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Abstract

This research falls in line with the development of a point-of-care system for water
quality monitoring by means of a paper-based sensor using the Later Flow Assay (LFA)
technique. Specifically, this LFA employs superparamagnetic nanoparticles as label to detect
bacteria in water. The main objective is to create a low-cost, portable system suitable
for regions with significant water quality issues, but limited resources and equipment for
monitoring.

The main focus of this work is the design of a magnetic sensor to detect and quantify
nanoparticles at the LFA test line, with the constraint of using only off-the-shelf components
to ensure affordability and portability. Two inductor-based solutions are explored.

The first solution is based on a design proposed in an article, that uses two pairs of
primary-secondary coils. The primary inductors induce currents in their respective secondary
coils, and the presence of nanoparticles is detected by measuring variations in the induced
current. However, this method proved unsuitable in this context of this work, due to both
sensitivity issues and complexity of implementation.

The second solution measures the frequency variation in the oscillation frequency of an
LC-oscillator. The presence of nanoparticles in the inductor of the oscillator causes a shift
in its inductance value, thereby altering the frequency at which the circuit oscillates. This
approach yielded promising results, detecting down to 15 pg of nanoparticles on a sample,
and displaying a linear relationship between the mass of nanoparticles and the amplitude of
the frequency variation. Moreover, both the oscillator and the entire frequency-conditioning
chain can be implemented with off-the-shelf components and a Teensy microcontroller.
Several improvements were identified that could further lower the limit of detection reached
in this initial iteration.
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Introduction

Ensuring access to safe, drinkable water on a daily basis is essential to prevent the
spread of diseases and infections. However, the regions where the access to clean water
often lack the resources and equipment for an effective water quality monitoring. To address
this issue, a point-of-care bacteria biosensor is being developed. To be used in this context,
this sensor has to meet several constraints. It must be low-cost, portable, user-friendly for
non-specialized personnel, and capable of providing rapid, robust, and sensitive detection.

The solution that is currently explored utilizes the Lateral Flow Assay (LFA) technique

to detect the presence of bacteria in the water. The principle of operation of the LFA is
illustrated in Figure [T}
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Figure 1: Working principle of the LFA. The analyte is deposited on the sample pad and moves
up the membrane by capillarity. When it reaches the conjugate pad, the targeted agent conjugates
with functionalized nanoparticles. These nanoparticles are then brought by the target agent to the
test and control lines, where they can be detected. Image from [1)

The analyte with the targeted agent we want to detect is deposited on the sample pad of the
test, and moves up the length of the membrane by capillarity. At the conjugate pad, the
target agent binds with a labelled detection reagent, which is then brought to the test and
control zones. The detection reagent is typically one or more different antibodies conjugated
to a nanoparticle label. Depending on the type of label that is used, the actual detection can
be colorimetric, non-colorimetric or magnetic [1]. LFA offers several advantages, including
an analysis time of less than 30 minutes, ease of use, low cost, repeatability, and the absence
of the need for specialized equipment [2].

This research focuses on a LFA with a paper-based analytical membrane, combined
with superparamagnetic nanoparticles (MNP) as the detection reagent. The main benefit of
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using MNP as reagent is that, contrary to colorimetric or non-colorimetric methods relying on
optical detection, detection of MNP is carried out through a magnetic sensor. This approach
allows for a quantitative detection, with a precise measurement of the concentration of the
target agent, as opposed to the qualitative detection offered by other labelling method.

This work in particular focuses on the development of the magnetic sensor for detecting
and quantifying the MNP in the LFA. Various methods exist to detect nanoparticles, with
some capable of detecting the presence of a single bead [3]. However, for this magnetic
sensor to be relevant in the context of this research, it must meet the specifications on
cost, portability, and usability by non-specialized personnel. The decision was then made to
develop a solution implementable with off-the-shelf components only, based on inductors.
The use of off-the-shelf components ensures the portability and low-cost, and inductors
are cheap and easy to make. Finally, a usual LFA test can contain from 0.1 to 50 ng of
nanoparticles, which gives the operation range of the sensor.

The main objective of this work is to determine whether it is feasible to build a
transducer sensitive enough to detect nanoparticles quantities in the ng range, using only
off-the-shelf components. Two solution are explored in this thesis.

The first solution is based on a design proposed in an article, that uses two pairs of
primary-secondary coils. The primary coils induce a current in their respective secondary
coils, and the nanoparticles are detected by measuring variations in this induced current.
However, this method proved unsuitable in this context of this work, due to both sensitivity
issues and complexity of implementation.

The second solution measures the frequency variation in the oscillation frequency of an
LC-oscillator. The presence of MNP in the inductor of the oscillator causes a shift in its
inductance value, thereby altering the oscillation frequency of the oscillator. This solution
offers the advantage that it can be fully implemented with off-the-shelf components, ensuring
low-cost and portability. The measurement of this frequency can be performed with a simple
microcontroller, which also makes it possible to develop an accessible user interface.

This thesis is organized in three main chapters. The first chapter provides a brief consists
of a review of the main nanoparticles detection techniques that are used in LFA contexts.
The second chapter focuses on the first solution that was explored, first by introducing the
theoretical concepts involved, then by discussing an actual implementation. As this technique
proved ineffective in this work, the third chapter develops the second technique that was
explored. A theoretical background is given, then a practical implementation is presented
and its performance regarding nanoparticles detection are discussed. Finally, perspectives
are given for future works to improve the performance of the second system, along with a
summary of the conclusions reached throughout this thesis.
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Chapter 1

State of the art

1.1 Nanoparticles detection techniques

There exist multiple techniques to detect the presence of nanoparticles, each with their
advantages and disadvantages. A review of the different techniques that can be used to
detect nanoparticles, with their main advantages and disadvantages, can be found in [4] and
[3]. However, in the context of Lateral Flow Assay, there are four techniques that are usually
preferred [5]:

« Sensor based on the Giant Magnetoresistance effect (GMR)
« Frequency mixing

o Measurement of the resonant frequency of a coil

o Impedance measurement of a coil

While the first technique uses a magnetoresistive magnetometer, all the others are
based on coils. The main advantage of using coils is their linearity and the fact that it is
possible to detect magnetic signals in a broad range. The technique based on GMR is also
able to measure fields in a relatively high range, although not as broad as with coils. Figure
[1.1] compares the range of detection of various ways of measuring magnetic field, with both
the search coil and the magnetoresistive magnetometer among the sensors with the highest
range.

Detectable Field (Gauss)
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1071 107 1072 107 106
T
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Figure 1.1: Detection range of the different techniques used to measure a magnetic field. 1 G =
10~* mT. Image taken from [6]
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1.1.1 Giant magneto resistance

The GMR effect is a change in the electrical resistance of a sensor, when an external
field is applied. This sensor is composed of several thin ferromagnetic layers alternating with
nonmagnetic layers in order to amplify the magnetoresitance effect. In the presence of an
external magnetic field, the magnetization of the ferromagnetic layers relative to each other
changes, causing a change in the resistivity of the sensor. This effect was discovered in
1988 by Albert Fert and Peter Griinberg, discovery for which they received the 2007 Nobel
Prize in Physics.

If the magnetization of the different layers is parallel, the resistance is lower than if the
alignment is antiparallel. Figure [1.2]illustrates this concept for a two-layers sensor.
The magnitude of this effect can be defined as :

AR Ry — Ry
R Ry

(1.1)

Here, Ry, and R4y are, respectively, the resistivity for parallel and antiparallel alignment.
This effect is caused by the fact that the transport of electrons in a magnetic metal depends
on their spin. If a magnetic field is applied, it changes the direction of the electron spins and
have an impact on the alignment of the layers’” magnetization and hence the resistivity of
the sensor.

b

Figure 1.2: GMR double layer in Current in Plane configuration. (a) Layer magnetization M
and My parallel, the sensor resistivity is low ; (b) Layer magnetization My and Ms antiparallel
relative to each other, the sensor resistivity is high. N M is the nonmagnetic layer and J the current
density in the sensor. Image from [[7]/

To detect nanoparticles using this technique, a biasing magnetic field is applied on the
sensor, usually with coils or permanent magnets. The presence of nanoparticles introduces a
perturbation in this biasing field, causing a change in the resistivity of the GMR sensor. As
this is a resistive sensor, it can be interfaced using a Wheatstone bridge [8].

It is possible to increase the sensitivity of such sensor by using the spin-valve technique,
which also uses the GMR effect, but the structure of the sensor is more complex, usually with
two magnetic layers, and several other layers separating them. This structure fixes the magne-
tization of one of the magnetic layer (the pinned layer), while the magnetization of the other
layer is let free. The detection is performed by measuring the angle between the magnetiza-
tion of the two layers ﬂgﬂ A single 500 nm nanoparticle was detected in using a spin-valve
sensor. The detection of 20 nanoparticles with a diameter as low as 16 nm was achieved in ﬂgﬂ

The design of the sensor itself has the biggest impact on the performance. Depending on its
size, the number of layers, and the type of layer used, the magnitude of the GMR effect can
vary . The main disadvantage of this technique compared to the others is that it requires
microfabrication.
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1.1.2 Frequency mixing

This technique is based on the Brownian and Neel relaxation properties of nanoparticles
and their non-linear magnetic response when excited in a certain way. The nanoparticles are
excited with two signals, one with low frequency f; and high amplitude, and another with
high frequency f> and low amplitude. The low signal periodically brings the nanoparticles in
and out of their magnetic saturation region. When MNP are not in saturation, they can be
further magnetized by the second signal at a higher frequency, which then contributes to the
resulting induction signal [12], [13].

The response signal U(t) is non-linearly modulated by both the high and the low
frequencies and is measured at some frequency f; = mf; + nfy with m,n € Z. The response
at this combinatorial frequency is proportional to the quantity of non-linear magnetic
material, or the number of magnetic beads (MB)|14]. The advantage of this technique is
that nanoparticles of different size induce a different frequency response f;. This means that
such technique can be used to measure the distribution of nanoparticle sizes in a sample [12].
Figure [1.3] illustrates the working principle of frequency mixing.

(a) | High frequency coil : (b) ¥y ¥

Excitation signa [:> + [77> ;l_ 'I.. :" '.‘. Tumel

I
Low frequency coil | h @

Detected signal
g / \'I“'—-,| \1*‘./ (c) —_
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| \ I d |
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\
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Figure 1.3: (a) Setup of the application of the frequency mizing technique; (b) magnetic excitation
field; (c) resulting magnetic fluz density; (d) Fourier tmnsform of the detected signal. The frequency
component fi selected for the detection if circled in red. M s the magnetization direction of the
MNP, H and B the excitation and the resulting magnetic field, respectively. Image from [15]

The two excitation signals can be generated using excitation coils, and the resulting
signal can be detected with a pickup coil. It requires however powerful equipment, such as
lock-in amplifiers, to precisely measure the frequency response of the system.

The main parameters that influence the detection are the nanoparticle size, the
amplitude of the drive magnetic field, and the choice of m and n for the frequency f;
at which the frequency response is measured. Amounts as low as 0.4 ng of MNP, for a
diameter greater than 16 nm can be detected with this technique [16], [12].
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1.1.3 Measurement of the resonant frequency of an inductor

This is probably one of the most straightforward techniques to detect the presence of
MNPs. The idea is to build a RLC circuit that has a resonant frequency wy,

Wy = —F/—. (12)

This RLC circuit can be explicitly built with an inductor and a capacitor, or one can
just use the intrinsic resonant frequency of a real inductor|17]. Indeed, every coil can be
represented as shown in Figure [I.4] and has its own resonant frequency which depends on
its inductance and parasitic capacitance value.

Ry L
e AT
Cp
]
i

Figure 1.4: Model of an inductor with the parasitic series resistance Ry, and the parasitic capacitor
Cp

By putting MNP inside the inductor core, this changes the magnetic permeability of the
core environment and thus the value of the inductance. This causes a shift in the resonant fre-
quency of the circuit that can be detected in various ways, some more complicated than others.

A simple way to detect this shift is to use a Phase Lock Loop (PLL) controlling a
Voltage Controlled Oscillator (VCO) where the oscillator is a LC-oscillator [18]. If the
oscillation frequency of the VCO is changed due to the presence of nanoparticles, the control
voltage generated by the PLL also changes in order to compensate for this variation. By
measuring this voltage, one can determine whether nanoparticles have been detected.

1.1.4 Impedance measurement

This last technique is also based on detecting a change in the inductance value of an inductor.
The impedance Z;, of a coil is given by

75, = jwL, (1.3)

with L the inductance value of the coil, and w = 27 f the pulsation in radian per second.
As the nanoparticles provoke a change in the value of the inductance, they also impact the
impedance of the coil. With appropriate equipment, this impedance can be extracted, giving
an idea of the quantity of nanoparticles detected.

Even though the working principle of this technique is straightforward, it does require to
have some equipment, such an Impedance Analyzer or a Vector Network Analyzer, able to
accurately measure the value of the impedance of the coil. To reach the desired level of
precision, such equipment is usually expensive, and only available in laboratories.
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1.1.5 Summary of the techniques

‘ Phys. quantity ‘ Transductor ‘ Meas. technique ‘ LoD Range ‘ Ref. ‘
Brown and Neel 2 §Xcitati(?n Frequency 0.4 ng 7 orders 16
relaxation time coils - 1 pick mixing 3 ng 3 ng - 70 ng 14

up coil 0.12 pg/ml | 0.12-1300 pg/ml | [19

Giant magne- 64 ng NA 20
toresistance GMR/GMI \bﬂﬁilzieicstone 1.2 ng NA 21
effect & 0.84 g NA 22
Coil self- Frequency 10 pg NA 17
inductance Single coil var. meas. 1.2 pg 1.2 - 40 pg 18
variation Impedance ~ lug NA 23
meas. ~ lug NA 23

Table 1.1: Summary of the commonly used nanoparticles detection techniques in the context of
LFA. Regarding the range for each application, "NA" value denotes the fact that the range was not
discussed in the article.

Among these possibilities for the detection of nanoparticles, the choice has been made
to work with coils and to focus on measuring the inductance variation induced by a change in
the magnetic permeability of the core in presence of nanoparticles. Several reasons motivate
this choice.

First of all, it has been shown in that the impedance variation of an inductive
sensor is linear. The sensor used in their article was composed of a copper track 120 pm
wide and 35 pm thick. Their setup is shown in Figure [I.5] along with a graph displaying the
relationship between the mass of nanoparticles and the impedance of the inductive sensor.

1.0

a 0. Experimental dat
| . . L ®
m 2 - o

- - | I I

Mass of magnetic particles (ug)

(a) Inductive sensor used in

(b) Impedance of the inductive sensor from
with respect to the mass of nanoparticles

Figure 1.5: Inductive sensor (left) and its impedance response with respect to the mass of
nanoparticles (right)

A linear impedance variation of the inductor implies a linear variation of the inductance
since these two quantities are linearly related through the frequency of the excitation signal,
as expressed by Equation

Secondly, as expressed in Table [I.T] presented at the beginning of the chapter, search-
coil magnetometer displays the widest range of detection. Having a broad range means that
we are certain that we are not be limited by the saturation of the sensor itself.
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Finally, a system based on coils is also the most likely to meet the cost requirement for
the system we aim to develop. Indeed, some of the techniques to interface inductive sensors
do not require any expensive equipment and can be designed with off-the-shelf components.
The fabrication of the inductor itself is not complicated either and can be done by hand, by
wounding wire around a support.



Chapter 2

Differential system using the induction
principle to detect nanoparticles

The first method that was tried in this work to detect nanoparticles is the measurement
of variations in the voltage induced by an excitation coil in a sensing coil. These variations
are caused by two phenomenons.

Firstly, introducing nanoparticles in a coil changes the magnetic permeability of its
core. As the inductance value of a coil depends on the magnetic permeability of its core, the
nanoparticles thus also change the self-inductance value of the inductor in which they are
introduced.

Secondly, in a system with an excitation coil inducing a voltage in a sensing coil,
introducing nanoparticles in the system impacts the way the two inductors are coupled
together. This effect, coupled with the change in the self-inductance of coils when the
magnetic permeability of their core are modified, causes variations in the voltage induced
by the excitation coil in the sensing coil. The first method that is discussed focuses on
measuring these changes to detect the presence of nanoparticles in the system.

In this chapter, a quick review of the basic principles needed to understand this first
solution is given. A system proposed in an article from 2005 by Jarkko Makiranta and Jukka
Lekkala [25], in which a differential system with two pairs of excitation-sensing coils was
simulated and theorized to detect tiny amounts of nanoparticles, is then discussed. Finally,
the issues that arise when trying to detect nanoparticles by measuring variations in the
voltage induced in a coil are presented.
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2.1 Theoretical background

2.1.1 Principle of induction

The induction principle was first theorized by Michael Faraday and Heinrich Lenz in
the 1830s, who derived what is known as the Lenz-Faraday law. This law quantifies the
electromotive force € induced in a loop when a variable magnetic flux ® passes through it

do
= —— 2.1

with the magnetic flux defined as

CID://SB-dS (2.2)

where S is the area through which the flux is calculated. Conversely, a current passing
through a wire loop produces a magnetic field through and around the loop.

Mutual induction

From a circuit perspective, an alternative current passing through an inductor generates
an alternative magnetic field B in the coil and around. If a second coil is placed close enough
to the first one, such that a part of the alternative magnetic field generated by the first coil
passes through the second one, an electromotive force is induced in the latter. If a current
can circulate through the second coil, this induction phenomenon creates a voltage difference
across the second inductor. This concept is illustrated in Figure [2.1

Coil 1
\
i :n‘.
| .
1.1
m— 1 1
_____...-——-"'___ ra b—
/
g
14 changing E, induced NG

. X

AY)

B 4
Galvanometer

Figure 2.1: Illustration of the induction phenomenon. The coil 1 generates a variable magnetic
field B, which induces an electromotive force Es in the second coil. Image from [@/

Reciprocally, the current induced in the second inductor also generates a magnetic field of
its own, influencing the magnetic field in the first one. This mutual influence is known as
the mutual inductance and is denoted M.

The mutual inductance between two coils depends on several factors, namely the
geometry of each individual coil, and their relative position with each other . Let us
define N7 and N5 the number of wire loops in each inductor 1 and 2, $5; and $15 the flux
generated by the first coil (resp. the second) and intercepted by the second (resp. the first),
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and I; and I, the currents flowing in the two inductors respectively. The mutual inductance
My of coil two with respect to coil one can then be expressed as

Ny®
My = 21 2 (2.3)
1
and the mutual inductance M, of coil one with respect to coil two is
N, ®
My = 1[ 12 (2.4)
2

Also, My5 = My, = M, and it can be either positive or negative depending on the way
the two coils influence each other. If the magnetic field of each coil is in the same direction,
the influence is positive. Conversely, if the magnetic fields are in opposite directions, the two
fields have a negative influence on each other.

Figure shows a simple circuit where each coil is modelled with an ideal inductor
in series with a parasitic resistor and in parallel with a parasitic capacitor. The inductor
L, in the primary circuit is excited with an alternative signal Vj,,, and is coupled with the
inductor Ls in the secondary circuit through the mutual inductance M.

+ )
@ Vin —cp ——c¢s Vout

Figure 2.2: Induction phenomenon from a circuit perspective : equivalent circuit

Coupling factor

The coupling factor k is a metric denoting how strongly the coupling between two
inductors is. It is defined from the mutual inductance M between the two coils and their
respective inductance L; and Lo,

| M|
VILiLy

The greater the mutual inductance with respect to the self-inductance of the coils is,
the greater the coupling factor is. The maximum value it can take is 1, denoting a perfect
coupling between the two inductors. This also implies that the maximum value for the
mutual inductance is

k= (2.5)

M = /L L. (2.6)

Conversely, a coupling factor of zero indicates that there is no coupling between the two
inductors, hence no mutual induction.
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Induced voltage

The value of the electromotive force € induced in the secondary coil depends on the
magnetic field intercepted by this coil. It is possible to express the electromotive force in the
frequency domain as a function of the current passing through the primary inductor and the
mutual inductance. Using phasor notation, this gives

€ = —jwB,S,, (2.7)
= —jwMIy,, (2.8)

with B,S., being the magnetic flux generated by the primary coil and intercepted by the
second, M the mutual inductance between the inductors, and I, the current flowing through
the primary coil. To obtain this expression, the integration surface was reduced to the
equivalent surface S¢, on which B, is constant. As the presence of nanoparticles impacts the
value of the mutual inductance, their influence is directly translated into a variation in the
induced voltage.

The circuit 2.2] was simulated on LTSpice, and the evolution of the voltage across the
resistor R, and of the output voltage is shown in Figure 2.3

100
—remm——r- )
20 Ve, - i:
Vout | 50 : :i
/\ \ b
o — %R Wo i
- ~ — 1"
/ 1
= % \ 0 S S S i
m _y4 P \ ~< !
5 4 \ = i
[} @ \\ i
i i
g —40 4 @© —50 AN i
= < N ”
g o Sl 1l
P | s S | I S N I N I N A N S B B EEEE o
-100 4 ;
I
/ I
—80 1 1
_1504 ———- Phase Vg, 1
~1004 Resistive region Inductive region ---- Phase Vyut
109 10! 102 10® 10* 10° 105 107 108 100 10 102  10° 10*° 105 10° 107  10°
Frequency [Hz] Frequency [Hz]

Figure 2.3: LTSpice simulation of the evolution of the voltage across the resistor Ry, from Figure
@and the output voltage Vout. Ly, = Ly = 20uH, C), = Cs = 10pF, R, = Ry = 0.50. The
amplitude of the voltage is represented on the left, while its phase is represented on the right. The
peak at wy corresponds to the resonance frequency of the circuit (which is the same for the primary
and the secondary as the components are the same in each circuit.

The current 1, can be expressed as

Vi

I, = ———
br R, + jwL,

(2.9)

At low frequency, the series resistance R, dominates over the impedance of the inductor
JjwL,, and the behavior of the primary circuit is mostly resistive. This region is framed in
red in Figure [2.3] The magnetic field generated by the primary coil is small, and hence the
induced voltage is small.

As the frequency increases, the impedance of the inductor increases, until its magnitude
is equal to the series resistance R,,. At this point, the inductive impedance becomes dominant,
and the behavior of the primary circuit is mainly inductive. The magnetic field generated in
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the secondary remains constant with respect to the frequency. When the circuit operates in
the inductive region, the series resistance can be neglected in the expression of the current
flowing in the primary circuit, giving

Vin

I =
g JwL

(2.10)

P

This expression can be injected in the expression of the electromotive force, leading to

MV,
L

€= (2.11)
As expressed by this relation, in the inductive region the magnitude of the electromotive
force does not depend on the frequency. And as it is purely real, its phase is 0°.

Finally, at frequencies higher than the resonance frequency, the influence of the parasitic
capacitance Cj starts to impact the output voltage, first by creating a peak in amplitude at

the resonant frequency
1

V LSCS

Then by creating a small signal short circuit to the ground as its impedance decreases with
frequency, causing the output voltage to drop.

w= (2.12)

In the context of nanoparticle detection by measuring a change in the amplitude of
the induced voltage in a coil, the system has to work in the inductive region framed in green
in Figure [2.3] where the induced voltage is constant with respect to the frequency. This
ensures that variations in the induced voltage are not due to variations in the frequency of
the excitation signal but are caused by nanoparticles.

2.2 Detecting nanoparticles using induction in a differ-
ential system

2.2.1 General idea and context

In 2005, Jarkko Makiranta and Jukka Lekkala published the paper [25] "Modeling
and Simulation of Magnetic Nanoparticle Sensor" in which they describe a way to detect
nanoparticles using differential detection. Their idea is to have a system composed of two
identical pairs of primary-secondary coils. The primary coils are connected in series and
induce a current in their respective secondary coil when excited by an alternative signal.
Meanwhile, the two secondary coil are reversed-coupled in series, i.e., they are connected in
such a way that the current I; induced in the first coil has an opposite direction to that of
the current I5 induced in the second coil. At equilibrium, the coupling factor of both pairs of
primary-secondary coils is equal, I; and I, are then equal in magnitude, but have opposite
direction, and they perfectly cancel each other. This configuration is shown in Figure [2.4]
where the excitation circuit is in blue, and the sensing circuit is in green.
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Sensing Sensing

Figure 2.4: System proposed by . The excitation coils are in blue, and the sensing coil in
green. On the left, the circuit is perfectly balanced and the output voltage of the secondary circuit is
zero. On the right, nanoparticles on one of the sensing coil introduces an imbalance, which creates
a non-zero output voltage.

At equilibrium and in absence of nanoparticles, the system should be perfectly balanced,
and the voltage difference across the sensing coils should be zero. When nanoparticles are
deposited on one of the pair, it changes the magnetic permeability of the core of the inductors
on which they have been deposited. This introduces an imbalance in the system as it changes
the coupling factor between the inductors of the pair. The magnitude of the induced current
in the sensing coil changes too, which translates in a measurable non-zero voltage difference
across the two sensing coils

The results presented in the article are encouraging, as shown in Figure where a
single nanoparticle with a diameter of 250 nm caused an imbalance generating a current of
425 nA. For 1000 MNP, this induced current was around 0.4 mA.
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Figure 2.5: Simulated induced current caused by the presence of one nanoparticle on one of the
sensing coil, in the configuration of Figure .

However, although this solution is very elegant on paper, the article only presents
simulation results, without any experimental validation. The first part of this work is then
to determine whether this solution is viable and could offer the predicted performances with
all the non-idealities of a physical implementation. Especially as one of the biggest difference
between the design that is simulated in the article and our design would be the size of the
coils. Indeed, theirs are at the micrometer scale, while ours are at the centimeter scale, as
the necessity to develop a low-cost solution precludes the use of microfabrication.



CHAPTER 2. DIFFERENTIAL SYSTEM USING THE INDUCTION PRINCIPLE TO
15 DETECT NANOPARTICLES

2.2.2 Differential and absolute detection

One of the first questions we sought to answer was whether the differential system
presented hereabove was really advantageous compared to a system with a single pair of
inductors. In such system, we would only measure the absolute value of the induced voltage,
and depending on its value, we could determine whether nanoparticles were introduced in
the sensing coil.

The biggest advantage a differential system has over the one with a single coil is
that it is very efficient to remove environmental noise, i.e. noise caused by external sources
such as temperature variation, supply voltage variation, etc. The reason for that is since
the inductors are relatively close to each other and connected to the same circuit, they are
affected in the same way by these variations. Because of the way the coils are connected in
such a system, these variations are subtracted. Such a feature is crucial in our case, as in
order to detect small quantities of nanoparticles (15 pg and less), the system has to be very
robust regarding noise variations. Measurements (see Section show that for amounts
smaller than 100pg, one can expect a change of less than 0.05% in the self-inductance of a coil
of a few pH. Naturally, the inductors that were measured in section [3.4.2 are not designed
for a differential detection, and in a system based on voltage induction, there is the coupling
factor variation in addition to a change in the self-inductance of the coils. Nevertheless, this
gives an order of magnitude for amplitude of the variations this system needs to be able to
detect, if we are to work with inductors with an inductance value between 10 and 30 pH.

As the induced voltage depends linearly on the mutual inductance value, if we consider
an induced voltage of 1V, a variation of 0.05% of M means that the interface must be able
to discriminate a 0.5mV variation of the output voltage.

Figure shows a simulation of the differential system, where the inductors are all
perfectly identical, and an imbalance of 0.1% in the coupling factor was introduced between
the two pairs of coils. The resulting output voltage is at -68 dB in the inductive region,
which corresponds to a magnitude of 0.3 mV.
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Figure 2.6: LTSpice simulation of the output voltage caused by an imbalance of 0.1% of the
coupling factor between the two pair of exciting/sensing coils of the differential system. The four
inductors of the system have the same parameters : L = 10uH, Ry = 0.2Q, C, = 10pF
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As exposed in this section, the voltage variations are really tiny, the system thus needs
to be very robust to noise. To this end, the differential system has a big advantage over the
absolute system with a single pair of coils, as it removes external noise by design.

2.3 Measurements results

The differential system described in the article was built with coils wound around a
3D-printed support. Figure shows the inductors that were used to test this technique.

Figure 2.7: Differential system that was built to test whether such technique was viable for the
targeted application

The coils of the primary circuit of the first and second pair were connected in series
and excited with a sinusoidal signal with an amplitude of 500 mV and a frequency ranging
from 1 kHz to 1 MHz. The coils in the secondary were reverse-coupled in series. Both
the generation of the excitation signal for the primary circuit and the measurement of the
output signal of the secondary circuit was done with the MFLI Lock-in amplifier from Zurich
Instrument. Three measurements were performed, the first one without any nanoparticles,
the second one with a sample containing 1 mg of nanoparticles inserted in one of the pair of
coils, and a third one with a sample containing 25 pg of nanoparticles inserted in one of the
pair of coils. The results are shown in Figures [2.8a] and [2.8b] show the measured voltage at
the output of the secondary circuit, and the voltage difference between the voltage with and
without nanoparticles, respectively.
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(a) Measured voltage at the output of the sec-(b) AV between the output voltage with nanopar-
ondary circuit of the differential system, without ticles Vyynp and the voltage without nanoparti-
nanoparticles, with 1 mg and with 25 pg. cles Viep, for 25 pg and 1 mg of nanoparticles

As can be seen in Figure [2.8D] the output voltage variation caused by the nanoparticles
compared to the output voltage without nanoparticles is around 350 uV at 1 MHz for the
sample containing 1 mg of MNP. The sample containing 25 pg of nanoparticles did not even
produce a detectable AV with the reference voltage. This clearly shows that this technique,
when using inductors with sizes of a few millimeters to a few centimeter, is not suitable. The
constraint on the size of the inductors comes from the fact that, in order to keep the cost
of the sensor low, we want to implement this system using off-the-shelf components. Using
inductors whose size is smaller than 1 mm would require microfabrication, which is then
non-desirable.

2.4 Issues with differential detection

As presented in the previous section, the differential detection in the context of this
work is not suitable, for several reasons.

Size of the inductors

The influence of the nanoparticles on the coupling between two coils is caused by a
change in the magnetic permeability of their core. To this end, the greater the volume of the
core occupied by the nanoparticles, relative to the total volume of the core, the greater the
change in permeability is.

In the article on which this discussion is based, the inductors used were planar square
planar coils with a diameter of around 100 pm, which is already a big difference compared
to the inductors that would be used in our system. Their inductance can be estimated using
[28] :

N2d gy, K K
- % In 72 + Kp, + Kup?|, (2.13)
where p is the magnetic permeability of the core, and N the number of turns. The coefficient
K; are the fitting parameters whose values for planar inductors can be found in [2§]. d,,
and p, are the average diameter and the fill ratio, respectively. They can be calculated as

L
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follows, with d,,; and d;, defined in Figure [2.9

dou dm
Qany = + (2.14)
dout - din (215>

pr dout + dm

Figure 2.9: Planar inductor - parameters definition [@/

Using this formula for planar inductor, the value of the inductors used in the article on
which this discussion is based can be estimated to be less than a nH. Using such inductors
would require microfabrication, thereby increasing substantially the cost of the entire system.

Frequency of operation

As demonstrated in the theoretical background, inductors must be in their inductive
region of operation to ensure that the induced voltage is maximum, and also that a variation
in the output voltage is caused by MNP and not a frequency variation of the excitation
signal. This might require the system to work at high frequencies, in the MHz range, as the
size of the inductor - and therefore its inductance - needs to be reduced. In the article, the
maximum induced current in the sensing coil was observed at an excitation frequency of
67.5MHz. Generating such high frequencies on a Printed Circuit Board (PCB) is not trivial
and might also increase the cost of design and fabrication. Moreover, higher frequencies goes
hands-in-hands with higher power consumption, particularly as the parasitic capacitances in
the circuit switch more often.

Excitation signal generation and interfacing

Regarding the excitation circuit, the inductive behavior starts to take the upper hand
over the resistive when the magnitude of the impedance of the inductor is equal to the series
resistance, that is

ljwL,| = R,. (2.16)

The greater the series resistance, the higher the frequency of the excitation signal needs
to be to reach the inductive region. The series resistance then has to be minimized in the
primary, but this comes at the cost of power consumption. In the article, they excited the
primary coils with a current of 1A in the simulation. Not only does it increase substantially
the power consumption, but it also demands powerful drivers to be able to provide that
amount of current. It is already difficult to generate that type of signal in a laboratory, with
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adapted equipment, it is then even more difficult to do it on a portable PCB.

Furthermore, interfacing the secondary circuit to be able to detect very small changes
in the output voltage is not trivial either. There exist multiple techniques to detect tiny
voltage variations, such as a lock-in detection, for example. However, most of them are not
suitable for simple low-cost implementation on PCB, as they require complicated electronics
or expensive instruments.

2.5 Conclusion

As exposed in this chapter, using the induction principle to build a differential system
appears at first to be a very simple and elegant solution for detecting and quantifying
nanoparticles. However, in the context of this work, where the aim is to develop a portable,
low-cost solution to this problem, there seem to be too many challenges to overcome when
trying to develop an actual prototype.

Nevertheless, the simulation does suggest that such a system could detect very small
amount of nanoparticles. Figure from [25] shows the magnitude of the current flowing
in the sensing coils due to the imbalance introduced by MNP, simulated at a frequency of
67.5 MHz. The simulation indicates that a single 250 nm nanoparticle should produce a
current of 425 nA, and a thousand particles generate a signal up to 0.4 mA.

Induced current (A)

10-? : : ..|1 . : ;:-fi,'i
10 10 10 10

Whwnher Af narticles

2 3

Figure 2.10: Simulation results of the article regarding the induced current in the differential
system with respect to the number of nanoparticles

If the goal is to develop a highly sensitive sensor that can provide fast and accurate
measurements, with no portability or cost constraints, then this might prove to be a perfectly
viable solution to magnetic nanoparticles detection. Indeed, if this solution were to be used
in a laboratory where all the necessary equipment was available to measure tiny signals
and to generate an excitation signal at high frequency, this system might offer very good
performance. But first, it would need to be validated in conditions similar to the one
described in the article, with micrometer scale inductors.
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However, if the aim is to develop a sensor that can be built with off-the-shelf components,
to be used in point-of-care situations, this solution is not suitable. The challenges, be it
in terms of signal generation, power consumption, or size of the inductors necessary for an
accurate detection, are too big, making this solution not viable in this case. The next chapter
is dedicated to the development of another, very promising solution using an LC-oscillator,
which avoids most of these problems.



Chapter 3

Detection by measuring a frequency
variation in a LC-oscillator

3.1 Oscillator-based sensor interfacing and frequency
counting

As expressed several times so far, one of the main objectives is to develop a portable
low-cost solution to nanoparticle detection, that can be built from off-the-shelf components.
We thus looked at another way to interface an inductive sensor, requiring few components
but that can still detect tiny changes in the self-inductance of the sensor.

Using oscillators to interface sensors is a common practice, and basic ones can be built
using only a few components, thus meeting the aforementioned requirement on cost. There
exists a wide variety of oscillators, which makes it possible to interface several types of sensors.
Resistive or capacitive sensors are often interfaced through a relaxation oscillator [30][31]]32]
but Wien bridges |33] or ring oscillators [34] can also be used. Meanwhile, inductive sensors
can be interfaced through LC resonance-based oscillators, such as simple LC-oscillators
[35] [36] or Colpitts oscillators (CO) [37]. The choice of the architecture depends on the
application and on the resolution required.

In this kind of interfacing, the oscillator is designed in such a way that its frequency
of oscillation depends on the value of a component, i.e. its resistance, capacitance, or
inductance, and this component value itself depends on the physical quantity one wants to
measure (Temperature, humidity, etc). This enables to translate a change in this physical
quantity into a measurable frequency variation. Among the existing techniques to determine
the frequency of a signal, frequency counting is a commonly used method, especially since
it does not require any expensive equipment [38]|. A very basic microcontroller costing less
than thirty euros, such as a Teensy or an Arduino, can already yield results with high precision.

We decided to explore this solution for the detection of nanoparticles, by interfacing an
inductor whose inductance varies in the presence of nanoparticles, with a simple oscillator.
A microcontroller Teensy then measures the frequency using a basic frequency counting
technique. The objective is first to see what limit of detection is reachable when this technique
is implemented in its simplest form, then to identify ways by which this limit of detection
could be improved while keeping the cost low.

Firstly, a small theoretical background on oscillator theory is given, to define the

21
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different concepts that are used throughout the chapter. The focus then shifts to a particular
case of oscillator, i.e., the Colpitt oscillator (CO), to perform a more in-depth analysis of its
characteristics, and characterize an actual PCB implementation of it. Finally, an analysis of
the performance of the implemented oscillator with regards to nanoparticles detection and
quantification is carried out.

3.2 Theoretical background on oscillators

There exist many different architectures of oscillators that can generate a wide variety
of signals, each with its own working principle. Regarding our specific application, there are
some constraints narrowing the choice down to only a few architectures :

e The oscillation frequency must depend on the value of an inductance.
o It must be implementable with discrete components - no microfabrication allowed.

e The oscillation frequency must be stable.

The first criterion reduces the options down to LC-based oscillators. Among the
different architectures of LC-oscillator, we decided to go for a harmonic feedback oscillators,
as there exist several architectures based on this configuration that can be implemented with
off-the-shelf components while offering good performance regarding frequency stability.
The block diagram of this type of oscillator is presented in Figure It has to be noted
that even though an input voltage is present in the figure, an actual oscillator does not have
any input signal. It has only been represented to facilitate the explanation of its principle of
operation.

Vin —(&) Amplifier A Vour

Frequency-selective network

p

Figure 3.1: Basic structure of a harmonic oscillator with a positive feedback loop

This type of oscillator is composed of a frequency-selective circuit, usually a LC-tank
or RC circuit, in a positive feedback loop with an amplifier. The frequency selective element
fixes the oscillation frequency of the system, while the amplifier is necessary to overcome the
losses in the frequency selective circuit and ensure an oscillating signal with stable amplitude.
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3.2.1 Behavior analysis of a feedback oscillator

This subsection is based on Chapter 18 of Microelectronic circuits - seventh edition[39)
and on Chapter 2 of Frequency standards - Basics and application[40].

The closed loop transfer function of the feedback oscillator in Figure in closed loop
is given by

A(s)V;
1 — A(s)5(s)
where A(s) is the gain of the amplifier and 3(s) the gain of the frequency-selective network.

It has to be noted that the sign in the denominator of the transfer function is negative, as
the feedback is positive. The loop gain of this system is then

L(s) = A(s)5(s). (3.2)

However, by design, an oscillator does not have any input signal V;,. This means that
to produce and sustain a finite non-zero output for a zero input signal, the gain of this
system must be infinite. This condition can only be achieved if the denominator of the
transfer function in closed loop is equal to 0, hence giving the condition

L(s) = A(s)B(s) = 1. (3.3)

That is to say, at a given frequency wy, the phase of the loop gain must be equal to zero,
and its magnitude equal to one. It should be noted that for the circuit to oscillate at one
frequency wy, this condition should only be satisfied for one frequency. Otherwise, the output
signal contains harmonics, resulting in a non-sinusoidal output signal. These requirements
on the phase and the gain are also known as the Barkhausen criterion, which guarantees
oscillations in a mathematical sense :

V;)ut = (31)

IR{L(s)} =1,
S{L(s)} = 0.

Frequency stability

The oscillation frequency is solely fixed by the phase characteristics of the feedback
loop as the circuit can only oscillate at a frequency for which the phase of the feedback loop
is zero. The stability of the oscillation frequency is thus determined by the way the phase
®(w) of the loop varies around the oscillation frequency wy. If the derivative dq;iw) is large
around the oscillation frequency, a large variation in the loop phase only results in a small

change in wy. This concept is illustrated in Figure [3.2]
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Figure 3.2: Dependence of the oscillation frequency stability with regard to the slope of the phase
response. Image from [39]

The frequency stability of oscillators is explored in more depth later in the next section on
CO.

Loop gain and amplitude control

Correctly designing the loop gain such that the circuit produces oscillations with con-
stant amplitude is no easy task. If the loop gain is slightly lower than unity, the oscillations
decay in an exponential manner until ceasing completely. Conversely, if the gain is slightly
higher than unity, the circuit saturates and harmonic distortion appears.

To overcome this issue, a common practice is to design an amplifier block that has some
non-linear features, by placing elements in the circuit whose characteristics depend on the
amplitude of the signal applied to it. Such elements could be diodes operating in the triode
region, or an amplifier with a bipolar transistor whose gain depends on the transconductance
gm of the transistor. If the input voltage becomes too large, the non-linearities of the
transistor come into play to reduce the g,,, hence reducing the gain of the amplifier block
and the amplitude of the oscillation.

Using such non-linear circuit in the amplifier block ensures a stable point of operation
where the power Pg supplied by the amplifier exactly compensates the losses of the circuit
Pp. The concept is illustrated in Figure [3.3]
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Figure 3.3: Operating point of an oscillator with a non-linear amplitude limitation mechanism.
Image from the course LELEC2532 on oscillators given by Denis Flandre at the EPL - UCLouvain
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To make sure that the oscillations start when the power is turned on, the magnitude
of the loop gain should be designed to be slightly greater than unity. At startup, the noise
present in the circuit provides the necessary perturbation so that the circuit is not stuck
at zero. The loop gain then ensures that the amplitude of the oscillation grows until the
amplitude-limiting mechanism starts to play its role maintaining the amplitude constant.

Small signal analysis in open loop

In order to analyze such an oscillator, an open-loop analysis needs to be done. This
enables to find the expression of the loop gain of the circuit, and thus the oscillation frequency.
To perform this analysis, one must first carefully open the feedback loop. If the amplifier is
built around an operational amplifier, or a transistor, a good place to open the loop is at
the input of the AOP, or at the gate/base of the transistor. By calculating the small signal
open-loop transfer function of the circuit, one can find the oscillation frequency by equating
the imaginary part of the transfer function to zero, as well as the condition for the gain at
the oscillation frequency.

3.2.2 A common architecture with its small signal analysis

Among the different architectures that exist for this type of oscillator, the one that
is considered in this work is presented in Figure [3.4] It is composed of an amplification
stage with a bipolar junction transistor (BJT) in a common emitter configuration, and a
resonator containing three impedances 71, Z,, and Z3. The amplification stage could also
be implemented with an operational amplifier, but the advantage of the BJT is that its
gain-bandwidth product is much higher than a general purpose amplifier. This ensures that
it does not limit the frequency of operation of the system.

The three impedances Z;, Z5, and Z3 can be capacitive, inductive, or both. Depending
on their type, they lead to slightly different configurations, each known under a different
name and with slightly different expressions for the oscillation frequency and for the gain.
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Figure 3.4: General architecture

For example, if Z; and Z3 are capacitors and Z, is an inductor, it forms a CO. Conversely, if
/1 and Z3 are inductors, and Zs is a capacitor, it is known as a Hartley oscillator.

Transfer function - general case

As the circuit presented in Figure can be derived in several configurations, it is
more convenient to perform a general analysis without specifying further the nature of the
impedances 7, Z and Z3. Their values can then be specified depending on the chosen
oscillator type.

As explained previously, to analyze such a circuit, one first needs to open the loop and
calculate the corresponding small signal transfer function of the resulting circuit. A sensible
place to open the loop for this configuration is at the base of the transistor, as its input
impedance is very high. The resulting circuit is presented in Figure where the BJT has
been replaced by its pi-model. A few simplifications are made in order to obtain this model:

e The capacitors Cr and Cp are coupling capacitors, and are thus very large. They
behave as short circuits in the small signal configuration and can then be replaced by
a simple wire.

e The sole purpose of Ry and Ry, is to set the DC operating point of the transistor,
they can also be neglected in the small signal analysis (see appendix A for a more
detailed study of their influence).

o The transistor is considered ideal, its base current is then equal to zero, and its parasitic
capacitances are neglected as they only play a role at much higher frequencies than
the oscillation frequency.
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Figure 3.5: Small signal circuit for the oscillator in open loop. Cr and Cp have been replaced
by short circuits.

Using Kirchhoft’s current law, two equations can be derived at the node v, and the
node Vo :

= =  _ mVin, 3.6

Z 7. bR, Tomv (3.6)
Vout Vout — Vg

_ - . 3.7

7 Z (3.7)

By rearranging the two equations to isolate “2+t, the following transfer function is obtained:

Vout _ ng1Z3RC (3 8)
Vin Zl(ZQ + Zg) + Rc(Zl + ZQ + Zg) .
If the impedances 71, Zy, and Z3 are purely imaginary, i.e., capacitive Z = jw%, inductive

Z = jwlL, or both, the oscillation conditions can be written. To find the oscillation frequency,
the following equation must be solved for w

I+ Zy+ Z3 =0, (3.9)

and to ensure sustained oscillation, the following condition has to be met at the oscillation
frequency:

Z
gnBo =1+ 2. (3.10)
Z3

3.3 The Colpitts oscillator

The CO is a particular case of the architecture presented in the previous section. It
was invented about a hundred years ago by E. H. Colpitt, and is known for remarkable
performance regarding phase noise and frequency stability [42]. Since its invention, many
variations have been proposed [43], to improve its performances even more by using new
technologies, for the amplification stage, for example.

As a first approach, we decided to implement a CO in its original form, which is the
topology presented in Figure (3.4 with Z; and Z3 that are capacitors, and Z, that is an
inductor. There are two main reasons for this choice. The first one is that, contrary to the
Hartley oscillator, where both Z; and Z3 are inductors, the CO features only one inductor,
which makes it ideal to interface an inductive nanoparticle sensor. The second is because
the original CO can be implemented with a BJT, whereas many of its variants are using the
CMOS technology, hence requiring microfabrication.
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The objective with this first implementation is to characterize the performance of
a simple oscillator in the context of nanoparticles detection by frequency counting. This
enables us to get an order of magnitude for the limit of detection reachable with this kind
of system, when it is implemented with discrete components. Once this characterization
is carried out, it is possible to identify the bottlenecks of this technique and identify the
possible improvements.

3.3.1 Theoretical analysis of the Colpitts oscillator

C1B :: 6666 0 Vout

Figure 3.6: Colpitt oscillator

The complete circuit of the CO is presented in Figure . Based on (3.8)), its transfer
function can be computed by replacing the impedance Z by their corresponding value. In a
CO, Z; and Z3 are capacitors, and Z, is an inductor, yielding:

_ 1
® Zl — jwCy’
o Zy :jWL,
_ 1
¢ 23 T jwCo”

Replacing these values in the general transfer function, it becomes:

Vout Im RC’

= . 3.11
Vin 1-— w2L02 + jWRc(Cl + CQ — wQLCng) ( )

In order to have an oscillation, the two conditions given by the Barkhausen criterion
must be met. The oscillation frequency corresponds to the frequency for which the imaginary
part of the transfer function (3.3.1]) is equal to zero:

%{““t} — Ro(C) + Cy — wLCiCy = 0, (3.12)

Vin

which gives the following expression for the oscillation frequency wy:

Cy + Oy
_ . 1
o LC,Cy (3:.13)
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The second criterion states that the magnitude of the transfer function at wy must be equal
to one, giving the following condition:

Vout ngC
3?{ } = =1. 3.14
Vin 1— wSLCQ ( )

Replacing wy by its expression (3.3.1)) in (3.3.1)), it gives

Cs
Cy’
where one can recognize the expression of the gain of a bipolar amplifier in a common emitter
configuration g,, R¢. In practice, the amplifier is designed to have a gain slightly superior to
the ratio of the two capacitors, to ensure that it can compensate all the losses in the circuit

and that the oscillations start. As the gain of the amplifier depends on the transconductance,
it stabilizes around unity at the oscillation frequency.

gmRe = (3.15)

For a bipolar transistor, the transconductance can be calculated with

1o

(3.16)

with [ the bias current through the collector and Vy = %T = 26 mV at 25°C. As the
transistor needs to be in the active regime for the oscillator to work, Ve ~ 0.7 V, and Vg
being fixed by the resistors Ry; and Ry, the I current can easily be found, giving

G = ( VaaRy2
" Ry + Ryo

_ 0.7) x (3.17)

RgVr
The base current has been neglected in this expression as the transistor is considered ideal.
The open-loop transfer function of the CO is shown in Figure |3.7 The oscillation frequency
is at the peak around 320 kHz.

. |Z| 150
409 e Phase \

Oscillation freq.

I 100

I 50
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F-100

104 10° 108 107
Frequency [Hz]

Figure 3.7: Open loop transfer function of the CO. L =5 uH - C; = Cy = 100 nF.

3.3.2 Q-factor

An important figure of merit in an oscillator is its quality factor Q, which gives an
indication of the stability of the oscillation frequency. The higher the Q, the more stable the
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frequency of oscillation is. The Q factor of an oscillator or a resonator is a dimensionless
parameter that describes how underdamped the system is. In the context of resonators or
oscillators, two definitions are commonly used for Q, giving similar though not perfectly
equal results [44].

The first definition is relative to the ratio between the energy stored in the resonator
and the energy lost per cycle.

energy stored energy stored

Q =2m x

27Tf0 X

= 3.18
energy dissipated per cycle power loss ( )

where fj is the resonant frequency.

The second definition is related to what is called the resonance width, i.e., the bandwidth
over which the power of oscillation is greater than half of the power of the resonant frequency.
The definition of Q using this concept is then

Jo Wo
= = — 3.19
Q=3 P A (3.19)
Where Af is the resonance width. Figure [3.§| illustrates this frequency definition, as well as
the concept of resonance width.

Figure 3.8: Illustration of the frequency definition of the Q factor and the concept of resonance
width. |H| is the open loop transfer function of the oscillator. Image from [41].

Intuitively, the first definition expresses the frequency stability by looking at the gain
of the transfer function, and how high is the peak at the resonance. The higher the losses in
the circuit, the smaller the gain is at the oscillation frequency, and the smoother the peak is.
As a result, there is a wider range of frequencies with a similar level of amplification around
the oscillation frequency, as can be seen in Figure [3.9a] The resulting output signal of the
oscillator would contain other frequencies, making it less stable.

The second definition would be more related to the phase change at the oscillation
frequency. The narrower the resonance width, the sharper the phase change is. As illustrated
in Section [3.2.1] a sharp phase variation means that a change in the phase of the loop only
causes a small change in the oscillation frequency. Figure shows the phase response of
the open-loop transfer function for different values of QQ, where it can be observed that the
higher the Q is, the sharper the phase variation is.
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(a) Amplitude of the open loop transfer function — (b) Phase of the open loop transfer function

Figure 3.9: Open loop transfer function of the Colpitt

3.3.3 Impact of the series resistance of the inductor on Q

In an LC-oscillator the Q factor of the resonator is not the same as the Q factor of
the entire oscillator. For example, an oscillator can have a very high Q resonator, but the
non-linear circuit around it could introduce a lot of distortion and power losses if poorly
designed. This would result in a low-Q oscillator, despite having a high-Q resonator [44].
However, we assume that, as the CO has remarkable frequency stability, the circuit was
designed in such a way that the amplifier block does not introduce too much distortion
or power losses. The overall Q of the oscillator then mostly depends on the Q of the resonator.

As the energy definition ({3.3.2]) of Q states, in order to have a good quality factor, one
needs to minimize as much as possible the energy dissipated in the circuit while maximizing
the energy stored. The main dissipative element in the resonator, which then has to be
minimized, is the series resistance of the inductor. More specifically, it is the ratio RLL that
is important, i.e., the inductance needs to be large with respect to its series resistance. The
larger the inductance, the more energy it can store. The smaller its series resistance is, the
less energy it dissipates.

The impact of Ry can be taken into account in the overall transfer function by setting
the impedance value Z5 from the general circuit to

Zy = Ry, + jwL. (3.20)

The impedances Z; and Z3 keep the same value as before. The new transfer function taking
into account Ry can be computed, leading to the following conditions for the Barkhausen
criterion, with the additional terms due to Ry in blue:

For the imaginary part

%{Uout} = w{Rc(Cl + Cy — W?LOLCy) + RLCZ} = 0. (3.21)

Vin

For the real part

Vout ngbRC
9?{ }’ = ‘ = 1. 3.22
’ Vin 1— w%(LCg + RCRLC’ng) ( )
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Again, the oscillation frequency taking into account R can be determined with the
first condition, giving

wo = \/Cl O HuCh (3.23)

LCyCy  ReLCLCy

However, since the additional term due to Ry is several orders of magnitude smaller than
the other term, it can be neglected. The value of the theoretical oscillation frequency is thus
barely impacted by the series resistance of the inductor.

The impact of Ry, on the real part of the transfer function is much more significant, as
it introduces a non-negligible term in the expression of the gain at wy. This additional term
being in the denominator of the transfer function, it causes the gain to drop significantly as
R, increases.

The impact of Ry, on Q and the loop gain is simulated for a CO with an inductor of 10
pH by performing a sweep on the value of R; and extracting the corresponding Q factor.
The results of this simulation are shown in Figure [3.10] The Q factor was calculated using
its bandwidth definition. As shown in the figure, both the gain and the Q) vary in a very
similar manner with regard to the series resistance of the inductor. It demonstrates the
importance of trying to minimize R as much as possible relative to the inductance L, or

equivalently, maximize the ratio %.
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Figure 3.10: LTSpice simulation : Impact of R; on the Q-factor (a) and on the gain
(b) for a CO with L = 10 uH, C; = Co = 100nF and Ry ranging from 0 to 2 §)

Looking at the energy definition given by Eq. of the Q factor, this makes perfect
sense. By increasing Ry, the energy dissipation in the circuit also increases, reducing its
quality factor. To demonstrate this, one can write the Q factor of the resonator,in the CO,
which is a simple LC-tank. In such a system, the energy is alternatively stored as magnetic
energy and electrical energy in the inductor and the capacitor, respectively. Therefore, to
obtain the total energy stored in the LC tank, one can write the expression of the energy Ep,
that can be stored in the inductor

L[z2nd
= ="
with [;,4 the current passing through the inductor. When I;,4 is at its maximum, it means
that all the energy of the system is currently stored in the inductor. On the other hand, the

Ep

(3.24)
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energy dissipated by Ry can be written as
R I?
Ep = % (3.25)
The factor % comes from the fact that the RMS value of the current is considered:
]ind
I = —. 3.26
RMS 2 (3.26)
Using (3.3.2)), the following expression can be derived:
Ep L
_ L _ L, 3.27
Q=wx E—uit (3.27)

As expressed by this equation, to maximize the Q-factor of the resonator, the ratio L over
R;, has to be maximised.

3.3.4 Phase noise

Phase noise is an important metric in the characterization of an oscillator, as it describes
the spectral purity of its oscillations [45]. It is the frequency counterpart of the jitter[46] and
is often expressed in dBc/Hz, i.e., the noise power relative to the carrier at a given offset
from the carrier and over a given bandwidth (usually 1 Hz). It can be calculated using the
following expression:

SU(WO + AOJ))7 (328)

F
where £(Aw) is the phase noise at an offset Aw from the carrier in dBc/Hz, and S, (wo + Aw)
is the power of the noise at the given offset, normalized by the power of the carrier Fy. Many
phase noise models have been developed over the years to predict the phase noise of a circuit
[45], some as early as 1966 with the Leeson model [47], which has paved the way for many
studies on the subject.

L(Aw) = 10log;, (

The objective of this section is not to develop an accurate model of the phase noise of
the CO, but instead giving an intuition on the effect of phase noise, and suggesting ways
to improve it. The model proposed by D. Ham and al. in their article "Phase noise in
oscillators" |A8] gives this intuition, and the remainder of this subsection is based on the
discussion they propose. Unless specified otherwise, all the figures of this subsection come
from this article.

A generic model for a self-sustained LC-oscillator is presented in Figure [3.11] This
circuit is used as the base case to discuss the concept of phase diffusion.
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Figure 3.11: Generic model for a self-sustained LC-oscillator
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In this circuit, the LC tank acts as the frequency selective network while the active
devices ensure a sustained oscillation by compensating for the losses in the tank. The
resonator losses due to R and the active devices generate noise that is represented through
the current sources.

The dynamics of the LC oscillator can be represented on a graph showing the re-
lationship between the voltage V across the capacitor, and the current I going through
the inductor. Plotting this relation over time forms a trajectory in the V-I space, illus-
trated in Figure 3.12] In steady-state, this trajectory forms a closed curve due to the
periodicity, and is called a limit cycle. Regardless of the starting point, the system always
evolves towards this limit cycle after a transient state. Due to this dynamic, the amplitude
of oscillation of a self-sustained oscillator is very stable as it is always drawn to the limit cycle.

However, there is no such mechanism controlling the fluctuations in the direction along
the limit cycle to force the phase to its original value. As a result, in the presence of noise,
the state point slowly deviates from its original phase by moving randomly along the limit
cycle. The phase undergoes what is known as a "diffusion" process.

.. transient

l/

limit cycle (steady-state
oscillation trajectory)

Figure 3.12: Limit cycle in the V-I state space

The fundamental component of the voltage produced across the LC tank can be

modelled as
V(t) = Vg cos[wot + ()], (3.29)

where wy is the oscillation frequency, V; the amplitude of oscillation, and the term ¢(¢)
accounts for the phase fluctuations, assuming a diffusion process as explained earlier. If this
phase diffusion is due to white noise, its variance can be calculated with

(¢°(t)) = 2Dt (3.30)

where D is the phase diffusion constant, indicating how fast the diffusion occurs. The greater
it is, the faster the phase diffuses, and the higher the phase noise is. It is actually the
sole factor determining the oscillator phase noise. The power spectral density of the signal
produced by the oscillator is then given by the Lorentzian

Sy(w) = V2D

~Ve oD (3.31)
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The larger the D, the more widely the energy is distributed around the carrier frequency for
a fixed oscillator energy. Figure [3.13] shows the power spectral density of the output signal
of the oscillator with different values of D.

a3y

= ()

Figure 3.13: Power spectral densities of the oscillator output signal for different diffusion
constants for the same oscillation energy

The definition of this diffusion constant D is then crucial to getting an accurate model
of the phase noise, especially since this system is not linear time invariant (LTT). This has to
somehow be taken into account in the definition of D. The article proposes such a definition,
and it is actually one of the major improvements with regards to the model proposed by
Leeson [47], as the Leeson model does not accurately model linear time variant systems
(LTV)[45].

However, for the sake of simplicity, the time-varying effects are ignored, as it still
enables to see which parameters affect the phase noise performance while keeping the math
simple. Under this hypothesis, D can be expressed as

_ Q@ kT wi
Qefr 2P Q%

where () is the quality factor of the resonator such as defined in the previous section, and P;
is the power dissipation in the resistive part of the resonator. ().¢s can be seen as a measure
of the noise present in the circuit, taking into account both the thermal and the shot noise.
It is defined by the authors of the article as

(3.32)

Qery = (Bal|Ral|...|[Rar) Cwo, (3.33)

where Ry, Rs, ..., Ry are the corresponding equivalent resistances modeling the noise
contribution of each noise source (that is not necessarily thermal). From (3.3.4), it is
evident that an efficient way to minimize the phase noise of a LC-oscillator, is to mini-
mize the losses in the circuit and to design an LC tank with a quality factor as high as possible.

Figure [3.14] shows the typical phase noise of an oscillator as a function of the offset
from the carrier. There is a first region where the phase noise varies with a slope of -30 dB
per decade. This corresponds to the region where flicker noise dominates. It then passes in
the 1/ f? region, where the slope is -20dB per decade, which corresponds to the region where
phase noise is mostly caused by thermal noise.
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Figure 3.14: Typical phase noise of an oscillator as a function of the offset from the carrier.
Image from [49]

3.4 Simulation and characterization of the Colpitt os-
cillator

To get a first idea of the limit of detection (LoD) reachable with a basic implementation
of such system, and to study the impact of the parameters of the inductor on this LoD,
a basic CO was implemented on Printed Circuit Board (PCB). Several identical PCB are
printed, and regarding the components used for these circuits, the inductor is the only one
that is different from one circuit to another. A detailed description of these inductors is

given in section [3.4.2]

3.4.1 Sizing of the circuit

The names of the components refer to the circuit presented at the start of Section
3.3.1l The resonator block refers to the frequency-selective block of a feedback oscillator
while the amplifier block refers to its amplifier block.

Resonator block

By choosing C; = Cy; = C,.s, one can simplify even more the expression for the
oscillation frequency of the CO, leading to

[ 2
Wy = Lcres (334)

Given that the inductors used have inductance values ranging from 2.5 pnH to 27.5 nH, the
value of (.. is set to 100 nF to keep a frequency of oscillation below 500 kHz. Working at
higher frequency would require components with higher transition frequency, especially in
the conditioning chain picking up the signal from the oscillator for post-processing. These
components are usually more expensive and consume more power.

Amplifier block

The capacitors C'r and C'g are coupling capacitors, and their role is to block the DC
component of the signal while still transmitting the AC component. They need to be large
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enough, so that their impedance at the oscillation frequency is small enough to be considered
as a short circuit. The lowest frequency of oscillation we obtain with the value of compo-
nents in the resonator is around 120 kHz, setting C'r = C'z = 1uF is then a reasonable choice.

As a reminder, the Barkhausen criterion states that the following condition on the gain
must be met at the oscillation frequency:

gmBRe = = (3.35)

Taking Rc = 2.2k gives a gain higher than unity, ensuring that the amplifier is able to
provide enough gain to overcome all the losses in the circuit.

To work as an amplifier, the transistor needs to be in the active regime, meaning that
the following conditions must then be respected:

Ve = 0.7V < VCE; (336)
Vo > OV (3.37)

Setting the base voltage Vg = % ensures that both conditions are met, and we chose Ry =

100 k€2 and Ry = 51 kQ to fix this voltage. Finally, R was set to 1 k).

Table 3.1 summarizes the values of the components used in the circuit. The same values
are used throughout all the circuits, with he only varying parameter being the inductor.

’ Component name \ Value ‘
Ry 100 k2
Ry 51 k2
R¢e 2.2 kQ
Rg 1 k2
Cp & Cp 1 pF
Transistor Q NPN - BC107B
C1 & Cy 100 nF

Table 3.1: Value of the components that are identical throughout all the circuits



CHAPTER 3. DETECTION BY MEASURING A FREQUENCY VARIATION IN A
38 LC-OSCILLATOR

3.4.2 Characterization of the inductors
Supports for the coils

The supports on which the inductor coils are wound are shown in Figure |3.15, These
are 3D-printed with the Clear V4 resin from FormLab.

Front view Left view Top view

10 mm

Support to wind the
inductor

Figure 3.15: Support for the inductor coil that are used

The shape of the core is elliptical to ease the introduction of the paper sample on which
the nanoparticles are deposited, while minimizing the void at the center of the coil. This
enables us to maximize the influence of the nanoparticles on the value of the inductance,
since the latter depends on the magnetic permeability of the core.

To wind the copper wire on the support, a small setup with a motor was used, and
the purpose of the element framed on the front view of [3.15] is to fix the support on the
motor shaft. To clamp the coil support on the edge of the PCB, the element framed on the
left view of Figure |3.15 was also added. This ensures that the coil is correctly fixed on the
PCB and that the measurement will not be disturbed by unwanted movements of the support.

LCR measurements

The impedance of the inductor is first measured using the LCR 4284A II from Agilent.
The measurement frequency of this device ranges from 20 Hz to 1 MHz, which enables us to
get an accurate measurement of the series resistance of the coils. The usual model of an
inductor is shown in Figure [3.16, The resistor R; models the series resistance of the wire
used to fabricate the inductor while the capacitor C}, models the stray capacitance between
the wire turns.
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Figure 3.16: Model of an inductor with the parasitic series resistance Ry and the parasitic
capacitor C),
The total impedance Z of this model is

7 — RL + ij
14 jwRC, —w?LCOp’

(3.38)

At low frequencies, i.e., smaller than the self-resonant frequency of the inductor, the
capacitor does not have any impact and can be neglected. When the series resistance is
higher than the module of the impedance of the inductance, the total impedance behaves in a
resistive manner. When the frequency increases, the impedance of the inductor progressively
increases until it is equal to the value of Ry. At that point, the inductive behavior takes over
the resistive behavior, causing the phase to shift from zero to ninety degrees. The impedance

then reaches a maximum value at w = #C, which is the self-resonance peak. At that

p
point, the behavior becomes capacitive and the total impedance decreases with frequency, as

the capacitor acts like an AC-short circuit. Figure shows the typical evolution of the
module and the phase of the impedance of an inductor over a wide frequency range.
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Figure 3.17: Typical |Z]| - 6 curve of an inductor. Calculated for L =10 pH, R, =1 Q
and C, = 10 pF. The different regions are framed in different colors, and the self-resonance peak is
pointed by the arrow.

When 7 shifts from a resistive behavior to an inductive behavior, there is a point where

Ry = jwL, (3.39)
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and where the phase is equal to 45°. Knowing this, it is possible to extract the value of Ry,
by extracting the value of Z at that point. If C, is neglected, we can write the following for
the modulus of Z, to extract the value of Ry,

| Zss| = \/ RL + (wL)? (3.40)

= V2R, (3.41)

The values of the series resistance of the inductors used in this work are listed in Table [3.2]
These values are extracted from the LCR curve obtained for each of them, as explained in
this section.

Impedance analyzer measurements

The inductance of the coils is measured using the impedance analyzer E4991B from
Keysight Technologies. This device is complementary to the LCR regarding the frequency
range over which it operates. The LCR is able to perform measurement at frequencies as
low as 20 Hz, which is ideal to get an accurate measurement of the series resistance of the
coils. However, it cannot cover frequencies higher than 1 MHz, which limits its ability to
accurately measure small inductance values. On the other hand, the Impedance Analyzer
E4991B can cover a frequency range from 1 MHz to 3 GHz. This makes it ideal to measure
the inductance and the parasitic capacitance of a coil, but it is less effective in determining
the series resistance.

The inductance value can be extracted based on the frequency response of the impedance.
When the behavior of the inductor is inductive, its impedance varies linearly with frequency
and is equal to

|Z| = R, + jwL (3.42)
L can then be extracted by picking a point (fr, Z;) in the inductive region, giving
1Z1| — Rr
L=——"—7-— 3.43
ol (3.43)

The inductance value of the coils used in this work are listed in Table B.2l Each measure
was taken five times to get an idea of the variability of the measurement.

Inductors used in this work

Three different pairs of inductors, Ly1/ L1, Lo /Loy and Ls; /L3y are used in this work.
Each pair is designed to have the same inductance, but the wire used has a different section,
therefore changing the ratio %. Even though the wires are wound around an elliptical center
and not a circular one, the value of the inductance that is obtained with the supports used
in this work can be roughly estimated with the formula for a solenoid

AN?
l
with p the magnetic permeability of the material of the core, A the cross-section area, [ the

length of the solenoid, and N the number of turns. This estimation is not very accurate,
especially when N is high, but it gives an order of magnitude on the value of L.

L=u (3.44)

IThe aim is to have inductance values around Lqy/L1s = 2.5uH, L9y /Loy = 10uH, and
L31 /L3y = 20uH. Using (3.4.2) and the dimensions of the supports, this gives Ny;/Nip = 31,
N1 Nos = 63 and Ny3/Na3 = 90. The objectives with these six inductors are multiple:
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o Validate the relationship between the frequency and the inductance value found in the
theoretical analysis of the CO.

e Determine whether the inductance value has an influence on the system limit of
detection.

o Determine the impact of the L/R ratio on the frequency stability and on the limit of
detection.

Inductor Value [pH] o of L [nH] Wire section [mm?] R [Q] N

Ly 3.2669 0.0906 0.049 0.3245 30
Ly 3.1384 0.1338 0.159 0.106 30
Loy 13.658 0.2728 0.049 0.6594 63
Loy 14.658 0.2748 0.159 0.224 63
L3y 27.553 0.6552 0.049 0.9325 90
L3, 29.992 0.0073 0.159 0.4199 90

Table 3.2: Parameters of the inductors that are used to characterize the first design. The
inductance value is measured using the VNA, and the series resistance using the LCR. It can be
noted that the standard deviation o is smaller than 1 nH, meaning that there is little variability
between the measurements.

The error between the theoretical value of L given by the formula is relatively
high, but the order of magnitude is the same, and it does not impact our objective. Also, the
VNA seems to produce measurements with very little variability, as the standard deviation
o over five measures is less than one nH.

3.4.3 Analysis of the frequency content of the oscillator signals

The instrument for the phase noise analysis was unavailable at the moment of mea-
surement, but it is still possible to analyze the frequency content of the signals from the
oscillators by using a one-sided power spectral density (PSD). This enables, among other
things, to determine the purity of the signal and detect the presence of harmonics. The
purer the frequency content of the signal is, the more stable it is.
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Figure 3.18: PSD of the signal from L1y (left) and L1 (right). The harmonics are pointed by
the red arrows, and the oscillation frequency wg s pointed by the green ones
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Figure [3.18] illustrates the PSD of the Li; and L oscillators. It can be observed that the
spectrum of Ly is purer than the spectrum of Ly, probably due to the lower series resistance
of the inductor. It contains less harmonics and their amplitude relative to the main peak at
the oscillation frequency wy is smaller. This results in a better frequency stability for L
compared to Lj;, as will be later discussed in Section [3.4.5]

3.4.4 Power consumption

The bias current Ipp provided to each circuit by the power supply was measured using

a source meter. The supply voltage Vpp being set at 10 V, the power consumption P can
be calculated as such

P=1ppVpp. (3.45)

The power consumption of each oscillator is presented in Table[3.3] There are no major
differences in the power consumption between each circuit, meaning that the inductor does
not have much influence on this parameter.

For this design, Vpp is set at 10 V, but can easily be reduced to 5 V to both decrease
power consumption and make it possible to supply it with the same power supply as a
microcontroller, which usually is at 5 V. The main power consumption comes from the
amplifier circuit, the power dissipated by the series resistance of the inductors is several
orders of magnitude smaller than the resistances used to bias the transistor, which explains
why it does not have any influence on the power consumption.

Ly Ly Loy Ly Ly
Power consumption [mW] 36.49 36.2 33.14 36.84 37.36

Table 3.3: Power consumption of each oscillator

3.4.5 Measurement of the frequency stability
Frequency counting

To measure the frequency of the oscillator, the oscillator is interfaced with a micro-
controller Teensy 4.0 that has a 600-MHz clock processor, acting like a frequency counter.
This microcontroller takes a square clock signal between 0 and 5V as input, and outputs
the frequency of this signal. It can count the frequency of up to ten different signals on ten
different pins at the same time. To calculate the frequency, the Teensy counts the number of
rising edges, denoted as NV, over a certain period of time AT. The frequency can then be
computed as

N
f=x7 (3.46)
As the input clock signal might not be perfectly synchronized with the counting window,
there is an incertitude over the instantaneous value of the frequency for each measurement.
The incertitude of this measurement is of 1 input cycle count, which means that the

incertitude e(f) over the frequency is

() = 57 (3.47)

To increase the resolution on the instantaneous frequency, one has to increase the
window during which the counter accumulates the cycle count. It is also possible to average
out the error by counting the frequency for several time windows in a row and taking the
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average of the frequency over this measurement time. This is equivalent to increasing the
value of the time window, except that one can get more measurements in the same amount
of time, which is more suitable in the context of nanoparticles detection. Indeed, if the
counting time window is large, i.e., 10s, one would need to wait for a new time window to
start before introducing the sample with nanoparticles so that the frequency of the oscillator
does not change in the middle of the counting window.

In this work, the counting time window is set to 1s, which gives an error of 1 Hz for
a single window. However, as the frequency is counted for several windows in a row, this
error isreduced down to 1/Nying Hz, where Nynq is the number of windows during which
the signal is counted. This is a good trade-off between speed of measurement and frequency
resolution. A moving average over five samples on the frequency value is then performed in
post-processing, to smooth the frequency signal.

Characterization of the precision of the Teensy

The stability of the frequency counting of the Teensy is characterized by measuring
its output measured frequency when a 5-V clock signal generated by a crystal oscillator is
connected at its input. The frequency is measured for 40 minutes for the first and second
channels, as only these two are used later on in this work. Table presents the results
obtained for the characterization.

It has to be noted that sometimes, the Teensy outputs a single sample whose value
completely deviates from the value of the previous and next samples. As the deviation for
these samples was more than 50 Hz, and it only occurred less than five times during the
40 minutes of measurement, these are considered outsiders and they are removed before
calculating the mean and standard deviation of the measured frequency.

| Channel | Mean frequency [Hz] | Sigma [Hz] |

1 32767.995 0.308
2 32767.994 0.276

Table 3.4: Mean and standard deviation of the frequency measured by the Teensy when the input is
a signal from a crystal-based clock. The incertitude on the frequency measurement is then negligible
compared to the drift of the oscillators are measured.

The crystal clock used to perform the characterization was a DS32 oscillating at
precisely 32 768 Hz. As expressed by the value in the table, the Teensy does indeed provide
a measurement of the frequency with a standard deviation of less than 1 Hz, meaning that
its contribution on the frequency variation that can be observed during measurement is
minimal.

Conditioning chain to interface the Teensy

Before being connected to the input pin of the Teensy, the oscillator signal must
be converted into a clock signal that oscillates between 0 and 5 V. To do this, a small
conditioning chain is designed to transform the sinusoidal signal output by the oscillator
into a square signal oscillating between 0 and 5 V. This conditioning chain is presented
in Figure [3.19, with the corresponding signal output of each block in Figure [3.20] The
signal from the oscillator is retrieved through a buffer to avoid disturbing the circuit.
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It is then amplified and fed to a comparator to get a square signal. Finally, a CD4050
non-inverting buffer ensures to have a perfectly square signal in the right range for the Teensy.

i
- -
CD4050 = [Teensy| =——| 7 [Hz]
= =
T

Figure 3.19: Block schematic of the interfacing chain between the oscillator and the Teensy 4.0.
The evolution of the signal at each point of the conditioning chain is presented in Figure @
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Figure 3.20: Signals at each point of the conditioning chain presented in Figu?“e
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Frequency stability of the CO

Six COs are soldered on PCB, each with one of the inductors presented in Section [3.4.2]
The frequency variation over a one-hour period is measured for each of these oscillators.
This enabled us to get an idea of the impact of the inductor on the frequency stability of the
signal produced by the oscillator.

Table shows the results that were obtained. The theoretical frequency is computed
based on the value of the inductance measured with the VNA and the formula of the
oscillation frequency of a CO, given by . The measured frequency is the frequency
counted by the Teensy, and the ) factor is the theoretical quality factor of the resonator
calculated with the formula derived in Section [3.3.3] and reminded here:

L
= wyp—, 3.48
Q@ = wo R, (3.48)
where wy is the oscillation frequency and Ry is the series resistance of the inductor. The
o/ is the standard deviation normalized by the mean frequency, and the Af is the -3 dB
resonance width, calculated based on the value of the Q factor and the oscillation frequency.

Inductor Th. freq. Meas. freq. o [Hz] o/p [ppm] Q factor Af [kHz]

[Hz] [Hz]
Ly 393 792 388 743 20.68 53 24.5 15.86
Lio 401 773 393 225 15.07 38 73.2 5.37
Loy 192 539 189 121 4.2 22 24.61 7.68
Loy 185 905 176 431 3.46 19 72.5 2.43
L3y 135 597 132 900 10.7 80 24.67 5.39
Lso 129 965 119 076 5.07 42 53.44 2.22

Table 3.5: Comparison of the frequency stability of the oscillator with each inductor. o is the
standard deviation of the frequency, and the ratio o/p is the standard deviation normalized by the
mean frequency of oscillation

The first thing to observe is that the correspondence between the theoretical frequency
and the measured frequency is relatively close. Except for Loy and L3y where there is an
error of 5 and 9%, respectively, the average error between the theory and the measured
frequency is less than 2%. This error can come from the fact that the components that
were used have a certain tolerance (1% for the capacitors of the resonator), which means
that their exact value is not known. It can also come from the fact that some simplifying
hypotheses were made when calculating the expression of the oscillation frequency.

Regarding the Q factor of the inductors, it can be observed that, while there is a clear
improvement between the inductors with a smaller wire section and the one with a larger one,
there is no improvement at all between each pair of inductors. The reason for this is that,
while the Q factor depends on the ratio RLL, it also depends on the frequency of oscillation.
The expression of Q can be developed by injecting the expression of the oscillation frequency

in its definition:
2 L (3.49)
LCres RL ‘

VL
X R (3.50)

Q

Qo
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The value of the inductance increases with the square of the number of turns, while
the series resistance increases linearly with the number of turns. This means that increasing
the number of turns such that the ratio RLL increases does not improve the quality factor, as
the variation of L and of Ry exactly compensate each other.

Regarding the Q factor of Lss, it is equal to 53, which is a bit lower than those of Ly
and Los (which are at 72 and 73), but its series resistance is also higher than theirs compared
to its inductance value. The inductance value of L3y is double the inductance of Loy, and
while its resistance should have been multiplied by 1.3 (as there is only a 1.3 factor between
their respective N), it was also multiplied by 1.8, which explains why the Q factor is lower.
This could be caused by defects in the wire, or other imperfections that would cause the
series resistance to increase.

Finally, while it is important to look at the absolute frequency variation over time, it
is also important to put it into perspective with the oscillation frequency. Indeed, a sigma
of 10 Hz for an oscillation frequency of 10kHz is not the same than a sigma of 10 Hz for
an oscillation frequency of 1IMHz. Looking at the values in Table [3.5], there is indeed an
improvement between the inductors in each pair, however, there is no clear tendency between
pairs.

Figure [3.21] shows the relative frequency variation with respect to the mean frequency
over time. It can be observed that the frequency variation takes the form of a slow drift.
This means that during a short period of time, i.e., less than five minutes, the frequency is
relatively stable, which could lead to a good limit of detection (LoD). However, this will be
discussed in more depth in the next section on nanoparticles detection.

—  0.005 - [ ———
S — L
~ 0.000
& L1z
L _0.005 -
Y
() i /
9 —o.010
2
© -0.015 -
[0
& _0.020
0 500 1000 1500 2000 2500 3000 3500
—_ Py
°\° 0.002 1| —— L21 v v.,«'\-_-‘—-l-g__‘\q\"-
. Ly; ﬁ\\"\-\m .
8‘ 0.000 A g,
= i
@ —0.002 1 S
2 s
W —0.004 - “‘W‘
0]
& _0.006
0 500 1000 1500 2000 2500 3000 3500
—  0.02
X — L
& Ls;
@ 0.00 —
j .
=
o
2
S -0.02
©
[0
o
0 500 1000 1500 2000 2500 3000 3500
Time [s]

Figure 3.21: Relative frequency variation [%] with respect to the average oscillation frequency
over a 1-hour measurement time. FEach pair of oscillator is represented on the same graph.
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It has to be noted that the drift seems to be linked to environmental factors. Indeed,
each pair of oscillators is measured at the same time, using the same power supply, and the
frequency variation within each pair seems to be correlated. This suggests that this long
term drift is not entirely due to internal random noise specific to each individual oscillator,
but that some external factor has a similar impact on two oscillators measured in identical
conditions. Based on this observation, the idea of a differential system, with two identical
oscillators, one serving as a reference and another as the sensing device, could be envisaged
to mitigate the effect of the drift on the detection. Another possibility is that the harmonics
that can be observed in the signal spectrum in Section |3.4.3] present in the spectrum of the
signal are partially responsible for this frequency drift. One would therefore need to find a
way to suppress, or a least minimize them. However, this would require further investigation
to determine which factor, environmental or the harmonics, has the most influence on the
frequency drift.

3.5 Detection and quantification of nanoparticles

3.5.1 Description of the nanoparticles samples

The samples used to characterize the impact of the nanoparticles on the inductance
value, and consequently, on the oscillation frequency, are presented in Figure [3.22

Figure 3.22: Samples used to characterize the impact of the nanoparticles on the inductance
value, and on the frequency variation. The quantity of nanoparticles in these samples ranges from 1
mg and 1 pg, with sample 12 serving as the control sample, without any nanoparticles.

The mass of nanoparticles ranges from 1 mg down to 1 pug. The sample 12 does not
contain any nanoparticles and serves as a control sample to verify that the paper does not
have an influence on the inductance value. The mass of nanoparticles in each sample is
presented in Table The nanoparticles used in this work are commercial iron nanoparticles
with an average diameter of 161 nm and a standard deviation on the diameter of 104 nm.
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Sample number Mass of MNP [ug] | Sample number Mass of MNP [ug]

1 1025 8-1 25

2 768.75 8-2 20

3 512.5 8-3 15

4 256.25 9 10.25

) 102.5 10 5.125

6 71.75 11 1.025

7 51.25 12 0

8 30.75

Table 3.6: Samples used to characterize the system

All tests and characterizations that are presented in the following sections are carried
out with these samples.

3.5.2 Definition and characterization of the detection threshold

The way one calculates the detection threshold is key in determining the actual
performance achievable with this system. The parameter having the greatest impact on
this threshold in this case is the frequency drift caused by the phase noise present in the
circuit. Indeed, in such a free-running oscillator, the instantaneous frequency randomly
varies around the theoretical oscillation frequency, and the magnitude of this deviation is
determined by the characteristics of the oscillator, i.e., its quality factor. However, there
is no simple way to link the quality factor to an effective value of the maximum drift an
oscillator can have. The discussion that follows is then based on the empirical data collected
during the characterization of this system. While this provides a value for the threshold that
is only valid in this exact case, the methodology can be translated to other similar systems,
enabling a relevant comparison.

A safe approach

One possible way to define the detection threshold is to determine the long-term drift
of the oscillator, to calculate its standard deviation o7 and define the threshold from which
a detection is considered as:

fmin = fO + 3O'LTa (351)

with fy the average oscillation frequency. This definition would make sense if the frequency
variations were abrupt, with variations of several Hz over a couple of seconds. However,
in steady state, the oscillation frequency of such oscillators varies slowly over time and is
relatively constant for a short measurement window, as can be seen in Figure 3.21] Such
definition of the detection threshold does not take this parameter into account and does not
reflect the real performance achievable with this system.

A conservative approach

A more appropriate way to define the detection threshold would be to try and determine
the maximum frequency variation possible during the measurement period, and calculate
a threshold from there. This is the approach proposed by [50], where the noise floor is
calculated for a given measurement period 7. The advantage of this technique is that it also
gives a methodology to determine the duration of the measurement window, provided one
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knows the phase noise of the oscillator. In the article, the normalized frequency detection
sensitivity within a measurement period 7 is expressed as

4 0 wT
2 _ : 2
)= | [S00e6) + Spenufe)] sin? [ | (3.52)
1
— 5 02lT) + Ot () + o (7) + 0 (7)), (3.53)
T Temp VDD Twin

where wy is the average oscillation frequency, w the offset frequency for the single-sideband
phase noise profiles Sy ,sc(w) and Sg eny(w), and o2 the accumulated jitter due to the intrinsic
noise of the oscillator or due to external parameters, i.e., temperature or supply voltage
variations. T, corresponds to the variation of the frequency standard of the clock used to
count the frequency of the oscillator. As it is commonly generated by high-quality sources
such as quartz, its jitter is usually negligible with regards to the other quantities.

Based on this, the graph presented in Figure [3.23| can be obtained, to represent both
the phase noise (left) and the impact this phase noise has on the jitter, depending on the
window size (right). The detection threshold is then defined as a function of the accumulated
jitter during a given window duration, or equivalently, as a function of the frequency drift
during this window.
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Figure 3.23: Illustration of the relationship between phase noise and jitter, extracted from [@/
Figure (a) shows the typical phase-noise profile with respect to the offset frequency w . Figure (b)
shows the resulting frequency measurement sensitivity as the total accumulated jitter with respect to
the counting window T.

To estimate the frequency drift over a small window of time for the different oscillators
that were built, an operation similar to a moving average was performed on a measurement
of the frequency over a 1-hour period. The only difference is that instead of calculating
the average, we calculated the standard deviation. This thus becomes a so-called moving
sigma. Figure [3.24] shows the result of this operation, where the window length is 90 s. The
justification for this duration will be detailed in Section [3.5.4] relative to the measurement
of the frequency variation caused by nanoparticles, but fundamentally, it is related to the
discussion summarized in Figure |3.23]
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Figure 3.24: Moving sigma calculated for a 1-hour frequency measurement. The moving window

on which the sigma was calculated has a length of 90 s, with one frequency measurement taken
every second.

Table [3.7| shows a comparison between the different definitions of the threshold, and it
is clear that the standard deviation of the short-term drift g7 is much smaller than that of

the long-term drift o, of the oscillators. The detection threshold f,,;, using the short-term
sigma then becomes:

fmin = fO + 30-ST,maJ: (354)

where fj is the average frequency during the measurement period and g7 4, is the maximum
standard deviation that is observed over the measurement period. This definition better
reflects the fact that the measurement time of this system is relatively short.

Ind.  fo [Hz] | opr [Hz] 3opr[Hz) 224 [ppm] | 0srmar [H2] 3057maer [H2] 225222 [ppm]

fo
Ly 388 743 20.68 62.04 159 3.67 11.01 28
Lo 393 225 15.07 45.21 115 3.58 10.76 27
Ly 189 121 4.2 12.6 66 1.29 3.87 20
Loy 176 431 3.46 10.36 58 1.26 3.78 21
Ls; 132 900 10.7 32.21 242 1.09 3.29 8
Lsy 119 076 5.07 15.21 127 0.7 2.11 6

Table 3.7: Comparison of the two definitions of the detection threshold, with the standard

deviation, the minimum frequency variation needed to consider a detection and the normalized
frequency variation
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A performance-oriented approach

However, as can be observed in Figure [3.24] the standard deviation over a short-time
measurement period is not constant. This means that if the standard deviation of the
frequency during the measurement can be estimated, it can lead to a better detection, as
the detection threshold adapts itself depending on the measurement conditions at a given
moment. Its definition is then be the same as the conservative one, except that the sigma is
the one during the given measurement period.

While this definition is a bit more dependent on the measurement conditions at a given
instant, it gives an idea of the performance reachable with this detection technique, and what
can be achieved if the oscillator that is used has a more stable frequency. This definition of
the threshold is compared to the conservative definition in Section [3.5.4] and the performance
reached with it are indeed better.

3.5.3 Inductance variation due to magnetic nanoparticles

The inductance depends, among other things, on the magnetic permeability of its core.
Introducing nanoparticles inside a coil changes the magnetic permeability of its core, thus
changing the value of its self-inductance. To determine the impact of the nanoparticles on
the inductance value of the coils used in this work, their inductance is measured with an
impedance analyzer when nanoparticles are inserted inside. Figures [3.25a] and [3.25b] depict
the inductance variation with respect to the mass of nanoparticles. The relative variation
was calculated as

L - L
Relative Variation = % x 100 (3.55)
0
where Lj;np is the inductance value with nanoparticles, and Ly the inductance value without
nanoparticles. It can be noted that the mass of nanoparticle in linear scale in Figure [3.254] to
highlight the relationship between the mass of nanoparticles, while it is in logarithmic scale
in Figure to have a better grasp on the inductance variations for smaller quantities of

MNP.
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Figure 3.25: Inductance variation due to nanoparticles

First of all, Figure shows a linear relationship between the inductance variation
and the quantity of nanoparticles, confirming a result from [24]. Secondly, while the absolute
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inductance variation is much bigger for the L3, inductor than for Li; and L, its relative
variation is smaller. One hypothesis than could explain this is the fact that in order to
obtain a larger inductance for L3y, the number of turns to reach this inductance value is
three times bigger than for Ly;/L;5. This means that L, has more layers of wire wound
on top of each other, resulting in a coil having a higher effective cross-sectional area. If the
cross section area of the coil is bigger, the volume of its core is higher, hence the relative
volume of the core occupied by a given mass of nanoparticles is smaller compared to a coil
with less turns, and a smaller core volume. The relative impact of the nanoparticles on the
inductance value is then smaller. The same is true between Li; and L;5. The wire used to
would Ly, is twice bigger in diameter, and while L;; only required one layer of turn to reach
30 turns, Lo needed two, thereby increasing its effective cross-section area. This hypothesis
should be confirmed by more extensive testing, but this could be a way to improve the
sensitivity of this sensor, by trying to find the optimal inductor design to maximize the
detection, probably by minimizing as much as possible the core volume.

3.5.4 Oscillation frequency variation due to magnetic nanoparticles
Theoretical impact

As the nanoparticles affect the value of the inductance, they therefore impact the
oscillation frequency. Let AL be the absolute variation of inductance caused by nanoparticles
and Ly the inductance without MNP. The total inductance L;nyp then becomes

Larnp = Lo + AL. (3.56)

The expression of the oscillation pulsation with nanoparticles wy;np can then be expressed as
a function of the oscillation frequency without nanoparticles wy and the relative inductance
variation %—OL. Injecting this into the expression of the frequency for a CO leads to

2
MNP ALy + AL)C
1

(3.57)

(3.58)

= wp X

Measurement method and determination of key parameters
The methodology that used to measure the samples is as follows:

o Measure the frequency for 30 s without sample to get a mean frequency fy; over the
measurement time

o Measure the frequency for 30 s with a sample to get a mean frequency f; over the
measurement time

e Measure the frequency for 30 s without sample to get a mean frequency fyo over the
measurement time

The Af caused by the sample is then measured as
Af = fo—f, (3.59)

where fy is calculated as the arithmetic mean of f,; and fy2. This method enables us to
get the best estimation possible of the natural frequency, i.e., the frequency without sample,
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during the time the sample is measured, which is essential to calculate an accurate Af.
Essentially, it answers the question : "What would the oscillation frequency of the oscillator
have been during the sample measurement if nanoparticles had not been introduced into
its inductor ?7". Estimating the natural frequency in this way accounts for the drift in the
frequency of oscillation. If the frequency with the sample is only compared to the value of
the frequency before (or after) the sample is introduced, it would make it more difficult to
discern whether the observed change in frequency is solely due to the nanoparticles or if it is
also influenced by drift.

Regarding the choice for the duration of the measurement window, there are several
parameters to take into account. Figure summarizes quite well the different parameters
that have to be taken into account in the choice of the measurement window.

On one side, this window has to be long enough so that it averages out the error due to
the desynchronization between the start of the counting window and the rising edge of the
measured signal. As a reminder, the error e(f), expressed in Hz, can be calculated as

e(f) = AlT (3.60)

with AT the measurement time. It also has to be long enough so that it is beyond the 1/ f3
corner. On the other side, we want the measurement time to be as short as possible so
that the frequency is almost constant during the measurement, therefore minimizing the
impact of the drift and of the perturbation due to the environment (temperature changes,
power supply variation, etc). A longer window also means that the estimation of the natural
frequency fy during the sample measurement is less accurate, leading to more variation in
the measurements. We have settled for a counting window of 30 s, giving an error e(f) of
less that 0.04 Hz on the value of the frequency over the window. Taking a shorter window
is possible, but one still has to take into account the fact that introducing the sample in
the inductor and letting the system settle takes a couple of seconds, thereby reducing the
effective measurement time.

Measurement results

Figure [3.26] shows the frequency variation when nanoparticles are inserted in the
inductor. The mass of nanoparticle in Figure is in linear scale to highlight the
relationship between the frequency variation and the mass of nanoparticles, while it is in
logarithmic scale in Figure [3.26D] to have a better view of the variation for smaller quantities
of MNP. The measurement procedure was the following:

1. Let the oscillator run for 30 seconds without sample
2. Introduce a sample in the inductor and leave it for 30 seconds
3. Take the sample out, and wait another 30 second before introducing the next sample

The samples are introduced in decreasing order with respect to the mass of nanoparticles
they hold. This measurement procedure is repeated four times for each oscillator, meaning
that each sample is measured four times by each circuit. The points in Figures and
3.26b| are the average Af over the four measurements.
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Figure 3.26: Frequency variation due to nanoparticles

The standard deviation of the measurements presented hereabove is displayed in Figure
[3.27] It shows that the variability in between two measurements is really small. This is
encouraging as it means that this technique could be really adapted to quantify nanoparticles,
as the same amount of MNP causes the same frequency variation for different measurements.
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Figure 3.27: Standard deviation of the measurement presented in Figures |32604 and|5’.26b|.

The relation between the frequency variation and the mass of nanoparticles is linear,
as demonstrated in Figure [3.26al, which bodes very well for the development of a sensor able
to quantify the nanoparticles on a sample.

As the frequency variation depends on the relative variation of L, the same phenomenon
that was observed in the relative inductance variation can be observed in the frequency
variation. The relative frequency variation due to the nanoparticles is more important for
the smaller inductors than for the bigger one. Moreover, the oscillators with the smallest
inductors have a greater oscillation frequency, which means that the same relative inductance
variation causes a greater absolute frequency variation than for bigger inductance. This is
highlighted in Table [3.8] where it can clearly be observed that the small inductors have a
bigger sensitivity than the bigger ones.
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| Ly Lyy Ly Loy L3y
Sensitivity [Hz/pg] | 0.395  0.393 0.185 0.142 0.082
o [Hz/ng] 0.0048 0.0048 0.001 0.0035

Table 3.8: Sensitivity of the oscillators, in Hz/ug. The smaller the inductor in the oscillator is,
the greater the sensitivity is.

Comparison between theoretical and measured frequency variations

With the measurements that are carried out, it is possible to validate whether the
expression that predicts the frequency variation with respect to AL is accurate. To
do this, the theoretical frequency variation is calculated using , using the inductance
variations measured with the VNA to determine AL. Figure [3.28| shows the results obtained
for Lqq, L1o and L3y. Measurement noise aside, the theory fits closely to the measured value.

As the AL used to predict the theoretical variation comes from a measurement, this
introduces a first source of variation. Then there is another source of noise with regard to
the accuracy of the Af. Both the drift and the fact that the value of the natural frequency
fo to which the frequency with the sample is compared is an estimation and not an exact
value, introduce more uncertainty as to what exact Af is observed.
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Figure 3.28: Comparison between the theoretical frequency variation based on the measured

inductance variation, and the measured frequency variation - From top to bottom : L1y, L12, and
L3y
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Discussion on the detection threshold

As was hinted before in Section [3.5.2] the performance of the system greatly depends
on the way the detection threshold is defined.
The first definition that is proposed is a fixed threshold (FT) calculated based on the maxi-
mum drift that is observed over a time window whose length is equal to the duration of the
measurement window. The frequency of the oscillator is measured for one hour straight, and
the computation of the maximum drift is based on this measurement. This fixed threshold
is the same no matter the circumstances, and if at one point the drift during a measurement
is lower or higher than this maximum drift, the real performance of the system is not be
properly captured by this worst-case definition.

The second definition that is proposed is based on an estimation of the drift during the
measurement, to compute an adaptive threshold (AT). To this end, the natural frequency is
measured before and after introducing the sample, and the drift is calculated based on these
two measurements. This is under the hypothesis that the standard deviation of the drift does
not vary substantially during the measurement window. However, as each measurement of
the frequency (before introducing the sample, with the sample, and after) is relatively short,
the overall measurement time is also short, which makes this hypothesis reasonable. This
definition has two advantages. The first one is that, as the detection threshold is calculated
on the spot, there is no calibration to do beforehand, to manually enter the value of the fixed
threshold in the system. The second advantage is that this enables to adapt the detection to
the measurement conditions. If for some reasons, the oscillator is particularly stable during
the time a measurement is taken, its actual threshold is much lower and it could detect
much smaller quantities of nanoparticles. On the contrary, if the environment in which the
measurement is taken is very noisy, i.e., a lot of magnetic noise, a high temperature, etc,
this would impact the frequency drift of the oscillator. Having an adaptive threshold enables
to take this into account and ensure that there are no false positives.

Figure illustrates the difference between the two definitions of the threshold, for
two of the oscillators L7 and Loy, with the hard threshold in dashed green and the adaptive
threshold in dashed red. The fixed threshold (FT) is calculated as

FT = wo £ 30mas (3.61)

with 0,,4, the standard deviation of the maximum drift over a 90-s time window observed
during the characterization of the oscillator, and wy the natural frequency calculated during
the measurement time. The adaptive threshold (AT) has the same definition, except that
the standard deviation oggqep: is calculated differently. It is the standard deviation of the
drift observed during the measurement window.

AT = wWo + 30adapt (362)
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Figure 3.29: Comparison between the LoD obtained with the adaptive and the fixed detection
threshold, for L1y (left) and Log (right).

The two figures are based on a single measurement each, as the adaptive threshold
only makes sense in this context. The graph on the left in Figure [3.29]is a good example
where the fixed threshold underestimates the real frequency variation detectable by the
system at that particular moment. During that measurement, the oscillation frequency of
the oscillator is very stable, enabling for a much better detection. The graph on the right in
Figure |3.29 on the other hand illustrates that at times, the oscillation frequency can become
relatively unstable. During the measurement of the smaller quantities of nanoparticles, the
oscillation is quite unstable, and the soft threshold is equal, if not greater than the fixed
one. This shows how having an adaptive threshold enables to really take into account the
measurement conditions.

As a side note, each point on the graph corresponds to the measurement of one sample.
One can notice that one of the point (for 30pg) consistently breaks the linearity of the
relationship between the frequency variation and the mass of nanoparticles, by causing a
smaller Af that its predecessor. This means that the actual mass of nanoparticles on this
sample is lower that what it is supposed to be. The fact that the system can detect such
variation is encouraging towards the development of a system able non only to detect, but
also to quantify nanoparticles on a given sample.

Table shows a comparison between the limits of detection attainable with each
definition. The worst and best case are shown. Regarding the limit of detection attainable
with the fixed threshold, there usually is little variation between the worst and the best case.
This variation mostly comes from the incertitude on the Af caused by the drift. If there was
a lot of drift during the measurement period, the estimation of the natural frequency to which
the frequency with the sample is compared to, is less accurate, leading to more incertitude,
hence a worst limit of detection. The variation between the worst and best case is much
greater when using the adaptive threshold to determine the limit of detection. While the
worst case usually is around the limit of detection given by the hard threshold, the best case
often leads to a much better detection, if the drift at the moment of the measurement is lower.
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Inductor’s name FT- best FT - worst AT - best AT - worst
Ly, 25 pg 30 pg 15 pg 20 pg
Lqy 40 ng 40 ng 25 pg 45 pg
Loy 25 pg 25 pg 20 pg 25 ng
Loy 25 pg 40 pg 20 pg 40 pg
L 40 pg 45 pg 25 pg 60 pg

Table 3.9: Limit of detection reached depending on the threshold definition

The smallest amount of nanoparticles that was detected overall is 15 pg. In the context
of Lateral Flow Assay, one of the limiting factor for the quantity of nanoparticles is the size
of the test line, and thus the quantity of nanoparticles it can hold. Considering a test line
volume between 0.01 and 0.5 mm?, and a volume occupied by the nanoparticles between 10%
and 50% of the total volume, this gives an estimate for the quantity of nanoparticles that
we have to be able to detect between 0.1 pg and 50 pg. However, bringing this LoD lower
enables to detect for even smaller concentration of bacteria with the LFA. The robustness
and the repeatability of this system should also be improved, so that the worst-case LoD is
closer to the best-case.

However, this should not be impossible to do. There is a lot of room for improvement,
both on the design of the inductor and on the architecture of the oscillator, to make it more
stable, frequency wise. Table gathers the performance reached in other articles for the
detection of nanoparticles in the context of LFA, to compare it with the results obtained
in this work. While the more advanced methods, such as the frequency mixing technique
or the GMR sensors, can detect nanoparticles in the ng range, the techniques measuring a
frequency variation in a system using coils or measuring the variation in the impedance of
a coil have a LoD much closer to the one obtained in this work. However, apart from [18§],
all the other techniques use either microfabrication at some point or necessitate laboratory
equipment to carry out the measurement. [18] measures the frequency variation in a VCO
controlled by a PLL and actually has a design very similar to us regarding the size of the
inductor. Their system is more complex that ours, but it is encouraging as to the LoD
reachable using frequency measurements.

Reference ‘ Technique used Transducer ‘ LoD
[16] Frequency mixing Pickup + excitation coils 0.4 ng
[14] Frequency mixing Pickup + excitation coils 3 ng
[20] Wheatstone bridge GMR 64 ng
[19] Frequency mixing Pickup + excitation coils | 120 ng/ml
[22] Wheatstone bridge GMR 0.84 pg
[22] Wheatstone bridge GMR 0.84 ng
[51] Impedance meas. Inductor ~ 1ng
[51] Impedance meas. Inductor ~ 1ng
[21] Wheatstone bridge GMR 1.2 pg
(18] Frequency var. meas. in VCO Inductor 1.2 pg
[17] Self-frequency var. meas. Inductor 10 pg

This work | Frequency var. in LC-oscillator Inductor 15 pg

Table 3.10: Comparison between the performance of this work and the performance reach in
other articles in the context of nanoparticle detection for LFA.
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3.5.5 Possible improvements

There are several improvements possible, both to lower the LoD and to make the
system more robust and reliable by bridging the gap between the best an worst case LoD.

Design of the coils

The first thing on can do to improve the limit of detection is optimize the design of the
coils. Indeed, as shown in Table [3.8] changing the size of the inductors has a big influence
on the detection, as the same amount of nanoparticles does not cause the same inductance
variation depending on the inductor’s size. Fundamentally, to maximize the detection, one
has to minimize the volume of the core of the inductor as much as possible. By doing this, the
nanoparticles occupy a much greater portion of the core volume, thereby causing a greater
inductance variation. Currently, an elliptic design for the core is used, but it probably is not
the best choice. A rectangular core would fit more closely to the shape of the nanoparticles
samples and enable for a better detection. Shorter inductors would probably be better too,
as ours currently are 10 mm in length, which is long compared to the size of the smaller
samples.

Frequency stability improvement

Another possibility to lower the limit of detection is improving the frequency stability
of the oscillator. Indeed, the choice is made to define the limit of detection based on the
drift that is observed over the measurement time. By designing a more stable oscillator, one
can thereby bring the limit of detection down. Clapp oscillators for example are known for
their remarkable performance regarding frequency stability[52], having a quality factor up to
10 times better than the quality factor of the CO, with a very similar implementation. The
only change in the architecture is the addition of a capacitor in series with the inductor.

Double Differential Frequency Measurement Scheme

Finally, to improve the robustness of the system to frequency drift, one can implement
a differential frequency detection [50]. To do this, two identical oscillators are needed, one
to generate the reference frequency and the other to detect the nanoparticles. A first Af;
can be obtained by measuring the frequency difference between the two oscillators without
nanoparticles. The second A f5 is obtained by measuring the frequency difference between the
two oscillators when nanoparticles are introduced into the sensing oscillator. The frequency
shift f,; caused by the nanoparticles can then be calculated as

fs=Afk—Af (3.63)

The concept of the double differential frequency measurement technique is illustrated in
Figure [3.30
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Chapter 4

Conclusions and perspectives

The primary objective of this work is to develop a sensor capable of detecting and
quantifying magnetic nanoparticles used as labels in the context of LFA. Moreover, this
thesis falls within a broader project with the aim of developing a low-cost and portable
biosensor to help improve water quality monitoring in regions where resources and equipment
are limited. This brings an additional constraint in the design of this sensor, as it has to
comply with these cost and portability specifications. However, most of the techniques
usually used to detect nanoparticles either require bulky and expensive equipment, or use
microfabrication at some point in the production of the magnetic sensor, hence the need of a
low-cost, portable sensor. The challenge is then to design a sensor that can both quantify
MNP and have a sufficiently low LoD to be useful in the context of LFA, while meeting
the additional constraints listed hereabove. It can be estimated that a LFA test zone can
contain from 0.1 to 50 pg of MNP, which gives an order of magnitude for the LoD.

To meet the portability and cost constraints, the choice has been made to develop a
solution using only off-the-shelf components. Moreover, it has also been decided to work
with an inductive sensor, as inductors can easily be fabricated, without requiring anything
other than a wire and a support to wound the wire around it. Coil-based sensors also display
the broadest range of detection.

A first solution has been attempted, based on the principle of induction. However,
several problems arise when trying to implement this solution in practice:

e The perturbation in the induced current caused by nanoparticles is really small,
consequently, the voltage variation at the output of the secondary circuit is also really
small (< 1 mV). Such a tiny difference is challenging to detect accurately only with
off-the-shelf components.

o The system requires a high-frequency excitation signal (in the MHz range) so that the
inductors in the system are in their inductive region to maximize induction. Generating
such high-frequency signal is not an easy task with basic discrete components.

 The signal generator must be able to provide a high current (several tens to several
hundreds of mA) due to the low impedance of the primary circuit. Again, standard
drivers are often limited to less than 10 or 20 mA. The signal generator would then
require special drivers to work correctly.

All of these challenges make the detection of nanoparticles with this technique not
suitable in the context of the development of a low-cost, portable sensor. The decision has
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then been made to move on to the other technique, that was the core of this work.

The second technique that has been explored in this work relies on an LC-oscillator
whose oscillation frequency depends on the inductance value of the LC network in the
oscillator. Several reasons led us to consider this option :

o There exist simple architectures of LC oscillators that can easily be implemented on
PCB

e The measurement of the frequency of oscillation can be performed by a microcontroller
using a basic frequency counting technique.

e The entire system can be implemented with off-the-shelf components, aligning with
the cost and portability requirements.

A Colpitts oscillator has been designed, and several setups with different inductors
have been tested to identify the limiting factors of the system and propose ways to improve
it. Three pairs of coils have been fabricated. The two inductors inside a pair have the same
inductance value but there is about a factor of three between their series resistance Ry. The
inductance values across the pairs are 3.1 pH, 13.7 pH and 29 pH, and the lowest Ry Ry, of
each pair are 0.106 €2, 0.224 €2, and 0.412 Q. To change the R}, of the inductors inside each
pair, different wire sections have been used. This means that the inductors with the lowest
Ry are also the biggest, as the wire used has a diameter twice bigger than the wire used for
the other coils.

It has been observed that the inductors that have the smallest size, i.e., the inductors
that have the highest R in each pair, are the one showing the best performance regarding
nanoparticles detection. The best LoD that has been reached in this system is with the
inductor of the first pair with the highest R, where 15 pg of nanoparticles have been
detected on a paper sample. The sensitivity of this oscillator is 0.395 Hz/pg for an oscillation
frequency of 388 kHz. The other inductors have a LoD between 20 and 25 pg. Moreover,
a linear relationship between the frequency variation and the mass of nanoparticles has
been observed. This facilitates the quantification of MNP on in a sample, and by extension
the quantification of bacteria present in water, as their is a linear relationship between the
bacteria concentration and the quantity of nanoparticles that are brought to the test zone of

the LFA.

Two main improvement points have been identified for this system, that could bring
the LoD down, but also ensure the robustness and the repeatability of the measurements.

The first point that needs to be improved is the frequency stability of the oscillator.
The threshold at which detection is considered to have occurred is defined as a function of
the standard deviation of the frequency observed during the measurement time. For the CO
with the inductor having the best LoD, this standard deviation varies from 0.5 to 4 Hz on a
90-s measurement period, depending on the noise level at the moment of measurement. As
15 pg of nanoparticles induce around a 2.5 Hz variation, this shows the importance of have a
stable oscillation frequency. To attend this issue, there exist other architectures similar to
the CO that have better frequency stability. One can expect an improvement of a factor of
10 in the quality factor Q by using a Clapp oscillator instead of a CO. A double differential
frequency measurement scheme could also be envisaged to eliminate the frequency drift due
to environmental factors such as temperature or power supply variations.
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The second area in which improvement is possible is in the design of the inductors. It
has been observed that the bigger the inductor is, the less sensitive it is to the presence of
nanoparticles. This is due to the fact that the inductance value of a coil depends on the
permeability of its core. If the core of a inductor is small, the nanoparticles occupy a greater
proportion of this core, thus having a greatest influence on its permeability. It has been
observed that the same amount of nanoparticles caused an inductance variation of 0.225 %
for the smallest inductor, and a variation of 0.175 % for the biggest. A further design should
then seek to minimize as much as possible the size of the inductor to maximize its sensitivity.

To conclude, what can be remembered from all this 7 Firstly, this work has shown that
measuring frequency variations in an LC-oscillator is an effective way to detect and quantify
small amounts of nanoparticles, while trying to measure voltage variations in a system using
induction is not a viable solution in this context. Secondly, the system implementing the
frequency counting solution can be build using only off-the-shelf components, which makes it
a very attractive solution towards the development of a low-cost and portable sensor. Finally,
the LoD reached by this system falls within the useful range for a usage in the context of
LFA, and could be brought down even further. This means that, in the broader scope of this
project, designing a paper-based LFA biosensor using nanoparticles label is totally possible
and relevant, and could prove to be a viable solution in the development of a low-cost and
portable sensor destined to monitor water quality in regions where resources and equipment
are limited.



Appendix A

Comparison between the full and the
simplified transfer function of the
general oscillator

Figure shows the small signal circuit for the open loop analysis, when the biasing
base resistors are neglected. Figure depicts the same circuit, but when the biasing base
resistance R, = Ry1//Rpe is taken into account.

(%% Vout

Zo
I I O
L
ImUin Rc |j:|% Z3
1

Figure A.1: Small signal circuit for the oscillator in open loop, neglecting the base resistance
Ry = Ry1//Ry2. Cg and Cp have been replaced by short circuits

(% Vout

Zs
I l o
L |
ImVin RC m Zl Z3 Rb
L

Figure A.2: Small signal circuit for the oscillator taking the base resistors Ry = Ry1//Rp2 into
account. C'g and Cp have been replaced by short circuits

The transfer function of the circuit in Fig. was derived in Section [3.2.2]
For the circuit in Fig. [A.2] the following equations can be derived by applying the
Kirchoff current law at node V,, and V,,;.
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Vout — Vg o Vg Vg
" Z 4 Re 9t
2 1 C
—Vout o Vout + Vout — Vg
Ry Zs Zs

By rearranging the two equations to isolate “>*, the following transfer function is obtained

in

Vout o nglZgRbRC

= Al
Vin RbZl(ZQ + Zg) + Rczg(Zl + ZQ) —|— (Zl + ZQ —|— Zg)RbRC -+ 212223 ( )

If the impedances Z are replaced by their corresponding values for the colpitt oscillator,
i.e., Z; and Z3 are capacitors and Z5 is an inductor, one can compute the difference between
the result given by the transfer function neglecting the base resistors and the one taking
them into account. This difference was calculated for 7, = Z3 = ]w% and Zy = jwlL, for C
= 100 nF and L = 10 pH. The result is shown in Figure [A.3] Except for a small difference
at low frequency, the two transfer functions give excatly the same result, confirming that the
base resistors can be neglected in the computation of the open loop transfer function.

Difference between the full A, and the simplified Ay, simp
transfer function of the oscillator
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Figure A.3: Difference between the amplitude given by the colpitts open loop transfer function
taking Ry into account and the transfer function neglecting it. There is a small difference at low
frequency, but
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Figure B.1: PCB schematic of the Colpitt oscillator that was designed
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Appendix C

Code for frequency counting

C.1 Code for the frequency counting in the Teensy

//

//

//

//
//
//
//
//
//
//
//
//
//
//

#include <TimeLib.h>

#define

Measures 10 frequencies by counting rising edges.

MHz

Connect frequencies to pins 6,

9, 10, 11, 12, 13, 14, 15, 18, 19

https://forum.pjrc.com/threads/71193-Teensy-4-Measuring-multiple -

frequencies

1 IOMUXC_QTIMER2 TIMERO_SELECT_INPUT=1

Timer Pin Pad ALT input mux
QuadTimer4d_1 6 BO_10 1
QuadTimer4_2 9 BO_11 1
QuadTimer1_0 10 BO_00 1
QuadTimerl1_2 11 BO_02 1
QuadTimerl_1 12 BO_01 1
QuadTimer2_ 0 13 BO_03
QuadTimer3_2 14 AD_B1_02 1
QuadTimer3_3 15 AD_B1_03 1
QuadTimer3_1 18 AD B1_01 1
QuadTimer3_0 19 AD B1_00 1

#define GATE_ACCUM
#define MULT_FACTOR

typedef struct {
IMXRT_TMR_t *timer;

}

int timerchannel;
int pin;
int pinconfig;

GATE_INTERVAL 1000000

IOMUXC_QTIMER3_TIMER2_SELECT_INPUT=1
IOMUXC_QTIMER3_TIMER3_SELECT_INPUT=1
IOMUXC_QTIMER3_TIMER1_SELECT_INPUT=1
IOMUXC_QTIMER3_TIMERO_SELECT_INPUT=1

// microseconds for each gate interval

1 // number of intervals to accumulate
// multiply to get Hz output

1

volatile uint32_t *inputselectreg;
int inputselectval;

timerinfo_t;

const timerinfo_t timerlist[]

// Timer Ch
{&IMXRT_TMR4, 1,
{&IMXRT_TMR4, 2,
{&IMXRT TMR1, O,
2
1

{&IMXRT_TMR1,
{&IMXRT_TMR1,

>

>

Pin Alt

6, 1,
9, 1,
10, 1,
1
1

11,
12,

>

B

{

Input
NULL ,
NULL ,
NULL ,
NULL ,
NULL ,

Select
0},
0},
0},
0},
0},

68

Best for 10kHz to 30



96

97

69 APPENDIX C. CODE FOR FREQUENCY COUNTING

{&IMXRT_TMR2, O, 13, 1, &IOMUXC_QTIMER2_TIMERO_SELECT_INPUT, 13},
{&IMXRT_TMR3, 2, 14, 1, &IOMUXC_QTIMER3_TIMER2_SELECT_INPUT, 1},
{&IMXRT_TMR3, 3, 15, 1, &IOMUXC_QTIMER3_TIMER3_SELECT_INPUT, 1},
{&IMXRT_TMR3, 1, 18, 1, &IOMUXC_QTIMER3_TIMER1_SELECT_INPUT, O},
{&IMXRT_TMR3, O, 19, 1, &IOMUXC_QTIMER3_TIMERO_SELECT_INPUT, 1},
// TODO: can 6 more be used with XBAR1 and GPR6 7

};

#define NUM_TIMERS (sizeof (timerlist) / sizeof(timerinfo_t))

// gate interval interrupt deposits data here
volatile bool count_update = false;
volatile uint32_t count_output [NUM_TIMERS];

uint16_t read_count (unsigned int n) {
static uintl16_t prior [NUM_TIMERS];
if (n >= NUM_TIMERS) return O;

uint16_t count = (timerlist[n].timer)->CH[timerlist[n].timerchannel].
CNTR;

uintl16_t inc = count - prior[n];

prior [n] = count;

return inc;

}

void gate_timer () {
static unsigned int count = O0;
static uint32_t accum [NUM_TIMERS];

for (unsigned int i=0; i < NUM_TIMERS; i++) {
accum[i] += read_count (i) ;
}
if (++count >= GATE_ACCUM) {
for (unsigned int i=0; i < NUM_TIMERS; i++) {
count_output [i] = accum[i];
accum[i] = 0;
}
count_update = true;
count = O0;
}
+

void setup () {

Serial.begin (9600) ;

// Header

// Serial.println("- Teensy frequency counter -");

// Serial.print(year()); Serial.print(" ");

// Serial.print (month()); Serial.print(" ");

// Serial.print(day()); Serial.print(" ");

// Serial.println("Format: HH MM SS 001 002 003 004 005 006 007 008 009

010") ;
// Serial.println("Time elapsed since teensy is on");
// Serial.println("-------------- DATA scesssososssss ")

// turn on clock to all quad timers
CCM_CCGR6 |= CCM_CCGR6_QTIMER1 (CCM_CCGR_ON) | CCM_CCGR6_QTIMER2(
CCM_CCGR_ON)
| CCM_CCGR6_QTIMER3(CCM_CCGR_ON) | CCM_CCGR6_QTIMER4 (CCM_CCGR_ON);

// configure all counting timers
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98 for (unsigned int i=0; i < NUM_TIMERS; i++) {
99 IMXRT_TMR_t *timer = timerlist[i].timer;

100 int ch = timerlist[i].timerchannel;

101 timer->CH[ch].CTRL = 0;

102 timer->CH[ch].CNTR = O0;

103 timer->CH[ch].LOAD = O0;

104 timer ->CH[ch].COMP1 = 65535;

105 timer->CH[ch].CMPLD1 = 65535;

106 timer->CH[ch].SCTRL = 0;

107 timer->CH[ch].CTRL = TMR_CTRL CM(1) | TMR_CTRL_PCS(ch) |
TMR_CTRL_LENGTH;

108 int pin = timerlist[i].pin;

109 *portConfigRegister (pin) = timerlist[i].pinconfig;

110 if (timerlist[i].inputselectreg) {

111 xtimerlist [i] . inputselectreg = timerlist[i].inputselectval;

112 }

113 }

115 // start gate interval timer

116 static IntervalTimer t;

117 t.begin(gate_timer , GATE_INTERVAL);
118}

120 void loop () {

121 if (count_update) {

122 // Serial.print(year ()+54) ;Serial.print (" ");
123 // Serial.print (month()+2);Serial.print (" ");

124 // Serial.print(day()+12);Serial.print(" ");
125 // Serial.print (hour());Serial.print(" ");

126 // Serial.print(minute());Serial.print(" ");
127 // Serial.print(second());Serial.print(" ");
128 for (unsigned int i=0; i < NUM_TIMERS; i++) {
129 Serial.printf ("%8u ", count_output[i] * MULT_FACTOR);
130 T

131 Serial.println();

132 count_update = 0;

133 }

134 }

C.2 Python code used to read the data from the Teensy

2 import serial

1 serCon = False

6 try:

7 ser = serial.Serial('COM4', 9600)
8 serCon = True

11 except serial.serialutil.SerialException:
12 print ("Warning: Arduino not connected")
13 pass

15 file_path = ("C:\\Users\\nordi\\Documents\\Cours_unif\\Memoire\\Teensy\\
FreqCount \\ECH-RED-L11-4.txt")
16 #ser2 = serial.Serial('COM4', 9600)
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APPENDIX C. CODE FOR FREQUENCY COUNTING

if serCon:
try:

with open(file_path, 'w') as file:

while True:

data = ser.readline() .decode('utf-8")
file.write (data)

file.flush ()

print (data)

except Exception as e:

print ("An error occured:", e)

finally:
ser .flush ()

ser.close() #close the serial port
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