, making the detector
functional despite the imbalance in the differential system. This imbalance can be demonstrated
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5.1. SPECIFICATIONS OF THE THREE DIFFERENTIAL SYSTEMS

by measuring the same sample on the left pair of inductors, then on the right pair (left and right
being defined by the orientation of Fig. 5.3b). This imbalance is shown Fig. 5.5. Theoretically,
we should have the same measurement, regardless of the pair on which the sample is placed,
but as we can see, this is not the case at all, proving that we have an imbalance problem in the
differential system.

Figures 5.6 show the relative ratio measurements. One might think that a singularity appears
in the phase shift (Fig. 5.6a) at 30 kHz, but this is merely an artefact arising from the limits
of the relative ratio calculation (Eq. (4.12)). Indeed, our reference value, the measurement
without sample, oscillates around 0° (Fig. 5.4a) at phase level. As we calculate a ratio, when
this reference value approaches 0, a semblance of asymptote appears, giving this singularity
around the phase shift around 30 kHz.

(a) Measurements using the equation R =
|V0−VSample|

V0
. A singularity appears around 30

kHz when the V0 value passes through the 0 V
line.

(b) Measurements relative using the formula
∆V = |V0 − VSample|. The singularity disap-
pears.

Figure 5.6 – Relative measurements of single-layer crystalline ferro-
magnetic samples with variable surface area.

We therefore use a different form to highlight the variation induced by the presence of the
sample, such as :

∆V = |V0 − VSample| (5.2)

This formula directly highlights the voltage difference induced by the presence of the sample.
In particular, we can see a linear slope of the amplitude variation for the 5 cm2 sample, the
value of the slope representing the value of the inductance variation induced by the presence of
our sample. Knowing the variation in the magnetic field picked up by the sensitive inductor
and the intercept area, we can deduce the magnetic permeability of our sample. As we are only
briefly exploring differential systems, we won’t go into this possibility of knowing the apparent
magnetic permeability of a sample, but this subject may be the focus of a later study.

5.1.2 Interleaved system
The second system, called « interleaved », is based on the principle that the magnetic sample

will be better detected if it overlaps the two inductors as much as possible. Based on this idea,
we decided to interleave the two inductors (Fig. 5.7). In this section, we don’t go back over the
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5.1. SPECIFICATIONS OF THE THREE DIFFERENTIAL SYSTEMS

geometrical parameters and their links with the electrical parameters, but the reasoning is the
same as in the previous sections.

(a) KiCad system diagram (b) Printed system picture

Figure 5.7 – « Interleaved » differential system

Table 5.2 shows the electrical parameters of interlaced inductors. These were measured using
the methods presented in the previous chapters. Mutual inductance was measured using the
« classical » method, i.e. by printing an inductor composed of the two inductances in series, then
deducting the value of mutual inductance and magnetic coupling from the different inductances
measured at the VNA.
Two observations can be made about these measurements: the first is that the parameters of
the two primary and secondary inductances are almost equivalent, especially the inductances
where we have 0.45 µH for the primary inductance versus 0.39 µH for the secondary inductance.
The second observation shows that magnetic coupling, and hence mutual inductance, is greatly
improved by this design. Remember that the simple internal/external pair can only have a
maximum magnetic coupling k of 0.46 (Section 4.1.2), compared with 0.62 for our interleaved
pair.

Primaire Secondary
Rp [Ω] Lp [µH] Cp [pF] fQmax [MHz] fres [MHz] Rs [Ω] Ls [µH] Cs [pF] fQmax [MHz] fres [MHz] M [µH] k

1.83 0.45 1.34 118.2 203.95 1.9 0.39 1.22 136.48 231.86 0.26 0.62

Table 5.2 – Specifications of the inductors making up the « interleaved »
differential system

We highlight the measurement of samples using the interleaved differential system (Fig. 5.8).
Unfortunately, the voltage measured is 0.7 V RMS or 1 V. This induced voltage is simply impos-
sible and means that we have a short-circuit in our system. This short-circuit certainly stems
from the welding of the vias, which are extremely close to each other (Fig. 5.7). Nevertheless,
the relative measurement (Fig. 5.8b) still allows us to highlight a variation of ≈ 1 mV around 1
MHz.

Unfortunately, the short-circuit prevented any proper analysis of the system, which had to be
repaired. Despite the risk of short-circuiting due to the proximity of the vias, this design is one
of the most promising. In fact, since the inductances are virtually identical, it makes it easier to
characterize and model the system. What is more, the interleaved arrangement significantly
improves magnetic coupling and hence mutual inductance. Finally, we have repeatedly found
that detection is enhanced if the sample overlaps both inductances, so this design is ideally
suited to this optimization.
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5.1. SPECIFICATIONS OF THE THREE DIFFERENTIAL SYSTEMS

(a) Absolute measurements of induced voltage (b) Relative measurements based on the abso-
lute difference between induced voltages with-
out samples and induced voltages with sam-
ples.

Figure 5.8 – « Interleaved » differential system. Highlighting abso-
lute and relative voltage measurement induced by the presence of
ferromagnetic samples

5.1.3 Superposed system
Following the same logic as the system described above, we assume that we want the sample

between two inductors to cover as large an area as possible. Based on these principles, we
decided to design a so-called « superposed » system where the pairs of inductors would be
arranged one on top of the other (Figs. 5.9a and 5.9b).

(a) KiCad system diagram (b) Printed system picture

Figure 5.9 – Differential system Superposed divided into two pieces
intended to be superposed.

Primary and secondary inductances are exactly the same. We therefore find the same
electrical parameters for the primary and secondary inductances (Table 5.3).
Coupling and mutual inductance are lower than for the interlaced system, but equivalent to the
conventional system. This low value is due to the large distance of almost 1 cm between the
two inductances. This discrepancy is due to a faulty design resulting from the placement of the
connectors used to link the masses of the SMA (Fig. 5.10).

Figure 5.11 shows us the low sample-induced variation, of the order of ≈ 10µV , and a
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Figure 5.10 – Picture of the superimposed PCB. The clamps are used
to keep the system parallel, and the two white cables are used to
connect the grounds.

Primary Secondary
Rp [Ω] Lp [µH] Cp [pF] fQmax [MHz] fres [MHz] Rs [Ω] Ls [µH] Cs [pF] fQmax [MHz] fres [MHz] M [µH] k

2.66 1.19 1.97 60.26 103.76 2.66 1.19 1.97 60.26 103.76 0.30 0.25

Table 5.3 – Specifications of the inductors making up the « superposed »
differential system

constant high-frequency phase shift of 180°. Although this system may seem interesting, the
large gap between the two inductances greatly detracts from the detection quality. What is
more, it would be interesting to check measurements at higher frequencies, but again, the system
limits us to below 5 MHz. Unfortunately, the low variation indicates that this system, in its
current state, is not very effective for detecting samples.

(a) Absolute measurements over the frequency
spectrum 1 kHz to 5 MHz

(b) Relative measurements based on the abso-
lute difference between induced voltages with-
out samples and induced voltages with sam-
ples.

Figure 5.11 – Differential system superposed. Highlighting abso-
lute and relative voltage measurement induced by the presence of
ferromagnetic samples

Figure 5.12 shows us that the system is once again unbalanced, the 4 curves representing
the different possible locations of a sample: between and above the two inductors on the left,
and between and above the two inductors on the right.
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Figure 5.12 – Comparison of relative induced voltage with a sample
between and above the left pair and between and above the right pair.

5.2 Compare systems
Let us compare our different differential systems. Table 5.4 shows the parameters of the

different systems. As discussed, we can see that the best magnetic coupling, and therefore
mutual inductance, comes from the interleaved design.
Apart from the magnetic coupling coefficient, the parameters follow the variation in geometric
specifications, as already discussed in Section 3.1.4. For example, because of its large surface
area, and therefore its high inductance value, the superimposed system gives the lowest frequency
where the quality factor is maximum, but also gives a lower resonant frequency.

Primary Secondary
Rp [Ω] Lp [µH] Cp [pF] fQmax [MHz] fres [MHz] Rs [Ω] Ls [µH] Cs [pF] fQmax [MHz] fres [MHz] M [µH] k

Classic 1.73 0.24 1.01 191.15 349.84 2.07 0.837 1.62 79.31 136.48 0.0375 0.21
Interleaved 1.83 0.45 1.34 118.2 203.95 1.9 0.39 1.22 136.48 231.86 0.26 0.62
Superposed 2.66 1.19 1.97 60.26 103.76 2.66 1.19 1.97 60.26 103.76 0.30 0.25

Table 5.4 – Electrical parameters of various differential systems

Figure 5.13a compares the absolute voltages induced by the presence of a ferromagnetic
sample of the different detection systems seen in this work. Figure 5.13b shows the relative
ratios of sample-induced voltages.

First of all, unfortunately, we can see that our interlaced differential system has a short-circuit
between its primary and secondary inductors, and its high voltage and zero phase are good
indicators of this.

We also note that the slopes of the classical and superimposed systems are almost equal.
Remembering that the slope of our differential systems is theoretically proportional to the
variation in inductance induced by the sample, an identical slope indicates the same impact of
the sample and therefore correct detection of it.

Another possible observation is a comparison of the relative ratios of induced voltages. We
see that the classical differential system and the superimposed system give greater sample
detection than the simple pair of inductors. This supports the view that a differential system
performs better than a simple pair of exciting/sensitive inductors.

An outlier in the relative phase shifts (Fig. 5.13b) forces us to use a symmetrical logarithmic
scale to display negative values too. We can see that the phase varies little with the presence
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(a) Absolute comparison of different induced
voltages

(b) Relative measurements of different in-
duced voltages, using a symmetrical logarith-
mic scale to display negative logarithmic val-
ues.

Figure 5.13 – Comparisons of differential systems and a single pair of
inductors. A 1 cm2 crystalline sample with a single layer was used to
highlight the variations.

of a sample. It is therefore more interesting to look at amplitude. Note, however, that this
observation only applies to the spectrum under study.

Indeed, one of the major problems in studying our differential systems, apart from the fact
that they are unbalanced, is that the spectrum studied is limited by the MFLI. A study over
a wider spectrum would surely highlight a greater phase shift induced by the presence of a
magnetic sample. In addition to being able to study the phase shift, we also find that induced
voltages are lower in our differential systems, giving a lower SNR. A higher frequency would
allow a greater induced voltage and therefore a greater SNR.

5.3 Conclusion
In this chapter, we have shown that differential systems allow better detection of magnetic

samples. Unfortunately, the systems studied have a number of design faults, including short
circuits, poorly positioned connectors and, most importantly, an inductance balancing problem.
What is more, as the secondary inductors are not perfectly open-circuited, a non-zero voltage
is detected in the absence of samples, contrary to the desired effect where the only induced
voltage should be due to the presence of a magnetic sample.

A first solution to the problem of unbalance caused by an initial non-zero current is to take
the voltage not at the terminals of the two secondary inductors, but at the terminals of each of
the secondary inductors and connect them to a differential circuit (Fig. 5.14). If the resistors
R0 are identical, this circuit will give an output voltage equal to the difference between the
voltages of the secondary inductors.

An intelligent design where the inductors are each on their own PCB would allow each
inductor to be replaced individually in the event of failure, thus allowing easier maintenance
and consequently extending the life of the transducer, improving the economic criterion of our
device. Take care to connect the secondary inductor grounds for correct reading of the induced
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Figure 5.14 – Differential circuit. The two secondary inductors are
separated and connected to the terminals of a differential operational
amplifier

voltage.

The superposed system remains a good option, but is more complicated to design and
implement major drawbacks for a system that we hope will be easy to manufacture. If we use
secondary inductors on independent PCB, we can imagine in a future biosensor with notches
where these inductors would be inserted and take the sample in « superposed ». Further studies
would be interesting to show the relevance of this design, but a posteriori, a system of interleaved
inductors remains the most efficient option.

Another possible improvement would be to use the transducer at a higher frequency,
which would improve the SNR and therefore the detection, and also allow us to work at the
frequency where the quality factor is at its maximum, and the inductor is therefore more efficient.
Unfortunately, the measurement tools used in this work are not sufficient to explore this lead.

Despite the short circuit and limited frequency range, we remain convinced that an inter-
leaved inductor design is more efficient than the internal/external design. This is because there’s
better magnetic coupling, and therefore better mutual inductance. What’s more, this design
makes it easier to apply the sample to both inductors, improving magnetic detection.
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Chapter 6

Conclusion and perspectives

The main objective of this thesis was to evaluate the potential use and master the under-
standing of planar inductors for the design of a point-of-care biosensor based on magnetic
nanoparticles meeting the « ASSURED » standards defined by WHO: Affordable, Sensitive,
Specific, User-friendly, Rapid and robust, Equipment-free and Deliverable to end-users.

First, we defined all the theory needed to handle square planar inductors and then compared
it with a concrete example printed on 1.25 cm2 PCB. From the geometric parameters of our print,
we were able to estimate the electrical parameters and compare them with real measurements.
The resistance of the cables, the non-ideality of the vias and structural imperfections create a dif-
ference between theory and reality. However, this difference is negligible and the assembled theory
provides a good model for square planar inductors. For example, using the Greenhouse model, we
get an estimated inductance of 0.26 µH compared to 0.24 µH measured, a difference of barely 7%.

Based on this theory and measurements, we have developed several methods to determine
the mutual inductance between two internal and external square planar inductors. We have
shown that only a maximum magnetic coupling coefficient of k = 0.46 can be achieved. We
have also shown that approximately 2.44 times as many loops are required on the inner inductor
as on the outer inductor to maximize the mutual inductance.

We then presented measurements of an induced voltage of 10 µV amplitude, induced by a
variable magnetic field of 16 µT produced by Helmholtz coils, and were able to derive a model
that is sufficiently reliable to predict the electromagnetic behavior of an inductor, but also
of a pair of exciting/sensing inductors. Both the model and the measurements highlight the
possibility of measuring the variation of inductance in both amplitude and phase as a function
of frequency. In fact, for the amplitude measurement, it is advisable to use the frequency at
which the phase shift between the output voltage and the input voltage of the system is -90°.
When measuring phase variation, we recommend using frequencies where the phase shift is 45°
or 135°.
To study the frequency response of the induced voltage, we used a variety of ferromagnetic
samples with different surfaces, thicknesses, and magnetic permeabilities. These samples proved
that it is possible to detect and measure magnetic variations through the variation of the voltage
induced across our inductors. For example, we were able to detect a nanocrystalline ferromag-
netic sample measuring 1 mm2 and 18 µm thick that induced a variation in induced voltage of
≈ 3%. We used these measurements to highlight the magnetic saturation between our nanocrys-
talline and amorphous samples. We then measured different relative concentrations of magnetic
nanoparticles. Unfortunately, our simple pair of inductors is not efficient enough to make a
quantitative measurement. However, it has been shown that we can make a qualitative mea-
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surement of a variation of a few tenths of a percent in the voltage induced by these concentrations.

Finally, the measurements showed that the position of the sample could affect the quality
of the measurement and that the best place for it was between the two inductors or on the
secondary inductor. In designing differential systems to improve detection, we used this logic of
sample placement to design 2 new designs in addition to the first, based on an internal and an
external inductor.
The first « interleaved » design uses two planar inductors wrapped around each other. This
first design achieves a coupling coefficient greater than k = 0.6, i.e. a mutual inductance value
of 0.26 µH for primary and secondary inductors of 0.45 and 0.39 µH, respectively.
A second design uses two superposed inductors with a larger surface area than the first two pro-
totypes. Unfortunately, this design is more complicated to implement and does not add any real
value. In addition, all of the designs have flaws, including an incipient imbalance in the system.
Nevertheless, we have demonstrated that differential systems improve magnetic detection by tens
of percent. For example, a single pair of inductors detects a 1 cm2 nanocrystalline ferromagnetic
sample, inducing a voltage variation of about ten percent, while a differential system consisting
of two pairs of inductors allows a variation of up to 40% of the initial voltage for the same sample
without a sample. Based on our observations, we proposed a new design by separating the sec-
ondary inductors, thereby improving the induced voltage reading and overall system maintenance.

In conclusion, square planar inductors have great potential for use as efficient and cost-
effective magnetic detectors, and are ideally suited for use in point-of-care devices. This work
highlights a good first theoretical as well as practical understanding of planar inductors, and
demonstrates the possibility of effective use in the form of a differential assembly and interleaved
design.

This work is only a preamble to the possible uses of square planar inductors in magnetic
detection. Many points remain to be developed. First, we need to prove in practice that the
optimized design of the differential circuit is effective. This involves differentiating the voltages
across the secondary inductors using an operational amplifier, as well as optimizing the mutual
inductance, either by using an interleaved design, or by using the optimum ratio between the
number of loops in the primary and secondary inductors.
Most of the models used and developed in this thesis are only sketches and require further
investigation, in particular the effect of the parasitic capacitance between the system and the
substrate, and the equation describing the behavior of the measured output voltage. In fact, an
initial voltage is present in the model, and its origin needs to be further investigated.
We also need to establish the transfer function between the concentration of magnetic nanopar-
ticles and the induced voltage. This requires in-depth knowledge of the behavior of magnetic
nanoparticles, including the optimum frequency for exciting nanoparticles and the limits of the
detection range.
These various points need to be studied over a wider frequency spectrum, as one of the major
limitations of this work remains the limit of a spectrum ranging from 1 kHz to 5 MHz.
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Appendix A

Python code

A.1 VNA analysis
1 from matp lo t l i b import pyplot as p l t
2 import numpy as np
3 import matp lo t l i b as mpl
4
5
6 # =================================== Matp lot l ib parameters

==================================================
7 p l t . s t y l e . use ( ’ seaborn−whi teg r id ’ )
8 mpl . rcParams [ ’ l i n e s . l i n e w i d t h ’ ] = 1
9 mpl . rcParams [ ’ l i n e s . l i n e s t y l e ’ ] = ’− ’

10 p l t . rcParams [ ’ f i g u r e . f i g s i z e ’ ] = [ 7 , 10 ]
11
12
13
14 po la r2z = lambda r , theta : r ∗ np . exp ( 1 j ∗ theta )
15 z2po la r = lambda z : ( np . abs ( z ) , np . ang le ( z ) )
16 dB2Amp = lambda dB : 10∗∗(dB/20)
17
18
19
20
21 mu0 = 4∗np . p i ∗ 10∗∗−7
22 mu_r = 1
23 mu = mu0∗mu_r
24 c = 3∗10∗∗8
25 eps0 = 1/(mu0∗c ∗∗2)
26
27 c o p p e r _ r e s i s t i v i t y = 1 .7 e−8
28
29
30 = lambda f : 2∗np . p i ∗ f
31 Q = lambda ind , f : −2∗np . p i ∗ f ∗( ind .C∗ ind .R∗∗2 − ind . L + ind .C∗ ind . L∗∗2∗(2∗np . p i ∗ f ) ∗∗2) / ind .R
32
33
34 c l a s s Inductance :
35
36 de f __init__ ( s e l f , N, d_in , s , w, t ) :
37 s e l f .N = N
38 s e l f . d_in = d_in
39 s e l f . s = s
40 s e l f .w = w
41 s e l f . d_out = d_in + 2∗(N ∗ w + (N−1)∗ s )
42 s e l f . t = t #[m] t i c k n e s s
43
44 s e l f . rho = ( s e l f . d_out−d_in ) /( s e l f . d_out+d_in )
45 s e l f . d_avg = ( s e l f . d_out+d_in ) /2
46
47 s e l f . S_eq = s e l f . d_avg∗∗2∗N
48
49 s e l f . l = 4∗N∗ s e l f . d_out−4∗N∗w−(2∗N+1)∗∗2 ∗ ( s+w) #length [m]
50 # s e l f . l = 4∗N∗( s e l f . d_out−(w+s ) ∗(N−1) ) #length [m]
51
52 c1 = 1.27

I
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53 c2 = 2.07
54 c3 = 0.18
55 c4 = 0.13
56 s e l f . L = mu∗N∗∗2∗ s e l f . d_avg∗ c1 /2 ∗ ( np . l og ( c2 / s e l f . rho )+c3 ∗ s e l f . rho+c4 ∗ s e l f . rho ∗∗2) #Greenhouse

model
57 s e l f .C = 2∗ s e l f . l ∗ eps0 /np . p i ∗ np . l og ( ( s e l f .w+s e l f . s /2) /( s e l f . s /2) )
58
59 s e l f .R = c o p p e r _ r e s i s t i v i t y ∗ s e l f . l /( s e l f .w∗ s e l f . t )
60 s e l f . f_res = 1/(2∗np . p i ∗np . s q r t ( s e l f . L ∗ s e l f .C) )
61
62 de f setC ( s e l f , f_res ) :
63 s e l f . f_res = f_res
64 r e turn 1/((2∗ np . p i ∗ f_res ) ∗∗2∗ s e l f . L)
65
66 de f setR ( s e l f , f ) :
67 de l ta_s f = lambda f : np . s q r t ( c o p p e r _ r e s i s t i v i t y /( np . p i ∗ f ∗mu) )
68 r e turn c o p p e r _ r e s i s t i v i t y ∗ s e l f . l /( s e l f .w∗ de l ta_s f ( f ) ∗(1−np . exp(− s e l f . t / de l ta_s f ( f ) ) ) )
69
70 de f Z( s e l f , f ) :
71 r e turn ( s e l f .R + 1 j ∗ ( f ) ∗ s e l f . L) /(1+1 j ∗ ( f ) ∗ s e l f .C∗ s e l f .R−(1 j ∗ ( f ) ) ∗∗2∗ s e l f . L∗ s e l f .C)
72 de f f u l l Z ( s e l f , f ) :
73 r e turn ( s e l f . setR ( f ) + 1 j ∗ ( f ) ∗ s e l f . L) / (1+1 j ∗ ( f ) ∗ s e l f .C∗ s e l f . setR ( f ) −(1 j ∗ ( f ) ) ∗∗2∗ s e l f . L∗

s e l f .C)
74 de f Q( s e l f , f ) :
75 r e turn −1∗ ( f ) ∗( s e l f .C∗ s e l f .R∗∗2 − s e l f . L + s e l f .C∗ s e l f . L∗∗2∗ ( f ) ∗∗2) / s e l f .R
76 # ======================================= Read f u n c t i o n

================================================================
77
78 de f readS2P ( dir_path , f i l ename ) :
79 l_frequency , l_S11 , l_S21 , l_S12 , l_S22 = [ ] , [ ] , [ ] , [ ] , [ ]
80
81 f i l e = open ( dir_path + f i l ename , " r " )
82 f o r l i n e in f i l e :
83 i f l i n e [ 0 ] == ’ ! ’ :
84 cont inue
85 e l i f l i n e [ 0 ] == ’#’ :
86 f r eq_unit = l i n e . s t r i p ( ) . s p l i t ( " " ) [ 1 ] . upper ( )
87 i f f r eq_unit == ’GHZ’ :
88 f r eq_unit = 1 e9
89 e l i f f r eq_unit == ’MHZ’ :
90 f r eq_unit = 1 e6
91 e l i f f r eq_unit == ’MHZ’ :
92 f r eq_unit = 1 e3
93 e l i f f r eq_unit == ’HZ ’ :
94 f r eq_unit = 1
95 e l s e :
96 r a i s e ValueError ( "Wrong un i t in the f i l e " )
97
98 dB_or_RI = l i n e . s t r i p ( ) . s p l i t ( " " ) [ 3 ] . upper ( )
99 e l s e :

100 i f dB_or_RI == " RI " :
101 l _ s p l i t = l i n e . s p l i t ( )
102 l_frequency . append ( f l o a t ( l _ s p l i t [ 0 ] ) ∗ f req_unit )
103 l_S11 . append ( f l o a t ( l _ s p l i t [ 1 ] ) + 1 j ∗ f l o a t ( l _ s p l i t [ 2 ] ) )
104 l_S21 . append ( f l o a t ( l _ s p l i t [ 3 ] ) + 1 j ∗ f l o a t ( l _ s p l i t [ 4 ] ) )
105 l_S12 . append ( f l o a t ( l _ s p l i t [ 5 ] ) + 1 j ∗ f l o a t ( l _ s p l i t [ 6 ] ) )
106 l_S22 . append ( f l o a t ( l _ s p l i t [ 7 ] ) + 1 j ∗ f l o a t ( l _ s p l i t [ 8 ] ) )
107
108 e l i f dB_or_RI == "DB" :
109 l _ s p l i t = l i n e . s p l i t ( )
110 l_frequency . append ( f l o a t ( l _ s p l i t [ 0 ] ) ∗ f req_unit )
111 l_S11 . append ( po la r2z (dB2Amp( f l o a t ( l _ s p l i t [ 1 ] ) ) , f l o a t ( l _ s p l i t [ 2 ] ) ) )
112 l_S21 . append ( po la r2z (dB2Amp( f l o a t ( l _ s p l i t [ 3 ] ) ) , f l o a t ( l _ s p l i t [ 4 ] ) ) )
113 l_S12 . append ( po la r2z (dB2Amp( f l o a t ( l _ s p l i t [ 5 ] ) ) , f l o a t ( l _ s p l i t [ 6 ] ) ) )
114 l_S22 . append ( po la r2z (dB2Amp( f l o a t ( l _ s p l i t [ 7 ] ) ) , f l o a t ( l _ s p l i t [ 8 ] ) ) )
115
116
117 f i l e . c l o s e ( )
118 r e turn np . array ( l_frequency ) , np . array ( l_S11 ) , np . array ( l_S21 ) , np . array ( l_S12 ) , np . array ( l_S22 )
119
120 # ==================================== S2P

====================================================================
121
122 L_name ="L1_INTERNE"
123
124 dir_path = r "C: \ Users \ Thal l \OneDrive − UCL\Master\ M m o i r e \Suivi_TFE_DorianVN_partage\Labos\20230715− lab8

II
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\04_08" + " \\ "
125 # dir_path = r "E : " + "\\"
126
127 f i l ename = L_name+" . s2p "
128
129 f requency , S11 , S21 , S12 , S22 = readS2P ( dir_path , f i l ename )
130
131 Z0 = 50
132 dS = (1−S11 ) ∗(1−S22 )−S12∗S21
133
134 Z11 = Z0 ∗ ( (1 + S11 ) ∗ (1 − S22 ) + S12 ∗ S21 ) / ( (1 − S11 ) ∗ (1 − S22 ) − S12 ∗ S21 )
135 Z12 = Z0 ∗ 2 ∗ S12 / ( (1 − S11 ) ∗ (1 − S22 ) − S12 ∗ S21 )
136 Z21 = Z0 ∗ 2 ∗ S21 / ( (1 − S11 ) ∗ (1 − S22 ) − S12 ∗ S21 )
137 Z22 = Z0 ∗ ( (1 − S11 ) ∗ (1 + S22 ) + S12 ∗ S21 ) / ( (1 − S11 ) ∗ (1 − S22 ) − S12 ∗ S21 )
138
139 Y0 = 1/Z0
140 dS = (1 − S11 ) ∗ (1 − S22 ) − S12 ∗ S21
141
142 Y11 = Y0 ∗ ( (1 − S11 ) ∗ (1 − S22 ) + S12 ∗ S21 ) / dS
143 Y12 = −Y0 ∗ 2 ∗ S12 / dS
144 Y21 = −Y0 ∗ 2 ∗ S21 / dS
145 Y22 = Y0 ∗ ( (1 + S11 ) ∗ (1 + S22 ) − S12 ∗ S21 ) / dS
146
147
148 Zin = Z0∗(1+S11 ) /(1−S11 )
149 Zout = Z0∗(1+S22 ) /(1−S22 )
150
151
152 f r e s _ i n = frequency [ np . argmax ( Zin ) ]
153 f re s_out = frequency [ np . argmax ( Zout ) ]
154
155
156 q_factors = np . imag ( S12 ) /np . r e a l ( S12 )
157
158
159 # ==================================== Inductor

====================================================================
160
161
162 L1_interne = Inductance (6 , 2 . 4 e −3, 0 .4 e −3, 0 .4 e −3, 17e −6)
163 L1_externe = Inductance (6 , 13 .2 e −3, 0 .4 e −3, 0 .4 e −3, 17e −6)
164
165 L_data = L1_interne
166
167 # ==================================== Function

====================================================================
168
169 de f moving_average_f i l ter ( data , window_size ) :
170 " " "
171 Apply a moving average f i l t e r to smooth the input data .
172
173 Parameters :
174 data (numpy array ) : The input data to be f i l t e r e d .
175 window_size ( i n t ) : The s i z e o f the moving average window .
176
177 Returns :
178 numpy array : The f i l t e r e d data .
179 " " "
180 window = np . ones ( window_size ) / window_size
181 f i l t e r e d _ d a t a = np . convolve ( data , window , mode=’ same ’ )
182 r e turn f i l t e r e d _ d a t a
183
184
185 # Function to c a l c u l a t e the magnitude o f the impedance
186 de f Z_RL_parallel_C ( f , R, L , C) :
187 omega = 2 ∗ np . p i ∗ f
188 Z_total = (R + 1 j ∗omega∗L) /(1+1 j ∗omega∗C∗R−omega∗∗2∗L∗C)
189 r e turn Z_total
190
191
192
193
194 # ==================================== Main

====================================================================
195
196 # Calcu la te the impedance

III
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197 VNA = Z11+Z22−(Z12+Z21 )
198
199
200 # Create a f i g u r e and axes
201 f i g , ax = p l t . subp lo t s (4 , 1)
202
203 # ====================== F i r s t graphe : Data Amplitude ======================
204 ax [ 0 ] . p l o t ( frequency , np . abs (VNA) , ’ g ’ , l a b e l=’ Magnitude VNA’ )
205
206 ax [ 0 ] . s e t_xsca l e ( " l og " )
207 ax [ 0 ] . s e t_ysca l e ( " l og " )
208 ax [ 0 ] . s e t_y labe l ( "Z Amplitude [ ] " )
209
210 # ====================== Second graphe : Data Phase ======================
211 ax [ 1 ] . p l o t ( frequency , np . ang le (VNA) ∗180/np . pi , ’ g ’ , l a b e l=’ Phase VNA’ )
212
213 ax [ 1 ] . l egend ( bbox_to_anchor =(1 , 0 . 7 5 ) , l o c=’ c e n t e r l e f t ’ )
214
215 ax [ 1 ] . s e t_xsca l e ( " l og " )
216 ax [ 1 ] . s e t_y labe l ( "Z Phase [ ] " )
217
218 # ====================== Third graphe : R ======================
219
220 data = np . r e a l (VNA)
221
222 t h r e s h o l d = 1e−2
223 s tab l e_reg ion = np . abs ( np . d i f f ( data ) ) <= t h r e s h o l d
224 s t a b l e _ f r e q u e n c i e s = frequency [ : − 1 ] [ s tab l e_reg ion ]
225 s t a b l e _ r e s i s t a n c e = data [ : − 1 ] [ s tab l e_reg ion ]
226
227 f i t t ing_R = np . mean( s t a b l e _ r e s i s t a n c e ) # <======= FITTING
228
229 ax [ 2 ] . p l o t ( s t a b l e _ f r e q u e n c i e s , s t a b l e _ r e s i s t a n c e , ’b . ’ , l a b e l=f ’ Treshold : <= { t h r e s h o l d } ’ )
230 ax [ 2 ] . p l o t ( [ s t a b l e _ f r e q u e n c i e s [ 0 ] , s t a b l e _ f r e q u e n c i e s [ − 1 ] ] , np . ones (2 ) ∗ f i tt ing_R , ’ r ’ , l a b e l=f ’Mean : {

f i t t ing_R : . 2 e} ’ )
231 ax [ 2 ] . p l o t ( [ s t a b l e _ f r e q u e n c i e s [ 0 ] , s t a b l e _ f r e q u e n c i e s [ − 1 ] ] , np . ones (2 ) ∗L_data .R, ’b : ’ , l a b e l=f ’ A n a l y t i c a l

: {L_data .R: . 2 e} ’ )
232 ax [ 2 ] . p l o t ( frequency , np . abs ( data ) , ’ g ’ )
233
234 ax [ 2 ] . l egend ( bbox_to_anchor =(1 , 0 . 7 5 ) , l o c=’ c e n t e r l e f t ’ )
235
236 ax [ 2 ] . s e t_y labe l ( " F i t i n g R [ ] " )
237 ax [ 2 ] . s e t_xsca l e ( " l og " )
238 ax [ 2 ] . s e t_ysca l e ( " l og " )
239
240 # ====================== Fourth graphe : L ======================
241
242 data = np . imag (VNA) /(2∗ np . p i ∗ f requency )
243
244 t h r e s h o l d = 0 .3 e−8
245 s tab l e_reg ion = np . abs ( np . d i f f ( data ) ) <= t h r e s h o l d
246 s t a b l e _ f r e q u e n c i e s = frequency [ : − 1 ] [ s tab l e_reg ion ]
247 s tab l e_inductances = data [ : − 1 ] [ s tab l e_reg ion ]
248
249 f i t t i n g _ L = np . mean( s tab le_inductances ) # <======= FITTING
250
251 ax [ 3 ] . p l o t ( s t a b l e _ f r e q u e n c i e s , s tab le_inductances , ’b . ’ , l a b e l=f ’ Treshold : <= { t h r e s h o l d } ’ )
252 ax [ 3 ] . p l o t ( [ s t a b l e _ f r e q u e n c i e s [ 0 ] , s t a b l e _ f r e q u e n c i e s [ − 1 ] ] , np . ones (2 ) ∗ f i t t ing_L , ’ r ’ , l a b e l=f ’Mean : {

f i t t i n g _ L : . 2 e} H ’ )
253 ax [ 3 ] . p l o t ( [ s t a b l e _ f r e q u e n c i e s [ 0 ] , s t a b l e _ f r e q u e n c i e s [ − 1 ] ] , np . ones (2 ) ∗L_data . L , ’b : ’ , l a b e l=f ’ A n a l y t i c a l

: {L_data . L : . 2 e} H ’ )
254 ax [ 3 ] . p l o t ( frequency , np . abs ( data ) , ’ g ’ )
255
256 ax [ 3 ] . l egend ( bbox_to_anchor =(1 , 0 . 7 5 ) , l o c=’ c e n t e r l e f t ’ )
257
258 ax [ 3 ] . s e t_y labe l ( " F i t t i n g L [H] " )
259 ax [ 3 ] . s e t_xsca l e ( " l og " )
260 ax [ 3 ] . s e t_ysca l e ( " l og " )
261
262 # ====================== F i t t i n g vs A n a l y t i c a l ======================
263 f r e s = frequency [ np . argmax ( np . abs (VNA) ) ]
264 f i t t ing_C = 1/((2∗ np . p i ∗ f r e s ) ∗∗2 ∗ f i t t i n g _ L ) # <======= FITTING
265
266 # === F i r s t graphe ===
267 data = Z_RL_parallel_C ( frequency , f i t t ing_R , f i t t ing_L , f i t t ing_C )
268 ax [ 0 ] . p l o t ( frequency , np . abs ( data ) , ’ r : ’ , l a b e l=’ F i t t i n g data ’ )

IV
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269 ax [ 0 ] . p l o t ( f requency [ np . argmax ( np . abs (VNA) ) ] ,
270 np . max( np . abs (VNA) ) , ’ g^ ’ ,
271 l a b e l=" $f_{ r e s }$ "+f ’ : { f requency [ np . argmax ( np . abs ( data ) ) ] /1 e6 : 3 g} MHz ’ )
272 fL = f i t t ing_R /(2∗ np . p i ∗ f i t t i n g _ L )
273 ax [ 0 ] . p l o t ( fL ,
274 Z_RL_parallel_C ( fL , f i tt ing_R , f i t t ing_L , f i t t ing_C ) , ’ gv ’ ,
275 l a b e l=" $f_{L}$ "+f ’ : { fL /1 e3 : 2 g} kHz ’ )
276
277
278 data = Z_RL_parallel_C ( frequency , L_data .R, L_data . L , L_data .C)
279 ax [ 0 ] . p l o t ( frequency , np . abs ( data ) , ’b : ’ , l a b e l=’ Analycal data ’ )
280 ax [ 0 ] . p l o t ( f requency [ np . argmax ( np . abs ( data ) ) ] ,
281 np . max( np . abs ( data ) ) , ’b^ ’ ,
282 l a b e l=" $f_{ r e s }$ "+f ’ : { f requency [ np . argmax ( np . abs ( data ) ) ] /1 e6 : 3 g} MHz ’ )
283 fL = L_data .R/(2∗ np . p i ∗L_data . L)
284 ax [ 0 ] . p l o t ( fL ,
285 Z_RL_parallel_C ( fL , L_data .R, L_data . L , L_data .C) , ’ bv ’ ,
286 l a b e l=" $f_{L}$ "+f ’ : { fL /1 e3 : 2 g} kHz ’ )
287
288
289 ax [ 0 ] . l egend ( bbox_to_anchor =(1 , 0 . 7 5 ) , l o c=’ c e n t e r l e f t ’ )
290
291 # === Second graphe ===
292 data = Z_RL_parallel_C ( frequency , f i t t ing_R , f i t t ing_L , f i t t ing_C )
293 ax [ 1 ] . p l o t ( frequency , np . ang le ( data ) ∗180/np . pi , ’ r : ’ , l a b e l=’ F i t t i n g data ’ )
294
295 data = Z_RL_parallel_C ( frequency , L_data .R, L_data . L , L_data .C)
296 ax [ 1 ] . p l o t ( frequency , np . ang le ( data ) ∗180/np . pi , ’ b : ’ , l a b e l=’ Analycal data ’ )
297
298
299 ax [ 1 ] . l egend ( bbox_to_anchor =(1 , 0 . 7 5 ) , l o c=’ c e n t e r l e f t ’ )
300
301 p l t . x l a b e l ( " Frequency [ Hz ] " )
302
303 p l t . t ight_layout ( )
304 p l t . s a v e f i g ( r "C: \ Users \ Thal l \OneDrive − UCL\Master\ M m o i r e \Suivi_TFE_DorianVN_partage\Labos\ f i g u r e s \

VNA_ANALYSE_CHANGE_NAME. svg " )
305 # Show the p l o t
306 p l t . show ( )

A.2 Mutual inductance analysis
1 from matp lo t l i b import pyplot as p l t
2 import numpy as np
3 import matp lo t l i b as mpl
4
5 from matp lo t l i b . t i c k e r import AutoMinorLocator , Mult ip l eLocator
6
7 # =================================== Matp lot l ib parameters

==================================================
8 p l t . s t y l e . use ( ’ seaborn−whi teg r id ’ )
9 mpl . rcParams [ ’ l i n e s . l i n e w i d t h ’ ] = 1

10 mpl . rcParams [ ’ l i n e s . l i n e s t y l e ’ ] = ’− ’
11 p l t . rcParams [ ’ f i g u r e . f i g s i z e ’ ] = [ 7 , 5 ]
12
13
14 c o l o r = [ " blue " , " green " , " red " , " brown " , " pink " , " purp le " , " orange " , " gray " , " o l i v e " , " cyan " ]
15
16 po la r2z = lambda r , theta : r ∗ np . exp ( 1 j ∗ theta )
17 z2po la r = lambda z : ( np . abs ( z ) , np . ang le ( z ) )
18 dB2Amp = lambda dB : 10∗∗(dB/20)
19
20
21 mu0 = 4∗np . p i ∗ 10∗∗−7
22 mu_r = 1
23 mu = mu0∗mu_r
24 c = 3∗10∗∗8
25 eps0 = 1/(mu0∗c ∗∗2)
26
27 c o p p e r _ r e s i s t i v i t y = 1 .7 e−8
28
29
30 = lambda f : 2∗np . p i ∗ f
31 Q = lambda ind , f : −2∗np . p i ∗ f ∗( ind .C∗ ind .R∗∗2 − ind . L + ind .C∗ ind . L∗∗2∗(2∗np . p i ∗ f ) ∗∗2) / ind .R
32

V



A.2. MUTUAL INDUCTANCE ANALYSIS

33
34 c l a s s Inductance :
35
36 de f __init__ ( s e l f , N, d_in , s , w, t ) :
37 s e l f .N = N
38 s e l f . d_in = d_in
39 s e l f . s = s
40 s e l f .w = w
41 s e l f . d_out = d_in + 2∗(N ∗ w + (N−1)∗ s )
42 s e l f . t = t #[m] t i c k n e s s
43
44 s e l f . rho = ( s e l f . d_out−d_in ) /( s e l f . d_out+d_in )
45 s e l f . d_avg = ( s e l f . d_out+d_in ) /2
46
47 s e l f . S_eq = s e l f . d_avg∗∗2∗N
48
49 s e l f . l = 4∗N∗ s e l f . d_out−4∗N∗w−(2∗N+1)∗∗2 ∗ ( s+w) #length [m]
50 # s e l f . l = 4∗N∗( s e l f . d_out−(w+s ) ∗(N−1) ) #length [m]
51
52 c1 = 1.27
53 c2 = 2.07
54 c3 = 0.18
55 c4 = 0.13
56 s e l f . L = mu∗N∗∗2∗ s e l f . d_avg∗ c1 /2 ∗ ( np . l og ( c2 / s e l f . rho )+c3 ∗ s e l f . rho+c4 ∗ s e l f . rho ∗∗2) #Greenhouse

model
57 s e l f .C = 2∗ s e l f . l ∗ eps0 /np . p i ∗ np . l og ( ( s e l f .w+s e l f . s /2) /( s e l f . s /2) )
58
59 s e l f .R = c o p p e r _ r e s i s t i v i t y ∗ s e l f . l /( s e l f .w∗ s e l f . t )
60
61 de f f u l l C ( s e l f , f_res ) :
62 r e turn 1/((2∗ np . p i ∗ f_res ) ∗∗2∗ s e l f . L)
63
64 de f f u l l R ( s e l f , f ) :
65 de l ta_s f = lambda f : np . s q r t ( c o p p e r _ r e s i s t i v i t y /( np . p i ∗ f ∗mu) )
66 r e turn c o p p e r _ r e s i s t i v i t y ∗ s e l f . l /( s e l f .w∗ de l ta_s f ( f ) ∗(1−np . exp(− s e l f . t / de l ta_s f ( f ) ) ) )
67
68 de f Z( s e l f , f ) :
69 r e turn ( s e l f .R + 1 j ∗ ( f ) ∗ s e l f . L) /(1+1 j ∗ ( f ) ∗ s e l f .C∗ s e l f .R−(1 j ∗ ( f ) ) ∗∗2∗ s e l f . L∗ s e l f .C)
70 de f f a l s e Z ( s e l f , f , R) :
71 r e turn (R + 1 j ∗ ( f ) ∗ s e l f . L) /(1+1 j ∗ ( f ) ∗ s e l f .C∗R−(1 j ∗ ( f ) ) ∗∗2∗ s e l f . L∗ s e l f .C)
72 de f f u l l Z ( s e l f , f ) :
73 r e turn ( s e l f . f u l l R ( f ) + 1 j ∗ ( f ) ∗ s e l f . L) / (1+1 j ∗ ( f ) ∗ s e l f .C∗ s e l f . f u l l R ( f ) −(1 j ∗ ( f ) ) ∗∗2∗ s e l f . L∗

s e l f .C)
74 de f Q( s e l f , f ) :
75 r e turn −1∗ ( f ) ∗( s e l f .C∗ s e l f .R∗∗2 − s e l f . L + s e l f .C∗ s e l f . L∗∗2∗ ( f ) ∗∗2) / s e l f .R
76
77
78
79 N_total = i n t (1 e3 )
80 a t o l = 1e−2
81
82 d_in = 2 .4 e−3
83 w = 0.4 e−3
84 s = 0 .4 e−3
85 t = 17e−6
86
87
88
89 k = [ ]
90 M = [ ]
91 L1 = [ ]
92 L2 = [ ]
93 L_ser ie s = [ ]
94
95 f o r i in range (1 , N_total ) :
96 L1_interne = Inductance ( i , d_in , s , w, t )
97 L1 . append ( L1_interne . L)
98 L2 . append ( Inductance ( N_total−i , L1_interne . d_out+s , s , w, t ) . L)
99 L_ser ie s . append ( Inductance ( N_total , d_in , s , w, t ) . L)

100
101 M. append ( ( L_ser i e s [ −1] − L1[ −1] − L2 [ −1]) /2)
102 k . append (M[ −1]/np . s q r t (L1 [ −1] ∗ L2 [ −1]) )
103
104
105 N = np . arange (1 , N_total )
106
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107 # Create the f i g u r e and the f i r s t Axes i n s t a n c e
108 f i g , ax1 = p l t . subp lo t s ( )
109
110 # Plot k on the f i r s t Axes
111 ax1 . p l o t (N, k , " r " , l a b e l=" k " ) # change the l i n e c o l o r to red
112 ax1 . s e t_y labe l ( " k " , c o l o r=" red " ) # change the l a b e l c o l o r to red
113 ax1 . tick_params ( a x i s=’ y ’ , c o l o r s=’ red ’ ) # change the t i c k c o l o r to red
114 ax1 . xax i s . set_major_locator ( Mult ip l eLocator ( base=N_total //10) ) # Set major t i c k s every N_total /10
115 ax1 . xax i s . set_minor_locator ( AutoMinorLocator (4 ) ) # Set minor t i c k s
116 ax1 . s e t_x labe l ( "Number o f secondary loops $N_s$" )
117
118 # Create the second Axes ins tance , which share s the x−a x i s with ax1
119 ax2 = ax1 . twinx ( )
120
121 # Plot M, L1 , and L2 on the second Axes
122 ax2 . p l o t (N, M, " r : " , l a b e l="M" )
123 ax2 . p l o t (N, L1 , l a b e l=" $L_s$ " )
124 ax2 . p l o t (N, L2 , l a b e l="$L_p$" , c o l o r=" green " )
125 ax2 . s e t_ysca l e ( " l og " )
126 ax2 . s e t_y labe l ( " Inductance [H] " )
127
128 # Create a new x−a x i s with i n v e r t e d va lues
129 ax3 = ax1 . twiny ( )
130 ax3 . set_xlim ( ax1 . get_xlim ( ) [ : : − 1 ] ) # Reverse the x−a x i s l i m i t s
131 ax3 . s e t_x labe l ( "Number o f primary loops $N_p$" )
132 ax3 . xax i s . set_major_locator ( Mult ip l eLocator ( base=N_total //10) ) # Set major t i c k s every N_total /10
133 ax3 . xax i s . set_minor_locator ( AutoMinorLocator (4 ) ) # Set minor t i c k s
134
135
136
137 N_L1eqL2 = np . where ( np . i s c l o s e (L1 , L2 , a t o l=a t o l ) ) [ 0 ] [ 0 ]
138 rapport = i n t (N_L1eqL2)
139 p r i n t ( np . where ( np . i s c l o s e (L1 , L2 , a t o l=a t o l ) ) )
140
141 p r i n t ( f " Rapport : { rapport /( N_total−rapport ) } " )
142 p r i n t ( f " k : {k [ N_L1eqL2 ] } " )
143
144
145 ax1 . p l o t ( np . argmax ( k [ 5 0 : ] ) , np . max( k [ 5 0 : ] ) , " rv " , l a b e l="$N_{k_{max}}$ " + f " = {np . argmax ( k [ 5 0 : ] ) } f o r \n "

+" $k_{max}$ = " + f " {np . max( k [ 5 0 : ] ) : . 2 } " )
146 ax2 . p l o t (N_L1eqL2 , L1 [ N_L1eqL2 ] , " x " , l a b e l="$N_{L_p=L_s}$ "+f " = {N_L1eqL2} " )
147 ax2 . p l o t ( np . argmax (M) , np . max(M) , " r ^ " , l a b e l="$N_{M_{max}}$ "+f " = {np . argmax (M) } " )
148
149 # Add legends f o r both Axes
150 ax1 . l egend ( bbox_to_anchor =(1 .37 ,1 . 13 ) )
151 ax2 . l egend ( bbox_to_anchor =(1 .08 ,0 . 93 ) )
152
153 p l t . s a v e f i g ( r "C: \ Users \ Thal l \OneDrive − UCL\Master\ M m o i r e \Suivi_TFE_DorianVN_partage\Labos\ f i g u r e s \

MUTUAL_CHANGE_NAME. svg " )
154
155 p l t . show ( )

A.3 MFLI induced voltage analysis
1 from matp lo t l i b import pyplot as p l t
2 import numpy as np
3 import matp lo t l i b as mpl
4 import os
5
6 # =================================== Matp lot l ib parameters

==================================================
7 p l t . s t y l e . use ( ’ seaborn−whi teg r id ’ )
8 mpl . rcParams [ ’ l i n e s . l i n e w i d t h ’ ] = 1
9 mpl . rcParams [ ’ l i n e s . l i n e s t y l e ’ ] = ’− ’

10 p l t . rcParams [ ’ f i g u r e . f i g s i z e ’ ] = [ 7 , 5 ]
11
12 # =================================== Function ==================================================
13 de f r ead_txt_f i l e ( f i l e _ p a t h ) :
14 data = [ ]
15 with open ( f i l e_path , ’ r ’ ) as f i l e :
16 f o r l i n e in f i l e :
17 i f not l i n e . s t a r t s w i t h ( ’%’ ) :
18 f r eq , amp, ang le = map( f l o a t , l i n e . s p l i t ( ’ ; ’ ) )
19 data . append ( ( f req , amp, ang le ) )
20 r e turn np . array ( data )

VII
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21
22 de f p r o c e s s _ f o l d e r ( fo lder_path ) :
23 f i l e s = [ os . path . j o i n ( folder_path , f ) f o r f in os . l i s t d i r ( fo lder_path ) i f f . endswith ( ’ . txt ’ ) ]
24 a l l_data = [ read_txt_f i l e ( f ) f o r f in f i l e s ]
25
26 # Determine the minimum length
27 min_len = min ( [ l en ( data ) f o r data in a l l_data ] )
28
29 # Truncate data f i l e s to the minimum length
30 truncated_data = [ data [ : min_len ] f o r data in a l l_data ]
31
32 means = np . mean( truncated_data , a x i s =0)
33 s t d s = np . std ( truncated_data , a x i s =0)
34
35 r e turn means , s t d s
36
37 de f plot_exact ( f o l d e r s , names , s p e c i f i c _ f r e q s ) :
38 f i g 1 , axs = p l t . subp lo t s (2 , 1)
39 l i n e s = [ ]
40
41 speci f ic_amplitudes_mean = [ ]
42 speci f ic_phases_mean = [ ]
43 spec i f i c_ampl i tudes_std = [ ]
44 spec i f i c_phase s_std = [ ]
45
46 e l i n e w i d t h = 0 .5 # Adjust t h i s va lue to your p r e f e r e n c e
47
48 f o r f o l d e r , name in z ip ( f o l d e r s , names ) :
49 means , s t d s = p r o c e s s _ f o l d e r ( f o l d e r )
50
51 # Amplitude p l o t
52 l i n e 0 = axs [ 0 ] . e r r o r b a r ( means [ : , 0 ] , means [ : , 1 ] , y e r r=s t d s [ : , 1 ] , l a b e l=name , e l i n e w i d t h=

e l i n e w i d t h )
53
54 # Angle p l o t
55 axs [ 1 ] . e r r o r b a r ( means [ : , 0 ] , means [ : , 2 ] , y e r r=s t d s [ : , 2 ] , l a b e l=name , e l i n e w i d t h=e l i n e w i d t h )
56 l i n e s . append ( l i n e 0 )
57
58 # S p e c i f i c f r e q u e n c i e s mean and std c a l c u l a t i o n s
59 f r e q _ i n d i c e s = [ np . abs ( means [ : , 0 ] − f r e q ) . argmin ( ) f o r f r e q in s p e c i f i c _ f r e q s ]
60 speci f ic_amplitudes_mean . append ( means [ f r eq_ind i c e s , 1 ] )
61 speci f ic_phases_mean . append ( means [ f r eq_ind i c e s , 2 ] )
62 spec i f i c_ampl i tudes_std . append ( s t d s [ f r eq_ind i c e s , 1 ] )
63 spec i f i c_phase s_std . append ( s t d s [ f r eq_ind i c e s , 2 ] )
64
65 # Formatting the f requency p l o t s
66 f o r ax in axs :
67 ax . s e t_xsca l e ( " l og " )
68 ax . xax i s . g r i d ( True , which=’ both ’ ) # Add g r i d l i n e s f o r x−a x i s
69
70 axs [ 0 ] . s e t_y labe l ( " Amplitude [V] " )
71 axs [ 0 ] . s e t_ysca l e ( " l og " )
72 axs [ 1 ] . s e t_y labe l ( " Phase [ d e g ] " )
73 f i g 1 . l egend ( l i n e s , names , l o c=’ c e n t e r r i g h t ’ , bbox_to_anchor =(1.15 , 0 . 5 ) , frameon=True , f a c e c o l o r=’

white ’ )
74 p l t . x l a b e l ( " Frequency [ Hz ] " , weight=’ bold ’ , f o n t s i z e =12)
75 p l t . t ight_layout ( )
76 p l t . show ( )
77
78
79
80 # New f i g u r e f o r s p e c i f i c f r e q u e n c i e s
81 f i g 2 , axs2 = p l t . subp lo t s (2 , 1)
82 x_ticks = np . arange ( l en ( names ) )
83 o f f s e t = 0 .2 # This va lue determines how f a r each f requency i s from the main x−a x i s va lue . Adjust as

needed .
84 c o l o r s = [ ’b ’ , ’ r ’ , ’ g ’ , ’m’ , ’ y ’ , ’ c ’ , ’ k ’ ] # Assuming you have max 7 s p e c i f i c f r e q u e n c i e s . Extend

t h i s l i s t i f needed .
85 handled_frequenc ies = s e t ( ) # Set to ensure each f requency i s added to the legend only once
86 e l i n e w i d t h = 0 .5 # Adjust t h i s va lue to your p r e f e r e n c e
87
88 f o r idx_freq , f r e q in enumerate ( s p e c i f i c _ f r e q s ) :
89 f o r idx_name , name in enumerate ( names ) :
90 x_pos i t ion = x_ticks [ idx_name ] + idx_freq ∗ o f f s e t − ( l en ( s p e c i f i c _ f r e q s ) − 1) ∗ o f f s e t / 2
91 i f f r e q not in handled_frequenc ie s :
92 label_amp = f ’ { f r e q : . 1 e} Hz ’ # Format the f requency in s c i e n t i f i c notat ion

VIII
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93 handled_frequenc ies . add ( f r e q ) # Mark t h i s f requency as handled
94 e l s e :
95 label_amp = None # This ensure s the l a b e l i s added to the legend only once
96 axs2 [ 0 ] . e r r o r b a r ( x_posit ion , speci f ic_amplitudes_mean [ idx_name ] [ idx_freq ] , ye r r=

spec i f i c_ampl i tudes_std [ idx_name ] [ idx_freq ] , l a b e l=label_amp , c a p s i z e =3, c o l o r=c o l o r s [ idx_freq ] , fmt=’
. ’ , e l i n e w i d t h=e l i n e w i d t h )

97 axs2 [ 1 ] . e r r o r b a r ( x_posit ion , speci f ic_phases_mean [ idx_name ] [ idx_freq ] , ye r r=
spec i f i c_phase s_std [ idx_name ] [ idx_freq ] , c a p s i z e =3, c o l o r=c o l o r s [ idx_freq ] , fmt=’ . ’ , e l i n e w i d t h=
e l i n e w i d t h )

98
99

100 axs2 [ 0 ] . s e t_y labe l ( " Amplitude [V] " )
101 axs2 [ 0 ] . s e t _ x t i c k s ( x_ticks )
102 axs2 [ 0 ] . s e t _ x t i c k l a b e l s ( [ ] ) # Remove x−a x i s l a b e l s f o r the f i r s t subplot
103 axs2 [ 0 ] . s e t_ysca l e ( " l og " )
104 axs2 [ 0 ] . g r i d ( True , a x i s=" both " , which=’ both ’ ) # Add g r i d l i n e s f o r x−a x i s
105
106 axs2 [ 1 ] . s e t_y labe l ( " Phase [ d e g ] " )
107 axs2 [ 1 ] . s e t _ x t i c k s ( x_ticks )
108 axs2 [ 1 ] . s e t _ x t i c k l a b e l s ( names , r o t a t i o n =20, ha=’ r i g h t ’ )
109
110 # Adding legend in the c e n t e r r i g h t with white background
111 handles , l a b e l s = axs2 [ 0 ] . get_legend_handles_labels ( )
112 f i g 2 . l egend ( handles , l a b e l s , l o c=’ c e n t e r r i g h t ’ , bbox_to_anchor =(1.15 , 0 . 5 ) , frameon=True , f a c e c o l o r=

’ white ’ )
113
114 p l t . t ight_layout ( )
115 p l t . show ( )
116
117
118
119 de f p l o t _ r e l a t i v e ( f o l d e r s , names , s p e c i f i c _ f r e q s ) :
120 f i g 1 , axs = p l t . subp lo t s (2 , 1)
121 l i n e s = [ ]
122
123 ref_means , r e f_s tds = p r o c e s s _ f o l d e r ( f o l d e r s [ 0 ] ) # Get the data f o r the r e f e r e n c e f o l d e r
124
125 e l i n e w i d t h = 0 .5 # Adjust t h i s va lue to your p r e f e r e n c e
126
127 f o r f o l d e r , name in z ip ( f o l d e r s [ 1 : ] , names [ 1 : ] ) : # Skipping the f i r s t f o l d e r , as i t i s our r e f e r e n c e
128 means , s t d s = p r o c e s s _ f o l d e r ( f o l d e r )
129 rat io_ampl i tude = np . abs ( ref_means [ : , 1 ] − means [ : , 1 ] ) / ref_means [ : , 1 ]
130 rat io_phase = np . abs ( ref_means [ : , 2 ] − means [ : , 2 ] ) / ref_means [ : , 2 ]
131
132
133 # Calcu la te the standard d e v i a t i o n s f o r the r a t i o va lue s
134 std_ratio_amplitude = rat io_ampl itude ∗ np . s q r t ( ( r e f_s tds [ : , 1 ] / ref_means [ : , 1 ] ) ∗∗2 + ( s t d s [ : ,

1 ] / means [ : , 1 ] ) ∗∗2)
135 std_ratio_phase = rat io_phase ∗ np . s q r t ( ( r e f_s tds [ : , 2 ] / ref_means [ : , 2 ] ) ∗∗2 + ( s t d s [ : , 2 ] /

means [ : , 2 ] ) ∗∗2)
136
137 l i n e 0 = axs [ 0 ] . e r r o r b a r ( means [ : , 0 ] , rat io_amplitude , ye r r=std_ratio_amplitude , l a b e l=name ,

e l i n e w i d t h=e l i n e w i d t h )
138 axs [ 1 ] . e r r o r b a r ( means [ : , 0 ] , rat io_phase , ye r r=std_ratio_phase , l a b e l=name , e l i n e w i d t h=e l i n e w i d t h

)
139 l i n e s . append ( l i n e 0 )
140
141 f o r ax in axs :
142 ax . s e t_xsca l e ( " l og " )
143 ax . xax i s . g r i d ( True , which=’ both ’ ) # Add g r i d l i n e s f o r x−a x i s
144
145 f o r f r e q in s p e c i f i c _ f r e q s :
146 axs [ 0 ] . a x v l i n e ( ref_means [ np . abs ( ref_means [ : , 0 ] − f r e q ) . argmin ( ) , 0 ] , c o l o r=’ red ’ , l i n e s t y l e=’ : ’ )
147 axs [ 1 ] . a x v l i n e ( ref_means [ np . abs ( ref_means [ : , 0 ] − f r e q ) . argmin ( ) , 0 ] , c o l o r=’ red ’ , l i n e s t y l e=’ : ’ )
148
149 axs [ 0 ] . s e t_y labe l ( " Amplitude Ratio " )
150 axs [ 1 ] . s e t_y labe l ( " Phase Ratio " )
151 f i g 1 . l egend ( l i n e s , names [ 1 : ] , l o c=’ c e n t e r r i g h t ’ , bbox_to_anchor =(1.15 , 0 . 5 ) , frameon=True , f a c e c o l o r

=’ white ’ )
152 p l t . x l a b e l ( " Frequency [ Hz ] " , weight=’ bold ’ , f o n t s i z e =12)
153 p l t . t ight_layout ( )
154 p l t . show ( )
155
156 # Update the second p l o t to show r a t i o s f o r s p e c i f i c f r e q u e n c i e s
157 f i g 2 , axs2 = p l t . subp lo t s (2 , 1)
158 x_ticks = np . arange ( l en ( names ) − 1) # Adjusted f o r sk ipp ing r e f e r e n c e f o l d e r
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159 o f f s e t = 0 .2 # This va lue determines how f a r each f requency i s from the main x−a x i s va lue . Adjust as
needed .

160 c o l o r s = [ ’b ’ , ’ r ’ , ’ g ’ , ’m’ , ’ y ’ , ’ c ’ , ’ k ’ ] # Assuming you have max 7 s p e c i f i c f r e q u e n c i e s . Extend
t h i s l i s t i f needed .

161
162 f o r idx_freq , f r e q in enumerate ( s p e c i f i c _ f r e q s ) :
163 re f_idx = np . abs ( ref_means [ : , 0 ] − f r e q ) . argmin ( )
164 ref_amp = ref_means [ ref_idx , 1 ]
165 ref_phase = ref_means [ ref_idx , 2 ]
166 ref_amp_std = re f_s tds [ ref_idx , 1 ]
167 ref_phase_std = re f_s tds [ ref_idx , 2 ]
168
169 f o r idx_name , name in enumerate ( names [ 1 : ] ) : # Skipping the f i r s t name , as i t i s our r e f e r e n c e
170 means , s t d s = p r o c e s s _ f o l d e r ( f o l d e r s [ idx_name + 1 ] ) # +1 because we ’ re sk ipp ing the

r e f e r e n c e
171 data_idx = np . abs ( ref_means [ : , 0 ] − f r e q ) . argmin ( )
172 amp = means [ data_idx , 1 ]
173 phase = means [ data_idx , 2 ]
174 amp_std = s t d s [ data_idx , 1 ]
175 phase_std = s t d s [ data_idx , 2 ]
176
177 ratio_amp = np . abs ( ref_amp − amp) / ref_amp
178 rat io_phase = np . abs ( ref_phase − phase ) / ref_phase
179
180 std_ratio_amplitude = ratio_amp ∗ np . s q r t ( ( ref_amp_std / ref_amp ) ∗∗2 + ( amp_std / amp) ∗∗2)
181 std_ratio_phase = rat io_phase ∗ np . s q r t ( ( ref_phase_std / ref_phase ) ∗∗2 + ( phase_std / phase )

∗∗2)
182
183 x_pos i t ion = x_ticks [ idx_name ] + idx_freq ∗ o f f s e t − ( l en ( s p e c i f i c _ f r e q s ) − 1) ∗ o f f s e t / 2
184 label_amp = f ’ { f r e q : . 1 e} Hz ’ i f idx_name == 0 e l s e None # Only l a b e l the f i r s t time
185 axs2 [ 0 ] . e r r o r b a r ( x_posit ion , ratio_amp , ye r r=std_ratio_amplitude , l a b e l=label_amp , c a p s i z e =3,

c o l o r=c o l o r s [ idx_freq ] , fmt=’ . ’ , e l i n e w i d t h=e l i n e w i d t h )
186 axs2 [ 1 ] . e r r o r b a r ( x_posit ion , ratio_phase , ye r r=std_ratio_phase , c a p s i z e =3, c o l o r=c o l o r s [

idx_freq ] , fmt=’ . ’ , e l i n e w i d t h=e l i n e w i d t h )
187
188 axs2 [ 0 ] . s e t_y labe l ( " Amplitude Ratio " )
189 axs2 [ 0 ] . s e t _ x t i c k s ( x_ticks )
190 axs2 [ 0 ] . s e t _ x t i c k l a b e l s ( [ ] ) # Remove x−a x i s l a b e l s f o r the f i r s t subplot
191 axs2 [ 0 ] . g r i d ( True , a x i s=" both " , which=’ both ’ ) # Add g r i d l i n e s f o r x−a x i s
192
193 axs2 [ 1 ] . s e t_y labe l ( " Phase Ratio " )
194 axs2 [ 1 ] . s e t _ x t i c k s ( x_ticks )
195 axs2 [ 1 ] . s e t _ x t i c k l a b e l s ( names [ 1 : ] , r o t a t i o n =20, ha=’ r i g h t ’ )
196
197 # Adding legend in the c e n t e r r i g h t with white background
198 handles , l a b e l s = axs2 [ 0 ] . get_legend_handles_labels ( )
199 f i g 2 . l egend ( handles , l a b e l s , l o c=’ c e n t e r r i g h t ’ , bbox_to_anchor =(1.15 , 0 . 5 ) , frameon=True , f a c e c o l o r=

’ white ’ )
200
201 p l t . t ight_layout ( )
202 p l t . show ( )
203
204
205
206
207 i f __name__ == "__main__" :
208
209 f o lders_path = [
210 r "C: \ Users \ Thal l \OneDrive − UCL\Master\ M m o i r e \Suivi_TFE_DorianVN_partage\Labos\

Bonnes mesures \MFLI\L1_1k_to_5M_1V_all_x5\NoSample " ,
211 r "C: \ Users \ Thal l \OneDrive − UCL\Master\ M m o i r e \Suivi_TFE_DorianVN_partage\Labos\

Bonnes mesures \MFLI\L1_1k_to_5M_1V_all_x5\Cri_10mm_1c" ,
212 r "C: \ Users \ Thal l \OneDrive − UCL\Master\ M m o i r e \Suivi_TFE_DorianVN_partage\Labos\

Bonnes mesures \MFLI\L1_1k_to_5M_1V_all_x5\Cri_10mm_5c" ,
213 r "C: \ Users \ Thal l \OneDrive − UCL\Master\ M m o i r e \Suivi_TFE_DorianVN_partage\Labos\

Bonnes mesures \MFLI\L1_1k_to_5M_1V_all_x5\Cri_10mm_10c"
214 ]
215
216 measure_Name = [
217 "No Sample " ,
218 " Cri_1cm _1L " ,
219 " Cri_1cm _5L " ,
220 " Cri_1cm _10L " ,
221 ]
222
223 # . . . [ Your fo lder_path and measure_Name d e f i n i t i o n s ] . . .

X



A.3. MFLI INDUCED VOLTAGE ANALYSIS

224 s p e c i f i c _ f r e q u e n c i e s = [ 1 e3 , 1e5 , 1 e6 ] # Change t h i s l i s t based on the f r e q u e n c i e s you are
i n t e r e s t e d in

225
226 # Plot exact va lue s
227 plot_exact ( fo lders_path , measure_Name , s p e c i f i c _ f r e q u e n c i e s )
228
229 # Your r e f e r e n c e f o l d e r path here :
230 r e f e r e n c e _ f o l d e r = r "C: \ Users \ Thal l \OneDrive − UCL\Master\ M m o i r e \Suivi_TFE_DorianVN_partage\Labos\

Bonnes mesures \MFLI\L1_1k_to_5M_1V_all_x5\NoSample "
231
232 # Plot r e l a t i v e d i f f e r e n c e s
233 p l o t _ r e l a t i v e ( fo lders_path , measure_Name , s p e c i f i c _ f r e q u e n c i e s )

XI
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