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Abstract

The possibility of revealing the presence and identifying the nature of electrically conductive
targets is of central interest in many fields, including security, medicine, industry, archaeology
and geophysics. In many applications, these targets are electromagnetically shielded by other
external materials and thus cannot be directly accessed and detected. Hence, material
interrogation techniques are required that allow penetration through the shielding materials,
in order for the targets to be identified.

Electromagnetic interrogation techniques represent a powerful solution to this
challenge, as they enable penetration through conductive shields. Two resonant
electromagnetic induction imaging (Ell) methods, based on the use of LCR circuits, were
developed in this research work. These proof-of-principle Ell methods were based,
respectively, on position-resolved-measurements of resonant frequency and Q-factor shifts,
which occurred as a consequence of eddy current induction inside the conductive targets to
be detected. The proposed techniques were applied to 2D imaging of conductive targets
(having conductivities o ranging from 0.54 to 59.77 MSm), both unshielded and shielded by
an aluminium shield (1.5-mm-thick).

The experimental results achieved in the first part of this work highlighted a limitation

in the LCR resonant circuits used for Ell investigations, linked to the Q-factor low absolute



values (between 7 and 23). Therefore, investigations were conducted, leading to the
implementation of an improved version of the Ell system, based on active bandpass filters.
The sensitivity of the novel Ell system was found to be larger by a factor of 3.5
compared to the previously used LCR-based system, when both systems were used for
imaging copper. Additionally, the new system allowed achieving images with higher contrast.
The research work reported in this thesis led to establishing a proof-of-principle
method for Ell of conductive samples, also in the interesting scenario where the samples were

shielded by conductive shields preventing them from being directly accessed.
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Values on the z axis refer to Q-factor measured in the presence of the sample, normalised
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disks. The two dots corresponding to x=3 cm refer to copper samples of thicknesses equal to
2 mm (higher y-axis-value) and 0.7 mm (lower y-axis-value). The trends obtained with the Q-
factor technique (diamond) and the trend obtained with the resonant frequency technique
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Fig. 5.17. Estimated diameter vs measured diameter of 1.5, 1.7, 2 and 3 cm diameter
aluminium disks. The trends obtained with the Q-factor technique (diamond) and the resonant

frequency technique (square) are both lINEar.........c.ccveveeveiiiere e e 124

Fig. 5.18. Diameter of copper disks calculated by means of relations derived from the linear
fits shown in Fig. 5.15, plotted against the diameter estimated by using the Canny edge
detection algorithm. Note that the x-axis-values of these graphs are the y-axis-values in Figs.
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Fig. 5.19. Diameter of aluminium disks calculated by means of relations derived from the
linear fits shown in Fig. 5.15, plotted against the diameter estimated by using the Canny edge
detection algorithm. Note that the x-axis-values of these graphs are the y-axis-values in Figs.
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Fig. 5.20. Relative change of resonant frequency (Eq. 5.1), produced by a 25x25x1 mm?3 Al
sample for the 8 LCR circuits listed in Tab. 5.3, having values of Q-factor ranging from 7.6 to
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Fig. 5.21. Relative change of Q-factor (absolute value of AQin Eq. 5.2), produced by a 25x25x1
mm?3 Al sample for the 8 LCR circuits listed in Tab. 5.3, having values of Q-factor going from

TBE0 22.3 e a e s s e e e s 131

Fig. 5.22. Estimated diameter (obtained by applying the Canny edge detection algorithm)
plotted against measured diameter of actual samples, obtained for a set of aluminium disks

of different diameter (from 1.5 CM 10 7.6 CM)..ocervrrerririieie ettt 135

Fig. 5.23. Ratio between measured and estimated diameter (measured for the actual samples
and estimated using the Canny edge detection algorithm, respectively) plotted against

measured diameter Of AlUMINIUM iSKS ..o eie oo eeeeeeeeeeeseeeeeeeeseaeeeenaeees 136

Fig. 6.1. Left: sketch representing the LCR parallel circuit used to image a conductive sample
(labelled “target”) having rectangular cross section and volume equal to 25x25x1 mm?3. The x
axis is included to show the distance between the coil and the target (lift-off). Right: Sketch
representing the lift-off used in the configuration shown on the left of the figure. The ferrite-
cored coil (made by “multicomp”, part no. MCSCH895-681 KU) is part of the LCR circuit shown
on the left side of the figure (the labels “metallic sample” and “target” both refer to the
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Fig. 6.2. Image of a copper sample (25x25x1 mm?3) obtained by means of position-resolved-
measurements of the Q-factor. The system’s capacitance was set to the value C=11 uF; the
corresponding skin depth in copper was equal to 6=2.6 mm. The data points in Figs. 6.2-6.7

represent the positions along the scanning area where the measurements were

Fig. 6.3. Image of a copper sample (25x25x1 mm?3) obtained by means of position-resolved-
measurements of the resonant frequency. The system’s capacitance was set to the value C=11

UF; the corresponding skin depth in copper was equal to 86=2.6 MM.......ccceevevrverervereeenen. 140

Fig. 6.4. Image of a manganese sample (25x25x1 mm3), obtained by means of position-
resolved-measurements of the Q-factor, with the system’s capacitance set to the following

value: C;=0.5 uF; the corresponding skin depth was equal to 61=12.7
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Fig. 6.5. Image of a manganese sample (25x25x1 mm3), obtained by means of position-
resolved-measurements of the resonant frequency, with the system’s capacitance set to the

following value: Ci=0.5 uF; the corresponding skin depth was equal to 61=12.7

Fig. 6.6. Image of a manganese sample (25x25x1 mm3), obtained by means of position-
resolved-measurements of the Q-factor, with the system’s capacitance set to the following

value: C;=11 uF; the corresponding skin depth was equal to §2=27.7 mm.......cccccecueureune.e. 142

Fig. 6.7. Images of a manganese sample (25x25x1 mm?3), obtained by means of position-
resolved-measurements of the resonant frequency, with the system’s capacitance set to the

following value: C;=11 uF; the corresponding skin depth was equal to 6,=27.7

Fig. 6.8. Sketch representing the LCR parallel circuit used to image a conductive target, with
rectangular cross section (25x25x1 mm?3), hidden behind a conductive shield in the shape of
a 110.0x80.0x1.5 mm?3 piece of Al. The x axis is included to show that the concept of lift-off
changed from the scenario represented in Fig. 6.1, due to the presence of the Al
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Fig. 6.9. Sketch representing the scanning area (“n x n” total positions, or nodes), where the
coil (yellow circle) is maintained at a fixed position, and the metallic sample (light blue) is
moved onto different positions, starting from “1”, going to “2”, tracing a horizontal path

forming the first row of the scan, and then proceeding onto the next rows

Fig. 6.10. Image of a copper target (25x25x1 mm?3) obtained by means of position-resolved-
measurements of the Q-factor, at the following value of skin depth: §1=0.4 mm. During these

measurements, the target was shielded by a 1.5-mm-thick aluminium sheet..................... 149

Fig. 6.11. Image of a copper target (25x25x1 mm?3) obtained by means of position-resolved-
measurements of the Q-factor, at the following value of skin depth: §,=0.6 mm. During these

measurements, the target was shielded by a 1.5-mm-thick aluminium sheet.................... 149
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Fig. 6.12. Image of a copper target (25x25x1 mm?3) obtained by means of position-resolved-
measurements of the Q-factor, at the following value of skin depth: 63= 1.8 mm. During these

measurements, the target was shielded by a 1.5-mm-thick aluminium sheet..................... 150

Fig. 6.13. Image of a copper target (25x25x1 mm?3) obtained by means of position-resolved-
measurements of the Q-factor, at the following value of skin depth: §4= 2.9 mm. During these

measurements, the target was shielded by a 1.5-mm-thick aluminium

Fig. 6.14. Image of a copper target (25x25x1 mm?3) obtained by means of position-resolved-
measurements of the resonant-frequency, at the following value of skin depth: §1=0.4 mm.

During these measurements, the target was shielded by a 1.5-mm-thick aluminium

Fig. 6.15. Image of a copper target (25x25x1 mm?3) obtained by means of position-resolved-
measurements of the resonant-frequency, at the following value of skin depth: §,=0.6 mm.

During these measurements, the target was shielded by a 1.5-mm-thick aluminium

Fig. 6.16. Image of a copper target (25x25x1 mm?3) obtained by means of position-resolved-
measurements of the resonant-frequency, at the following value of skin depth: 63= 1.8 mm.

During these measurements, the target was shielded by a 1.5-mm-thick aluminium

Fig. 6.17. Image of a copper target (25x25x1 mm?3) obtained by means of position-resolved-
measurements of the resonant-frequency, at the following value of skin depth: 64= 2.9 mm.

During these measurements, the target was shielded by a 1.5-mm-thick aluminium

Fig. 6.18. Image reproducing a manganese target (25x25x1 mm?3), shielded by a 1.5-mm-thick
aluminium sheet, obtained by means of position-resolved-measurements of the Q-factor,

with a skin depth through aluminium equal to 3.3 MM....cccooiiireiiier e 154
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Fig. 6.19. Image reproducing a manganese target (25x25x1 mm?3), shielded by a 1.5-mm-thick
aluminium sheet, obtained by means of position-resolved-measurements of the resonant-

frequency, with a skin depth through aluminium equal to 3.3 MM......ccccoviecciciei, 155
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different diameter, shielded by a 1.5-mm-thick aluminium shield. Estimated diameter stands
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1 Introduction

Electromagnetic induction imaging (Ell) [1]-[23] has wide application in diverse fields such as
medicine [1]-[11], industry [12]—[21], archaeology [22] and geophysics [23]. For instance, it
has been largely exploited in Non-Destructive Evaluation (NDE) for crack detection during
industrial inspections and characterisation of the materials’ level of corrosion [14]-[16].
Electromagnetic induction imaging presents some advantages in comparison to other existing
imaging techniques, being non-invasive and contactless. Furthermore, it is sensitive to all the
electromagnetic properties of materials: conductivity, permittivity and permeability. Its
working principle is based on the induction of eddy currents in a conductive sample placed in
the alternating (AC) magnetic field generated by a coil. Eddy current induction [24]-[25] leads
to a change in the magnetic field detected by an array of sensor coils, which can be exploited
to produce conductivity maps of the sample under investigation [3] [11]. In particular, the
presence of the sample inside the magnetic field generated by the coil (primary field) is the
cause of eddy currents being induced in the sample itself. A secondary magnetic field is
generated by the eddy currents (Biot-Savart’s law), which opposes the primary one, due to
Lenz’s law [26]. The total field is therefore different from the primary field, and induces an
e.m.f. across a sensor coil that can be measured and provide information about the sample

which caused the eddy current induction process to take place (Faraday’s law) [26].

One of the application fields of electromagnetic imaging techniques is medicine. In
particular, these imaging techniques can be used to determine the human-body composition,
due to their ability to differentiate between fat and fat-free tissues, as well as outline the
internal and external geometry of simple conductive objects. These techniques have the

advantage of being suitable for in vivo images of the body while being non-invasive [1].

In vivo body imaging techniques include x-ray based computed tomography (CT)[27]-
[28], magnetic resonance imaging (MRI) and electrical impedance tomography (EIT)[29]-[30].
Other tomographic techniques, used between the 1980s and the beginning of the 1990s, are
electrical capacitance tomography (ECT)[31]-[33] and electrical resistance tomography (ERT)
[34]-[35]. These techniques were later replaced by electromagnetic induction imaging, which

some authors also called both magnetic induction tomography (MIT)[3], and electromagnetic
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inductance tomography (EMT)[2]. First publications about MIT systems appeared in the
second half of the 1990s [2]-[4]. The common factor to all of these electromagnetic
techniques is that they became attractive, from the 1980s, for a number of reasons. Among
these are their potentially high imaging-speeds and low cost, as well as their non-invasive and

non-hazardous nature [2].

Electrical impedance tomography (EIT) works by applying small alternating electric
currents by means of electrodes that are attached to the surface of a human subject.
Measurements of the electric potentials, on an array of electrodes attached around the body
[9], provide a data-set from which conductivity or permittivity distributions can be inferred
via ‘inverse problem’ methods [19] [36].

Electrical resistance tomography (ERT) is a geophysical technique that measures the
electrical resistivity and images sub-surface structures. This is done by means of
measurements either at the surface or by electrodes suspended in boreholes. Image
reconstruction processes are used to produce conductivity or resistivity maps of sub-surface
layers. ERT is applied to both geophysical prospecting and imaging of the interior of process
vessels and pipelines [35].

Electrical capacitance tomography (ECT) exploits capacitive measurements taken on
the outside of an object to calculate the spatial distribution of dielectric permittivity inside
the object. This calculation is normally achieved by solving an inverse problem. The idea of an
inverse problem is that a set of observations are used to calculate the properties that caused
these observations. In MIT, the conductivity spatial-distribution is calculated from a set of p.d.
measurements taken with coils arranged around a sample. This is accomplished by firstly
modelling the forward problem, which consists of inferring the results from the cause, by
applying Maxwell’s equations. Once this is done, the solution to the forward problem is
inverted to provide solution to the inverse problem. The way in which this is achieved includes
an iterative process where an initial guess for the conductivity of the sample is determined
[19] [36].

In ECT, electrodes that are sufficiently physically large to detect significant changes
(i.e., measurable with small relative uncertainties) of capacitance are used. ECT has
applications in the oil industry, where it employs image analysis to distinguish between oil

and gas, and between oil and water mixtures. Despite its lower resolution, compared to other
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electrical imaging techniques, it provides estimations of oil/water/gas mixtures that are
sufficiently accurate for industrial investigations involving initial geophysical surveys. The
poor resolution of ECT is compensated by the speed of this real time-imaging technique,
which can reach values of 10 ms per image [6] [31] [32].

MIT allows the obtaining of permeability and conductivity distributions from
inductance measurements. It provides some advantages when compared to EIT, ERT and ECT,
being contactless. It has another advantage which makes it suitable for imaging of poorly
conducting tissues: its working principle relies upon the application of a magnetic field to
cause eddy current induction to take place inside the sample; such a magnetic field is not
shielded by human body tissues such as bone [4]. Furthermore, in principle, it is sensitive to

all the electromagnetic properties of materials: conductivity, permittivity and permeability

[5].

The electromagnetic system described by Al-Zeibak and Saunders [1] is made up of a
drive coil, i.e., a coil inducing the primary magnetic field (elsewhere named ‘excitation coil’
[4]), placed in the vicinity of the body and inducing a high frequency electromagnetic field,
and a pickup coil (also named ‘sensing’ or ‘sensor’ coil [3] [4]), coaxial to the drive coil. The
magnetic field detected by the pickup coil is modified by the presence of a body tissue, to an

extent dependent on its electrical and magnetic properties.

Another MIT system based on an excitation coil and a sensing coil was developed by
Griffiths [4]. The system was capable of imaging saline solutions of conductivities ranging from
0.001 to 6 Sm™. The operating frequency was equal to 10 MHz and allowed improvement on
previously developed MIT systems which were not capable of imaging biological tissues, due

to their lower operating frequencies (2 and 5.5 MHz) [3].

Progress in the development of biomedical MIT systems has been made in the past
few years. In particular, Zolgharni was able to detect cerebral haemorrhage by using a method

based on a hemispherical coil array [9].

Medicine is only one of the fields of application of tomography techniques. Application
of MIT in industry, such as metal processing and mining, is well attested in literature, for
separation and mineral processing, crack and fault detection, characterisation of the level of

corrosion of industrial materials, inspection of equipment, and monitor of processes in vessels
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and pipelines (e.g., detection of the extent of solidification of molten metal flowing in a

pipeline) [11] [14] [15].
Other two documented applications of electromagnetic imaging are:
1) archaeology for imaging submerged remains [17];
2) environmental monitoring for tracking the migration of pollutants underground [18].

Electromagnetic induction systems have similar characteristics to eddy current
detection systems and MIT is closely related to Non-Destructive Evaluation (NDE). The latter
is widely employed in technological inspections, such as thickness measurements, coating and
surface treatment, residual stress assessment, materials’ quality control and inspection, crack

detection and the characterisation of aluminium foam structures [37]-[42].

In typical MIT and eddy current detection systems, sensing coils measure the magnetic
field values in presence of the object that is to be imaged. This is completed for a number of
projections, which are taken in sequence. The measured signals are processed by means of a
computer, by using inverse problem techniques, and image reconstruction algorithms are

operated, the result of which is an image of the object [2] [36].

The procedure of image reconstruction algorithms is complicated and time-
consuming, because of the computational load on computers. For this reason, our research
group developed a new Ell technigue which does not require image reconstruction algorithms
and has proven suitable for 2D imaging of conductive targets. The system developed for this
purpose differs from classical MIT systems because it does not involve the measurement of
the difference between the primary and secondary magnetic fields produced when a
conductive sample is introduced into the system. A second aspect that is worth mentioning is
that our research group has introduced a novel field of application for electromagnetic
induction systems: National Security. The main goal of the PhD project has been developing
a technique which enables imaging and characterisation of potentially hazardous materials,
such as explosives, by distinguishing between a piece of ordinary copper and another
‘suspicious’ material. To a larger extent, the goal of this work has been to develop a technique

that could be useful for combating illicit trafficking in nuclear and radioactive materials.
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Penetrating imaging, i.e. imaging of targets hidden behind a shielding material, is
essential in the field of security. A detection system enabling electromagnetic imaging
through metallic enclosures for national security purposes has been developed by Darrer et
al. [43]-[46]. Penetrating imaging is also a fundamental requirement in biomedicine, where
diagnosis maps of the organs of interest cannot be produced without penetrating through the
layers of biological tissues surrounding them. In this context, an MIT-based optical method
based on the use of optical atomic magnetometers (OAM) for diagnostic mapping of the
heart’s conductivity has been recently proposed by Marmugi et al. [47] [48] and Deans et al.
[49]. This research work has been based on a different method and has some advantages with
respect to OAM-based research. For instance, it involves the use of less expensive technology

and the implementation of the measurement method is simple and highly practical.

In the past few years, research work on Ell systems has been directed towards the
development of high-sensitivity detection and imaging methods for industrial applications.
Among the different realizations, Q-detection sensors have been used for condition
monitoring of steel reinforcing bars embedded in concrete [50] to provide information about
the health of its structure. Q-detection sensors, incorporating digital signal processing, have
been exploited since the introduction of metal detectors. These sensors’ working principle is
based on the increase of the impedance of a coil, which occurs whenever a conductive object
is inductively coupled to it. This increase is due to eddy current production inside the sample,
occurring as a consequence of Faraday’s law of induction (refer to Section 2.1). The Q-factor
of a coil, within a tuned system, drops when high-conductivity targets of low permeability are
exposed to the changing magnetic field generated by the coil. However, purely permeable

targets cause an increase of Q-factor [50].

Q-detection sensors are part of a wider family of inductive sensors. High-sensitivity
detection methods based on the use of inductive sensors are object of intense research. For
instance, these sensors have been recently used for detection of metallic wear debris aimed
at condition monitoring of rotating and reciprocating machinery [51]. A high-sensitivity
method based on an inductance-capacitance resonance system was developed to this
purpose by Du et al. [51]. The authors exploited the amplified impedance change at
resonance, due to the presence of wear debris particles, to detect metallic specimens ranging

from 32 to 172 um [51].
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The use of resonating LCR circuits was the initial inspiration for this research work. It
is documented in some bibliographic sources which were published in the past few years [50]-
[53]. One of them is about the use of RLC resonators as biodegradable sensors for in vivo
operations and wireless implant applications [52]. Bartlett et al. proposed a method based on
a series LCR electrical circuit which was tuned to resonate at a particular frequency to achieve
maximum power transfer [53]. The circuit was based on a dental-scaler drive coil, with various
magnetostrictive materials acting as the core, connected in series to a capacitor bank. The
authors showed that the impedance of the system could be significantly reduced by
introducing a capacitor to create a resonant LCR electrical circuit at the required excitation
frequency, i.e., the frequency of the drive signal. The proposed capacitance compensation
method was able to reduce the losses associated with a resonant magnetostrictive dental-

scaler transducer, thus allowing it to resonate with lower input power requirements [53].

In Chapters 3-6 of this thesis, the progress made with an Ell measurement system
initially designed and tested as a prototype, and later improved, is documented [54]-[56].
Such system was initially based on a resonant LC circuit and was then turned into a parallel
LCR circuit, made up of a cylindrical ferrite-cored coil (with diameter D=7.80+0.03 mm, height
H=9.50£0.03 mm, and inductance L=680+10% uH at 1 kHz), connected to a capacitor bank
(capacitance ranging from 100 pF to 1 uF + 1%, with sensitivity of 0.1 nF) [54]. An AC current
was applied to the coil, thus generating an AC primary magnetic field. The working principle
of the system was based on eddy current induction inside a metallic sample, occurring when
this was introduced into the AC magnetic field generated by the coil (due to Lenz’s law). As a
consequence of eddy current induction, the primary field was modified, according to Biot-
Savart’s law. The key point explaining the working principle of the LCR system developed in
this work is that the inductance of the circuit was also modified, due to the presence of the
sample, to an extent that depended on the sample’s electrical conductivity and magnetic
permeability. Such modification is known to increase when the detection system is operated
at its resonant frequency [51]. The main assumption based on which the technique here
illustrated was developed is that position-resolved measurements of either the inductance
change or resonant frequency change could be exploited for identifying the presence of
conductive objects and imaging them [54]. The initial hypothesis on which this technique has

been developed is that, provided that the measurement system was sensitive enough to
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detect changes in the measured quantity (resonant frequency), the system should allow to
distinguish the object to be imaged from the background (i.e., free space/air). This was
possible due to the inductive coupling established between the coil and the object, causing a

change in the system’s resonant frequency to take place.

Producing a 2D image representing conductive objects was the initial challenge of this
research project. Looking further into the working principles of the system, a hypothesis was
made based on which measurements of the resonant frequency changes could lead to
accomplish materials’ characterisation, i.e., distinguishing between objects having different
values of electrical conductivity and magnetic permeability. This was shown to be possible by
utilising a suitable system operated at resonance [54]. The impedance change occurring in
such system, due to the presence of conductive samples (both of non-magnetic and
ferromagnetic nature), changed the resonant frequency and Q-factor of the system, since
these quantities were both dependent on the system’s inductance, which was changed due
to the presence of conductive samples that were introduced into the system. The importance
of this result is that developing resonant systems such as the one described here may open a
route to conductive materials’ imaging and characterisation. Specifically, the detection of
sample objects that produced a visible change in the measured quantities was found not only
to allow distinguishing between different shapes and geometries, but also to provide

information about the electrical conductivity and magnetic permeability of such objects.

The goals of this research project could be envisaged by developing a robust technique
that allowed being in control of the circuit’s components, in particular its capacitance and
resistance, since assigning certain values to these parameters could enable the adjustment of
the measured quantities (resonant frequency and Q-factor), such that changes in these
guantities could be maximised and exploited for improving the imaging system’s sensitivity.

As mentioned earlier, the initial experimental system developed in this context was
based on a single coil connected to a capacitor bank, allowing selection of values of
capacitance within the range 100 pF to 1 uF. More details about this experimental setup will
be given in Chapter 3. The circuit’s components were chosen as to produce a visible resonance
peak that could be detected with the instrument used to perform the measurements
(impedance analyser, as indicated in Chapter 3). The change in the resonant frequency

produced by conductive materials introduced into the LC system was measured and exploited
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to image them. Limitations were found, due to these changes being smaller than needed to
distinguish between materials having similar values of conductivity. The system was therefore
modified, by using a parallel LCR circuit comprising the same ferrite-cored coil previously
used, plus a variable resistor and capacitor [56]. The possibility of varying the system’s
resistance and capacitance implied that the system’s resonant frequency and Q-factor could
be adjusted accordingly (see Section 2.1). This could enable penetration through conductive
shields to image hidden targets (see Section 2.3), thus enabling more sensitive detection,
leading to improvements to the imaging and detection performance of the system. The Ell
technique based on the use of the developed LCR system is illustrated in Section 4.2.
Experimental results reported in Chapters 5-6 prove that the proposed Ell technique enabled
both imaging and material characterisation (related to distinguishing between different
materials) [54]. An essential feature of the Ell method here developed is that the choice of
using a system with an adjustable resonant frequency made it possible to select resonances
that allowed magnetic-field penetration through conductive screens [55]. Chapter 6
elaborates on this central topic by addressing the problem of how to image and detect
conductive samples with the LCR system, even when these were shielded behind a conductive
material that was placed in between the coil and the sample of interest.

Detecting objects that are concealed behind metallic screens is a central problem in
many fields. These include security, where the threat represented by illicit trafficking of
materials, and in particular special nuclear materials (SNM), requires reliable techniques to
be developed for hazard prevention [44]. In many scenarios, and typically in the case of
maritime cargos, a hidden target is shielded by some other metallic material, often of
unknown nature, and therefore cannot be directly identified. In principle, the possibility of
identifying conductive hidden targets can be achieved by using an electromagnetic-based
system operating at a frequency that causes the penetration depth (skin depth) to be at least
equal to the thickness of the conductive material shielding these targets. Generally, standard
electromagnetic imaging systems do not allow imaging through conductive barriers, due to
limitations in the system’s resonant-field penetration depth; their inherent resonant
frequency is typically too high and the subsequent skin depth smaller than the thickness of
the barrier [57]. Techniques are thus required that allow penetration through materials, in
order for the hidden target to be detected [58] [59]. A novel approach was undertaken by our

research group, which was based on a resonant electromagnetic induction interrogation
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technique. This technique was used to carry out investigations on the possibility of imaging
concealed metals shielded by conductive materials [55]-[56]. The theoretical principles lying
behind this part of the research work are reported in Section 2.3 and experimental results
obtained with the proposed interrogation technique are reported in Chapter 6.

The ultimate objective of the investigations carried out in this work was to satisfy the
requirement for an Ell system to be sensitive enough to allow characterisation of metallic
materials having similar values of electrical conductivity, as well as to enable the identification
of hidden materials. Chapter 7 describes a different, improved version of the Ell system
introduced in the previous chapters. This system was based on an active bandpass filter to
which a coil was added, to allow eddy current induction and detection of the system’s Q-
factor changes, occurring when a conductive sample was introduced. The sharpened
resonance peak of such system, compared with the previously used passive one, should allow
more sensitive measurements to be performed. This is because larger Q-factor absolute
values would imply larger Q-factor changes, thus allowing resonant peaks, produced by two
conductive objects having similar values of electrical conductivities, to be resolved. The
proposed method would also make identification of low-conductivity materials possible, due

to the larger sensitivity of a higher-Q system, for detection of shifts in resonant frequency.

The main goals of the preliminary experiments described in Chapter 3 were: 1) to
understand whether it could be possible or not to succeed at imaging metallic objects by using
resonant frequency measurements, and 2) to develop a proof-of-principle method for 2D

imaging of these objects. For these purposes, the following initial objectives were set up:

e To investigate changes in the resonant frequency when metals of different nature
were placed under the inductor and w.r.t. when no object was used (coil “in air”).

e To develop a proof-of-principle method to image a 6-cm-diameter copper disk (high-
conductivity and simple geometry). This represented the first attempt to image an
object by using the resonant frequency technique which is detailed in Chapter 3.
Secondly, the developed proof-of-principle method was tested to achieve imaging of
the same disk, after having placed an aluminium foil in contact with it, for shielding

purposes.
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To image various metals by means of resonant frequency measurements, and verify
whether the different magnetic properties of such metals were reflected by the
different images which were obtained with the developed method.

To perform measurements at different values of lift-off, to identify the impact of these
variations on the resulting images, to improve them qualitatively and investigate
whether it could be possible to distinguish between different samples by looking at
their images (Section 5.1).

To verify whether a method based on Q-factor position-resolved measurements
rather than resonant frequency measurements would be able to distinguish between
materials having different values of electrical conductivity. Part of this optimisation
process included amendments that were made to the experimental system, as

detailed Section 3.6.

To develop a proof-of-principle method for 2D imaging of conductive metallic samples
having simple geometries (e.g., disks or samples of rectangular cross section) based

on measurements of the shifts of the system’s resonant frequency and Q-factor.

To apply the LCR-based system developed and tested for imaging of ‘unshielded’
metallic materials to accomplish imaging of ‘shielded materials’, i.e. conductive
objects hidden behind a conductive screen, used to prevent recognition of the object.
To improve the prototype Ell system described in Chapter 3, based on the initial results
that were obtained with a limited number of conductive samples (Chapter 4).
Particularly, to change the measurement method by switching to an automated
measurement system.

To establish a new experimental method to successfully produce 2D images of 14
metallic objects, both magnetic and non-magnetic, with few different planar
geometries, and values of conductivity ranging from 0.54x106 to 59.77x106 S/m.

To conduct a quantitative analysis of the images by using a Canny-edge detection
algorithm that enabled the contour of the imaged samples to be determined, with the
goal of assessing the ‘faithfulness’ of the images produced by adopting the developed

Ell method.

To optimise the values of components that were used to build the LCR-based system

with a capacitor bank, used to adjust its resonant frequency to achieve penetration
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through shielding materials. This was done to identify the best choice of resistance
and capacitance, for achieving the highest Q-factor shift that could be obtained, when

a conductive sample was placed in the vicinity of the coil.

e To improve the work done so far by increasing the low Q-factor absolute values that
could prevent resolving resonance features and distinguishing between materials
having different electromagnetic properties, thus representing a constraint for
imaging of shielded metals. This issue was addressed in the second part of this work,
which aimed at the implementation of a novel version of the Ell system, which was

based on an active bandpass filter, allowing high Q-factor values to be achieved.

The Ell method here proposed was demonstrated to be suitable for non-invasive and
contactless measurements, capable of revealing the presence of conductive materials, both
when these were introduced into the system in air (‘unshielded configuration’) and when they

were hidden by conductive shields (‘shielded configuration’).

This research work paves the path for more advanced research investigations, aimed

at material characterisation for security applications.

A few final remarks about this research project should be given to highlight its novelty
and relevance with respect to the scenario of security investigations. The originality of this
work is linked to the experimental system being substantially different from conventional MIT
systems. As mentioned earlier, such system is based on the use of a single coil, both inducing
eddy currents in a sample and detecting changes in the system’s resonance characteristics.
An automated XY stage is employed, thus eliminating the need for an array of coils. The
technique based on the use of a XY stage allows positioning the sample to be imaged at
equally spaced places (‘nodes’) on a square scanning area (Chapter 4). The developed imaging
method provides spatially distributed measurements of the system’s changes due to the
presence of the sample [54]. The acquisition of position-resolved-measurements at each of
the nodes of the scanning area represents an efficient, low cost and low-computational-load
alternative to the use of image reconstruction algorithms, as the reciprocal position between
the coil and the sample is known a priori. Furthermore, the method here proposed is

characterised by easy implementation, which makes it suitable for practical use.
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Overall, the most important advantages of the Ell system developed in this work are
related to its being a low cost, simple technology, making no use of the conceptually and

technically challenging inverse problem techniques adopted in traditional MIT systems.
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2 Theoretical principles

2.1 Eddy current induction

In the early stages of this study, a basic Ell system was designed and constructed. The
system was tested for imaging of electrically conductive metallic samples, in both ‘unshielded’
and ‘shielded’ configurations. The physical principles on which the experiment was founded
are related to eddy current theory and LCR circuit theory and are discussed in the following
paragraphs.

An alternating current (AC) flows inside a coil, thus producing an AC magnetic field, which

is called the primary magnetic field. This effect is shown by Ampeére’s circuital law [50]:
$B-dl = ul (2.1)

In Eq. 2.1, B is the magnetic flux density (T), I is the current, L is a closed path and u is
the magnetic permeability of the medium, which is linked to the relative permeability, u,, and
the permeability of free space, o, by: u = ur o (Where o = 4te107 Hm™ and u = pofor a non-

magnetic conductive specimen).

The magnetic field is modified when the metallic sample is placed in the vicinity of the

coil, according to Faraday’s law of induction [38]:

do
g= — = (2.2)
dt

Faraday’s law explains how a time-varying magnetic induction flux density induces
currents in an electrical conductor. It states that an electromotive force € (having the same
dimensions as a potential difference, p.d.) is induced, which is proportional to the time rate
of change of the magnetic flux @g. For a coil situated normally in a field of intensity B, the

flux is given by @5= NAB, where N is the number of turns in the coil and A is the coil area. In

do
Eq. 2.2, d_tB is the rate of change of magnetic flux (Wb s!) [38].

The system is perturbed by adding a metallic sample. Specifically, the inductive part

of the impedance of the system is modified, as a consequence of eddy-current induction
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inside the sample. In particular, the resonant frequency of the system constituted by the coil
in air is changed when the metallic sample is inserted into the circuit. The reason why this

occurs can be explained as follows.

Let us consider a coil in which an alternating current is flowing. Let Z, be the coil
impedance. When the coil approaches an electrically conductive non-ferromagnetic material,
the primary alternating magnetic field penetrates the material and generates eddy currents.
The induced currents flowing within the test piece generate a secondary magnetic field that
tends to oppose the primary field, as shown in Fig. 2.1. This opposing magnetic field coming
from the conductive material modifies the primary magnetic field and contributes to creating
a total field, which is the field detected by MIT systems. A variation in the reluctance is
experienced, and losses arise due to eddy-current induction. In other words, the imaginary
part of the modified coil impedance decreases when the eddy current intensity in the test

piece increases [50]. This is accounted for by the impedance definition:
ZO = Ro +JX0 (23)

This expression refers to the coil impedance in air, which is a complex quantity, whose
real part (Ro) is the coil’s resistance in air and whose imaginary part (Xo) is the coil’s reactance

in air [38].

In the system to which this work refers, the coil is part of an LCR circuit. Therefore, the

inductive reactance of the coil in air is defined by Eq. 2.4 [60]:

1

In this equation, Ly is the coil’s self-inductance and Cis the circuit’s capacitance.

Eddy currents also contribute to the increasing of the power dissipation of energy that
is responsible for changing the real part of the coil impedance. Section 2.4 will describe a
mathematical model that explains the effect of eddy currents on the coil impedance. Let Z;
be the circuit impedance when the conductive material is placed into the magnetic field

generated by the coil. This quantity is given by:

Zl == Rl +]X1 (2.5)
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Here, R: and X; are the resistance and reactance of the circuit, changed from Eq. 2.4

due to the presence of the conductive material.

\\ / Primary magnetic field
Alternating current | —

== Eddy currents//

S~

\
Secondary magnetic field

| Electrical conductive material

Fig. 2.1. Primary and secondary magnetic field generated by eddy currents induced inside an
electrically conductive material [38].

In classical eddy current testing, measurement of the coil impedance variation from
Zo to Z; can be obtained by either measuring the potential difference (p.d.) across a sensor
coil, or the current signal detected with it [63]. The measured quantities can provide
information about the nature of the material, because the eddy current amount depends on
the electrical conductivity and magnetic permeability of the material in which they are

induced [63].

In this work, a different approach was undertaken. A resonating LCR circuit was used
in order to obtain the largest impedance change when a conductive target approached the
system. The measured quantities were: 1) the system’s resonant frequency and 2) the quality
factor (Q-factor) of the resonance peak. This approach is supported by the considerations
reported in the papers written by Gaydecki et al. and Du et al. [50]-[51]. The first paper
describes the development of an inductive sensor based on a real-time digital processing
system used for detection and imaging of steel reinforcing bars embedded in concrete and
utilising the variation of the sensor’s Q-factor due to the change of the real part of the
impedance of the sensor coil [50]. Du et al. present a system based on an inductance-
capacitance method for detection of small metallic wear debris particles and condition

monitoring of rotating and reciprocating industrial machinery [51].
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Let fo be the LCR circuit resonant frequency when the system is in air. This quantity is

defined as [60]:

1

fro = 2 LgC (2.6)

The system’s resonant frequency is changed when a conductive material approaches
it, as a consequence of the inductance change. In Eq. 2.6, L, is the inductance of the system

in air.

The quantity X; in Eq. 2.5 is the reactance of the system to which the material is
coupled, which includes the inductance of the system comprising the conductive material (L,
in Eq. 2.7). This can be seen by substituting the ‘0’ subscripts in Eq. 2.4 with ‘1’ subscripts, to
account for the ‘new’ system, modified from the original one due to the presence of the

material. The ‘new’ resonant frequency of such system can be expressed by:

1

fri= ) (2.7)

2T L1C

Whenever a non-ferromagnetic conductive material is inductively coupled to the
system, the total detected field decreases, due to the secondary magnetic field generated
from eddy currents. The amount of field reduction depends on the frequency of the applied
field. This effect has an important consequence on the circuit: the system’s inductive
reactance decreases. Therefore, the inductance decreases too, due to the definition of
inductive reactance (X, = wL) [38]. The resultant effect on the resonant frequency is an

increase in this quantity:

frl > frO- (2-8)

Schematics of the system in air and when a copper (Cu) disk sample is inductively
coupled to it are shown in Fig. 2.2, where the resistance and inductance have different

subscripts, to indicate their change occurring due to the presence of the Cu sample.
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Fig. 2.2. Left: Resonating system “in air”, i.e. with no metallic sample coupled to it. The system is a
parallel LCR circuit with resistance Ry, capacitance C and inductance Lo. Right: Modified resonating
system including a metallic sample in the shape of a disk, inductively coupled to it. The inductance
and resistance of the modified system are labelled L; and Rj, to distinguish them from the
components of the resonating system with no metallic sample coupled to it (left).

When the sample is ferromagnetic (ur >> 1), the eddy current effect lowering the
detected field is offset by the increase in the magnetic field due to magnetisation, as
explained in the following. The amount of magnetisation occurring when an object of
permeability u is placed into an applied magnetic field H can be expressed by the following

equation [61]:
B = uH (2.9)

In this formula, B is the magnetic flux density and H is the magnetic field strength [61].
The sample is magnetised and the B-field is increased proportionally to its permeability. The
permeability u is a complicated function of the form u=u(T, f, p, MH, etc.), where T =
temperature, f = frequency, p = pressure and MH corresponds to the AC magnetic history of
the sample. The larger the material’s permeability is, the stronger the detected field becomes,
because of the primary magnetic field being proportional to u. This effect is opposed to the

one due to eddy current induction inside the sample.

The consequence of the enhancement in the magnetic field produced by a
ferromagnetic material is an increase in the reactance of the system, due to the inductance

being proportional to the B-field [61].

46



The inductive reactance of the system in air is defined as X,y = wLy, and the
inductive reactance of the modified system including the ferromagnetic material of
permeability u is defined as X;; = wL;. The two reactances are linked by the following
relation: X;; > X;,. Due to the definitions of reactance, the inductance of the system
increases when a ferromagnetic non-conductive material is exposed to the magnetic field
generated by the coil. Mathematically: L; > L. As a result, the resonant frequency of the

system decreases [38]:

ferromagnetic

r1l < fro- (2.10)

Resonant frequency measurements with the system in air and after introducing
conductive samples (of both non-magnetic and ferromagnetic nature) constituted the first

investigations of this research project.

The second quantity that was measured in the experiments is the quality factor of the
circuit. A parallel LC circuit was initially built, whose inductance value was maintained fixed at
680+10% WH and whose capacitance was varied (see Chapter 3). A reminder about the

physical meaning of the quality factor is summed up by the following relations [60]:

energy stored

Q=2m = 21f,

energy dissipated per cycle

energy stored _ wg

(2.11)

power loss Aw

In the last equation shown in 2.11, wo is the angular frequency at resonance and Aw
the frequency bandwidth of the resonator. According to the first two identities of Eq. 2.11,
the quality factor (Q-factor) is the ratio of the energy stored in the oscillating resonator to the

energy dissipated per cycle by damping processes.

For a parallel LCR circuit, Q is given by [57]:

c
Q=RJ; (2.12)

The presence of a conductive material in the magnetic field generated by a coil caused a
quality factor shift which could be measured using an impedance analyser (see Chapter 3)
that was sensitive enough (i.e., the shift was larger than the measurement uncertainty). Eqg.

2.12 explains that the Q shift occurred as a consequence of the inductance change which was
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experienced by the measurement system when a conductive material was put in the vicinity

of the coil.

Let Qo be the Q-factor of the system in air, and Q' be that of the system ‘modified’ by the
presence of the conductive material. Due to the value of the inductance shifts occurring when
materials of different nature are used, the Q-factor shift Q" — Qo has negative value when a
non-ferromagnetic conductive material is inductively coupled to the system, whereas it takes
on positive values when a ferromagnetic material is present [50]. In the case of mainly
conductive materials having low values of permeability, the new current flowing in the coil
after eddy currents are induced leads (is in opposition to) the primary current and it is smaller
than this original current, which means that the ohmic resistance of the coil increases [50].
The Q-factor of the coil drops, because it is proportional to the ratio of inductance and ohmic
resistance, where the former decreases and the latter increases. This makes sense from a
physical point of view because Q is the ratio between the input energy necessary to maintain
oscillation and the energy lost (due to resistance) [50]. According to Eqg. 2.12, in order for Q
to drop the capacitance C of the system must decrease, by a greater amount than the
amounts of decrease of L and increase of R. This is the case for a parallel LCR circuit like the

one used in this experimental work.

The changes occurring to the resonance peaks, obtained when a resonating system is “in
air” (no sample is present) and when a conductive, non-magnetic sample is placed in the

vicinity of the coil, are represented qualitatively in Fig. 2.3.

« Q-factorQ, z , . Q'<Q,
Z & ™\ + Resonant (KQ) gl
(KQ) '\ frequency f ~ I =1,
' o\
L HEN
. L fo f (KHz)

Fig. 2.3. Qualitative behaviour of a resonating system in air (left) and with a conductive non-
magnetic sample inductively coupled to it (right). The graphs show the two systems’ impedance,
plotted against the frequency. They show the decrease in the Q-factor and increase in resonant

frequency occurring due to the presence of the conductive sample [50].
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2.2 Maxwell’s equations and electromagnetic waves in conductors

The working principles of the Ell system object of this work are based on the theory
related to Electricity and Magnetism. This is governed by Maxwell’s equations, which can be

written in their generic, differential forms as follows [60]:

VXE=—p2 (2.13)
VxH=]+e2 (2.14)
V-E =§ (2.15)
V-H=0 (2.16)

In Egs. 2.13-2.16, E, ] and H are vectors representing the electric field, the conduction
current density and the magnetic field strength, measured in Vm=, Am2 and T, respectively.
The quantities u and ¢ are, respectively, the magnetic permeability and permittivity of the

medium (expressed in NA2 and Fm™), and p is the charge density (Cm3).

Maxwell’s equations can be used to derive the wave equation representing an
electromagnetic (e.m.) wave travelling along the z direction, inside a conducting medium. The

e.m. wave equation can be expressed as follows [64]:

2y _ gy 00 _ cO0H _
V°H op ,usatz—O (2.17)

Eq. 2.17 assumes an e.m. wave characterised by a sinusoidal variation of its angular
frequency w. In this case, the following relations stand for the first and second derivative of

H w.r.t. the variable z [64]:

0H ,

Z = ]a)H (2.18)
9%H 2

52 —w*H (2.19)

If the e.m. wave travelling in the z direction is approaching the flat surface of a solid

conductor, whose normal is in the z direction, then Eqg. 2.17 can be written as follows [64]:

49



9°H . 2
5z — jwouH + w*usH = 0 (2.20)

The solution to the e.m. wave equation expressed by Eq. 2.20 can be proven to be
given by [64]:
H = yHyexp(j(wt — kz)), (2.21)
which was obtained by considering that no variations occur in the x and y directions, and by

2
making use of the identity: V2H = 372' [64].

In Eg. 2.21, the quantity k is called the wave number and is defined by the following
relation: k? = pew? (1 - i), where the complex quantity ﬁ is the ratio of the conduction

current density J = oF to the displacement current density eg—f = jwE [64].

Let us now study the behaviour of the e.m. wave in two scenarios: 1) above the

conducting medium; 2) within the conductor.

Above the conductor, the electrical conductivity  equals zero. Hence, the equation
for the wave number reduces to: k = w+/ue and k becomes a real quantity. This implies that

the e.m. wave is not attenuated in the z direction [64].

Within the conductor, the quantity ﬁ is much larger than unity, therefore the

displacement current can be neglected, and the electrical permittivity € can be assumed to

be zero. Mathematically, this leads to the following equation for the wave number k:

k=, —jowou = /% 1= (2.22)

Substituting Eqg. 2.22 into Eq. 2.20, the wave equation becomes [64]:

2H

aF_ jwouH (2.23)

azz

The solution to Eq. 2.23 can be found to be as follows:

H = yH, exp (j (a)t — g) — %) = yH, exp (— g) cos (a)t — g), (2.24)
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Eqg. 2.24 describes an e.m. wave travelling through a material of conductivity o and
permeability u in the z direction. The magnitude of the wave is maximum at the conducting
material’s surface (where it is given by Hy) and decreases exponentially with increasing

distance z from the material’s surface. The term —% inside the cosine in Eq. 2.24 represents

the phase lag occurring between the surface wave and the wave at a depth z within the

conductor [64].

In Eg. 2.24, the quantity 6 is called the standard penetration depth, or skin depth, of

eddy currents, and is defined as:
5= |22, (2.25)

where p is the resistivity of the conductor, u its magnetic permeability and w is the angular

frequency of the e.m. wave [64].

The flow of current within the conductor can be calculated by using second Maxwell’s
equation (Eq. 2.14) and setting € = 0, which leads to the following expression, representing
the current density circulating in a conductor:

J=VxH= —x% = xJ, exp (— %) cos (wt - g) (2.26)

In this equation, J, = (1 +j) %HO is the current density at the conductor’s surface.

Eq. 2.26 shows that the eddy current density within conductors is parallel to the
magnetic field strength and obeys the same decaying relation with depth in the conductor

[64].
2.3 2D imaging of shielded conductive samples

The first objective of this research work was to develop a method for identifying
conductive samples of both non-magnetic and ferromagnetic nature, and image them. An Ell
system was developed for this purpose, as described in Chapters 3 and 4. The second
objective of the investigations documented in this thesis was to test the ability of the

developed Ell system to penetrate through conductive barriers, and allow 2D imaging of
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metallic objects concealed behind them. The theoretical principles behind this investigation

are presented in the following paragraphs.

Eddy current flow is not uniformly distributed throughout the volume of a conductive
sample. In particular, current flow is stronger at the surface of the sample, and it decreases
exponentially with the distance from the surface. The skin depth, §, introduced in the previous
section (Eq. 2.25), is defined as the depth within a conductor at which the eddy-current
density decreases to a level equal to 37% of its surface value [64]. The skin depth can be
expressed by Eq. 2.25, where w is the angular frequency at which the system is operated. The
relation between the system’s angular frequency and its frequency of operation, which in this

particular experiment corresponds to the resonant frequency, is the following [34]:
w = 2nf, (2.27)

where f; is the frequency at which the system is resonated [50]:

1

ﬂ: 2mVLC '

(2.28)

The skin depth will have to be sufficiently high in order for penetration through
conductive barriers (shields) to occur. This statement raises an important requirement for the
system: the latter should be operated at a suitable frequency, as shown by the definition of
skin depth (Eq. 2.7) [49]. According to Eq. 2.16, penetrating through these shields can be
achieved by decreasing the system’s resonant frequency to an extent depending on the
material’s electromagnetic properties (identified by o and u). One way of decreasing f; is to
increase the capacitance, as is shown by the definition of resonant frequency expressed by

Eq. 2.16.

The use of the electromagnetic induction interrogation technique here described,
based on a resonant system where the inductor is the sensor, proved beneficial for attaining
penetration through conductive shields. This is the case because coupling the inductor with a
conductive object leads to changes in the resonant circuit’s parameters, such as its resonant
frequency or quality factor, which can be detected. The equation that governs the behaviour
of the resonant system can be approximated by Eq. 2.16. In this equation, L and C are the
inductance and capacitance of the system. The crucial point is that operating the system at

its resonant frequency is known to enhance the sensitivity of detection [49]. In the present
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work, the ability to adjust the system’s resonant frequency has been exploited with the

purpose of imaging through conductive shields.

The penetrating power of electromagnetic imaging through a shield of a given material
is limited by the skin depth § [50] through which the oscillating magnetic field can penetrate
through the material. In order to achieve a penetration through the shield, sufficient for the
oscillating magnetic field to reach the target to be imaged, the value of the capacitance was
chosen so that the skin depth was either larger or of the same order of magnitude of the
thickness of the shield. Therefore, by selecting an appropriate value of capacitance, the
system should allow penetration through a conductive target, even when this was hidden

behind shielding conductive materials.

2.4 Eddy current detection in non-ferrous metals

The impedance of a coil having N turns, with axis perpendicular to a semi-infinite flat

metal surface and operated at a frequency f = w/2m, is given by [65]:

o = b Bty 1 202

g2l — De=to(l+h)) ZZ%[B)E} da (2.29)
Where:
ay = [a? — T2w?pyey]/? (2.30)
F= % (2.31)
By = [a? — F2w?ug€y + ir2wpy0q]Y? (2.32)
J(ry, 1) = a? f:lz ro/1(arp)dry (2.33)
Where

a = variable of the integration,

Uo = permeability of free space,
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€o = permittivity of free space,
U1 = permeability of metal slab,
o, = conductivity of metal slab, and

J1 = Bessel function of the first kind.

The probe variables in Egs. 2.29-2.33 and following equations of the next page are defined as

follows:

11 = coil inner diameter,

1, = coil outer diameter,

l; = vertical distance from coil lower base to metal surface (lift-off distance),
l, = vertical distance from coil upper base to metal surface, and

d. =1, - l; = coil longitudinal length (height).

For nonferrous metals, u; may be considered equal to u,. The approximation a = «a will
be applied in the following [65], assuming coil geometry characterised by radius r = 0.01 m

and frequency f = 100 kHz.

The equation for the coil impedance (2.29) can be separated into parts that relate to the
coil, the metal, and the coil to metal interaction. If all geometrical variables are constant as a
specific coil is chosen, the equation can be separated into 5 parts that are functions related

to the electromagnetic interaction. The 5 parts are as follows:

1) Coil property independent of the variable of integration:

nN?7u

- (12-11)2(rp—11)?

(2.34)

2) Coil property, a Bessel function and a function only of the variable of integration:
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B(a) = J*(ry, 1) (2.35)
3) Coil property, which is a function only of the variable of integration:

C(a) = 2ad, + 2e~%% — 2 (2.36)
4) Function of the coil-metal separation distance [;:

D(a,l;) = e ?h1(e~%c —1)2 (2.37)
5) Metal property, which is a function of conductivity and frequency:

R(w,0,a) +il(w,0,a) = Zo—hy (2.38)

ao+pf1
The original equation for the coil impedance can thus be rewritten as:

Z = iwA [ —B(@) C(@da + iwA [” —B(@) D(a, )R + iDda  (2.39)

All variables of Eq. 2.39 are now real. With other held constant, the impedance of the
coil is a function of lift-off ([,), frequency (w), and conductivity (). Assuming that both lift-off
and the product wo are held constant, it can be proven that the inductance does not vary
when two different frequencies are used to operate the coil and the latter is placed onto two

different metals (with o; # 03) [65]. Under these assumptions, the inductance is given by:
co 1 c© 1
L= Afo ;BCda +Af0 EBDRda (2.40)

If the product wao is constant, then the resistance of a coil operated at a frequency

fi = w,/2m and placed over a metal of conductivity a; is equal to:
Ry = i2w,A f,° —BDIda # R, = i?w,A [,” — BDlda (2.41)

Where R, is the resistance of the coil when this is operated at a frequency f, = w,/2m and

it is placed over a metal of conductivity o,.

In Eq. 2.41, the integral remains constant but the effective coil resistance changes

linearly with frequency.

In the experimental work that is detailed in this thesis, the quantities of interest are

the resonant frequency and Q-factor expressed by equations 2.6, 2.7, 2.11 and 2.12. By
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definition, these depend upon the coil inductance, as in Eq. 2.40. Specifically, the resonant

frequency is given by:

1 1
ﬂ_ZRJﬁ

= (2.42)
2m/EJA Iy —sBCda+A [ *—BDRda

The Q-factor for a generic LCR circuit with complex impedance Z; = Z,. + iZ; (Z, is effectively

Z in Eqg. 2.39) is defined by the following equation [50]:

Q:% (2.43)

Where Z,. is the real part of the impedance (as in Eq. 2.41), w is the operating frequency of

the circuit and L the coil inductance. Using Egs. 2.40 and 2.41, 2.42 can be rewritten as:

0 1 0 1
l EBCdOHfO —sBDRda

Q=-— (2.44)

0 1
l —sBDIda

Functions R and | establish the Q dependence upon the conductivity of the material,

function D links Q to the lift-off.

On the other hand, the resonant frequency depends on the same parameters
(conductivity and lift-off), in a different way from the way in which Q is linked to those,

through functions D and R contained in Eq. 2.40.

In cases where either the lift-off, the product wo or both are non-constant, relations
2.40-2.44 cease to be valid and the resonant frequency and Q-factor depend on the lift-off
and on the conductivity in a more complicated way. The former is dependent by definition on
the inductance (Eg. 2.28), which is contained in the imaginary part of Z, as in Eq. 2.39. The
latter depends on both the real and the imaginary part of Z = Z; = Z, + iZ;. As underlined
previously for the case in which wo=constant, the lift-off dependence is given by function D,
and the relation between the coil impedance and the conductivity of the sample is extant due

to the functions R and I (Egs 2.37-2.39).

What described in the previous paragraph shows that the dependency of the resonant
frequency and the Q-factor on the lift-off and the conductivity of the sample is different.
Therefore, the behaviour of these quantities can be understood only by treating them

separately and analysing the limits of the function in Eqg. 2.39 for low and high values of the
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variables lift-off and conductivity, respectively. Chapter 5 contains experimental work aimed
at deriving curves showing the lift-off dependence of measured resonant frequency and Q-
factor, and later focuses on the behaviour of these measured quantities on the conductivity

of the samples included in this experimental work.
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3 An LCresonant system for 2D imaging of conductive materials

This chapter documents the early stages of the set-up of a 2D imaging system for the
identification of conductive samples. Section 3.1 describes the initial LC resonant system and
proof-of-principle method with which the initial measurements were carried out. The
following sections are about a battery of experiments that were performed at the beginning
of this PhD project. The strategy was identifying a proper method to achieve identification of
conductive samples and 2D imaging by means of eddy current induction. Details about how
each experiment was performed are given in the individual sections. Early results and

discussion are reported in Sections 3.2-3.7.

3.1 Description of the early stage experimental system

This section describes a prototype experimental system developed in the early stages
of this research activity, which was based on a resonating system that included a metallic
sample, an inductor (L=970 pH £ 10%) and a capacitor bank, allowing selection of capacitance
C values going from 10 up to 1.111 pF, with sensitivity equal to 0.1 nF (Fig. 3.1). The first
inductor that was used for these experiments was a pancake coil (outer diameter 43.0+0.5
mm, inner diameter 22.0£0.5 mm, height 20.0+0.5 mm) (Fig. 3.1). The coil was placed in a
lodge positioned on the upper layer of a Perspex support structure (non-magnetic). A second
Perspex layer was used to position the sample (e.g., a 6-cm-diameter, 2-mm-thick copper
disk) along a plane parallel to the disk’s surface and perpendicular to the coil’s axis (Fig. 3.1).
This configuration allowed the sample to be ‘seen’ by the coil, and the two to be placed at a
vertical distance from each other (lift-off) which was constant. The values assigned to the lift-
off were varied throughout this work and are specified for each experiment described in the
following. The inductor was connected in parallel to a capacitor bank, and the two together
were connected to the Precision Impedance Analyzer 6500B (Wayne Kerr) (Figs. 3.2-3.3). The
impedance analyser supplied the excitation signal, and the inductor initially established an AC

magnetic field, which was then modified due to the presence of the conductive sample in
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which the eddy currents were induced. The inductor was also used as a sensor, to detect
changes linked to the presence of the sample. These changes were measured with the
impedance analyser, which allowed performing frequency sweeps of various quantities,
including the impedance and inductance of the system. The resonant frequency and Q-factor

related to resonance could also be measured with the instrument.

Disk sample °
N = -ﬂ 1 00 CAPACITANCE 109

_
JY O omcaohanans

Fig. 3.1. Left: Picture of the experimental system used at the initial stage of this research work, to
test whether the presence of a metallic sample could be detected by using a LCR-based system. The
sample in this picture is a copper disk (6-cm-diameter, 2-mm-thickness), and the coil is a pancake
coil (No. turns=400+1, outer diameter 43.0+0.5 mm, inner diameter 22.0+0.5 mm, height 20.0+0.5
mm). Two Perspex layers were used as a non-magnetic structure to support the coil and maintain it
in a fixed position w.r.t. the sample. The coil was part of a LC circuit whose capacitance could be
varied to make the system resonate at different values of resonant frequencies. This was achieved
by selecting appropriate capacitance values from the “Jay-Jay instruments - Type no. VC5” capacitor
bank (Educational Measurements Limited), shown in the picture on the right.

The prototype system described above was tested for 2D imaging of sample objects
having different electrical conductivities, both ferromagnetic and non-magnetic, by means of
resonant frequency measurements. These measurements were performed when the system
was “in air” (no sample present) and when the samples were coupled to the LC system, thus
modifying the system’s resonant frequency. The copper disk shown in Figs. 3.1 and 3.3 is one
example among the samples used, which were characterised by different geometries and
different electromagnetic properties. Two further examples of the samples are shown in Fig.
3.4, representing two aluminium disks of different values of diameter, both having 2-mm-
thickness. The presence of the capacitor bank made it possible to tune the capacitance and
investigate the effect of using different values of C to vary the resonance frequency of the
system. This feature of the system was beneficial for investigating its capability to detect the
presence of conductive materials shielded by conductive screens (Section 2.3). Moreover, the
possibility of tuning C was advantageous for improving the system’s sensitivity of detection,

which could allow the identification of poorly conductive materials (that produced eddy
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currents of low magnitude), as well as enable distinguishing between different materials

having similar values of conductivity, which therefore produced similar shifts in the system’s

resonant frequency.

Fig. 3.2. Left: Front view of the Precision Impedance Analyzer 6500B (Wayne Kerr) used to
measure the resonant frequency and Q-factor of the system, in air and in the presence of
conductive samples. The display shows the resonance peak on a Z vs frequency plot. The
instrument was connected to a parallel LC circuit, with electronic schematic shown on the right
of the figure, which consisted in a coil (e.g. pancake coil with inductance L=970 puH £ 10%) and a
capacitor selected from the capacitor bank.

Test

Pancake coil
sample

Perspex
layer

Impedance
analyser

Capacitor
bank

Fig. 3.3. Experimental set-up. The impedance analyser acted as an AC current generator. A copper
disk was used as a test sample and moved by means of a Perspex support. The instrument was
connected to a pancake coil inside which eddy currents were induced. These currents altered the
measured impedance. A capacitor bank was used in order to move the resonance peak to lower
frequency values, to investigate the possibility of achieving eddy current penetration through
materials shielding the sample.
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Initial investigations with the basic resonating system presented above (Figs. 3.2-3.3)
included some test samples made of copper and aluminium disks (2.0+0.5 mm thickness) of
different diameters (Fig. 3.4). The behaviour of different types of coils (Fig. 3.5) coupled to

the test samples specified above was investigated.

The main goals of the preliminary experiments described in the following sections
were: 1) to understand whether it could be possible or not to succeed at imaging metallic
objects by using resonant frequency measurements, and 2) to develop a proof-of-principle

method for 2D imaging of these objects.

At the initial stage, the samples were placed under the coil constituting the LC system
and the impedance analyser was used to measure the resonant frequency of the system, both
in the presence of the metals and in their absence (“in air”), for comparison purposes. The
hypothesis here was that the change in the system’s resonant frequency could be measured.
A measurable change of resonant frequency was found when conductive samples of different
nature and geometries were inductively coupled into the system (Section 3.2). This result set
the basis for investigations around the possibility of producing 2D images revealing the
presence and reproducing the shapes of the samples, by means of resonant frequency
measurements, which were achieved by building a set-up consisting of a support based on
two parallel Perspex layers, illustrated in Fig. 3.3. Q-factor measurements were performed
after testing the method based on resonant frequency measurements, by adopting a similar

method, as reported in Section 3.6.

Copper disk
(0 =59.59 10°5/m,
. X = -5.46 10%)
Aluminium i
disks
(0=37.74 106S/m,
X =16.510%)

|<—6—_>|

cm

Fig. 3.4. Representation of aluminium and copper disks used as test samples. The values of electrical
conductivity (o) and magnetic susceptibility (x) reported here were tabulated in [66]. Uncertainties in
the disk diameters were equal to 0.5 mm.
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(a) (b) (c)

Fig. 3.5. Images of all coils tested in this work, having characteristics as follows: (a) air-cored coil (No.
turns=100+1, inner diameter 8.0£0.5 mm, outer diameter 9.0+0.5 mm, height 8.5+0.5 mm); (b)
ferrite-cored coil (No. turns=145+1, @#=7.840.5 mm, height=9.5+0.5mm); (c) pancake coil (No.
turns=400+1, outer diameter 43.0+0.5 mm, inner diameter 22.0+0.5 mm, height 20.0+0.5 mm).

3.2 Resonant frequency changes due to eddy currents

The primary purpose of the experiment reported in this section was to investigate
changes in the resonant frequency when metals of different nature were placed under the

inductor and w.r.t. when no object was used (coil “in air”) (Fig. 3.6).

ferrite-cored coil

lift-off
metallic sample

Fig. 3.6. Simplified sketch showing the experimental configuration in which a flat metallic
sample was inductively coupled to an inductor (“ferrite-cored coil”) at a fixed value of lift-off, i.e.,
vertical distance between the sample and the ferrite-cored coil. The inductor shown here (made by
“multicomp”, part no. MCSCH895-681 KU) was connected to a capacitor as shown in Figs. 3.2-3.3.
This figure represents one of the two configurations used in the experiments, the second one being
characterised by the LC system “in air”, i.e., with no metallic sample present.

The method adopted in this experiment consisted in setting a series of capacitance
values, using which the difference in resonant frequency values, measured in air and after

adding different types of steel, was calculated. The resonant frequency values were measured
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by means of the impedance analyser, after setting the external capacitor bank to a series of
increasing values going from 0.1 uF to 1 uF, with steps of 0.1 uF. Egs. 2.6. and 2.7 showed the
dependence of the resonant frequency on the capacitance in the two scenarios when the
system was in air and after each metallic sample was introduced. Trends predicted by these
equations were found after plotting measured values of resonant frequency against the
selected values of capacitance. The plots shown in Fig. 3.7 were obtained by inductively

coupling the following samples to the LC system:

e 2-pence ferromagnetic coin (copper-plated steel, 25.0£0.5 mm-diameter, 1.0£0.5
mm-thickness);

e (40.0+0.5)x(30.0+0.5)x(3.0+0.5) mm? steel sample;

e (40.0+0.5)x(30.0+0.5)x(1.0+0.5) mm? steel sample.

1700 T
* ®air
1500 . o
£ B coin
T
x .
> 1300 steel
2
£ 1100 "
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=
£ 900 *
§ 700 pi FY
T ‘ LAY 4.
500 "
300 !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
capacitance /uF

Fig. 3.7. Resonant frequency (Hz) vs external capacitance (uF) measured with 1) coil in air, 2) coil
above 2-pence magnetic coin and 3) coil above 3-mm-thick steel sample. Frequency values were
measured at fixed capacitance values, set up using a capacitor bank (“Jay-Jay instruments - Type no.
VC5”), by means of the impedance analyser. Quantities uncertainties were smaller than the
dimensions of data points in this graph and are therefore not visible.

Since all the materials used in this experiment were ferromagnetic, the resulting
resonant frequency values were lower than the corresponding ones obtained when the

system was in air (Fig. 3.7). This behaviour was explained theoretically by Egs. 2.6, 2.7 and
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2.10 in Chapter 2, and is resembled by experimental observations. The trends shown in Fig.
3.7 indicated that the resonant frequency dependence on the capacitance expressed in Eq.
2.6 was valid in the range of capacitance used in this work, and thus justified the approach
adopted in this work. Results similar to the ones shown in Fig. 3.7 were found by using non-
magnetic samples, for which the resonant frequency was higher than the frequency
measured in air. This confirmed the validity of the theoretical assumptions expressed in Egs.
2.6-2.8. Quantitative information about the sample’s magnetic properties was not available
at this stage and this prevented further conclusions to be drawn with respect to the response
of the system to samples having different characteristics of permeability. Section 5.7 is about
investigations of this kind, conducted with the purpose of characterising materials, i.e., test
samples having the same geometries and different electromagnetic properties. Iron with a
known value of purity was chosen as a sample representative for the category of

“ferromagnetic materials”.

Values of resonant frequency obtained with the system in air, and after adding a coin,
a 1-mme-thick steel sample and a 3-mm-thick steel sample were considered (Fig. 3.7). Changes
between the resonant frequency of a coil in air and that of a coil above each of the three
metals were calculated by using:

Af (%) =1 <“i;>(;a{i;‘;:)‘ple) (%) . (3.1)

Percentage changes up to 12% were found (this value was attested to be significant
after taking into account the measurement errors). This promising result was the input

leading to carry out further investigations, which are detailed in the following sections.
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3.3 Position-resolved measurements of the resonant frequency

The first objective of this experiment was to develop a proof-of-principle method to
image a 6-cm-diameter copper disk. This represented the first attempt to image an object by
using the resonant frequency technique which is detailed in the next paragraphs. Secondly,
the developed proof-of-principle method was tested to achieve imaging of the same disk,
after having placed an aluminium foil in contact with it, for shielding purposes. In such a way,
two scenarios were studied, in which a visible object and a hidden one were to be identified.
Measurements were performed by adopting the following procedure, which set the basis for
the experimental method that was used in most of the investigations described in the next

chapters (see Section 4.2).

1) Initially, a metallic sample was placed under the inductor, on the lower Perspex layer,
while the coil was secured in a lodge extracted on the upper layer (Figs. 3.1a and 3.3). The
coil was connected to the capacitor bank, in turn connected to the impedance analyser
introduced in Section 3.1 (Fig. 3.2).

2) A scan of the sample to be imaged was achieved, as follows. The sample was moved by
hand along a plane parallel to the plane defined by the lower base of the coil. The coil lift-
off, measured with a ruler, was made equal to 2+1 mm. Such a large uncertainty was
compensated for in the next phase of the experimental work, where an automated
scanning system was set up and software was run to control the measurement acquisition
(Chapter 4). The new experimental system allowed more accurate positioning of the
sample and thus improved reliability of the results. Frequency sweeps were set with the
impedance analyser, in order to identify the resonant frequency of the system at each
position along the object plane, to produce a n x n scanning area, as shown in Fig. 3.8. The
scanning area was set to be larger than the area occupied by the samples to be imaged,
to allow the samples’ dimensions to fit the plot.

3) The frequency at which the LC circuit resonated was measured at each position of the
sample along the x and y axis (Fig.3.8). The change in frequency occurred because of the
different distances of the sample from the coil, at the various positions along the scanning
area. The frequency, in turn, varied as a consequence of the change in the inductance of

the system, as explained in Chapter 2.
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4) 2D surface plots were generated with Matlab by means of interpolation with a piecewise
cubic fit, by plotting position-resolved resonant frequency values (measured as detailed

at point 3) against the x and y positions on the scanning area.

This measurement strategy provided a resonant frequency 2D scan and paved the way
for the implementation of a novel imaging technique for metals identification. Pictures of two
different coils used to test the proposed scanning method with copper and aluminium disks

are shown in Fig. 3.9.
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Fig. 3.8. Sketch representing the scanning area, made up of n x n total positions, or nodes, at each of
which the measurements were acquired, by using the impedance analyser. The coil, represented by
the yellow circles, was maintained at a fixed position w.r.t. the metallic sample (light blue), which
was initially placed at starting position labelled “1”, and was then moved by hand to the right
(position “2”) and so on, until the first row of the scan was competed. The sample was then moved
to the next row of the scan below the first one, and then to third one etc., until n x n measurements
were acquired, corresponding to all the positions of the sample along the scanning area.

Fig. 3.9. Pancake coil (left) and ferrite-cored coil (right) used to image a copper disk (left) and an
aluminium disk (right) with the aid of Perspex layers. Graph paper was used to keep track of the
motion of the disk samples.
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The experiments reported in this section involved the use of a 6-cm-diameter copper
disk as a sample. Profiles obtained by moving the sample by hand along the y axis indicated
in Fig. 3.8 are reported in Figs. 3.10 and 3.11. 2D surface plots generated with Matlab by
plotting the resonant frequency against the xy positions are shown in Figs. 3.16 and 3.17. The
data points shown in these figures and in similar ones reported in this thesis represent the

positions where the measurements were taken.
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Fig. 3.10. Resonant frequency measured with a copper disk at different positions along the x axis
(different colours in figure) and y axis (abscissa of the graph). The key reported on the right of the
graph indicates the rows at which the measurements were taken by moving the disk along a 4x4 cm?
area, as specified in the following. ‘Central row’ means that the disk was positioned on 16 equally-
spaced-places along the horizontal line at the centre of the scanning area; ‘up’ and ‘down’
respectively refer to rows above and below the central row of the scan.
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Fig. 3.11. Resonant frequency (kHz) measured with unshielded (square) and shielded (diamond)
copper disk at different positions along the x axis of the scanning area.
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Fig. 3.12. 2D Surface plot obtained with Matlab and representing a 6-cm-diameter copper disk,
imaged by means of a resonant frequency scan. The shape of the disk seen from the above is clearly
reproduced in the image, and the diameter in the figure, measured with a ruler, is in agreement with

the diameter of the actual sample. The data points in the plot represent the positions along the

scanning area where the measurements were taken.

The developed method successfully imaged the disk by means of resonant frequency
measurements, as shown by Figs. 3.10-3.14. Both curves reported in Figs. 3.10 and 3.11
revealed an asymmetry which was due to either the Perspex layer or the coil (or both) being
tilted. This fault was intrinsic to the measurement method used in the early stage of this
research, which was based on taking measurements by hand and therefore was not
optimised. The importance of improving the system and measurement method led to
modifying them, as described in the next chapter. The orientation of the sample object w.r.t.
the coil plane was an essential parameter in these measurements, because resonant
frequency values changed with the object-to-coil distance. Extra care needed to be paid when
placing the object and the coil, in order to have their planes as parallel as possible. Otherwise,
the curve of resonant frequency vs position coordinate would be asymmetric and, as a

consequence, the resulting object image would be distorted.
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The Al disk was then shielded by a piece of aluminium foil (thickness equal to
0.016+0.001 mm) which was put in between the disk and the Perspex layer onto which the

coil was placed. The image of the disk in the “shielded” configuration is reported in Fig. 3.15.

y axis / cm
resonant frequency / kHz

X axis / cm

Fig. 3.13. 2D surface plot of a 6-cm-diameter copper disk shielded with an aluminium foil, and
imaged by means of a resonant frequency scan. The shape of the disk is clearly reproduced in the
image and the diameter in the figure corresponds to the one of the actual sample.

Images of copper disks unshielded and shielded with aluminium foil successfully
revealed the presence of the metallic object, thus demonstrating the usefulness of the
investigations being carried out (Figs. 3.12 and 3.13). This result showed that the proposed
imaging technique was not only working with unshielded metallic samples, but also with

samples hidden beneath a piece of aluminium foil shielding it.

The last part of this experiment was a test carried out to reinforce the choice made
about using the value of capacitance C=0.03 uF. For this purpose, resonant frequency
measurements obtained with a 6-cm-diameter, 2-mm-thick aluminium disk were measured
with two different external capacitance values: C=0.03 uF and C=1.111 uF. Data

corresponding to position y=0 (i.e., the row of the scan passing through the centre of the disk,
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as in Fig. 3.8) was taken into account. Differences (%) between values measured at
subsequent positions along the horizontal x axis were calculated for data at C=0.03 uF and
C=1.111 uF. Such differences were found to lie between -3% and 4% for data obtained at the
lower capacitance value, whereas the frequency values were all equal, within the
experimental uncertainty (between 0.04 and 0.06 for both f, and Q), at 1.111 uF. The latter
value of capacitance would have prevented the system from working effectively to image
conductive samples. This is because the change in resonant frequency due to the presence of
these samples was not larger than the experimental uncertainty of resonant frequency
measurements obtained in the absence of the samples. This conclusion justified the choice of

a capacitance C=0.03 uF, which was made in the experiments described in this section.

3.4 Imaging copper, aluminium and steel samples

More objects, having different geometries and different values of electrical
conductivity and magnetic susceptibility, were included in the research investigation about
2D imaging of conductive samples. In particular, specimens made of copper, aluminium and
mild steel (i.e., general purpose steel commonly used for machining, suitable for lightly
stressed components including gears and shafts, which is also called “low carbon steel”, due
to carbon content from 0.04% to 0.30%, and also containing the following: silicon 0.40% max,
manganese 0.70-0.90%, sulphur 0.040% max and phosphorous 0.040% max) were used. The
aim of this experiment was to understand whether imaging by means of resonant frequency
measurements was possible for various metals, and whether the different magnetic
properties of such metals were reflected by the different images which were obtained with

the developed method.

Aluminium and copper disks (6-cm-diameter, 2-mm-thickness) and a rectangular
specimen made of mild steel (area 4x3 cm?, 1-mm-thickness) were imaged (Figs. 3.14-3.17).
The graph reported in Fig. 3.14 shows profiles obtained by plotting the resonant frequency
measured for the three metals vs the positions of the samples along the x axis (i.e., the

horizontal axis passing across the centre of the scanning area, as shown in Fig. 3.8).
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Fig. 3.14. Resonant frequency measured values (kHz) vs coil position along x axis (cm). The data sets
obtained with aluminium (diamond), copper (square) and steel (triangle) were fitted with second
order polynomials.

It is interesting to note that the curve obtained for steel was found to have different
concavity than the two resulting from measurements performed by using aluminium and
copper samples (Fig. 3.14). This was due to the different magnetic properties of these
materials, which were respectively ferromagnetic and non-ferromagnetic. For non-magnetic
copper and aluminium, the resonant frequency was maximum at the centre of the sample,
i.e., when the inductor’s centre and the disk’s centre were aligned w.r.t. the plane of the
scanning area. The positions of the sample at either side of this central position caused the
sample to be ‘seen’ by the coil from angles different from the 0° angle corresponding to the
central position. In other words, the distance between the centre of the sample and the coil
centre became larger when the position along the x axis shown in Fig. 3.14 took on values
larger than zero. Therefore, smaller changes in resonant frequency (w.r.t. the configuration
of the system when it was “in air”) occurred for increasing values on the x axis, corresponding

to increasing distances between the coil and the sample.

The steel sample produced a trend showing a minimum resonant frequency

corresponding to the position where the sample’s centre was aligned with the coil’s centre
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(Fig. 3.14). The theoretical principles illustrated in Chapter 2 suggested that the resonant
frequency values decreased when a sample made of ferromagnetic material was placed in the
vicinity of the coil forming an LC system. This was the case for the data point corresponding
to x=0 in Fig. 3.14. The data points corresponding to symmetrical positions on both sides of
the central one had increasing values of resonant frequency, getting closer to the one
measured in the absence of the sample. These represented the sample occupying places

along the x axis having increasing distances from the centre of the coil.

The asymmetry in the curves obtained for the three metals (Fig. 3.14) was due to the
non-uniform lift-off, caused by the Perspex layer being tilted, which produced uneven
inductive coupling between the coil and the metallic sample [24]. This was fixed as detailed
in Chapter 4, as the weaknesses found in the experimental system and measurement method
illustrated in this chapter gave the input for amending them and improving the experimental
procedure. This included the use of a motorised stepper motor that prevented measurements
from being taken by hand, and a structure made of wood to aid the experimental scans and

produce uniform lift-off for the whole scanning area.

Representations of the copper and aluminium disks from the top (i.e., from the coil’s
view) are given in Figs. 3.15-3.16. Similarly, an image representing a 10x10x3 mm?3 mild steel

specimen is shown in Fig. 3.17.

The two vertical yellow halos visible on the left and right sides of the disks represented
in Figs. 3.15 and 3.16 were due to the Perspex layer being uneven and making the disk closer
to the inductor. This was proved by the recurrence of these halos in both the images of copper
and aluminium, suggesting that these were not a characteristic of one of the two conductive

III

samples, but highlighted a “geometrical” systematic issue. The presence of five regions of
different colours going from the external of the disk’s area, towards its central core was linked
to the scale used to create the plots. Differences can be noted between the two figures, in
the contours of the ring-shaped regions and of the central zone, due to this imaging technique

having been implemented by moving the object by hand.
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Fig. 3.15. 2D image of a 6-cm-diameter copper disk. The image was obtained by plotting the
resonant frequency values (kHz) against coil positions along x and y axis (cm) and interpolating the
values with a piecewise cubic fit within Matlab.
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Fig. 3.16. 2D image of a 6-cm-diameter aluminium disk. Resonant frequency values (kHz) were
plotted against coil positions along x and y axis (cm).

73



‘J
:

1297

o
tn

12.96

y axis / cm
o
~—_

42.95

resonant frequency / kHz

2.93

.

0 1 2 3
x axis / cm

Fig. 3.17. 2D image of a 1x1 cm?, 3-mm-thick specimen of mild steel. Resonant frequency values
(kHz) were plotted against coil positions along x and y axis (cm).

The results shown in Figs. 3.13-3.16 proved that the difference in the resonant
frequency produced by the presence of highly conductive samples could lead to imaging
them. The result obtained with the mild steel specimen stood out from the results achieved
with non-ferromagnetic samples made of copper and aluminium (Fig. 3.17). The edges were
less clearly defined in the former example, due to the ferromagnetic nature of the material,

causing eddy currents to be less contained and more spread out (Fig. 3.17) [61].

At this stage, it was not possible to state the difference between the copper and the
aluminium disks with this technique, as the two images representing the two samples were
identical (and the same scale was used in Figs. 3.15 and 3.16). In the following work, focus
was directed to identify the causes for this. In particular, the coil inductance, the lift-off and
the measurement method were taken into consideration, in order to improve the robustness
of the technique and, particularly, the system’s resolution power. This was intended as the
capability of the system to resolve two objects having different conductivity values, by

measuring the resonant frequency at each position along a scanning area where the samples
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were moved w.r.t. the coil. A more robust technique would allow different images to be
produced by using different samples, with the same imaging technique. To improve the
system and technique tested, different coils were considered, as the quantity of eddy currents
was dependent on the coil’s self-inductance, which in turns was dependent on the coil’s
geometrical and manufacturing characteristics. Measurements at different values of lift-off
were also performed, to identify the impact of these variations on the resulting images, to
improve them qualitatively and investigate whether it could be possible to distinguish

between different samples by looking at their images (Section 5.1).

3.5 Towards optimisation of the imaging system

The impedance analyser used in this work can perform frequency sweeps of a circuit’s
impedance by using a certain number of data points to build a Z vs frequency plot [67]. This
number can be set by the user. The higher the number, the slower the time required to
complete the data acquisition during a frequency sweep and, due to the larger number of
data points, the more precise the measurement acquisition process. Resonant frequency
values were measured for the LC system in air, by setting the number of points of a frequency
sweep to the following values: 50, 100, 200, 400, 800, 1200, 1600 (Fig. 3.18). This was done

in order to identify the most precise measurement method.
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Fig. 3.18. Resonant frequency (kHz) vs number of points acquired during each scan, obtained with
the LC system in air.
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The graph reported in Fig. 3.18 showed that from # 400 points on, the change in the
measured resonant frequency was negligible, as the values converged to the number 3.07
kHz. Therefore, choosing 400 or 1600 points introduced an error smaller than 0.1% (which is
smaller than the experimental uncertainty, estimated to 0.5%) in the resonance frequency

measurement (Fig. 3.18).

2D imaging of a 6-cm-diameter, 2-mm-thick copper disk was achieved by means of a
400-points scan. This number was the preferred point number, chosen as it would reduce
scan time whilst not introducing an unacceptable uncertainty in the measurements. Profiles
of the resonant frequency plotted against the position along the x axis of the scanning area

(Fig. 3.8) were obtained using copper and are reported in Fig. 3.19.
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Fig. 3.19. Resonance frequency measured with a copper disk (6-cm-diameter, 2-mm-thickness) at
different positions along the y axis (values are included in the key of the graph, and different colours
represent profiles obtained with the same y value) and x axis (abscissa of the graph).

Resonant frequency values were measured with the impedance analyser and the

change in resonant frequency between the two materials was calculated by using:

Af (%) = L4b-rcw (A?(‘Ci )(C”) (%) (3.2)
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Maximum, minimum and average values of Af% at growing values of the y coordinate,

from -3.5 to +3.5 cm, are listed in Tab. 3.1.

The difference in resonant frequency measured with copper and aluminium was found
to be too low (i.e., smaller than the standard deviation of repeated measurements of the
resonant frequency) to produce a visible change in the images of the two objects (Tab. 3.1).
This prevented the two different materials to be identified and therefore constituted a
limitation attributed to either the specific experimental system used or the measurement
method adopted (or both). The presence of targets of unknown nature that may be hidden
by protective shields raised the requirement for a system to be able to distinguish between
metals having different electromagnetic properties. The issue highlighted by the
experimental results described in this section will be addressed in the following chapters

(particularly, Chapter 7).

Tab. 3.1. Maximum, minimum and average value of Af% at growing values of the y coordinate, from
-3.5 to +3.5 cm. The samples used were 6-cm-diameter, 2-mm-thick copper and aluminium disks. The
interesting column is the forth one, which shows that the average Af% is lower than 0.3% at all
positions along the y axis. This value was smaller than 0.5%, which was the standard deviation
obtained from 10 consecutive measurements of the resonant frequency, meaning that the resonant
frequency variation is not significant to discriminate between a copper and an aluminium sample.

Y (cm) Max Af% Min Af% Average Af%
-3.5 0.49 -0.44 0.16
-3 0.7 -0.02 0.26
-2.5 0.85 -0.12 0.23
-2 0.79 -0.25 0.27
-1.5 0.99 -0.37 0.30
-1 1.06 -0.44 0.28
-0.5 0.57 -0.63 0.09
0 0.49 -1.23 0.06
0.5 0.45 -0.94 -0.03
1 0.49 -0.5 -0.01
1.5 0.49 -0.93 -0.15
2 0.49 -0.92 -0.06
2.5 0.33 -0.76 0.03
3 0.29 -0.19 -0.02
3.5 0.49 -0.44 0.16
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The attempt made to determine whether resolving the two materials was achievable
directed the attention towards a different measurement method that could be successful at
this. Gaydecki’s paper [50] showed how Q-factor measurements may prove beneficial for the
identification of materials when high sensitivity was required. Starting from this, further
investigations were carried out and a more sensitive technique than the one involving
resonant frequency measurements was developed, based on Q-factor measurements. The
identification of the Q-factor as a candidate for measurements performed with the purpose
of imaging and detecting unknown conductive materials was based on the following
consideration. A resonating system may have larger absolute values of resonant frequency
than Q-factor, but the aim of this research was to identify shielded conductive samples, as
well as unshielded ones (used to demonstrate a proof-of-principle technique to start with).
The requirement for the Ell system to operate at sufficiently low frequencies to allow
sufficiently large penetration depths to image the samples, meant that some values of
resonant frequency were not ideal for this purpose. In particular, these values were larger
than a few hundreds of kHz, when penetration through shields having thicknesses of the order
of magnitude of a few mm was required. Simply looking at absolute values, for a given
percentage difference Af (Eq. 3.2) between resonant frequencies produced by two different
conductive samples, the absolute difference Af between the individual samples’ frequencies
(Af = fsample1 - fsample2) is proportional to each of them (fsamplezr and fsampie2). The cut-off in the
preferred resonant frequency values to achieve material penetration constituted a limitation
towards obtaining large resonant frequency variations, as a consequence of a conductive
sample being brought in the vicinity of the measurement system. For this reason, Q-factor
measurements were likely to represent a better solution than resonant frequency
measurements, which should prove suitable for Ell of shielded targets, as well as unshielded

ones.
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3.6 Comparison between Q-factor and resonant frequency measurements

Further investigations about the development of an Ell system for imaging of
conductive samples were carried out, with the aim of verifying whether a method based on
Q-factor position-resolved measurements rather than resonant frequency measurements
would be able to distinguish between materials having different values of electrical
conductivity. Part of this optimisation process included amendments that were made to the

experimental system, as detailed in the following paragraphs.

Two changes were made in the choice of the coil, by substituting the pancake coil with
an air-cored coil and eventually changing this for a ferrite-cored coil (see Section 3.1). The
first substitution was applied for spatial resolution purposes, since reducing the size of the
coil’s diameter would imply improving the images’ spatial resolution, thus allowing objects of
smaller sizes to be imaged [40]. The following substitution was done because using a ferrite-
cored coil would cause the magnetic field lines to be concentrated around the core, due to its
high permeability, thus leading to a larger amount of eddy currents being induced inside the
sample to be imaged. Another change was done with regards to the measurement method.
The quality of the image (judged by considering defined contours and shapes, plus absence
of halos and artefacts) and the possibility of visually distinguishing between metals having
different values of electrical conductivity could be improved by adopting a measurement
technique based on measuring some parameter whose change was larger than the one
measured with the resonant frequency data. The Q-factor was chosen as a candidate for this
purpose, since it was dependent on the coil inductance (Eq. 2.12), and therefore had to
change as a direct consequence of the inductance change caused by the presence of a metallic

object.

The same procedure described in Section 3.5 was repeated by measuring the Q-factor
related to the resonance, instead of the frequency measured before. The Q-factor is visually
represented in Fig. 3.20 that shows plots of impedance Z vs frequency, obtained using the
impedance analyser and the LC system described in Section 3.1. The Q-factor could be

determined from such plots by calculating the ratio between the resonant frequency
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corresponding to the maximum Z and the frequency bandwidth (Q = %). Section 2.1 contains

the Physics principles on which the proposed method was based, and references of research
involving Q-factor estimations for material identification purposes are Gaydecki et al. and

Bartlett et al. [50][53].

The impedance analyser introduced in Section 3.5 was used to produce resonance
curves in the presence of two samples, made of aluminium and copper (6-cm-diameter, 2-
mm-thickness). Resonance curves similar to the ones reported in Fig. 3.20 were used to
acquire measurements of the resonant frequency and the Q-factor in the experimental work

reported in Chapters 3 to 6.
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Fig. 3.20. Plot of impedance (Q) vs frequency (Hz) showing resonant frequency and Q factor
Q= Z’—(j’) obtained for a 6-cm-diameter, 2-mm-thick aluminium sample (a) and a 6-cm-diameter,
2-mm-thick copper sample (b).

The change in the Q-factor values between copper and aluminium was compared to the
change obtained with the resonant frequency measured in the same conditions. This was
done by using Eqg. 3.2 to compute the change in resonant frequency, and a similar equation,
obtained by substituting f with Q, to derive the Q-factor change (Fig. 3.21). These changes
were calculated after measuring resonant frequency and Q-factor, respectively, with the
impedance analyser, by selecting increasing values of C from the LC system, from C=0.1 uF to
C=1 uF, with steps equal to 0.1 uF. The two different scales used for AQ (diamond) and Af

(square) in the graphs should be noted. The change in Q was found to lie between 0.3% and
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0.6% when measurements were acquired using an air-cored coil. Such range was between 2.4
and 3.6 % when the ferrite-cored coil was used (Fig. 3.21). The larger change obtained with
the ferrite-cored coil was due to the larger amount of eddy currents resulting from the larger
magnetic field concentration around the ferrite core. This justified the choice of using this
coil. For comparison, changes of resonant frequency were found to be much smaller than
changes of Q, and were lying between 0.1 and 0.3% for values measured with the ferrite-

cored coil (Fig. 3.21).
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Fig. 3.21. Change in Q-factor (diamond) and resonant frequency (square) between copper and
aluminium, calculated using Eq. 3.7, with different capacitance values. Measurements were
performed using a ferrite-cored coil (Fig. 3.5b). The different axes scales used here for Af and AQ
should be noted.

The larger change obtained with the Q-factor data underlined that measuring this
parameter could improve quantitatively the results and improve the potential of the system

to produce different images of metals having similar conductivity values.

Following the experimental observations, the use of the ferrite-cored coil in place of the
previously used coils was established. Additionally, Q-factor measurements were investigated
further, to test the feasibility of an imaging technique based on this parameter for 2D imaging

of conductive samples.
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2D surface plots were obtained by using 6-cm-diameter, 2-mm-thick copper and
aluminium samples and the ferrite-cored coil, since this produced larger shifts in the

measured quantities when the samples were introduced into the system (Figs. 3.22-3.23).

Q-factor

Fig. 3.22. Image reproducing a 6-cm-diameter copper disk obtained by measuring the Q-factor. The
ferrite-cored coil (Fig. 3.5b) was used to perform the scan in this experiment.

Q-factor
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Fig. 3.23. Image reproducing a 6-cm-diameter aluminium disk obtained by measuring the Q-factor.
The ferrite cored coil (Fig. 3.5b) was used to perform the scan in this experiment.

82



The shape of the disks was well reproduced in the images, which means that they
appeared circular, as they were in reality when seen from the top. The technique based on
measurements of the Q-factor produced an image of copper which looked different from the
one obtained with the aluminium sample (Figs. 3.22-3.23). This result showed that such
technique worked better than the resonant frequency technique, for distinguishing between
different metallic samples, due to the larger Q-factor shifts obtained by switching from the
configuration “in air” to the one with the sample inductively coupled to the coil. However,
the variability in the values measured, showing up as different colours in the images
reproducing the samples, could be reduced by using a more accurate method that would
decrease the following sources of uncertainties: 1) measurements being done by hand; 2)
uneven surface of the experimental set-up; 3) lack of an automated measurement acquisition

process.

3.7 Discussion and conclusions

The results presented in this chapter made it possible to establish a proof-of-principle
method for 2D imaging of conductive metallic samples having simple geometries (e.g., disks
or samples of rectangular cross section). The experimental apparatus here introduced was a
prototype Ell system that was later improved (see Chapter 4), and the measurements during
the scanning procedure were done by hand, highlighting the need for an automated system
to allow higher precision in the positioning of the samples. This represented one of the
solutions to the problems encountered with the prototype system, which are described in the
first two sections of Chapter 4. Materials and methods will be presented in Chapter 4. In
Chapter 5, focus will be given to experimental methods, results and discussion related to 2D
imaging of unshielded conductive samples, whereas Chapter 6 will be about 2D imaging of
shielded conductive samples. The final chapter involving the measurements (including
experimental procedures, results and discussion) is Chapter 7, which is about a new Ell

imaging system, constituting an improved version of the one presented before.
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4  An automated Electromagnetic Induction interrogation system

4.1  Description of the initial experimental apparatus

The experimental system on which this research work was based was similar to the

one described in Chapter 3, with some amendments, as detailed in the following paragraphs.

The Ell system was initially based on a cylindrical ferrite-cored coil (made by
“multicomp”, part no. MCSCH895-681 KU), in which an AC primary magnetic field was
induced. The coil was connected in parallel to a capacitor selected from a capacitor bank (Fig.
4.1). Together with the internal components’ internal resistance, this formed an LCR
resonating system, which was modelled as a parallel LCR circuit in the following. Both the coil
and capacitor bank were connected to the impedance analyser (Fig. 3.2). A metallic specimen
was secured on a two-axis stepper motor system (XY stage) inserted into a wooden support
structure having non-metallic fixtures (Figs. 4.2-4.4). The support structure was created in
such a way as to allow positioning of the specimen at different lift-offs (i.e., vertical distances,

measured along the sample’s axis, between the coil’s lower base and the sample).

L
7V V\

&

Fig. 4.1. Electronic schematic of the initial Ell system, which consisted in a parallel LC circuit

made up of a ferrite-cored coil (No. turns=145 + 1, =7.8 + 0.5 mm, height=9.5 + 0.5mm,
inductance=680 * 10% pH), and a capacitor selected from the capacitor bank.
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Fig. 4.2. Sketch showing the front view of the wooden structure containing the experimental system.
This included a ferrite-cored coil, being part of a LC system (with schematic as in Fig. 4.1), a xy
stepper motor and a sample made of metal, which was moved along the x and y direction during a
scan. A non-magnetic support was used to adjust the lift-off of the sample w.r.t. the coil.
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Fig. 4.3. Picture of the XY stage used to position the metallic samples used in this work onto different
positions along the scanning area.
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Fig. 4.4. Picture showing the wooden structure containing the experimental setup. This was based on
the xy stage with which the metallic sample was moved, the coil (not visible here, as it is fixed to the
wooden upper layer) and the computer used for data acquisition and analysis.

4.2 Description of the procedure used for 2D imaging of metallic objects

A proof-of-principle method was developed to achieve 2D imaging of metallic objects
by means of the resonating circuit described in Section 4.1. The process was similar to the
scanning technique detailed in Section 3.5, with the difference that Q-factor measurements
were performed, in addition to resonant frequency measurements. Since the experimental
apparatus consisted of a different structure (made of wood instead of Perspex), and the
scanning process and measurement acquisition was automated with the aid of a stepper
motor and by means of LabVIEW, a complete description of the whole procedure is detailed

in this section.

The method was based on position-resolved measurements of the resonant frequency
and Q-factor shifts, occurring due to the presence of the metallic samples, w.r.t. the scenario

in which no sample was present (“in air” or “background” measurements) (Figs. 2.2-2.3). A
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procedure was developed that is based on scanning a given area by moving the conductive
sample with the aid of an xy stage (Fig. 4.3), and plotting the measured values- obtained at
each position along the scanning area vs the corresponding x and y coordinates. The scanning
area was obtained by adopting the procedure described in Section 3.5. Resonant frequency
and Q-factor measurements were performed by means of the impedance analyser introduced
in Chapter 3 (Fig. 3.2). Ten independent values of each of these physical quantities were

acquired for each of the nodes of the scanning grid represented in Fig. 3.8.

The experimental method utilised a computer automated system which linked, via
Ethernet connections, a PC, the impedance analyser and a two-axis stepper motor system
(Fig. 4.4). A LabVIEW Virtual Instrument (VI) was created to control the stepper motor
movements as well as the data acquisition undertaken by the impedance analyser. A timed-

sequence structure was created to perform the following operations:
1) move the metallic sample along the first row of the scanning area in 2.5-mm-steps;
2) stop the sample at each position and activate the impedance analyser;

3) perform a frequency sweep of the impedance amplitude in a frequency interval centred

around the system’s resonant frequency;
4) deactivate the impedance analyser and move the sample one step ahead;
5) repeat operations 1) to 4) for all rows of the scanning area.

The following mathematical operations were undertaken in order to determine the
values of resonant frequency and Q-factor to be used to generate images. Impedance values
(Z) were plotted against the corresponding angular frequency values (w) at each positional
point along the scanning area. Measured Z vs w curves, showing the resonant peak at each
position, were thus obtained for all positional data. Each of these curves was fitted by using

the function for the impedance of a parallel LCR circuit (adapted from [57]):

Z(w) = (4.1)

In Eq. 4.1, R, L and C are the fit parameters determined by the LabVIEW fitting routine.
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The parameters obtained from the fit were used to calculate the Q-factor by means of Eq. 4.2

C
Q=R fz (4.2)

A value of Q-factor was, thus, obtained at each position of the specimen. In a similar

[56]:

way, resonant frequency values at each position of the specimen were determined by using

Eq. 4.3 [56]:

1
ﬂ_ 2mVLC’

(4.3)

where L and C were derived from the fit of the Z vs w curve.

‘Background measurements’ of resonant frequency and Q-factor were first taken at
each position of the scanned area with the coil in air (no sample present). These were
acquired to verify that the “background” obtained in the absence of the sample was uniform.

‘Sample data’ was then taken after placing a metal object under the coil.

Normalised data was obtained by dividing sample data by the corresponding
background data. This was achieved by means of a “for” loop implemented with LabVIEW.
Such a normalisation procedure allowed to visualise the change between the quantities
measured without the sample and the corresponding ones obtained after the sample was
introduced into the system. 2D surface plots were generated by means of interpolation with
a piecewise cubic fit, by plotting normalised data against the x and y coordinates of the

imaged sample.

The described procedure was applied to two sets of data, based on resonant
frequency data and Q-factor measurements, respectively. Two images were thus produced
for each object. Experimental results obtained with the two techniques are reported and

discussed in Sections 5.2.2, 5.3.2, 5.4.2.
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4.3 Improvements to the initial LC system

The resonant system used for electromagnetic induction interrogation and described

in the Sections 4.1 and 4.2 was improved, in order to achieve the following objectives;
1) accomplishing 2D imaging of metallic materials when these were not shielded;

2) being able to distinguish between materials of different electromagnetic nature, even

when these had similar values of electrical conductivity;

3) exploring the possibility of imaging materials that were shielded, i.e., hidden behind some

metallic material acting as a shield, for security purposes.

The experimental results obtained with the LC system based on a capacitor bank
(introduced in Chapter 3) underlined that one of the limitations of the system was its
sensitivity. This meant that the shift produced by a low-conductivity metal, as well as the
difference of shifts caused by metals having similar values of electrical conductivity, could not
be detected, as none of them was significant, compared to the measurement uncertainties.
Specifically, the largest frequency difference between coil in air and coil over a 9-cm-
diameter, 2-mm-thick copper disk - obtained with C=0.03+1% uF — was equal to Af=0.29 (Eq.
3.1). However, the measurement uncertainties were equal to 0.04 (4%) (Chapter 3).
Therefore, the resonance method at that stage allowed distinguishing only between the
system in air and the system with samples coupled to it, and between scenarios
corresponding to two different samples made of magnetic and non-magnetic materials
sequentially coupled to the system. Given the importance of varying the capacitance for the
purpose of this research investigation (especially, penetration through conductive shields to
image hidden objects), the previously used capacitor bank (Section 3.1) was substituted by a
new one (Cosinus Messtechnik GmbH C1-250). This one allowed selection of capacitance over
a broader range. Specifically, the minimum C was the same as before, equal to 0.1 nF, but the
maximum C was 11.111 uF vs 1.111 uF of the previous capacitor bank. Being able to select
larger values of capacitance w.r.t. the previous system was useful in order to carry out the

investigations regarding the penetration behind metallic shields for object identification. The
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larger the capacitance, the smaller the resonant frequency, and therefore the bigger the skin

depth, as explained by Eq. 2.25.

Furthermore, the dependence of the measured parameters f- and Q (i.e., resonant
frequency and Q-factor) on the circuit’s inductance and resistance, in addition to its
capacitance, led to the need to carry out investigations based on the use of a resonant LCR
system where the resistance values could be controlled, as well as the capacitance values. In
the experimental work carried out prior to this (Chapter 3), the system was physically based
on an inductor connected to a capacitor bank through cables. The components’ parasitic
capacitance (existing between the turns of the inductor, plus the smaller contribution
originating in BNC cables), in addition to the resistance deriving from both the components
and the cables used to connect them, contributed to forming an LCR system, with values of L,
C and R represented by the circuit’s effective inductance, capacitance and resistance. In this
configuration, the values of resistance and capacitance were fixed and determined by the
components’ and cables’ physical characteristics, thus resulting ‘intrinsic’ to the system used

and not controllable externally.

The possibility to carry out experimental investigations based on the use of variable
capacitor and resistor banks was explored. This guaranteed more freedom in selecting
different values of C and R, and was done with the goal of determining the optimal conditions
in which the system may be operated. Section 5.5 will detail the experimental investigations
carried out with the purpose of testing the LCR system varying the C and R values. Previous
sections of this chapter include results of electromagnetic induction investigations,

performed by varying the capacitance of the circuit.

Two decade boxes (Cosinus Messtechnik GmbH RT1-1000, C1-250), allowing selection
of different values of capacitance and resistance, were connected to the coil (Figs. 4.5-4.8).
This allowed capacitance and resistance values to be selected in the following ranges: C
between 100 pF and 11.111 uF (£1%; 100 pF steps); R between 1 Q and 11.111 MQ (¥1%; 1 Q
steps). These amendments resulted in a new experimental setup, representing an

improvement from the one described in the previous section (Figs. 4.6-4.8).
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Fig. 4.5. Electronic schematic of the resonant electromagnetic induction system used in this study.
The system capacitance can be adjusted (selecting the desired value from the capacitor bank), thus
enabling penetration through a metallic shield covering the metallic target, and therefore facilitating
the target identification. The resistor value in most experiments was equal to R =1 KQ + 1%, and the
inductor used was a ferrite-cored coil (7.8 mm x 9.5 mm, L= 680 uH+10% at 1 kHz).

ferrite-cored coil s===fZ=e=- LCR circuit

LE T EERERS

Fig. 4.6. Sketch of the experimental apparatus, made up of a ferrite-cored coil connected to a
capacitor and a resistor, as in Fig. 4.6. A xy stage was used to move a metallic sample (such as
the disk made of Cu shown in red), thus allowing to perform a scan for imaging purposes. The

apparatus was enclosed in a non-magnetic structure (made of wood), in order for the
experiment to be electromagnetically isolated.

resistance capacitance
decade box decade box

Fig. 4.7. Picture showing the experimental apparatus, including the two decade boxes allowing
selection of resistance and capacitance (bottom right).
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impedance analyser

Fig. 4.8. Picture showing the impedance analyser during a Z vs frequency sweep (in the background)
and the two decade boxes used for resistance and capacitance selection, connected to the coil
mentioned above, which is not shown in this picture.

4.4 Description of the LabVIEW program

The creation of electromagnetic images was automated by creating a LabVIEW

program including a Matlab script, as will be detailed in this section.

LabVIEW (National Instruments, NI) was connected to the hardware described above
to perform measurements. A LabVIEW VI was created for this purpose. The VI uses NI DAQ
systems and instrument control to acquire measurements, including instrument
configuration with NI MAX, instrument drivers and automation of the DAQ process. The final
part of the LAbVIEW VI embeds a Matlab program to process data and create an image out

of interpolation, as will be detailed in the following.

NI Measurement & Automation Explorer (MAX) was set up to allow communication
between the computer and the impedance analyser, as well as the XY stage. Physical
connections were achieved by means of Ethernet and USB cables, respectively. The two
connections were established by using NI-VISA (Virtual Instrument Software Architecture

Application Programming Interface, API) as it uses the same communication method for
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instruments connected using different interface types (GPIB, USB etc.), and allows the user to
adopt the same (easy) language to perform various operations. The first step that was taken
when writing LabVIEW code was the instrument configuration. A VISA Session was opened
and a VISA Alias used as a nickname to the VISA Resource, with which the instrument was
called throughout the application to perform DAQ operations. The VISA Session was closed at
the end of the program and error handling performed for the VISA Session, as well as for all
other parts of the VI, which helped debugging throughout the software development phase

and VI testing.

The operations that needed to be performed by means of the impedance analyser
involved measurement of the resonant frequency and Q-factor. Since the instrument drivers
for these were unavailable, a considerable portion of the LabVIEW VI was written to
accomplish this. The rationale behind this is explained in the following. The development of
this part of the code required software development skills and was the most time consuming

part of the programming phase involved in the PhD work described in this thesis.

A digital trigger was set up within LabVIEW, to control the moment at which the DAQ
process started and was stopped by the user, from the LabVIEW VI Front Panel. The Trigger
function configured a trigger to perform a specific action, with the Start trigger initiating it.
Synchronisation was implemented in order to perform operations detailed in the previous
section, which involved activating both the XY stage and the impedance analyser. Suitable
waiting functions were implemented for this purpose. This included pausing the execution for
the time required for the operations performed by the impedance analyser to be completed,

as well as the time taken to move the XY stage to the next position along the scanning area.

Instrument drivers were used, when available, to select the impedance analyser
measurement mode and control the frequency sweep settings, as well as the sampling rate
and data logging and saving. The use of drivers allowed the VI to perform multiple
instructions, as a sequence of events, as follows: 1) Initialize (establishing communication
with the instrument); 2) Configure (configuring the instrument to perform specific
operations); 3) Action/Status (commanding the instrument to carry out an action, or obtaining
the current status of an instrument); 4) Data (e.g. reading data or transferring it to an array

or matrix); 5) Utility (e.g. reset and self-test); 6) Close (last instrument driver to be called). The
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downside to using instrument drivers in this work is that intervention was required in the case
of one driver that contained a bug and therefore needed to be edited and tested. This was
one of the drivers for the Network Analyser which will be introduced in Chapter 7. For
instance, choice of resolution and range, selection of enable and disable auto range and use

of a ‘subVI’ to read measurements were accomplished.

A structure made up of nested ‘For Loops’ was created and configured with a
conditional terminal for the loop to stop when the entire scanning area had been completed.
Similarly, ‘for’ loops were adopted for resonant frequency and Q-factor acquisitions in which
the frequency sweep determined when the data acquisition had to stop, provided that the
end frequency matched the value input by the user from the VI Front Panel. Wait functions
were inserted into the loops because, without them, when a loop iteration is completed, the
next iteration takes place immediately. Time to complete the tasks was needed because the
whole execution relied on resonant frequency and Q-factor measurement, which required
time to be completed, as well as motions of the XY stage, which needed to be accounted for
too. Shift registers applied to predict the correct value at different loop iterations by storing
data values from previous iterations of the ‘for’ loop. ‘While’ loops were also created to
perform iterative operations until a certain condition was met. Tunnels were inserted into
these loops to transfer data into and out of structures, and store them after the loop
terminated. Error checking and error handling was implemented to stop the iteration of the

loop in case an error occurred.

To acquire resonant frequency data from the impedance analyser, the phase of the
complex impedance was measured within a frequency range selected from the Front Panel.
A loop was used to iteratively acquire phase data for smaller frequency ranges centred around
the resonant frequency, which was guessed each time the operation was repeated to improve
accuracy. The frequency at which the phase was equal to zero was thus determined and
logged as the resonant frequency for a certain position along the scanning area. Additionally,
the impedance amplitude was recorded and plotted against the frequency for the initial
frequency range centred around the resonant frequency, selected from the Front Panel. The

measured data for the impedance amplitude was fitted using the analytical function (4.1) and

94



the plot of measured and theoretical data was plotted, together with the measurement error.
The parameters R, L and C were then determined from the fit. These were used to calculate

the Q-factor, as shown in Section 4.2.

The File I/O Palette for file operation functions was adopted to input variables in the
form of 2D arrays into the Matlab script. Additionally, these arrays were written to .csv files
which were named using string commands and saved in a defined location on the computer.
Each of these 2D arrays contained data for resonant frequency and Q-factor as well as
positional data calculated from the number of rows and columns in the scan, and the spacing

between consecutive positions where data were acquired (all set from the VI Front Panel).

The second part of the LabVIEW routine executes a Matlab script, which calls the
output 2D arrays. The resonant frequency data and the positional data arrays are
concatenated. The concatenation is then repeated for Q-factor data and positional data. A
single array containing three columns for (position x, position y, measurement data) is
produced. The number of rows of the arrays depends on the number of positions of the scan,
selected from the Front Panel, used to create a figure (samples of different dimensions
required larger or smaller values of the scanning areas). Lastly, a 2D surface plot is generated
by Matlab by interpolation of the measured data w.r.t. positions, by means of a piecewise

cubic fit.

The next chapter reports experimental procedures and results and discussion, for a
battery of experiments which were performed by using the experimental method described

in this Chapter.
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5 2D imaging of unshielded conductive samples

This chapter includes the experimental progress made by using the LCR circuit
described in Chapter 4.3 and metallic samples having various values of conductivity, mostly
non-magnetic, with the exception of iron (99.5% purity). The physical quantities of interest
were the resonant frequency and Q-factor of the LCR system shown in Fig. 4.6, and specifically
the change of these occurring after a conductive sample was placed in the vicinity of the coil,
which was previously “in air” (Fig. 2.2). These quantities were measured by using the
impedance analyser mentioned in Chapter 4, which was connected to the LCR circuit shown
in Fig. 4.5. In some experiments, the metallic sample was placed in contact with the coil, such
that the centre of the sample’s surface in contact with the coil’s lower base (Fig. 3.6) was in
the same position as the centre of the coil’s lower base. In some other experiments, the coil
and the sample were placed at a certain value of lift-off, which will be stated in the individual
sections, and the measurement method adopted was the one explained in Section 4.2. Unless
otherwise stated, the external capacitance and resistance of the LCR circuit were equal to the

values: C=1 uF £1% and R=1 kQ +1%.

5.1 Study of the influence of lift-off on resonant frequency and

Q-factor measurements

The LCR-based experimental system presented at the end of Chapter 4 was initially
tested to see whether it could detect the presence of metallic samples placed at different
values of lift-off L (i.e., vertical distance between sample and coil), between =0 and L=(6.0
0.1) cm. The lift-off is an important parameter in NDE measurements, as it influences the

inductive coupling between conductive samples and the coil of the LCR circuit [24].

Metallic samples were used having conductivity values ranging from lower
conductivity of 0.54 MSm™ (manganese, Mn) to higher conductivity of 59.77 MSm™* (copper,
Cu) [66]. The procedure described in the next section was undertaken with the purpose of

producing 2D images for each of these conductive samples.
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5.1.1 Description of the experimental procedure

A preliminary study was carried out in order to investigate the possibility of generating
high-quality images of metallic samples by means of two contactless imaging techniques,
based on resonant frequency and Q-factor measurements, respectively. The measured
guantities obtained in the presence of each metallic sample were related to corresponding
measurements with no sample present (“in air”). The hypothesis here was that identifying
changes in the measured parameters (resonant frequency and Q-factor) could lead to image
the sample (as documented in Chapter 3). “High-quality” is intended as the ability of the
images to reproduce the shape and dimensions of the samples, with the colours
corresponding to the sample ‘“footprint’ being visibly different from the background,
corresponding to peripheral sample’s positions along the scanning area, i.e., at larger
distances between the sample’s upper surface and the coil’s lower base. The dependence of
the image quality on the lift-off (L) was studied by means of two experiments. The first
experiment consisted in measuring the system’s resonant frequency and Q-factor when a
square aluminium sample, having edges equal to (25 + 1) mm and thickness equal to (1.0 +
0.1) mm, was placed under a ferrite-cored coil. The following values of lift-off were chosen:
L1=(6.0 £ 0.1) cm; L,=(2.0 + 0.1) cm; L3=(1.5 + 0.1) cm; L4=(1.0 + 0.1) cm and L5=0. Ten
consecutive measurements of resonant frequency and Q-factor were acquired and the

average (named fr and Q from now on) and standard deviation (of; and cQ) were calculated.

The second experiment applied the procedures described in Chapter 4 to the imaging
process of the aluminium sample, at each lift-off value. The lift-off was measured from the
coil’s lower base to the sample’s top surface (Fig. 3.6). The purpose of this part of the work
aimed at qualitatively showing that the image quality was dependent on the choice of lift-off.
This should be the case because the amount of eddy currents induced in a sample increases

with the lift-off [24].
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5.1.2 Results and discussion

The results of the study about the dependence of the measured quantities (resonant
frequency and Q-factor) on the lift-off are reported in Fig. 5.1, where the values of resonant

frequency and Q-factor, normalised to background values, are plotted against lift-offs.
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Fig. 5.1. Normalised Q-factor (diamond) and resonant frequency (square), plotted against lift-off
(cm), to study the influence of lift-off on the measured quantities. Data was acquired using a 25x25x1
mm? aluminium sample.

The trend shown in Fig. 5.1 can be understood theoretically by utilising the
mathematical model reported in Section 2.4. This includes a physical formulation showing the
dependence of the coil impedance on the coil-to-sample lift-off, which must be treated as a
variable in this specific case. The different trend of the resonant frequency and the Q-factor
is due to their different dependence on the real and imaginary parts of the complex
impedance. Specifically, in the model reported in Chapter 2, the resonant frequency of the
system depends on the inductance of the coil, whereas the Q-factor depends on both the
inductance and resistance, therefore the change in the coil complex impedance due to eddy

current induction inside the metallic sample has different impacts on the quantities that are
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measured in this work. In particular, these vary in a different way with the lift-off, as verified

by the trend shown in Fig. 5.1.

The Q-factor curve had an increasing trend for lift-off values between 0 and 1.5; the
Q-factor stopped changing with lift-off from the value L=2 cm. On the other hand, the
resonant frequency decreased with lift-off until L=1.5 cm. From this value on, the resonant
frequency change appeared to be zero. A comment about the values of lift-off chosen for this
plot should be made. The “jump” between 0 and 1 on the x axis could not seem appropriate
given the shape of the curves for both data sets, which have high gradient in this region.
Nevertheless, it was established for practical reasons that values in between 0 and 1 cm
should not be included, due to the larger uncertainty in positioning the sample at those
distances from the coil. This was caused by the nature of the experimental setup and the
measurement method, which was based on inserting the sample within the wooden structure
enclosing the experimental system. In addition to the constraint in achieving this when using
the laboratory experiment, the choice of lift-off values between 0 and 1 cm would not have
made a meaningful difference when exporting this technique into an on-site system and
conducting measurements in real-life applications. The images of the aluminium sample
obtained for each value of lift-off showed good-quality reproduction of the sample’s shape
and size at L<6 cm for both resonant frequency and Q-factor measurements. Examples of the
images obtained after setting the lift-off to the value L=L4s=(1.0 £ 0.1) cm are shown in the
next section (Figs. 5.2 and 5.3). The reason why a decrease in sensitivity and resolution was
observed at lift-offs higher than 1.5-2 cm was attributed to the magnetic field spreading out
around the system sensitive area [37]. It was established that an optimal lift-off would be the
result of a trade-off between reproduction of the shape and size of the imaged object and the
need for a contactless imaging technique. The latter was beneficial as the possibility to detect
objects and image them when the coil used in this work (acting as a probe in NDE systems)
was not touching the sample was more interesting and useful than the opposite scenario,
since accessing the sample is not always possible in real life applications. Based on this

consideration, the lift-off chosen for the future experiments was L=L,=(1.0 £ 0.1) cm.
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5.2 Imaging of high-conductivity samples made of copper and aluminium

5.2.1 Description of the experimental procedure

The imaging method described in Chapter 4 was initially tested with high-conductivity
metallic samples. The goal of this experimental investigation was to verify the possibility of
obtaining 2D images representing the samples, by adopting the proof-of-principle method
based on position-resolved-measurements of the resonant frequency and Q-factor shifts,
which was described in Chapter 4. Disk samples having diameter D=(2.00+0.05) cm and
thickness t = (2.0 £ 0.5) mm (Tab. 5.2), made of copper and aluminium, were used for this
purpose. An area A=4.25x4.25 cm? was scanned by moving each sample along a plane parallel
to the coil’s lower base. The lift-off was equal to (1.0 £ 0.1) cm, the resistance was set to
R=1+1% KQ and the capacitance C=(1.0000 * 0.0001) uF. Ten consecutive measurements of
resonant frequency and Q-factor were acquired and the average (f- and Q) and standard

deviation (of; and 6Q) values were calculated.

Copper and aluminium samples having dimensions 25x25x1 mm?3 (Tab. 5.1) were also

imaged, in order to investigate the ability of the system to resolve shapes.

5.2.2 Results and discussion

Results of the imaging study about high-conductivity samples are reported in this
section. Images of a 2-mm-thick, 2-cm-diameter aluminium disk were obtained via position-
resolved measurements of the resonant frequency and of the Q-factor, respectively, and are
reported in Fig. 5.2. The imaged samples were found to be distinguishable from the
background image (Fig. 5.2). Qualitatively, both their shape and size compared very well with
the actual ones. A quantitative analysis was carried out to support the qualitative
observations, as reported in Section 5.4, with the purpose of comparing the dimensions of
the samples reproduced in the images with the samples’ actual dimensions. Similar results
were obtained with a 25x25x1 mm?3 square copper sample after setting the capacitance to

C=0.5%1% uF (Fig. 5.3).
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Fig. 5.2. 2-cm-diameter, 2-mm-thick aluminium disk imaged via position-resolved measurements of
the resonant frequency (top) and of the Q-factor (bottom). The resonant frequency and Q-factor
values- measured at the centre of the object and normalised to the value in air- were equal to
f~=1.01£0.03 and Q=0.93+0.04.
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Fig. 5.3. Image of a 25x25x1 mm? copper sample obtained via position-resolved measurements of the

resonant frequency (top) and the Q-factor (bottom). The normalised resonant frequency and Q-
factor at the centre of the sample were equal to f=1.01+0.03 and Q=0.94+0.04.
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The normalised resonant frequency and Q-factor values measured at the centre of the
object reported in Fig. 5.3 were found equal to f=1.01 £ 0.02 and Q=0.94 £ 0.03, respectively.
Images similar to the ones representing a copper sample were obtained with an aluminium

sample having the same geometry as the copper one.

The results shown in Figs. 5.2-5.3 demonstrated the suitability of both resonant
frequency and Q-factor methods for 2D imaging of high-conductivity samples of different
shapes. At this stage, neither images of disks nor images of square samples were able to
distinguish between the two metals. This was the case because the normalised resonant
frequency and Q-factor at the centre of the aluminium sample were equal to the ones
obtained for copper. This means that the different nature of the two samples could not be
visually assessed by looking at the images reproducing them. More information of the images
was obtained at a later stage by comparing the diameters/edges of the samples from the
image to the ones of the actual samples, measured with a ruler. Section 5.4 details the

experimental procedure used and includes results and discussion at the end.

Results reported in this section proved that the proof-of-principle methods based on
position-resolved-measurements of the resonant frequency and Q-factor, respectively, made
it possible to produce 2D images representing copper and aluminium samples having

dimensions equal to 25x25x1 mm3.

5.3  Material characterisation: comparison between resonant frequency and
Q-factor techniques

5.3.1 Description of the experimental procedure

The results of the previous experiments highlighted the need for a new method
enabling material characterisation. The eddy current amount depended on a number of
factors, both geometrical (including lift-off and coil’'s geometry) and related to the sample’s
electromagnetic properties. Lower-conductivity samples were expected to produce a smaller

change in the inductance of the measurement system, reflecting on smaller resonant
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frequency and Q-factor changes, than the ones obtained with higher-conductivity samples
[24]. Other metals, in addition to copper and aluminium, were thus included into the
experimental work, in order to investigate whether the proposed proof-of-principle method
(based on position-resolved measurements of the resonant frequency and Q-factor) could be
extended to metals spanning a wide range of conductivities. A quantitative analysis was
performed by measuring the resonant frequency and Q-factor changes occurring in the
presence of 14 representative metallic samples, having values of conductivity ranging from

0.54 MSm™ (Mn) to 59.77 MSm (Cu), as reported in Tab. 5.1 [66].

Tab. 5.1. List of the 25x25x1 mm?3 metallic samples imaged in this work. Their tabulated conductivity
values [66] are reported in the second column. In the third column, the metals are ordered from
the most conductive (Cu) to the least conductive one (Mn).

Metal o (10° Sm™) | Number (x axis from right to left in Fig. 5.4)
Copper (Cu) 59.77 1 (maximum conductivity o)
Gold (Au) 42.55 2

Aluminium (Al) 37.67 3

Zinc (Zn) 16.90 4

Iron (Fe) 10.30 5

Tin (Sn) 9.09 6

Niobium (Nb) 8.00 7

Tantalum (Ta) 8.03 8

Lead (Pb) 4.84 9

Vanadium (V) 4.03 10

Hafnium (Hf) 2.85 11

Titanium (Ti) 2.38 12

Bismuth (Bi) 0.94 13

Manganese (Mn) 0.54 14 (minimum conductivity o)

104



During the measurements, the samples were in contact with the ferrite-cored coil
(L=680+10% uH), which was part of the LCR circuit showed in Fig. 4.6. The resistance was
equal to R=1 KQ + 1% and the capacitance was assigned the following values for comparison
purposes: C=1 uF and C=0.5 uF. Ten consecutive measurements of resonant frequency and
Q-factor were acquired and the average (f- and Q) and standard deviation (ofr and cQ) values

were calculated.

The changes in resonant frequency and Q-factor values, due to the presence of a

metallic object, were calculated by using the following equations:

__ fr(metal)—fr(air) 0
__ Q(metal)-Q(air) 0
AQ = 2@ (%) (5.2)

In the equations above, f,.(metal) and Q(metal) represent the resonant frequency
and Q-factor values measured when the metallic sample was placed under the coil (1 cm lift-
off); f-(air) and Q(air) refer to values measured in air, i.e., when no metallic sample was

present in the vicinity of the coil.

The procedure was repeated with a value of lift-off L=0 (i.e., sample in contact with the
coil). The changes in Q-factor plotted against the samples’ conductivity were compared for
data obtained at L=(1.0£0.1) cm and L=0. This experiment aimed at identifying a procedure

which allowed to distinguish between different high-conductivity samples.

Both techniques based on resonant frequency and Q-factor measurements were adopted
to see how changes produced by the presence of a sample at different values of lift-off varied.

This aimed at establishing which technique was better at identifying conductive materials.
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5.3.2 Results and discussion

This section reports on results of the study described in the previous section, in which
materials of different conductivities were used and the resonant frequency and Q-factor
values were measured in order to quantify the shift of these quantities from the case where
the measurement system was in air (Fig. 2.2). Resulting changes of resonant frequency and
Q-factor, estimated by using Egs. 5.1 and 5.2, were plotted against the metal’s conductivity
values, taken from [66]. Results obtained after setting the capacitance to the value C=1 uF are
reported in Fig. 5.4. The capacitance value was later changed to C=0.5 uF and the results were
compared. These specific values were chosen because they produced the highest changes of
fr and Q, as detailed below. This implied that less distorted images of all metals could be

obtained, in which the reproduction of the samples’ shapes had higher quality.

b (%)

+ AQ (%)

10 . ¢ ‘ | Af (‘%)

11 *
0 5 10 15 20 25 30 35 40 45 50 55 60 65
conductivity /106 Sm!

Fig. 5.4. Change in Q-factor and resonant frequency plotted against conductivity for each of the 14
metals listed in Tab. 5.1 [66]. The physical quantities were measured at C = 1 uF. The two data points
that are detached from the main trends of AQ and Af (labelled “Fe”) correspond to measurements
acquired with iron (99.5% purity).

Fig. 5.4 showed that the Q-factor varied in a much wider interval than the resonant
frequency: AQ=[-11, -2]%, Af=[-0.3, 0.7]%. These values can be seen by looking at the two
curves reported in Fig. 5.4, and represent the minimum and maximum Q-factor and resonant

frequency change, respectively on the left and right side of the intervals defined by the

106



brackets. These intervals were found by considering changes of Q and f; obtained for the 14
metals included in this study. Both the red and blue curves had a well-defined trend. This
trend can be understood from a mathematical perspective by adopting the model illustrated
in Section 2.4. The model introduces the analytical function for the coil impedance, when a
flat metallic sample is placed at a constant lift-off from the coil. Assumptions about the
geometry of the problem are made and the impedance is expressed as a mathematical
function of the metal’s properties and other variables (assuming non-ferrous metals). In
particular, the impedance dependence on the conductivity is shown and this can be used by
deriving the dependence of resonant frequency and Q-factor on ¢. Derivation of the analytical
function for the Q-factor, with respect to ¢ would show a minimum as can be seen in Fig. 5.4.
This is not a straightforward calculation as it requires expressing the Q-factor with Bessel

functions, in a way similar to the one in which impedance was derived by Dodd & Deeds in

[65], utilising the Q-factor definition (Q = %L, Eq. 2.43). In a similar fashion, the resonant

frequency would need to be expressed as a function of the complex part of the coil impedance
and its behaviour close at limits of low and high conductivity should be studied in an analytical

way, in addition to the behaviour of its prime derivative with respect to o.

The resonant frequency changes were found to increase with conductivity, by an
amount lower than 0.8% over the whole conductivity range considered, as shown in Fig. 5.5.
The Q-factor change, on the other hand, decreased for lower conductive metals, including tin,
for which the absolute value of AQ was maximum; after reaching the maximum, AQ started
to increase with conductivity, until the curve behaviour began to ‘saturate’, i.e., smaller
change of AQ occurred for high-conductivity metals from gold to copper, and such change

was as low as 1.2% between aluminium and copper.

Plots similar to the ones shown in Fig. 5.4 were obtained by setting the capacitance to
C=0.5 uF, showing that capacitance changes did not prevent the system from producing
resonant frequency and Q-factor shifts that were linked to the conductivity of the material as
in plots shown in Fig. 5.4. In this case, Q-factor and resonant frequency varied with
conductivity within a range equal to AQ=[-15, -3.8]%, Af=[-0.25, 0.67]%. The same notation
used above was adopted here, with the brackets representing intervals of Q-factor and

resonant frequency shifts, measured in the presence of the 14 samples listed in Tab. 5.1. The
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values on the left of the brackets correspond to the lower values of AQ and Af; within the
given intervals, those on the right correspond to the higher values. Such values corresponded
to tin in the case of AQ, and to copper for Af.. The values reported on the right inside the
brackets corresponded to the minimum absolute changes among the 14 samples. These
values were found when manganese was used, with both measurements of AQ and Af.. The
other metals produced changes of resonant frequency and Q-factor which were inside the

intervals defined by the brackets.

Comparison between the results obtained after setting the capacitance to the values
C=1 uF and C=0.5 uF implied that the system’s behaviour was similar, when the external
capacitance value was changed, and generalised conclusions could thus be drawn. The data
sets obtained by measuring the resonant frequency with C=0.5 uF and C=1 uF are shown in

Fig. 5.5. The two trends are similar, showing an increase of Af; with o.
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Fig. 5.5. Change in resonant frequency plotted against conductivity of each of the 14 metals listed in
Tab. 5.1 [66]. The physical quantities were measured at C=1 puF (diamond data set) and C=0.5 uF
(square data set). Dots that are detached from the main trends (producing Af equal to -0.25 % and
-0.3 %) correspond to measurements taken with iron (99.5% purity).

Due to the behaviour of the AQ data set, each value of Q-factor was not univocally
related to a metal of certain conductivity (Figs. 5.4 and 5.5). Therefore, different metals could
not be distinguished from each other by simply measuring the Q-factor. On the other hand,

the resonant frequency trend (square data series) was represented by a monotonic function,
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if the data point corresponding to iron is excluded (Fig. 5.5). This clearly showed the potential
of this technique to achieve the goal of material characterisation. However, a higher change
of resonant frequency than the one obtained was required, since the measured changes had

the same order of magnitude as the experimental uncertainties (of=0.02).

The following sections report observations made about the system’s behaviour in the

regions corresponding to the limits of low and high conductivity (o).

5.3.2.1 High-conductivity metals

Fig. 5.4 showed that the Q-factor variation with o was nearly null for values of
conductivity corresponding to Cu and Al (0=42.55 x 10° Sm™ and 0=59.77 x 10® SmY,
respectively). This explained the difficulty of producing different images of copper and
aluminium samples encountered earlier (Section 5.2). Another observation can be made
about the reproduction of high-conductivity samples in the images. Figs. 5.2 and 5.3
represented images of copper and aluminium samples obtained with resonant frequency and
Q-factor measurements. The Matlab images reported in these figures showed that the
diameters of the imaged samples were in good agreement with the dimensions of the actual
samples. A quantitative analysis was carried out to estimate the diameter of the imaged disks

by adopting an edge-detection algorithm, as reported in Section 5.4.
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5.3.2.2 Low-conductivity metals

The Q-factor change showed a large variation with conductivity for low-conductivity
metals (o ranging from 0.54 to 4.03 x 10° Sm™). On the other hand, samples with low-
conductivity (particularly, bismuth and manganese) produced a negligible change of the
resonant frequency of the circuit. This result was confirmed by images of manganese and
bismuth shown in Figs. 5.6-5.7, in which the imaged samples could not be clearly distinguished
from the background. Due to the small change of resonant frequency from the background
value, it was not possible to visualise the manganese object, whereas the bismuth sample
produced a visible ‘signature’, showing its presence, due to its larger conductivity. Although
the change of resonant frequency from the background value for bismuth was bigger than
the one obtained with lower-conductivity manganese, the object could not be clearly
distinguished from the background. On the other hand, images of manganese and bismuth
that were obtained via position-resolved-measurements of the Q-factor showed that the
samples were very clearly distinguished from the background by means of the Q-factor
technique (Figs. 5.8-5.9). This result is important because manganese has similar
electromagnetic properties than uranium (they are both paramagnetic materials with similar
values of magnetic susceptibility, equal to x(Mn)=529 x 10 cgs and x(U)=409 x 10° cgs,
measured respectively at 293 and 298 K); therefore, being able to image it is relevant for the
security applications on which this research is founded [66]. The findings resulting from these
experimental observations led to establishing that the Q-factor measurement method was
more successful than the resonant frequency method in order to achieve Ell of poorly

conductive samples.
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Fig. 5.6. Images of a 25x25x1 mm?3 manganese sample obtained via position-resolved measurements
of the resonant frequency, for a capacitance C=1 uF.
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Fig. 5.7. Images of a 25x25x1 mm?3 bismuth sample obtained via position-resolved measurements of
the resonant frequency, for a capacitance C=1 uF. Values on the z axis are resonant frequency
measured in presence of the sample, normalised w.r.t. values in air.
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Fig. 5.8. Images of a 25x25x1 mm3 manganese sample obtained via position-resolved measurements
of the Q-factor, for a capacitance C=1 uF. Values on the z axis are resonant frequency measured in
presence of the sample, normalised w.r.t. values in air. The shape of the sample resembles the shape
of the actual sample in this case.
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Fig. 5.9. Images of 25x25x1 mm? bismuth samples obtained via position-resolved measurements of
the Q-factor, for a capacitance C=1 uF. The shape of the sample resembles the shape of the actual
sample in this case, unlike what appeared in Fig. 5.6.
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The results shown in Figs. 5.8-5.9 implied that the Q-factor imaging technique
provided higher sensitivity than the resonant frequency imaging technique, as the Q-factor
shifts produced by low-conductivity samples were larger than the resonant frequency shifts
produced by the same samples, thus making it possible to distinguish the sample from the
background in a Q-factor image. The Q-factor imaging technique allowed characterising
materials having similar values of conductivity and allowed imaging over a broad range of
conductivity. Consequently, experimental procedures illustrated in Chapter 7 were focused
on Q-factor measurements. These could be more useful than resonant frequency
measurements, especially for low-conductivity samples, as appeared by comparing Figs. 5.6

and 5.7 with Figs. 5.8 and 5.9.

The system’s behaviour corresponding to the limits of low and high conductivity was

investigated further.

Firstly, the capacitance value of the LCR system was reduced from C=1 uF to C=0.5 uF,
in order to verify whether it could be possible to visualise low-conductivity samples by
modifying the circuit’s capacitance and, therefore, its resonant frequency. Secondly, an
experiment was conducted to try to overcome the issue linked to Q-factor saturation (i.e.,

decrease of the AQ change with o observed at high values of o) at high conductivities.

With regards to the first experimental investigation, the following considerations are
noted. The advantage of decreasing the system’s capacitance was that the skin depth could
then be increased, due to the skin depth’s dependence on the frequency of the system, which
in turn is dependent on the capacitance (Eqs. 2.13-2.16). Obtaining larger skin depth could
thus be achieved by decreasing C, which could be useful for imaging hidden metals by
penetrating through the conductive screens shielding them. This topic was covered in Section
2.2 and experimental investigations related to it are reported in Chapter 6. At this stage, the
capacitance was reduced from C=1 uF to C=0.5 uF, and images of manganese and bismuth
samples were obtained by means of resonant frequency measurements, after normalising the

values w.r.t. air (Figs. 5.10 and 5.11).
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Fig. 5.10. Image of a 25x25x1 mm3 manganese sample obtained via position-resolved measurements
of the resonant frequency, for a capacitance C=0.5 uF. The imaged sample is now visible due to the
increase of resonant frequency produced by selection of a lower capacitance value than the
previously used value of C=1 uF.
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Fig. 5.11. Image of a 25x25x1 mm?3 bismuth sample obtained via position-resolved measurements of
the resonant frequency, for a capacitance C=0.5 uF. The imaged sample is now visible due to the
increase of resonant frequency produced by selection of a lower capacitance value than the
previously used value of C=1 uF.
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It was observed that, in the case of C=0.5 uF, the objects could be distinguished from
the background, unlike what occurred at C=1 uF (Figs. 5.10 and 5.11). This was due to the
increase of the resonant frequency occurring when the capacitance is decreased (Eq. 4.3). The
absolute values obtained for f; at C=0.5 uF were larger than the ones obtained with the same
sample at C=1 uF. This was also the case for the scenario when no sample was present. This
behaviour is reflected in a larger difference between f,o measured with the system in air, and
fr1 obtained when the conductive samples were inductively coupled to it, than the
corresponding difference obtained at larger C. The images shown in Figs. 5.10 and 5.11
reproduced the shapes of both manganese and bismuth samples because in each of them the
difference between the values of resonant frequency of the image background
(corresponding to sample’s positions located at the outer parts of the scanning area) differed
from those corresponding to central positions of the scan, i.e., where the samples were
moving closer to the coil until they were centrally aligned to it (the latter scenario

corresponded to values at the centre of the disks in Figs. 5.10 and 5.11).

These results demonstrated that resonant frequency imaging of low-conductivity
objects was possible by selecting an appropriate value of capacitance. However, this implied
that the functionality of the resonant-frequency imaging method was restricted to only
certain values of capacitance. On the other hand, the observed change of Q-factor at the two
capacitance values used (larger, in both cases, than the measurement uncertainties by a
factor greater than 4) made imaging of all conductivity samples possible, irrespective of the
capacitance used, for the two values of C considered in these experiments (C=0.5 uF and C=1
uF). A second weakness of the technique based on resonant frequency measurements was
related to the shape reproduction of samples in the images. The shape of the 25x25x1 mm?3
manganese and bismuth samples imaged in Figs. 5.10 and 5.11 was close to circular, although
the actual samples were square. For comparison, the shapes reproduced in Figs. 5.8 and 5.9
with Q-factor measurements were closer to the shapes of the actual samples, although this
imaging technique is not accurate enough to produce 90 degrees edges as the ones in a
square should be. A representation of the samples’ shapes closer to the real one was found
with higher-conductivity copper sample, as shown in Fig. 5.3. Comparing this image with Fig.

5.2, obtained with aluminium, reveals that the ability to reproduce the shapes of the samples
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is dependent on the sample’s conductivity, for both the Q-factor and the resonant frequency

imaging techniques.

To conclude this section about “Material characterisation”, an experiment was
conducted to try to overcome the issue linked to Q-factor saturation at high conductivities,
i.e., the observed decrease of the AQ change with o observed at high values of o (Fig. 5.4). As
suggested by the trend of the diamond-shaped data set illustrated in Fig. 5.1, showing the
variation with lift-off of the Q-factor (measured with a 25x25x1 mm?3 aluminium sample), the
Q-factor change increased at values of lift-off lower than 1 cm. In order to extend this result
to all the metals having different values of conductivity, the Q-factor change was measured
for each sample at 1-cm-lift-off and 0-cm-lift-off (Fig. 5.12). This experiment compared a
contactless method for imaging conductive samples, to an equivalent method where the
procedure was the same except that a zero-lift-off was used, meaning that the coil and the
sample were in proximity. This may not always be interesting from a practical point of view,
but it quantifies the loss in the system’s performance (in terms of Q-factor values normalised

w.r.t. values in air) resulting from the transition between contact and contactless systems.
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Fig. 5.12. Normalised Q-factor plotted against metal’s conductivity [66], at lift-off=1 cm and lift-off=0.
Error bars were estimated by propagating the measurement uncertainties, which were standard
deviations of the Q-factor measurements. The minima values of the two curves differ of a factor 1.7.

Fig. 5.12 explained why it was not possible to distinguish between a copper and an

aluminium sample by using the Q-factor technique at 1-cm-lift-off. These two metals
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produced a Q-factor change of 1% in this case; such change doubled when the lift-off was
lowered to zero. Changes between Q-factor values obtained for one metal and the ones
having conductivities closer to the first metal were found to be larger when the
measurements were taken “in contact” (at zero lift-off). The results obtained in this case differ
from the measurements taken “in air” by 13% for low-conductivity metals and by 25% for
high-conductivity metals (left and right hand sides of the square data set, respectively). The
metal which produced the larger change in Q was tin, as found from earlier results, which led
to a change of 48% from the configuration “in air”. For comparison, when a lift-off equal to 1
was used, changes of Q were found equal to 3% and 5% for manganese and copper,

respectively, and to 13% for tin (diamond data set).

The requirement for an imaging system to allow distinguishing between conductive
materials having similar values of electrical conductivities meant that it was important to
quantify the difference between the Q-factor obtained with a metal, e.g. copper, and the
corresponding value measured with the one closer to the first one in terms of electrical
conductivity, e.g., aluminium. A difference larger than the measurement uncertainties would
imply that the system was able to distinguish the two metals from each other with the Q-
factor measurement technique. The change of Q between the two metals was calculated as:

_ Q(cw-ewy .,
AQ = oan (%) (5.3)

where Q(Cu) and Q(Al) were Q-factor values measured at the centre of the images
representing the copper and aluminium samples, respectively. This experiment was done by
acquiring ten measurements of Q for each position along a 16x16 scanning area, and
calculating the average, standard deviation and maximum value. The resulting maximum

average was taken as the one corresponding to the centre of the imaged sample.

The Q-factor change was found equal to AQ = (1.93+0.06) % when the lift-off was
L=(1.0+0.1) cm (diamond set, Fig. 5.12). In comparison, the change of resonant frequency,
calculated in a similar fashion with the formula:

_ flew-f@y .,
Af —an (%) (5.4)

was found equal to Af = (0.3810.04)%.
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The Q-factor change was found to be bigger than the corresponding resonant
frequency change by a factor of 5, which allows drawing the conclusion about the better fit
of the Q-factor techniques to imaging of high-conductivity samples and material

characterisation aimed at distinguishing between two metals of different electrical nature.

Calculations of the Q-factor and resonance frequency changes were repeated for data
obtained at a lift-off of L=0 cm (square set, Fig. 5.12), by using Eqs. 5.3 and 5.4. The values for
AQ and Af were found to be equal to AQ = (14.82+0.07) % and Af = (0.40£0.05)%.

It should be noted that the AQ and Af measurements gave information about the
relative change, but what should be calculated to assess the capability of the system to
distinguish between two metals is the absolute difference between the measured values

obtained with one sample and the corresponding values obtained with the other sample.

These differences were found to be equal to the following: dQ(lift-off = 1)=0.33 and
dQ’(lift-off=0)=1.76. These results established that samples made of copper and aluminium
could be differentiated using the Q-factor imaging technique, when the metals were in
contact with the coil (L=0). This result is relevant, in relation to one of the goals of the entire
research project, which is material characterisation. Indeed, being able to distinguish
between samples having the same geometry and different values of conductivity is a key
feature for imaging applied to both security inspection and medical diagnosis. Further work
will be focused at increasing the differences dQ to be able to use a contactless Q-factor
imaging technique to distinguish between two metals having different values of electrical

conductivity, such as copper and aluminium. Chapter 7 will report on this.

5.4 Edge estimation with resonant frequency and Q-factor techniques

Experimental results shown in Section 5.3 revealed that different conductivities have
different weights on the shift of the measured quantities occurring due to the inductive
coupling of samples to the LCR system. Specifically, changes of resonant frequency and Q-
factor, Af-and AQ, were found to vary with the conductivity of the samples (Figs. 5.4-5.5). This

observation raised the interest in quantifying the impact on the imaging process that
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inductive coupling of samples to the resonating system had, when samples having different
conductivities were used. It was assumed that, due to the lower amount of eddy currents
induced in poorly conductive samples, w.r.t. higher-conductivity ones, the images of low-

conductivity samples were more blurred than images of higher-conductivity samples.

54.1 Description of the experimental procedure

A study was conducted in order to detect the edge and diameter of the samples imaged
in the previous experiments (Sections 5.2-5.3). This was accomplished by means of a Canny
edge-detection algorithm [68]-[72] that enabled the edge of the images reproducing the
samples (obtained as detailed in Sections 4.1-4.2) to be detected. A Matlab program was
adopted to apply the detected edge to the images obtained by means of resonant frequency
and Q-factor position-resolved measurements (reported in Sections 4.2, 5.2 and 5.3),
representing both square samples (Tab. 5.1) and circular metallic samples (Tab. 5.2). The
Matlab code was adapted to the measurement set-up, following the method developed by

Brendan et al. [73]-[74].

Tab. 5.2. List of copper and aluminium disks of different diameters and thicknesses included in the
investigation aimed at imaging high-conductivity samples.

Metal Diameter thickness
(mm, uncertainty 1 0.5) (mm, uncertainty 1 0.5)
Copper 15.0 2.0
“ 17.0 2.0
“ 20.0 2.0
“ 30.0 2.0
“ 30.0 0.7
Aluminium | 15.0 2.0
“ 17.0 2.0
“ 20.0 2.0
“ 30.0 2.0
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The method developed by Canny assumes that the image is made up of “step-edges”
corrupted by white Gaussian noise [68]. The Canny edge-detector is given by a convolution
filter that smooths the noise in the image and detects the edges. Such edge-detector meets

the following three criteria [74]:

1) Detection. Detecting real edges is maximised, whereas detecting false edges is
minimised. This translates in mathematical terms into maximisation of the signal-to-
noise ratio (SNR).

2) Localisation. The distance between the detected edge and the real edge is minimised.

3) Number of responses. One real edge must not produce more than one detected edge.

A Gaussian function is used as a filter, since it is a close approximation to the optimised

product between SNR and localisation [74].

Due to the Canny edge-detector being susceptible to noise present in the raw image
data, this image is filtered or smoothed by convolution with a 2D circularly symmetric
Gaussian, distributed as a “point-spread” function [74]. This prevents the raw image to be
affected by noisy pixels and therefore these pixels cannot be mistaken for edges. The
convolution manifests as a blurring of the raw image. The amount of filtering/smoothing is
governed by the standard deviation of the Gaussian. Regions of the smoothed image with
high first-derivatives are detected by a 2D first-derivative operator. Differentiation in two
directions x and y enables to find the direction of the slope’s surface to determine the
direction in which the edge is pointing [74]. The image representing the sample is turned into
a greyscale image, as required by the Canny-edge detection method. The detected edge
(coloured in yellow) is overlaid onto the grey scale image to trace the detected edge onto the

imaged sample (Figs. 5.13-5.14), by means of a Matlab algorithm [74].

The Canny edge detection method was applied to the present work in order to quantify
the suitability of the two techniques here proposed for imaging. Specifically, a new technique,
including the Canny edge detection as an additional feature, was applied to the previously
tested LCR-based system (Section 5.1), to assess its performance as imaging and dimensions’
identification capability. The results achieved by using the resonant frequency and Q-factor
techniques, with the external capacitance set to the two values used in previous

investigations (C=1 uF and C=0.5 uF, + 1%, as in Sections 5.1-5.3) were considered. The Canny-
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edge quantitative analysis aimed at comparing the ability to resolve shapes of the resonant
frequency imaging technique with the one of the Q-factor technique. Determination of the
imaged samples’ dimensions (edges or diameters) was undertaken to see which of the two

techniques was closer to representing the samples as they were in reality.

5.4.2 Results and discussion

This section contains the results obtained from the quantitative study that aimed at
estimating the edge of the square imaged samples and the diameter of the imaged disks.
Results of the study conducted with an aluminium sample by using the Canny-edge detection
algorithm are shown in Figs. 5.13-5.14. The images are grey-scaled because grey-scale images
were required for the Canny edge detector to be applied to them. The circular contour of the
imaged samples is displayed in yellow. This contour has edges closer to 90 degrees square
edges in the case of the image obtained with Q-factor position-resolved measurements (Fig.

5.14), than with resonant frequency measurements (Fig. 5.13).

+41.007

F 41.006

F 41.005

y/em

x/em

Fig. 5.13. Canny edge detection algorithm applied to the grey scale image of an aluminium square
metallic sample (25x25x1 mm?3), obtained with resonant frequency imaging technique, for a
capacitance C=1 uF. Values on the z axis refer to resonant frequency measured in the presence of the
sample, normalised w.r.t. air.
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Fig. 5.14. Canny edge detection algorithm applied to grey scale image of aluminium metallic sample
(25x25x1 mm?3), obtained with Q-factor imaging technique, for a capacitance C=1 uF. Values on the z
axis refer to Q-factor measured in the presence of the sample, normalised w.r.t. air.

Similar images were obtained with the other 13 square metallic samples used in the
previous experiments (Tab. 4.1). Copper and aluminium disks were also included in this study
(Tab. 5.2). Due to the limited number of different-diameter-disks available when this study
was conducted, a similar study was repeated for a larger number of disks having different
diameters and made of aluminium (Tab. 5.4). Experimental results obtained with them are

shown in Section 5.6.2.

Results showed that the shape of the sample was best reproduced with the Q-factor
technique (Fig. 5.14). This was confirmed by Fig. 5.15, in which the ratio between Canny-
detected edge (Lmess) and ‘actual’ one (Lreq) is plotted against the metal’s conductivity. This
figure shows that the edge estimation improves for metals with higher conductivities, where
Lmeas/Lrear Values of both data sets are closer to 1. This is due to the increase of inductance

change with conductivity, causing the measured physical quantities to differ from the
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background quantities by a greater amount. For this reason, the Q-factor technique provided
a very good estimate of the edge of high-conductivity metals like copper, gold and aluminium

(Lmeas/Lreal = 1)

1.4 #
1.2 g
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E
fos ?—? % o o
3
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0.4
4 from Q-factor images
0.2 B from respnant-frequency images
0.0
0 10 20 30 40 50 60
conductivity (10°S/m)

Fig. 5.15. Ratio between Canny-detected edge and ‘actual’ edge of each sample of conductivity o
(Tab. 4.1), plotted against o. Edge values were estimated from the images obtained with a
capacitance C=0.5 pF. The diamond-shaped data set includes values obtained using the Q-factor
imaging technique, whereas the squared-shaped data set represent values obtained using the
resonant frequency imaging technique.

The results obtained with copper and aluminium disks were used to produce plots of
the diameter estimated by means of the Canny-edge detection technique, against the

tabulated ‘actual’ diameter (Figs. 5.16-5.17).

The linear fits of Figs. 5.16-5.17 show that it is possible to determine the ‘actual’
diameter (D:) from the one estimated with the Canny-edge detection algorithm (De). In
particular, the following formulae can be used for copper and aluminium samples being
imaged by means of the Q-factor technique:

De(Cu)+0.09
0.98

D,(Cu) = (5.5)

Do(AD)+0.21
1.04

D, (Al = (5.6)
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Egs. 5.5-5.6 were derived by writing the x variable (“measured diameter”) of linear fits
of the diamond data sets reported in Figs. 5.16-5.17, in terms of the y variable (“estimated

diameter”).

200 Copper disks
275 % Q-factor Tmagth y|= 0.98x-0.09 }_‘
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Fig. 5.16. Estimated diameter vs measured diameter of 1.5, 1.7, 2 and 3 cm diameter copper disks.
The trends obtained with the Q-factor technique (diamond) and the trend obtained with the
resonant frequency technique (square) are both linear.
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Fig. 5.17. Estimated diameter vs measured diameter of 1.5, 1.7, 2 and 3 cm diameter aluminium
disks. The trends obtained with the Q-factor technique (diamond) and the resonant frequency
technique (square) are both linear.
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Equations similar to (5.5) and (5.6) were derived for copper and aluminium samples
being imaged by means of the resonant-frequency technique, from linear-fit equations shown

in Figs. 5.16-5.17:

De(Cu)+0.16
0.83

D,(Cu) = (5.7)

De(A1)+0.20
0.84

D.(Al) = (5.8)

Graphs similar to those shown in Figs. 5.16-5.17 were obtained with a capacitance
C=0.5 pF. Therefore, also in this case the sample’s diameter may be estimated by using Egs.

similar to 5.5-5.8 that could be derived from linear fits of data.

Figs. 5.18-5.19 contain plots of D: (“calculated diameter”) vs D. (“Canny detected
diameter”), obtained by using Egs. 5.5-5.8.
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Canny detected diameter /cm

Fig. 5.18. Diameter of copper disks calculated by means of relations derived from the linear fits
shown in Fig. 5.15, plotted against the diameter estimated by using the Canny edge detection
algorithm. Note that the x-axis-values of these graphs are the y-axis-values in Figs. 5.16-5.17.
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Fig. 5.19. Diameter of aluminium disks calculated by means of relations derived from the linear fits
shown in Fig. 5.15, plotted against the diameter estimated by using the Canny edge detection
algorithm. Note that the x-axis-values of these graphs are the y-axis-values in Figs. 5.16-5.17.

Results shown in Figs. 5.18-5.19 showed the goodness of fits obtained when the
diameter of imaged disks was calculated by using Egs. 5.5 and 5.6 (“calculated diameter” was
named D; in the equations) vs the diameter produced by applying the Canny edge detection

algorithm (“Canny edge detected diameter”, named “D,” in the equations).

To summarise and conclude, the edge detection process was applied to the data
acquired with both resonant-frequency and Q-factor imaging techniques, in order to evaluate
and compare the whole system’s imaging capability. In particular, the capability of estimating
the samples’ shape and size by using these two imaging techniques was assessed. The goal of
this experiment was to determine the contours of the samples imaged as described in
Sections 5.2-5.3. These “estimated” contours were related to the tabulated contours to the

‘actual’ samples.

Results demonstrated that formulae derived by using linear fits of data sets where the
estimated Canny edge diameter was plotted vs the one of the actual sample, represented a
valid tool for estimating the sample’s diameter by means of the Canny-edge detected

diameter.
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5.5 LCR circuit optimization

The imaging method, based on position-resolved measurements of the resonant
frequency and the Q-factor and proposed in Sections 4.1-4.2, was proved to be suitable for
imaging of samples having different values of conductivities. The next step of the process was
optimising it. For this purpose, the Ell system was firstly modified by adding variable resistor
and capacitor decade boxes, as detailed in Section 4.3. This was done due to the dependence
of the measured quantities, i.e., resonant frequency and Q-factor, from the circuit’s
components and the dependence of the skin depth on the circuit’s capacitance (Egs. 2.12,
2.13, 2.16). The purpose of this investigation was to increase the measurement sensitivity of
the Ell imaging system. In particular, the aim was to increase the Q-factor of the LCR circuit
constituting the system, in order for it to acquire higher selectivity. As mentioned earlier,
higher values of Q meant sharper resonance peaks and thus implied the possibility to
differentiate between similar resonances. The dependence of Q on the circuit’s inductance,
resistance and capacitance (Eg. 2.12) led to assuming that higher Q-factor values could be
obtained by changing two of these quantities (C and R), as will be detailed in the following

paragraphs.

The purpose of this experiment was relevant for the research goal of distinguishing
between materials of different nature that had similar values of conductivity and thus
produced similar changes in the measured quantities (f- and Q). Increasing the system
resonant frequency selectivity was also important to enable imaging of low-conductivity
samples, in which small amounts of eddy currents were induced, thus producing small

changes in the measured quantities with respect to the background values.
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5.5.1 Description of the experimental procedure

An experiment was carried out with the purpose of varying the resistance and
capacitance of the LCR circuit, in order to adjust the Q-factor and resonant frequency,
according to Egs. 4.2 and 4.3. The aim was to increase the Q-factor in order for the circuit to
acquire higher selectivity, and make it possible to differentiate between similar values of
resonant frequency. The question of why only the capacitance and resistance values were set
as variables in this experiment might arise when one considers the dependence of the Q-
factor on inductance as well as on capacitance and resistance. The reason for this decision
was that the promising results obtained with the ferrite-cored coil (Sections 5.1-5.4)
suggested that this inductor should be kept for the future measurements. Therefore, L was

kept constant and the only quantities which were varied, in order to vary Q, were C and R.

The experiment was based on building eight parallel LCR circuits, like the one shown
in Fig. 4.6, by selecting different combinations of resistance and capacitance, in order to vary
the values of f- and Q of the system, as predicted by Eqgs. 4.2 and 4.3. The LCR circuits that
were built are labelled with numbers I-VIIl in column 1 of Tab. 5.3, and the corresponding
combinations of resistors and capacitors are reported in columns 2 and 3 of the table. For
each of them, measurements of resonant frequency and Q-factor were undertaken with a
25x25x1 mm? Al sample, which was placed under the ferrite-cored coil at a lift-off L=(1.0+0.1)

cm.
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Tab. 5.3. Values of resistance (second column) and capacitance (third column) that were
chosen to build eight different LCR circuits (labelled with numbers I-VIII reported in the first
column of this table).

LCR circuit number | Resistor value | C (uF, uncertainties= +1%) | RC (s)
(uncertainties= +1%)

I (3.000 £ 0.001) KQ 2.0 0.006
Il (3.000 £ 0.001) KQ 3.0 0.009
I (3.000 £ 0.001) KQ 5.0 0.015
v (1.000 £ 0.001) MQ 2.0 2

\ (1.000 £ 0.001) MQ 3.0

VI (1.000 £ 0.001) MQ 5.0 5

VI (2.000 £ 0.001) MQ 0.5 1

VI (4.000 £ 0.001) MQ 1.0 4

Aluminium was chosen as it is a highly conductive material which produced optimal
results when the procedure adopted before and shown in Sections 4.2 and 4.3 was used to
image it. This experiment involved setting up an experimental Ell system where each time the
LCR circuit was one of the 8 LCR circuits with components values as reported in Tab. 5.3, wired
as in Fig. 4.6. The choice for the specified value of lift-off was justified by it having produced
a change in the resonant frequency and Q-factor that was higher than the one obtained with

larger lift-off values (Section 5.1.2).

Egs. 5.9 and 5.10 were used to calculate the resonant frequency and Q-factor change

I”

obtained with each of the LCR circuits listed in Tab. 5.3. In this way, the “optimal” circuit was

found, as the one which caused the greatest change in the measured quantities to occur:

__ f(sample)—f(background) 0
Afr = f(background) (%) (5.9)
AQ _ Q(sample)-Q(background) (%) . (5-10)

Q(background)

In these equations, f (background) and Q(background) represent values measured for
each LCR circuit when this was in air (i.e., in the absence of the sample), and f (sample) and
Q(sample) resulted from measurements taken with the same circuit after placing a 25x25x1

mm?3 Al sample under the coil, at a lift-off L=(1.0+£0.1) cm.
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5.5.2 Results and discussion

This investigation aimed at finding the optimal LCR circuit, defined as the circuit which
caused the greatest change in the measured quantities Af, and AQ, occurring when a 25x25x1

mm?3 aluminium sample was inductively coupled to the system.

Results of the LCR circuit optimisation study are summarised here. Figs. 5.20-5.21
show the relative change in resonant frequency and Q-factor obtained by means of Egs. 5.9

and 5.10, plotted against the measured Q-factor of each of the 8 LCR circuits listed in Tab. 5.3.
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Fig. 5.20. Relative change of resonant frequency (Eq. 5.1), produced by a 25x25x1 mm? Al sample for
the 8 LCR circuits listed in Tab. 5.3, having values of Q-factor ranging from 7.6 to 22.3.
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Fig. 5.21. Relative change of Q-factor (absolute value of AQ in Eq. 5.2), produced by a 25x25x1 mm?3
Al sample for the 8 LCR circuits listed in Tab. 5.3, which had values of Q-factor ranging between 7.6
and 22.3.

Figs. 5.20 and 5.21 show that both the change in resonant frequency and the change
in Q-factor increased with the Q-factor of the circuit. Choice of an appropriate combination
of L, Cand R, as detailed in rows of Tab. 5.3 corresponding to circuits “IV, VII, VIII” (R=1 MQ,
2 MQ, 4 MQ), provided a maximum change in the measured quantities, which was nearly
equal to 6.7% for the Q-factor and was about 0.73% for the resonant frequency. This
consideration justified the study which was undertaken, proving that there was a dependence

of the changes in the measured quantities on the Q-factor of the system.

Results shown in Fig. 5.20 highlighted that values of C > 2 uF led to smaller changes of
resonant frequency, and the optimal situation occurred when C=0.5 uF (circuit “VII”),
although measurement uncertainties made the values of C=2 uF equivalent to C=0.5 uF
(circuits “IV, VIII”), as the three data points found on the right of the graph (higher values of
Q on the axis) did not differ significantly from each other, considering their error bars. This
result was in agreement with the results shown in Sections 5.1-5.3, where C was assigned
values lower than 2 uF, i.e.,, C=0.5 uF and C=1 uF. Findings shown in Figs. 5.20 and 5.21
demonstrated that results reported in previous sections were obtained in the optimal range

of Q-factor, as given by the values on the x axis of Figs. 5.20-5.21. Modifying the resistance
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values, as was done for the circuits on the left hand side of the graph of Fig. 5.20 (labelled “IlI,
VI, 1, V, I” and having Q-factor values Q < 11), was not effective in improving the resonant
frequency change, which was smaller than the one obtained for circuits “IV, VII, VIII”, in which
the larger R values (1 MQ, 2 MQ, 4 MQ) made Q larger too (Q is proportional to R, as shown
by Eq. 4.2). Trends shown in both Figs. 5.20 and 5.21 revealed an increase in the change of
the resonant frequency and Q-factor with the circuit’s Q-factor, with a decreased rate of

change with increasing Q.

An interesting observation could be made by looking at Fig. 5.21: the Q-factor change
became small for Q-factor circuits having values of Q > 16 (the curve’s gradient approached
zero). This behaviour was less pronounced when resonant frequency change was taken into
account (Fig. 5.20). The Q-factor trend could be a useful tool for the imaging experiments
carried out in this research work, because it meant that increasing Q up to values higher than
16 was not necessary to accomplish a larger change in the measured quantities, i.e., resonant

frequency and Q-factor.

The explanation for these findings is backed up by the following theoretical

considerations about LCR circuits’ behaviour.

Firstly, the circuit impedance R’ (R'#R), given by Eqg. (5.11) (derived by taking the
modulus of the impedance expression as in Eq. 4.1), decreases when the capacitance C is

increased:

" R _ R
. 1 1, — . 1
1—]R(X—C+X—L) 1+]R((I)C—H)

(5.11)

Secondly, the way in which Q increases with C is given by Q ~ VC (Eqg. 4.2). On the
other hand, the dependence of Q on R’ is given by Q ~ R’ (Eq. 4.2, where R is substituted by
R', since it is the impedance, and not just the resistance, which needs to be taken into
account). As the change of Q per unit change of R’ is larger than the change of Q per unit
change of C(Q ~R'vs Q ~ V/C), the net effect is an increase of Q with R’. Moreover, when C

is increased, the resulting decrease of R’ (Eg. 5.11) leads to the decrease of Q.

The considerations above mean that the only solution to the initial goal of increasing
the selectivity of the Ell system by increasing its Q-factor, had to be a trade-off between

increasing Q and increasing C, to achieve both higher selectivity for the system and capability
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to penetrate through shielding materials. The latter objective led to the requirement for a
higher C when increasing the skin depth was necessary, which was the case when imaging of
shielded conductive samples was required. Optimising the Q-factor change by making it as
large as possible to allow low-conductivity samples to be imaged and samples of different

conductivity values to be distinguished was a goal already mentioned in Section 5.3.

According to the aim of optimising the Q-factor change on the one hand, and the
experimental results shown in Fig. 5.21 on the other hand, the following conclusion can be
drawn: increasing Q to a value larger than 16 was not necessary, and satisfactory change in
the measured quantity could be obtained for 9.5 < Q < 16, as can be seen by looking at the
graph in Fig. 5.21. Due to this conclusion, values of R equal to 1, 2 and 4 MQ and values of C
between 0.5 and 2 uF were established to be optimal choices of components for creating LCR

parallel circuits suitable to accomplish Ell of conductive samples.

5.6 Resolution study

A resolution study was undertaken by imaging 8 Al disks (2-mm-thickness) having
values of diameter listed in Tab. 5.4. The procedure described in Chapter 4 was used and the
LCR circuit assigned the following values: L=680+10% uH, R=1+1% MQ, C=1 uF. The aim of this
experiment was to determine the system resolution for imaging of aluminium disks, defined
as the minimum-diameter disk which gave a Canny edge detected diameter distinguishable

from the nearest diameter disk of the same type.
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5.6.1 Description of the experimental procedure

2D images were produced for the samples listed in Tab. 5.4 and their diameter were

estimated by using the Canny edge detection method detailed in Section 5.4.

Tab. 5.4. Diameter values (cm) of the eight different Al disks which were used for the resolution study
aiming at identifying the minimum-diameter-disk that could be imaged.

Disk diameter
Disk number
(mm, uncertainty £ 0.5)

15.0

17.0

20.0

30.0

40.0

50.0

60.0

0l N o L B W| N|

76.0

Position-resolved measurements of both the resonant frequency and the Q-factor
were performed to create the images. Canny edge detected diameters obtained for both
series of images were compared with diameters of the actual sample, to establish the limits
for imaging in terms of the Ell system’s resolution. Aluminium was chosen as it is a highly
conductive sample which produced optimal results when the Canny edge detection algorithm
was used to find the image contours and establish the dimensions of the samples (Section

5.4).

134



5.6.2 Results and discussion

Values of the “estimated diameter”, obtained by applying the Canny edge detection
method to the images obtained by means of position-resolved measurements of resonant
frequency and the Q-factor, were plotted against the “measured diameter” of actual samples.
The trend was found to be linear, as found in previous data (Section 5.4), and showed very
good agreement between values estimated with the Canny-edge detection technique and
values measured with a ruler (R? nearly equal to 1, in Fig. 5.22). This confirmed the conclusions

of the study reported in Section 5.4 and reinforced them, thanks to the higher number of

data.
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Fig. 5.22. Estimated diameter (obtained by applying the Canny edge detection algorithm) plotted
against measured diameter of actual samples, obtained for a set of aluminium disks of different
diameter (from 1.5 cm to 7.6 cm).

The ratio r between “measured” and “estimated” diameter was also plotted against the
measured diameter in Fig. 5.23. The trend showed that the Q-factor imaging technique
allowed an accurate estimate of the sample dimensions (ratio r = 1) for disks having diameter
d > 4 cm. Diameters of disks within this range were underestimated when the resonant-

frequency imaging technique was used (ratio r between 1.2 and 1.1).
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Fig. 5.23. Ratio between measured and estimated diameter (measured for the actual samples and
estimated using the Canny edge detection algorithm, respectively) plotted against measured
diameter of aluminium disks.

Moreover, uncertainties of the estimated diameter (calculated by means of standard
deviation of Canny-edge-detected values, as explained in Section 5.4) were found to be
decreasing with increasing diameters for Q-factor data, for disks having diameters d <4 cm
(st. dev.~0.1-0.4), whereas uncertainties in resonant-frequency data were steady at all
diameter values (st. dev.~0.1) (see error bars in plots of Fig. 5.22). This highlighted a larger
spread of Q-factor measurement values with respect to the one obtained with resonant-

frequency measurement values, for disks having smaller diameters.

Results of the resolution study clearly showed that the resolution of the system was
lower than 1.5 cm (Fig. 5.22). Further work will be needed in order to assign a value to such
resolution limit. A hypothesis was made about this limit, which would be equal to the coil
diameter, also according to results reported in [74]. This is because the sample edges produce
discontinuities in the electromagnetic filed induced inside and around the sample, which
behave in a similar way w.r.t. eddy current propagation, to cracks present in samples that are
detected with eddy current testing techniques. Probes used for this purpose are generally
designed such that their sensitive area has dimensions comparable to the dimensions of the

cracks, which is required to identify and detect cracks, in a similar way to what has been done
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in this work, where identifying edges allowed imaging samples by means of the discontinuity

between regions within the metal bulk and surrounding regions acting as a dielectric (air) [24].

Results reported in this section validated the reliability of the imaging system for

unscreened conductive target objects.
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6 Penetrating power of the LCR system

This chapter focuses on experimental investigations aimed at testing whether the LCR-
based Ell system and method proposed in Sections 4.2-4.3 could be used to image conductive
targets hidden behind a conductive shield. Theoretical considerations about the way in which
such system could be successful for this purpose were given in Section 2.2. To summarize
them, the external capacitance of the LCR circuit could be adjusted such that the eddy
currents were allowed to penetrate through the conductive screen and reach the target to be

imaged.

The chapter is divided into two parts. Section 6.1 reports on experimental method and
relevant results about 2D imaging of unshielded conductive targets, and acts as a bridge
between Chapters 5 and 6. Section 6.2 includes description, results and discussion of

experimental investigations involving 2D imaging of shielded conductive targets.

6.1 Summary about 2D imaging of unshielded conductive targets

The imaging capabilities of the Ell system based on a parallel LCR circuit (Section 4.3)
were first investigated for unshielded samples, i.e. without any conductive material in the
shape of a sheet covering it. A simplified sketch of the experimental configuration used for
this purpose was shown in Fig. 3.6 and a representation including the LCR system is reported
in Fig. 6.1 below. Chapter 5 described several experimental investigations carried out with
unshielded samples and included results and discussion. This section is a summary of the work
done and includes some observations that will be used to highlight differences between the
behaviour of the same LCR-based Ell system, when this was used to image unshielded metals,
compared to when a conductive shield, covering the conductive target, was introduced into

the system (see Section 6.2).

The magnetic coupling of a conductive target object with the inductor, which was part
of the LCR circuit, led to a change of the circuit characteristics (L and R), and in particular of

the system’s resonant frequency and Q-factor (Section 2.1). These were the physical

138



properties being monitored during the experiments. Sections 5.2-5.3 demonstrated that an
image representing the target could be generated by performing position-resolved-
measurements of the resonant frequency and the Q-factor, obtained by displacing the object
with respect to the inductor, by using a computer-controlled XY stage. For each position, the
system resonant frequency and the Q-factor were measured with the Precision Impedance
Analyzer 6500B (Wayne Kerr) (Section 4.2). The description of the experimental apparatus

was detailed in Section 4.3.

ferrite-cored coil

| s

lift-off

ot

x <€

metallic sample

Fig. 6.1. Left: sketch representing the LCR parallel circuit used to image a conductive sample
(labelled “target”) having rectangular cross section and volume equal to 25x25x1 mm3, The x axis is
included to show the distance between the coil and the target (lift-off). Right: Sketch representing
the lift-off used in the configuration shown on the left of the figure. The ferrite-cored coil (made by

“multicomp”, part no. MCSCH895-681 KU) is part of the LCR circuit shown on the left side of the
figure (the labels “metallic sample” and “target” both refer to the sample object).

Typical results of resonant frequency and Q-factor position-resolved-measurements,
in the form of 2D plots, are shown in Figs. 6.2-6.3 for a conductive, non-magnetic sample of
large conductivity (copper, 0=59.77 MSm™ [66]), and in Figs. 6.4-6.7 for a low-conductivity
sample, made of manganese (0=0.54 MSm[66]). The LCR circuit used was the one
represented in Fig. 6.1 with component values as follows: L=680+10% uH, R=1+1% MQ. The
capacitance values used in this experiment were assigned the following values: C1=11 uF (Figs.
6.2, 6.3, 6.6 and 6.7) and C,=0.5 uF (Figs. 6.4 and 6.5), in order to investigate if the imaging
capability of the system showed any dependence on the capacitance and, therefore, skin
depth (Eq. 2.13).

Values of skin depth through copper and manganese, corresponding to each of the

selected capacitance, were as follows:
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1) C=11 uF - 6(Cu) = 2.6 mm (Figs. 6.2 and 6.3); 6(Mn) = 27.7 mm (Figs. 6.6 and 6.7);
2) C=0.5 uF > §(Mn) =12.7 mm (Figs. 6.4 and 6.5).

Q-factor image Cu (§=2.6 mm)
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Fig. 6.2. Image of a copper sample (25x25x1 mm?3) obtained by means of position-resolved-

measurements of the Q-factor. The system’s capacitance was set to the value C=11 uF; the

corresponding skin depth in copper was equal to 6=2.6 mm. The data points in Figs. 6.2-6.7
represent the positions along the scanning area where the measurements were taken.
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1960

1955
F 11950
F 11945

r 11940

y axis / cm

Y
[<o]
(oY)
&)

resonant frequency / Hz

1930

1925

0 05 1 15 2 25 3 35
X axis / cm

Fig. 6.3. Image of a copper sample (25x25x1 mm?) obtained by means of position-resolved-
measurements of the resonant frequency. The system’s capacitance was set to the value C=11 uF;
the corresponding skin depth in copper was equal to 6=2.6 mm.
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Q-factor image Mn (8=12.7 mm)
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Fig. 6.4. Image of a manganese sample (25x25x1 mm3), obtained by means of position-resolved-
measurements of the Q-factor, with the system’s capacitance set to the following value: C1=0.5 uF;
the corresponding skin depth was equal to §;=12.7 mm.
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Fig. 6.5. Image of a manganese sample (25x25x1 mm?3), obtained by means of position-resolved-
measurements of the resonant frequency, with the system’s capacitance set to the following value:
C,=0.5 uF; the corresponding skin depth was equal to 6;=12.7 mm.
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Q-factor image Mn (8=27.7 mm)
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Fig. 6.6. Image of a manganese sample (25x25x1 mm?3), obtained by means of position-resolved-
measurements of the Q-factor, with the system’s capacitance set to the following value: C,=11 uF;
the corresponding skin depth was equal to §,=27.7 mm.
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Fig. 6.7. Images of a manganese sample (25x25x1 mm?3), obtained by means of position-resolved-
measurements of the resonant frequency, with the system’s capacitance set to the following value:
C,=11 uF; the corresponding skin depth was equal to §,=27.7 mm.
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Qualitatively, the images obtained showed the system’s ability to reproduce samples’
shapes by means of both resonant-frequency and Q-factor measurements (Figs. 6.2-6.7). This
was the case when the capacitance of the system was assigned the specified values, and the
skin depth was modified accordingly. The skin depth values were calculated by using Eqgs.
2.13-2.16.

The resonant frequency of the system comprising the LCR circuit and the metallic
sample was measured by placing the sample under the coil (vertically aligned to it, with lift-
off equal to 1 cm), and was dependent on the capacitance set through the decade box (Eg.
2.16). The choice of lift-off is justified in Section 5.1. It was empirically determined as a
compromise between the need to develop a contactless detection technique and the
observed decrease, with lift-off, of the measured resonance frequency and Q-factor shifts,

due to the presence of a highly conductive metal (aluminium).

Given the images reported above and the ones obtained by selecting other values of
capacitance, with “unshielded” copper and manganese (Fig. 5.3 and Figs. 5.6-5.9,
respectively), a conclusion could be drawn about the system’s imaging capability. This was
found to not be influenced by the chosen capacitance values, in the case of “unshielded
metals”, in the sense that the images showed the presence of the metals and allowed their
identification, at all values of capacitance (and skin depth) used in the experiments. No
dependence of the measured parameters (i.e., resonant frequency and Q-factor shifts) on
eddy current penetration depth was observed with unshielded samples, since the shift of the
measured quantities caused by the presence of the metal enabled to distinguish it from the
‘background’ corresponding to the situation when no metal was present. This is in contrast
with what was occurred with samples shielded by conductive layers, as shown in the next
section which highlights the dependence of the obtained images on the system’s capacitance.

The images reported here were included to show that a ‘signature’ showing the
presence of an unshielded conductive sample and reproducing its shape was resulting from
the 2D imaging technique developed in this work. A more quantitative analysis of the images
of unshielded samples was done by adopting a Canny edge detection method, as reported in

Sections 5.4 and 5.6.
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It is observed that images of higher-conductivity metals showed in Figs. 6.2-6.3
revealed more accurate reproduction of the samples’ shapes and sizes, compared to the
images of manganese reported in Figs. 6.4-6.7. This demonstrated the higher suitability of the
proposed method for imaging of high-conductivity metals, due to the copper sample’s edges
being more well-defined (closer to 90 degrees) and its dimensions being more similar to the
ones of the actual sample (between 22 mm and 25 mm + 2 mm), compared to the more
distorted manganese images (edge of the images varying between 20 and 28 = 2 mm). This
behaviour was attributed to the larger change in the measured quantities (i.e., resonant
frequency and Q-factor) that was produced by highly conductive metals, due to the larger
magnitude of eddy currents induced inside them [46].

The images reported in this section and in Section 5.3 proved the suitability of the
proposed method for imaging of high- and low-conductivity metals. On the other hand, the
manganese images obtained with resonant frequency measurements at different values of
skin depths (6=12.7 mm and §=27.7 mm) looked different (see Figs. 6.5 and 6.7). In particular,
the sample’s size was smaller in the image obtained with the lower skin depth (6=12.7 mm,
Fig. 6.5). This showed a dependence of the resonant frequency shift, due to the presence of
this metal, on the penetration depth. Such dependence was justified by the smaller amount
of eddy currents produced inside this metallic target, which made it more difficult to reveal
its shape and size, despite the larger values of skin depth compared to the target’s thickness

(1 mm) [75].

6.2 Investigations on 2D imaging of shielded conductive targets

Once the system capability of imaging unshielded metallic samples was assessed, the
penetrating power of the imaging system was investigated. The goal was to see whether
imaging of conductive targets in the “shielded configuration” (as shown in Fig. 6.8) was
possible, by varying the value of skin depth to allow penetration through the shield [75]. In
this experimental investigation, a sheet of highly-conductive material, i.e. an aluminium shield
having an area of A=(110.0+0.5)x(80.0+0.5)x(1.5+0.5) mm?3, was introduced between the

target and the sensor (Fig. 6.8). The LCR circuit used was the one represented in Fig. 6.8 with
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component values as follows: L=680+10% pH, R=1+1% MQ and C=11 uF. This capacitance
value was chosen in order for the skin depth through Al to be larger than the shield’s thickness
(6=3.3 mm). Experimental results obtained in this part were compared to corresponding ones
obtained without the shield, with the same values of circuit’s components, as reported in
Section 6.1. An imaging procedure like the one adopted for 2D imaging of unshielded
conductive targets (described in Section 4.2) was applied to 2D imaging of conductive samples
hidden behind 1.5-mm-thick Al shields. The experimental procedure is summarised in the
following section. The main difference between this method and the one adopted before is
that no normalisation was performed with the measured data, since normalising the values
produced artifacts in the 2D surface plots obtained with shielded samples, whereas no issues

were found when no normalisation was performed.
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Fig. 6.8. Sketch representing the LCR parallel circuit used to image a conductive target, with
rectangular cross section (25x25x1 mm3), hidden behind a conductive shield in the shape of a
110.0x80.0x1.5 mm? piece of Al. The x axis is included to show that the concept of lift-off changed
from the scenario represented in Fig. 6.1, due to the presence of the Al shield.
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6.2.1 Experimental method

Position-resolved-measurements of the resonant frequency were performed in the
absence of the sample to be imaged, by moving the XY stage along an “n x n” scanning area
(“background readings”). These acted as “control readings” and were acquired to verify that
the “background data” obtained in the absence of the sample was uniform. The scanning area
was shown in Fig. 3.8, which has been reproduced on the next page (Fig. 6.9). It was set to be
larger than the area occupied by the samples to be imaged, to allow the samples’ dimensions
to fit the plot area. Ten independent values of resonant frequency were acquired for each of
the nodes of the grid represented in Fig. 6.9. Resonant frequency values were then acquired
when the conductive sample was present, as described in the following. The sample was
placed onto the xy stage, by using non-conductive materials of different thicknesses to lift it
up and avoid contact between the sample and the sensor coil. The first ten independent
readings were taken when the sample was in the position labelled as 1 in Fig. 6.9. After these
readings were acquired, the sample was moved onto the next position (position 2 in Fig. 6.9)
and the next ten independent readings were taken, using the impedance analyser. This
procedure was repeated for all positions along the first row of the scan, and then for the next
rows, until the entire scanning area was completed. A LabVIEW control program was written
and the first part of it was run to initiate the instruments to be used and acquire
measurements. Q-factor readings were also acquired in a similar fashion, by taking
measurements first in the absence of the sample and then when the sample was present.
Two matrices were thus obtained for each conductive sample, which contained values of the
resonant frequency and the Q-factor, respectively. A third matrix was obtained containing the
positional values covering the scanned area. After the first part of the LabVIEW structure was
run, a second one executed a Matlab script which called the measurement matrices and
concatenated them to create a 2D surface plot, by means of interpolation using a cubic
piecewise fit. Specifically, the values in the resonant frequency matrix were plotted against
the corresponding x and y coordinates and interpolated with a piecewise cubic function
generated by Matlab. This was done to obtain 2D surface plots representing the imaged
samples, as the ones shown in Section 6.1. Similarly, the values in the Q-factor matrix were

plotted against the corresponding x and y coordinates and interpolated with a piecewise cubic
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function generated by Matlab. This resulted in two images being produced for each
conductive sample, resulting from the resonant frequency and Q-factor acquisitions

respectively.
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Fig. 6.9. Sketch representing the scanning area (“n x n” total positions, or nodes), where the
coil (yellow circle) is maintained at a fixed position, and the metallic sample (light blue) is moved
onto different positions, starting from “1”, going to “2”, tracing a horizontal path forming the first

row of the scan, and then proceeding onto the next rows below.

Four sets of position-resolved-measurements of the resonant frequency and the Q-
factor were performed, by adjusting the system capacitance to four different values, thus
varying the skin depth & between 0.4 mm and 2.9 mm, as detailed in Tab. 6.1. Values of &
were calculated by using Egs. 2.13-2.16, with f; values as in Tab. 6.1 and tabulated ¢ and u
from [66]. The selected capacitance values caused the system to resonate at the values
reported in Tab. 6.1, which were measured after placing a 25x25x1 mm?3 copper target,

covered with the aluminium shield, under the coil, with lift-off equal to 0.5 cm.
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Tab. 6.1. Capacitance values (C), resonant frequency values (f;)- measured at the centre of the shielded
copper target- and corresponding skin depths in aluminium and copper, for each of the images shown
in Figs. 6.10-6.17 (see next section).

Figure number C fr/ kHz 8(Al) / mm 6(Cu) / mm
6.10,6.14 20 nF 144.2 0.4 0.3
6.11, 6.15 10 nF 66.7 0.6 0.4
6.12,6.16 1uF 6.6 1.8 2.1
6.13,6.17 7 UF 2.5 2.9 2.3

6.2.2 Results and discussion

The images obtained with the copper target mentioned above for each capacitance
value listed in Tab. 6.1 are shown in Figs. 6.10-6.17. Figs. 6.10- 6.13 show 2D surface plots
obtained by means of Q-factor position-resolved-measurements, whereas Figs. 6.14-6.17
were obtained with resonant frequency measurements. It is worth noticing that Figs. 6.10 and
6.14 do not reveal the presence of the target, due to the skin depth being too low for the
eddy currents to penetrate through the aluminium shield, thus preventing them to reach the
target. In this case, the skin depth was much smaller than the thickness of the shield, being
equal to 61=0.4 mm << 1.5 mm. The target could be revealed, using both resonant frequency
and Q-factor position-resolved-measurements, for a slightly larger skin depth, equal to §,=0.6
mm (Figs. 6.11 and 6.15), and smaller than the thickness of the shield. However, a greater
skin depth, equal to 63=1.8 mm, was required to achieve more accurate reproduction of the
target shape, when resonant frequency measurements were performed (Figs. 6.15 and 6.16),
due to the lower sensitivity of the imaging technique based on resonant frequency

measurements, compared to the one based on Q-factor measurements (p. 98).
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Fig. 6.10. Image of a copper target (25x25x1 mm?) obtained by means of position-resolved-
measurements of the Q-factor, at the following value of skin depth: §:=0.4 mm. During these
measurements, the target was shielded by a 1.5-mm-thick aluminium sheet.
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Fig. 6.11. Image of a copper target (25x25x1 mm?) obtained by means of position-resolved-
measurements of the Q-factor, at the following value of skin depth: §,=0.6 mm. During these
measurements, the target was shielded by a 1.5-mm-thick aluminium sheet.
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Fig. 6.12. Image of a copper target (25x25x1 mm?) obtained by means of position-resolved-
measurements of the Q-factor, at the following value of skin depth: §5= 1.8 mm. During these
measuremeiits, the target was shielded by a 1.5-mm-thick aluminium sheet.

45

35 - 16.05
§ 3 16 5
- k3]
225 5958
© @]
> 5 5.9

1.5

o
n =

00 05 1 15 2 25 3 35 4 45 5

X axis / cm
Fig. 6.13. Image of a copper target (25x25x1 mm?) obtained by means of position-resolved-

measurements of the Q-factor, at the following value of skin depth: 8= 2.9 mm. During these
measurements, the target was shielded by a 1.5-mm-thick aluminium sheet.
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Fig. 6.14. Image of a copper target (25x25x1 mm?) obtained by means of position-resolved-

measurements of the resonant-frequency, at the following value of skin depth: 6:=0.4 mm. During
these measurements, the target was shielded by a 1.5-mm-thick aluminium sheet.
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Fig. 6.15. Image of a copper target (25x25x1 mm?3) obtained by means of position-resolved-
measurements of the resonant-frequency, at the following value of skin depth: §,=0.6 mm. During
these measurements, the target was shielded by a 1.5-mm-thick aluminium sheet.
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Fig. 6.16. Image of a copper target (25x25x1 mm?3) obtained by means of position-resolved-
measurements of the resonant-frequency, at the following value of skin depth: §3= 1.8 mm. During
these measurements, the target was shielded by a 1.5-mm-thick aluminium sheet.
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Fig. 6.17. Image of a copper target (25x25x1 mm?3) obtained by means of position-resolved-
measurements of the resonant-frequency, at the following value of skin depth: §;,= 2.9 mm. During
these measurements, the target was shielded by a 1.5-mm-thick aluminium sheet.
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Results shown in Figs. 6.10-6.17 demonstrated imaging of high-conductivity metals
hidden behind a 1.5-mm-thick aluminium shield. These breakthrough results proved the
capability for our system to penetrate through conductive shields. Penetration would occur
when shields made of materials having lower conductivity than Al were to be used [75]. This
is because aluminium is a highly conductive material and therefore the skin depth through it
is smaller than the skin depth through non-magnetic materials having lower o, thus making

imaging of metals shielded behind Al “less easy”, thus validating the method used here.

Investigations around the possibility of revealing the presence of low-conductivity
shielded targets were also conducted. Figs. 6.18-6.19 show 2D plots representing a
manganese target, obtained by adjusting the capacitance of the system to the value
C=(11+1%) uF, corresponding to a skin depth through aluminium equal to 6=3.3 mm. This skin
depth value was calculated by inserting the value of resonant frequency f-=(1.90+0.05) kHz,
measured at the centre of the target, into Eq. 2.13. It is observed that the skin depth required
to image this low-conductivity sample was higher than the one required for imaging the
copper target, due to the lower magnitude of eddy currents produced by this low-conductivity

metal.
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Fig. 6.18. Image reproducing a manganese target (25x25x1 mm?3), shielded by a 1.5-mm-thick
aluminium sheet, obtained by means of position-resolved-measurements of the Q-factor, with a skin
depth through aluminium equal to 3.3 mm.
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Fig. 6.19. Image reproducing a manganese target (25x25x1 mm?3), shielded by a 1.5-mm-thick
aluminium sheet, obtained by means of position-resolved-measurements of the resonant-frequency,
with a skin depth through aluminium equal to 3.3 mm.

To complete the investigations about 2D imaging of metals concealed behind
conductive shields, a quantitative analysis of the faithfulness of the images reproducing the
samples was conducted. This was achieved in a similar fashion to what was previously done
using unshielded targets, as described in Section 5.6 (see Figs. 5.23-5.24). In this case, a set of
aluminium disks of different diameter, shielded by a 1.5-mm-thick aluminium shield, were
imaged both via Q-factor and resonant frequency measurements, and the contours of the
disks were derived using the same Canny edge technique (“estimated diameter” in Fig. 6.20).

This was compared with the actual disk diameters (“measured diameter” in Fig. 6.20).
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Fig. 6.20. Plot equivalent to the one shown in Fig. 5.23, obtained for aluminium disks of different
diameter, shielded by a 1.5-mm-thick aluminium shield. Estimated diameter stands for the diameter
derived by applying a Canny edge detection algorithm to the images of the disks; measured diameter

indicates the actual sample diameter.

The diameter estimated from the images displayed a linear relationship with the
samples’ measured diameters, for both Q-factor and resonant frequency images, with a
coefficient of determination equal to unity within a few percent. This demonstrated the
reliability of the imaging system for screened conductive target objects. A comparison
between the plots reported in Figs. 5.23 and 6.20 revealed a difference in the capability of
reproducing the targets’ dimensions of the imaging techniques based on Q-factor and
resonant frequency measurements. In the case of unshielded targets, the Q-factor technique
allowed more accurate reproduction of the targets’ dimensions than the resonant frequency
technique, with an agreement within 2% between the estimated diameters and the measured
ones (for disk diameters larger than 4 cm). These results were very satisfactory and showed
the potential of the proposed imaging technique to reproduce samples’ dimensions. An
opposite scenario occurred with ‘shielded’ targets, as images obtained with resonant
frequency measurements reproduced the targets’ dimensions more accurately than the Q-
factor ones. Nevertheless, in both cases the diameter of the imaged 6-cm diameter disk was
underestimated (by 10% and 23%, with f- and Q measurements, respectively), as can be seen
in Fig. 6.20. This behaviour was attributed to the presence of the aluminium shield covering

the targets and ‘masking’ them. The consistency of the results above, which were obtained
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for all samples in the entire diameter range considered in this experiment, is attested by the
coefficient of determination R? close to 1 in both fits of the data points obtained with f; and
Q measurements, as reported in Fig. 6.20. This R? value represents a very good agreement
between measured and estimated diameters. Relations similar to those reported in Section
5.6 could be derived from the fitting equations reported in Fig. 6.20, which would allow to
determine the samples’ diameters by using the images obtained with the procedure
developed in this work, after applying the Canny edge detection algorithm to them. The
usefulness of the proposed method for the estimation of imaged samples’ dimensions was
thus established in the case of “shielded” samples, as well as in the scenario based of

unshielded samples (Sections 5.4 and 5.6).

6.2.3 Mathematical model for the problem

The discussion of results reported in Section 6.2.2 can be complemented by adding a
theory section relative to shielded conductive samples, which aims at stating the problem and
describing the forward solution, by adopting the simplified scenario introduced by Moulder
et al. [76]. The geometry of the problem is simplified in Fig. 6.8, with the coil differing from
the one used in the experiments described in this section because it has an air core rather
than a ferrite core. The coil cross section is rectangular and its geometrical characteristics (in

analogy with Section 2.4) are as follows:
11 = inner radius,
1, = outer radius,

h, = lift-off (vertical distance between coil lower base and first layer, as specified in

the next paragraph),
h, = vertical distance between top of coil and first layer,

L = h; — hy = coil length.
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The coil is placed over two layered half spaces of conductivity o1 and o2 (first layer
being the one located closer to the coil, second layer being the one farther from the coil), and
its axis is perpendicular to them. Assuming these materials to be nonferrous, their magnetic
permeability is equal to the permeability of free space, Ho. The thickness of the layer closer to

the coil, having conductivity o1, is denoted by d.

The conductivity and thickness of the first layer can be determined by solving the
inverse problem, in which the conductivity of the second layer, o,, is known. The problem is
solved by experimentally determining the frequency-dependent impedance of the coil,
specified analytically in Section 2.4. The forward problem consists in determining the
impedance, upon knowledge of the frequency, the layer thicknesses and the conductivity and
permeability of the materials. In the experiments reported in Section 6.2.2, the resonant
frequency and Q-factor are measured, after setting the frequency to different values, thus
varying the skin depth. The other quantities are fixed and known, since the nature of the
materials making up the sample and the shield is known from tabulated data, and the
thicknesses were experimentally measured. For a given frequency o, the coil impedance in
the presence of two layers of conductivities o1 and o2 can be written as [76]:

o0 12
7 = Kjwf 1°(a,rq,132)

0 as

(2L +2[2e7% - 2+ A@p()])da,  (6.1)
where the prefactor K is given by:

2
K =—H" _ (6.2)

T L2 (ry-1y)?

The function I = I(a, 11, 13) includes the coil dimensions:

T

[(a,1,15) = f:(rlz xJ;(x)dx (6.3)
The function A = A(a) incorporates lift-off and the length of the coil:
A(q) = e™2ah1 4 g=2ahy _ pp=a(hi+hy) (6.4)
Most relevant for this section, the effects of frequency and skin effect are embedded within

a1 and oz which are inside function ¢ = ¢ (), as detailed below:

(P( ) _ (a+aq)(ar—az)+(a—aq)(a; +az)e?d%1

T (a—ay)(a;—ax)+(a+ay) (@ +ay)e2dan

(6.5)
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a1z =/ + jwpyoy (6.6)

The quantities that were measured in the experiment reported in Section 6.2 are the
resonant frequency and Q-factor, which are dependent on the impedance having analytical
function as in Eq. 6.1. The dependence on the frequency is not linear, due to the presence of
function ¢ = @ (). The resonant frequency and Q-factor images shown in Figs. 6.2-6.7 and
Figs. 6.10-6.19 show that the dimension of the imaged samples does not change
monotonically by decreasing the frequency of operation, i.e. increasing the skin depth. This
behaviour is reflected by results shown in Fig. 3.21, where the change in resonant frequency
and Q-factor was measured for increasing values of capacitance. Since the experiments
reported in this Chapter relies on varying the frequency by changing the capacitance of the
LCR circuit, the behaviour observed in the images of metals cannot be explained by using eddy
current theory only. Whereas the increase in the coil frequency implies larger amount of eddy
currents induced and is therefore equivalent to increasing the sample’s conductivity, the
capacitance variation must be taken into account too. The dependence of the resonant
frequency and Q-factor on the capacitance is detailed in Egs. 2.6 and 2.12. These equations
would suggest an increase of Q with increasing capacitance and a decrease of resonant
frequency with increasing capacitance. The observed dimensions of the imaged samples do
not follow a defined trend when the capacitance is increased, when the two scenarios of
unshielded and shielded metals are taken into account. This is accounted for by the resistance
variation which occurs as a consequence of eddy current induction (Section 2.4). This
sentence will be justified for by the theoretical considerations exposed in the following
paragraph. Nevertheless, a note should be made about the choice of skin depths in the
experimental work detailed in the present Chapter. The resistance variation is not picked up
by the coil in the same way because of the different penetration depths, which in some cases
exceed by a large amount the sum of the thickness of the sample plus the thickness of the

shielding material.

To study the frequency dependence of the real and imaginary part of the impedance
with the assumptions detailed at the beginning of this Section, the difference in impedance
AZ can be taken into account. This approach allows for simplifications in the calculations, due
to the cancellation of the term related to the electrical resistance of the circuit wires. The

impedance difference is defined as:
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AZ=2-12, (6.7)

where Z denotes the impedance of the coil over two layers having conductivities o1 and o2,
as in Eqg. 6.1, and Z, represents the impedance of the coil over the second layer only. The
assumption here is that the thickness of the second layer (the deeper one) is much larger than
the skin depth [76]. This assumption is not met everywhere, in the experimental approach
adopted in this chapter, which explains the divergence between the model and the results
obtained and shown in the previous sections. When the above assumption is true, the

impedance difference AZ can be expressed as:
. oo I%(a,r1,13) a-a;
AZ = Kjw fo — A(a) <—a+a2 go(a)) da (6.8)

Analysis of the impedance function AZ = AZ(w) shows the following behaviour for the
resistive and reactive components of the complex impedance change. The reactive
component AX (imaginary part of AZ) increases monotonically as a function of frequency,
whereas the resistive component AR (real part of AZ) starts from zero, has a minimum,
crosses zero and then rises monotonically with the opposite sign as the frequency increases.
This specific behaviour occurring when changing the operational frequency can explain the
observed variation of the dimensions of the imaged samples obtained with resonant
frequency and Q-factor measurements. The physical interpretation of the zero occurring in
the resistive component of the complex impedance can be given as follows. The power
dissipation in the first layer is the same as in the second layer at the frequency wo at which
AR = AR(wy) is minimum. The frequencies of the minimum and the zero in AR are strongly

dependent upon the layer’s thickness and their electromagnetic properties.

An argument can be made to explain the presence of a zero in the resistive component
of the impedance change, based on showing that the low- and high- frequency asymptotics
of AR have opposite signs, which implies that a zero must occur, under the assumption of a
continuous function AZ = AZ (w) [76]. The following formula for the power dissipated by the

system stands [76]:

R = [, d®r Re[J] - Re[E] (6.9)
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where J represents the current, E denotes the electric field, and the integration takes place
over the half space occupied by the second layer (having conductivity o,). The current is

related to the electric field through Eq. 6.10 [76]:
J=0E (6.10)

The sign of AR can be demonstrated to be dependent on the conductivity difference
only, as shown by Eq. 6.11, in which the electric field produced by the coil in free space is
indicated by E (the integral must be positive as it is over the square of Re[E]). The low
frequency limit of AR is exemplified by Eq. 6.11, which was obtained by using the fact that
the electric field in layered solids is equal to E at lowest order in the frequency expansion
[76]. This means that at sufficiently low frequencies a metallic solid is transparent to the
applied magnetic field and that, in the absence of induced charges, the resulting electric field
is the same as the field that would occur in free space due to Faraday’s law. These

considerations lead to:
AR = (0,—0,) [ d3r Re [Eg] - Re[E] (6.11)

The high frequency limit is then considered to determine the sign of AR. For simplicity,
let us consider a coil with a single turn that is placed at the surface of the half space, i.e., with
lift-off equal to zero. At a sufficiently high frequency fy; 45, the drive current will be equal and
opposite to the induced counter-current (perfect screening). By denoting the drive current [,
and the induced current density J, the way in which the latter quantity scales with the

screening depth in the material 6 can be given by [76]:
Io
] =~ E (6.12)

When a sufficiently high frequency is obtained, the current in the layered metal is entirely
concentrated in the layer half space. In this case, Egs. 6.9 and 6.10 can be used to obtain a

rough estimate for the power dissipated by the layered metal:
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The dissipation in the second layer can be shown to be similar to Eq. 6.13. Subtraction of these
two expressions, as well as the dependence of the skin depth on the conductivity (§~+v/o) lead

to the following expression for the reactive component of the impedance change:

AR ~ I2 (J% - %) F(f) (6.14)

Comparison between Eq. 6.11 for the low frequency limit and Eq. 6.14 for the high frequency
limit is now done to complete this theoretical demonstration. Since the function F(f) is a
positive-valued function of frequency and does not depend on conductivity, for any choice of
o1 and o2 the low- and high- frequency limits have opposite signs. Therefore, AR must be

equal to zero at some intermediate frequency w,.

6.2.4 Conclusions

In conclusion, the images reported in Figs. 6.10-6.20 show the suitability of the
proposed Ell system for imaging both high and low conductivity metals shielded by a
conductive shield and therefore not visible from the outside. This represented a breakthrough

result that validated the PhD work reported in this thesis.

There is an important advantage related to using a single coil acting both as a magnetic
field inductor and as a sensor. Such coil faces the hidden side of the object to be imaged, in
the technique here developed. This specific detection configuration is of particular interest
because the object may not be accessible from other sides. This opens up the possibility of
turning the proposed Ell detection system into a portable device for identifying materials of

suspicious nature.
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7 An improved Ell system based on active filters

The research work described up to this point was established on resonating systems
based on LC and LCR circuits. This choice was made upon considerations reported in Horowitz,
which highlight that combining inductors with capacitors can produce very sharp frequency
characteristics compared to RC filters, even when RC sections are cascaded [77]. An

alternative way of achieving sharp resonance responses is using active filters [77, p. 52].

The results obtained with LCR parallel circuits (Chapters 5 and 6) highlighted some
limitations in the Ell technique based on the use of this type of resonant system. The most
important one, which is addressed in this chapter, is related to the Q-factor low absolute
values obtained with the LCR systems introduced in Chapter 4 (Q between 7 and 23, as shown
in Figs. 5.20 and 5.21). The requirement for an imaging system to allow distinguishing
between conductive materials having similar values of electrical conductivities translated into
looking for a method to enhance the system’s Q-factor. The difference between the Q-factor
measured with a Cu and an Al sample having the same geometry was equal to AQ=0.33%0.06,
when the LCR-based system described in Section 4.3 was used (with lift-off L=1 cm). The
difference between the Q-factor values obtained with Cu and Al samples by means of the LCR
system was not large enough to allow visually discriminating between the two samples by
looking at their images. Therefore, focus was directed towards implementing a system and
an imaging technique based on the attainment of larger values of Q-factor. This feature would
prove beneficial to satisfy the requirement for an Ell detection system to distinguish between
different values of resonant frequencies, which could not be resolved with the previously
adopted LCR system. Specifically, achieving larger Q-factor values should contribute to
improve the system’s performance for imaging of 2D conductive samples, for two reasons.
Firstly, larger Q-factor absolute values would lead to larger Q-factor differences, produced by
two different samples, which would increase the system’s resolution power, i.e., its ability to
resolve two resonance peaks produced by samples having different values of electrical
conductivity. This would improve the capability of the system to distinguish between samples
of different electrical nature. Secondly, a detection system characterised by intrinsically larger

Q-factor values would lead to achieving larger Q-factor shifts between air and poorly
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conductive materials, compared to the shifts obtained with the previously developed Ell
system (refer to Section 5.3). This would improve the suitability of the detection system for
imaging of low-conductivity samples, as well as higher-conductive ones. Therefore,
investigations were conducted, aimed at finding and implementing a novel resonating
imaging system having higher Q-factor values than the previously used one. These

investigations involved the following:

1) Studying the behaviour of different types of active bandpass filters (see Section 7.1);

2) Finding the most suitable active filter for our purposes, i.e., a filter that could be
turned into an Ell system for detection and imaging of conductive materials - as explained at
point 3) below - characterised by Q-factor values larger than those obtained with the

previously implemented Ell system;

3) Modifying the filter by including an inductor of appropriate value, connected to the
circuit components such that the resonance characteristics of the original filter remained
unvaried. The inductor had to be included to the system in order to allow the implementation
of an imaging method similar to the one previously adopted (Chapter 4), to image conductive
samples by measuring the changes in the Q-factor of the system, by means of a coil, playing
the role of the sensor. This strategy should allow using the modified active filter as an Ell

system for detection and imaging purposes.

Active bandpass filters were considered in this work as an alternative to LCR parallel
circuits used in the previous part of these investigations, because they resonate at a defined
frequency depending on the circuit design, thus allowing the use of the Ell technique that was
developed for LCR parallel circuits (Chapter 4), in order to detect and image conductive
materials. Active bandpass filters of appropriate design can be advantageous because of their
larger Q-factor values, compared to LCR parallel circuits. The procedure described above was
followed in order to improve the previously developed Ell system based on LCR circuits,
without having to change the Ell method based on position-resolved-measurements of Q-
factor shifts due to the presence of conductive samples. Chapters 5-6 proved that this method

was successful for Ell imaging of both “unshielded” and “shielded” metals, consequently this
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method was adopted for the measurement acquisition implemented with the new Ell system,

based on active bandpass filters (Section 7.4).

A brief introduction about active bandpass filters is given in Section 7.1. Experimental
investigations carried out to determine a suitable type of active filter that could be used for
the scope of this research are reported in Sections 7.2-7.3. The following sections involve the
development of a circuit based on an active filter and report on the initial experiments that
were carried out to test this circuit as a potential Ell system. This includes description of the
experimental method and results obtained by means of measurements of the Q-factor shifts
obtained with the novel Ell system, in the presence of metallic samples (Section 7.6). Sections
7.8-7.10 detail investigations that were conducted with the goal of improving the proposed
system and establishing a measurement method for detection and imaging of conductive
samples, including samples that were shielded by metallic shields. This includes a comparison
between the new Ell system with the previously developed LCR-based system (Section 7.9).

The chapter ends with “Results and discussion” (Section 7.11).

7.1  Active bandpass filters

Active bandpass filters are typically built by cascading a high-pass and a low-pass filter
(Figs. 7.1-7.2), with the insertion of an operational amplifier (op-amp) in between the two
[77]. The amplifier works as an active element and therefore gives this type of filters the name
of active filters. By using op-amps as part of the filter design, it is possible to synthesize any
RLC filter characteristic without using inductors, which depart from the ideal by being lossy
(as they have significant series resistance), as well as by causing problems such as
nonlinearity, distributed winding capacitance, and susceptibility to magnetic pickup of

interference [77].
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Fig. 7.1. Circuit schematic of a RC highpass filter.

Vin A R. R Vout
C

Fig. 7.2. Circuit schematic of a RC low-pass filter.

Several filter designs are available to optimise each of the filter’s characteristics, for
example the sharpness of the transition to the stopband and, therefore, the Q-factor. One
type of active filter is represented by the infinite gain multiple feedback (IGMF) active filter,

which is described in the next section.

7.2 IGMF active filters

The active bandpass filter that was initially chosen as a potential candidate to build
the new version of the Ell system developed in this work was the IGMF active filter
represented in Fig. 7.3 [76, p. 413]. This type of active filter has one op-amp configured as an
integrator, implying that the output voltage is proportional to the time integral of the input
voltage. The op-amp chosen for this work was a OP27 (Fig. 7.4), because of its low-noise (80

nV p-p in the frequency range 0.1 Hz to 10 Hz [77]).
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Fig. 7.3. Schematic of IGMF circuit (in a 2-pole lowpass configuration) used to investigate the
possibility of using this configuration to build a new version of the Ell system used in this research.
This sketch was created with LTSpiceXVII.
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Fig. 7.4. Sketch of the pinouts constituting the op-amp OP27GPZ [78].

Initial investigations were conducted to familiarise with the IGMF active filter and
verify whether it could become a useful tool for Ell investigations, representing an
improvement from previously used LCR circuits. These included determining the components’
values in order to have the active filter resonate at values of resonant frequency that could
be useful for penetrating through metallic shields and imaging samples, in a similar fashion to
what was described in Chapter 6. The rationale behind the choice for the components’ values
(shown in the electronic schematic in Fig. 7.3) is described in the following. The circuit’s
components were chosen such that two requirements were satisfied. The first requirement
was for the circuit’s Q-factor to be larger than the largest Q-factor attained with the previously
used LCR-based Ell system (Q=20). The second requirement was for the resonant frequency

to be sufficiently low to allow penetration through shielding materials (Chapter 6).
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Once the component values were determined, the circuit was built and then tested to

check its performance.

The following relations stand for IGMF filters [77]:

1

fr = 21 /R1R;C,C;, (7.1)
_1 |k

Q=3 /x (7.2)

After choosing C1=C2, as suggested by Horowitz [77], the component values indicated
in Fig. 7.3 were determined by using Egs. 7.1 and 7.2 and imposing the following conditions:
1) Q=10 and 2) f,, = 1 kHz. This choice of values was established with the purpose of
reproducing resonance characteristics similar to the ones of the LCR-based systems used in

Chapters 4 to 6.

The maximum gain (i.e. gain at resonance) of an IGMF filter is given by [77]:

G = 22 =202 (7.3)

2R;

The expected values of resonant frequency (f;), Q-factor (Q) and maximum gain (G),
calculated using Egs. 7.1-7.3 with values of components R1, R2, C1 and C2 as in Fig. 7.3, were

the following:

fr =918.9 Hz (7.4)
Q=87 (7.5)
G =150 (7.6)

The circuit’s performance was tested to verify that its characteristics were in line with
those expressed by Egs. 7.4-7.6. This involved measuring the filter’s resonance curve by using

the following instruments:

- ISO-TECH IDS-6052-U digital oscilloscope (Fig. 7.5);
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- Hameg Instruments 25 MHz HMF 2525 signal generator (Fig. 7.5);

-+ 12V 100 mA power supply (made in-house) to supply voltage to the op-amp.

Fig. 7.5. Experimental set-up assembly. The IGMF filter (Fig. 7.3) is contained inside the black plastic
enclosure at the centre of the picture. The signal generator Hameg Instruments 25 MHz HMF 2525 is
shown on the left. The oscilloscope ISO-TECH IDS-6052-U is shown on the right side.

The experimental procedure described below was followed to study the filter’s

frequency response.

1) Sinusoidal input signals of different frequencies - covering a range centred around the
predicted resonant frequency, given by Eq. 7.4 - were generated with the signal
generator (Fig. 7.5). The amplitude of these signals was maintained equal to 10 mV.
This value was chosen in order for the output voltage to not exceed the maximum
supply voltage, equal to 12 V. The output of the circuit (of gain equal to 150), was
calculated as follows: Vout =10 mV x 150 =1500 mV =1.5V <12 V.

2) Amplitudes of input and output signals (Vin and Vou, labelled V1 and V2 in Fig. 7.3)

were measured with the oscilloscope (Fig. 7.5), for each selected frequency.

3) The gain was calculated by dividing the output voltage by the input voltage, using:
G = Vout/Vin .
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4) The resonance curve was drawn by plotting the gain calculated as specified above vs

the frequency (Fig. 7.6).

5) The Q-factor was estimated from the curve by applying Eq. 7.7:

Wo

Q= (7.7)

~ FWHM'

where w, was the resonant frequency (rad s!) (estimated as the frequency at which the gain
measured as in point 3) was maximum); FWHM was the frequency difference Aw = w, —

w1, where the two frequencies are such that the following relation holds:

G(wy) = G(@1) = G /V2 (7.8)

120 ﬁ —&— IGMF active filter
110

40 / \\
30 /C/ <
10

450 650 850 1050 1250 1450
frequency / Hz

Fig. 7.6. Curve obtained by measuring the IGMF active filter gain and plotting it against the
frequency of the signal generator.

The following values for Q-factor, resonant frequency and maximum gain of the filter
were obtained, by adopting the measurement procedure described above: Q=7.5%0.6,

fr=920%2 Hz, G=123.9+0.8.

Due to the interdependence between the maximum gain and the Q-factor, expressed

by Eqg. 7.3, the Q-factor increase that could be achieved with this circuit was intrinsically
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limited by the necessity to keep the gain sufficiently low to prevent signal saturation. As a
consequence, the maximum input p.d. that could be applied was also limited. For this reason,
a different type of filter, and in particular a state-variable active filter (Section 7.3) was
considered as a potential candidate to build an improved version of the Ell system based on
LCR parallel circuits. This choice was justified by three characteristics of state-variable filters,
which were established to be beneficial for the scope of this research. Firstly, despite its large
number of components, the design of this type of filters allows obtaining high Q-factor values
that can be maintained constant [77], as required to allow differentiation between similar
values of resonance frequency, produced by metals having similar electromagnetic
properties. Secondly, the filter design would easily allow tuning the resonant frequency f,, by
adjusting one of the resistor values by means of a rotary switch potentiometer [77].
Therefore, the filter’s resonant frequency could be tuned to several values, while maintaining
Q constant and high enough to allow penetration through materials. This implied the
possibility of achieving larger values of skin depth, allowing penetration through materials
thicker than the 1.5-mm-thick shield used in previous investigations (Chapter 6). A third
advantage of using a state-variable filter was that its gain did not depend on Q, unlike what
occurred with IGMF filters (Eqg. 7.3). This allowed building a high-Q filter with lower gain than
the corresponding gain that would be obtained with an IGMF having the same Q value (due
to Eq. 7.3), thus giving more freedom in the selection of input voltages without the risk of

incurring in signal saturation.
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7.3  State-variable active filters

A 2-pole “state-variable filter”, with schematic shown in Fig. 7.7, was selected as a
better candidate than the IGMF filter described in Section 7.2, for the reasons explained at
the end of the previous section. In this filter, the two resistors labelled “Rf” in Fig. 7.7 set the
centre frequency, and RQ and Rg together determine the Q and band-centre gain [77]. The
filter’s resonant frequency was made adjustable by using a 2-section variable resistor with a

double rotatory switch for the “Rf” pair (Fig. 7.7).

v2

SINE

SINE

Fig. 7.7. Schematic of the 2-pole filter “state-variable filter” built for this investigation [77].

Firstly, Egs. 7.9-7.10 below [77, p. 411] were used to determine resistor values that
would make the Q-factor equal to Q=50 and the maximum gain equal to G=10 (to prevent
signal saturation). These two values were inserted into Eq. 7.9 to determine the values of

resistors Rgpand Re (labelled “Rg” and “Rg” in Fig. 7.7), to be used to build the circuit:

5
Ry =————— =546 02 (7.9)
3.48Q+G—1
. 4
R, =2122%°2 _ 158 k0 (7.10)
G
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Secondly, the circuit was made to resonate at 7 different values between 50 Hz to 50
kHz, as reported in the first column of Tab. 7.1. This was done by using two rotary switches
(R in Fig. 7.7), each having 7 positions, allowing selection of resistance values ranging from
1kQto 1 MQ. These values were determined such that the filter’s resonant frequencies would
cause obtaining values of skin depth in Al between 0.38 mm and 12 mm (determined by using
Egs. 2.13-2.16 and listed in the second column of Tab. 7.1). This range of penetration depths
was chosen in order to be able to adopt the method based on active filters for imaging of
metals covered by shields having different values of thicknesses, potentially larger than the
1.5-mm value of the shield used in previous investigations (Section 6.2). This characteristic
would make the new Ell system more interesting for practical use than the previously adopted

solution.

Tab. 7.1. Values of resonant frequency at which the electronic system was made to resonate (first
column), and corresponding values of skin depth (second column), obtained by using Egs. 2.25-2.28,
and assuming that the Ell system’s operational frequency was equal to the active filter’s resonant
frequency f; (first column).

Frequency f, (Hz) | Skin depth in Al (mm)
50329+4 0.38+0.02

10066+4 0.85+0.03

503313 1.20£0.03

1007+2 2.680.04

503+2 3.79+0.04

101+1 8.48+0.05

50+1 11.99+0.06

The circuit’s resonant frequency is dependent on the component values R2, R3, Rrand

Cr=C1=C2 (Fig. 7.7), as expressed by Eq. 7.11 [46]:

fr = i(&)1/2 : (7.11)

"~ 2m \Rs RpCr

Eq. 7.11 shows that, once the other quantities were fixed, the resonant frequency of
the circuit was only dependent on the values of the resistor Rr. Therefore, for convenience
purposes, R2, R3 and (Cr were maintained fixed and assigned values recommended in
Horowitz and showed in Fig. 7.7. With this choice of components, Eq. 7.11 could be written

as:
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1 1017/2
fr= 2m  Rp

(7.12)

The component values, measured with a Keysight U1731C handheld LCR meter, are

listed in Tab. 7.2.

Tab. 7.2. Values of components used to build the circuit represented in Fig. 7.6, measured with
Keysight U1731C handheld LCR meter. Tolerance ranges for resistance and capacitance values were
equal to 1%.

Resistor name Measured resistance (Q)
RG 157800

RQ 568

R2 9990

R3 91500

R6 99200

Capacitor name | Measured capacitance (pF)
C1 1275.7

Cc2 1194.3

By inverting Eq. 7.12 to express Rr in terms of f,., the resistor values for the rotary

switch were determined by means of Eq. 7.13:

. 7
Rp = 503f_10 Q (7.13)

Values of resistors corresponding to the 7 positions of the rotary switches are reported
in Tab. 7.3. Values on the last two columns (“Theoretical f.“) were obtained by inserting
‘theoretical’ values of Rr(second column) into Eq. 7.12. The frequency values at which the
circuit was expected to resonate, for each of the measured resistor values, are listed in Tab.

7.4.
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Tab. 7.3. Column 1: positions on rotary switch, numbered 1 to 7; column 2: ‘theoretical’ values of
resistors Ry, each corresponding to a position on the rotary switch; column 3: theoretical values of f;
(predicted by using Eq. 7.13); column 4: values of f, expressed in kHz.

Switch position | Rr(Q) Theoretical f: (Hz) | Theoretical f; (kHz)
1 1000 50329.21 50.33

2 5000 10065.84 10.07

3 10000 5032.92 5.03

4 50000 1006.58 1.01

5 100000 503.29 0.50

6 500000 100.66 0.10

7 1000000 50.33 0.05

Tab. 7.4. Expected values of resonant frequency f,, derived by inserting the measured values for Rr
into Eqg. 7.13. Resistance values were measured with a tolerance range of 1%.

Rrmeasured (Q) | Expected f; (Hz)
1010 49830.90

5610 8971.34

10000 5032.92

56100 897.13

98800 509.41

559000 90.03

1006000 50.03

The gain and Q-factor of the circuit were derived by manipulating Eqs. 7.9 and 7.10 in

order to write G and Q in terms of R; and R, resulting in the equations below:

Rp+10°
G =3.16-10*-% L (7.14)
Rg 3.48'Rg+3.16°10
_ GRg
Q= 3.16-10% (7.15)

Once the filter was built, it was tested to verify that its characteristics were in
agreement with the theoretically predicted ones. Specifically, Q was measured by following

the procedure detailed below.
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1) The filter was supplied with a £15 V voltage obtained by using a RS 591-124 power
supply (£15V, 200 mA);

2) An input voltage of 100 mV was produced by the signal generator “Hameg Instruments

25 MHz HMF 25257;

3) The gain curve of Vout/Vin vs frequency was measured, by means of the digital

oscilloscope ISO-TECH IDS-6052-U (Fig. 7.5);

4) The resonant frequency f; (labelled “measured f” in Tab. 7.5), defined as the
frequency for which the gain was maximum (maxG), was estimated from the gain vs

frequency plot;

5) The frequencies fi, f> at which the gain was equal to: G' = maxG/\/f were

determined;

6) The maximum gain was determined with Eq. 7.8, inserting the frequency values
determined as in 5), by using the following identity: w; = 27 f;;
7) The Q-factor was estimated from the curve by applying Eq. 7.7:

_ _ 9o
~ FWHM'

Q

(7.7)

where w, was the resonant frequency (rad s) (estimated as the frequency at which the gain
measured as in point 3) was maximum); FWHM was the frequency difference Aw = w, —

w1, Where the two frequencies are such that the following relation holds:

G(wy) = G(wy) = Gpax/V2 (7.8).

The response curve obtained by plotting the filter’s gain against the frequency, for the
lowest value of resonance frequency selectable with the rotary switch (f; =50 Hz, as in the
second column of Tab. 7.4), is reported in Fig. 7.8. Similar curves were obtained for the other

values of resonance frequency.
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Fig. 7.8. Resonance curve of the filter shown in Fig. 7.7, obtained with a resistor value Re= 1 MQ,

corresponding to the last position on the rotary switch (Tab. 7.4).

Unexpectedly, values for f- that were determined as in 4) from curves of gain vs

frequency were different from the expected values reported in Tab. 7.4. These values are

reported in the third and second column of Tab. 7.5, respectively.

Tab. 7.5. Expected and measured values of resonant frequency, plus ratio between them.

Switch position Expected f, (Hz) | Measured f, (Hz) | Ratio
1 49830.9 424004 1.2
2 8971.3 750043 1.2
3 5032.9 420043 1.2
4 897.1 73012 1.2
5 509.4 410+1 1.2
6 90.0 72%1 13
7 50.0 40+1 13

‘Expected’ values of gain and Q were found by inserting the measured values of
R; and RQ (listed in Tab. 7.2) into Eqgs. 7.14-7.15 above. A mismatch was found between
these values (labelled “Exp. G” and “Exp. Q” in Tab. 7.6) and the ‘measured’ ones obtained as

detailed in bullet points 6) and 7) on page 162 (“Meas. G” and “Meas. Q" in Tab. 7.6). Ratios
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between expected and measured resonant frequency (f;), maximum gain (maxG) and Q-

factor (Q) are reported in Tabs. 7.5 and 7.6.

Tab. 7.6. Expected and measured values of G and Q, plus ratio between each pair of them.

Switch position Exp. G Exp. Q Meas. G Meas. Q | RatioG | RatioQ
1 9.6 48.1 5.0 25.4 1.9 1.9
2 9.6 48.1 5.0 42.0 1.9 1.1
3 9.6 48.1 3.9 20.1 2.5 2.4
4 9.6 48.1 4.0 20.5 2.4 2.3
5 9.6 48.1 4.0 21.3 2.4 2.3
6 9.6 48.1 4.1 20.8 2.3 2.3
7 9.6 48.1 4.0 19.0 2.4 2.5

The mismatch between expected and measured values reported in Tabs. 7.5-7.6 was
attributed to the output signal’s instability around resonance, which constituted a significant
issue for measurements of the Q-factor that were done by determining the gain vs frequency
response, based on the procedure described on page 161. Because of the adopted procedure,
the Q-factor and gain values were strongly dependent on the quality of the signal in the
resonance frequency region, which was poor due to the signal instability. The latter was
attributed to the choice to assign resistor Rq = 546 Q a lower value than those of other
resistors in the circuit (=kQ). This choice was made with the purpose of achieving Q=50 and
G=10, but did not take into account the risk of variations in the current circulating through
the filter’s different components. The circuit instability was corrected for by modifying the
circuit shown in Fig. 7.7 such that all resistors had similar values. Specifically, the following

components were used:
Rg = 150 KQ (7.16)
Ro=1KQ (7.17)

These specific values were chosen to satisfy the condition Q=50. The Q-factor of the
state-variable active filter depended on the two resistors above, as given by Eqg. 7.18.

_ R6+RQ
"~ 3Rg

Q (7.18)
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The resonant frequency of the state-variable active filter was linked to the circuit’s Q-

factor and electronic components through Eq. 7.19:

1 3Rq

fr= 21 Q CRp(Rg+RQ) (7.19)

The components’ actual values, measured using the Keysight U1731C handheld LCR
meter, are reported in Tab. 7.7. The values of resistors Rg, selected through the rotary
switches, are listed in the first column of Tab. 7.8; resonant frequency values, derived by using
Eq. 7.19, are reported in the second column of Tab. 7.8, and the corresponding skin depth

values through Al (predicted by Eqgs. 2.25-2.28) are listed in the third column of the table.

Tab. 7.7. Measured values of the circuit’s components. Their tolerance value was equal to 1%.

R (kQ) | R2(kQ) | Rs(kQ) |Rs(kQ) | Ra(Q)
9.9 10.0 9.9 150.8 998

Tab. 7.8. Measured values of resistors making up the rotary switch; corresponding resonant frequency
values that were expected; corresponding skin depth in Al at those frequencies. Resistor tolerance
was equal to 1%.

R (kQ) | f (kHz) Skin depth in Al (mm)
6.8 23.281+0.04 | 0.56+0.02
8.2 19.30+0.05 | 0.61+0.03
9.9 16.12+0.06 | 0.67+0.03

The filter’s response in a range of frequencies centred around the resonant frequency
was determined by using the ENA series E5061B Network Analyser (Keysight), to improve the
measurements’ precision [79]-[80]. The Network Analyser (NA) can measure the response in
frequency of a DUT by measuring the S-parameters “S21”, defined as the ratio of the output
signal of port 2 on the DUT with the input signal of port 1 on the DUT. This can be achieved
by applying a stimulus in a defined frequency range to the DUT. The power supply “elc” ALF
1502D was used in the following investigations to supply + 12 V to the op-amp included in the
filter. A picture of the experimental apparatus, including the Network Analyser, is shown in
Fig. 7.9. The response curves obtained with the state-variable active filter resonating at values

indicated in Tab. 7.8 are shown in Figs. 7.10-7.12. These figures show plots of the S-parameter
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S21 vs frequency, obtained after applying a stimulus characterised by a starting frequency
equal to 10 kHz and a final frequency 30 kHz. The three plots were obtained by selecting
resistor values as in the first column of Tab. 7.8, causing the filter to resonate at the values

listed in the second column of the table.

Fig. 7.9. Picture of the experimental setup, including the active filter, the Network Analyser E5061B
(Keysight) and the power supply “elc” ALF 1502D.
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Fig. 7.10. Resonance curve obtained from data acquired using the Network Analyser, when the
circuit’s resonant frequency was equal to 23.6 kHz.
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Fig. 7.11. Resonance curve obtained from data acquired using the Network Analyser, when the
circuit’s resonant frequency was equal to 19.9 kHz.
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Fig. 7.12. Resonance curve obtained from data acquired using the Network Analyser, when the
circuit’s resonant frequency was equal to 16.1 kHz.
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The values of Q-factor and maximum gain were measured with the Network Analyser
for each of the state-variable filters with resonant frequency values as in Tab. 7.8. These
values were obtained by calculating the average and standard deviation of ten consecutive

measurements obtained with the NA (Tab. 7.9).

Tab. 7.9. First column: resonant frequency of the three state variable filters that were built;
second column: Q-factor, measured with the Network Analyser as average values of 10 consecutive
measurements; third column: uncertainties of Q, as standard deviation; fourth column: measured
values of maximum gain (average of 10 consecutive measurements); fifth column: standard deviation
of gain.

fi(kHz) | Q err(Q) G err(G)
23.6 318.6 0.3 196.7 0.3
19.9 258.8 0.2 150.8 0.2
16.1 192.3 0.2 125.2 0.2

Results reported in Figs. 7.10-7.12 and Q-factor values shown in Tab. 7.9 demonstrated that
the state-variable active filter was a better solution compared to the IGMF filter previously
tested, due to its response in terms of Q-factor, which was larger than the Q-factor measured
with the LCR-parallel circuit by a factor between 8 and 46. This represented a substantial
improvement from the scenario resulting from the use of the LCR parallel circuits that were
object of the first part of this research work. The next step of the investigations was directed
towards modifying the active filter by adding an inductor to it, in order to use the circuit for

Ell of conductive materials, as detailed in the next section.

181



7.4  Modified state-variable filter with inductor for Ell of conductive samples

An inductor was added to the state-variable active filter having schematic as in Fig. 7.7
and component values as in Tabs. 7.7 and 7.8. Three circuits were built, the first one as in the
schematic shown in Fig. 7.13, and the others having similar schematics with the only

exception of resistors R4=R5, which had values as in the third and fourth rows of Tab. 7.8.

R5

R1

V2 10k

SINE(0 1 1000)
AC 1
R6

150k

RT
1k

Fig. 7.13. Electronic schematic produced with LTSpiceXVIl, representing the electronic circuit on
which the improved version of the Ell system, object of this work, was based.

The measured curve of S21 vs frequency, obtained with the Network Analyser (NA) by
connecting the instrument to the circuit shown in Fig. 7.13, was compared with the circuit’s
response (gain vs frequency), resulting from a simulation performed with LTSpiceXVIl, to
ensure that the results obtained with the NA were as expected. The curves obtained in this
way are reported in Figs. 7.14-7.15. Similar curves were obtained by using circuits similar to
the one shown in Fig. 7.13, with R4=R5 taking on the values listed in the third and fourth rows
of Tab. 7.8. The circuits’ responses in frequency obtained with the NA are shown in Figs. 7.16
and 7.18. Results of simulations obtained with LTSpiceXVIl are reported in Figs. 7.17 and 7.19.
Figs. 7.14,7.16 and 7.18 represent screenshots of the NA, each of which indicate the resonant
frequency (first value on the top left of each figure) and the Q-factor, also indicated in the key

to each plot of S21 vs frequency.
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Fig. 7.14. Screenshot from the Network Analyser, obtained after inducing a stimulus (start frequency
10 kHz — stop frequency 30 kHz) in the circuit, having set the circuit’s resistance to Rg =6.8 KQ.
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Fig. 7.15. Simulation (from LTSpiceXVIl) of the electronic circuit’s response, when its components
had values as in Fig. 7.13, and its resistance Rg was equal to Rg =6.8 KQ.
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Fig. 7.16. Screenshot from the Network Analyser, obtained after inducing a stimulus (start frequency
10 kHz — stop frequency 30 kHz) in the circuit, having set the circuit’s resistance to Rg =8.2 KQ.
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Fig. 7.17. Simulation (from LTSpiceXVIl) of the electronic circuit’s response, when its components
had values as in Fig. 7.13, and its resistance Rg was equal to Rg =8.2 KQ.
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Fig. 7.18. Screenshot from the Network Analyser, obtained after inducing a stimulus (start frequency
10 kHz — stop frequency 30 kHz) in the circuit, having set the circuit’s resistance to Rg =9.9 KQ.
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Fig. 7.19. Simulation (from LTSpiceXVIl) of the electronic circuit’s response, when its components
had values as in Fig. 7.13, and its resistance Rg was equal to Rg =9.9 KQ.
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The curve reported in Fig. 7.14 showed that the measure system’s response vs
frequency at the value of resonant frequency f:=23.65 kHZ had a spurious peak of non-
negligible amplitude that interfered with the Q-factor calculation performed by the NA,
because it fell within the bandwidth of the resonance curve. This will be object of a further
analysis, conducted in the following section. The resonant frequency values obtained from
the simulations reported in Figs. 7.15, 7.17 and 7.19 were, respectively, equal to: f,=23.2 kHz,
f=19.2 kHz, f=15.9 kHz. These results showed an agreement between measured and

simulated data within 2%.

7.5 Discussion

The values of resonant frequency obtained with the Network Analyser and from the
simulation were in agreement within 2%. The results shown in Figs. 7.14-7.19 demonstrated
that the developed system, based on the circuit shown in Fig. 7.13, could be used for
detection purposes, given the results of measurements obtained with the NA, which were in
agreement with the predicted response resulting from the simulation software (LTSpiceXVIl).
The values of Q-factor obtained with this active-filter-based circuit were substantially larger
by a factor between 17 and 56, compared with the values obtained with the previously used
LCR-based system. This result represented a significant improvement for the Ell investigations
carried out in this research activity. The novel Ell system should take detection and imaging
of conductive samples to the next level, by enabling material characterisation of samples
made of conductive materials ranging from low o to high o, as well as detection of samples

hidden behind conductive shields.
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7.6  Measurements of Q-factor shifts to detect the presence of metals

The previous section reported on measurements of Q-factor values of the Ell system
shown in Fig. 7.13. These measurements have to be put into the context of exploring the
system’s capabilities with regards to the accomplishment of 2D imaging of metallic samples.
Firstly, the choice of measuring Q, rather than the system’s resonant frequency, lies on the
result reported in Chapter 5, according to which the most sensitive method for imaging was
found to be the one based on position-resolved-measurements of the Q-factor (rather than
the resonant frequency). Satisfactory results reported in Section 7.6 led to assess the
feasibility of the proposed system to achieve results similar to those reported in Chapters 5
and 6. The first question to be answered on this subject was to verify that the novel system
enabled measurements of the Q-factor shifts due to the presence of metallic objects having
different values of electrical conductivity. Initially, a test was done to quantify the response
of the developed Ell system when the inductor (labelled “L” in Fig. 7.13 and shown in Fig. 7.20)
was in air, i.e., no metal was placed in the vicinity of the coil, and when it was positioned over
an Al sample (6-cm-diameter, 2-mm-thick disk). The coil was used both in an air-cored
configuration and a ferrite-cored one, for comparison purposes. This was done by inserting a
ferrite core into the coil’s former and comparing the results with the ones obtained without
the core. Upon selection of the value of resistance Rg =6.8 kQ (Tab. 7.8), the system in air was
made to resonate at a frequency f=23.75+0.81 kHz (measured with the NA). The Q-factor was
measured using the coil in the two configurations, as follows: 1) when the system was in air;
2) when the Al sample specified above was introduced into the system. The resulting average
values (obtained by taking 10 consecutive measurements with the NA) are shown in Tab. 7.10,
which includes differences “Delta” between the values obtained for Q in the two
configurations, and relative errors, obtained by taking the standard deviation of Q values, and

propagating the errors to determine the error on “Delta” (Err(Delta)).
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Fig. 7.20. Picture of the coil used in this study (L=79.4+10% uH, height 1.8+0.1 cm, inner diameter
2.0+0.1 cm, outer diameter 2.3+0.1 cm). The coil was connected to the other circuits’ components as
in Fig. 7.13.

Tab. 7.10. Values of Q measured with Network Analyser when the Ell system was in air, when an Al
sample was placed under the coil, for both the air-cored and the ferrite-cored coil. The percentage
difference between the Q factors in air and Al was calculated (last column).

Coil type Qin air Err(Qair) Qwith Al | Err(Qa) | Delta Err(Delta)
Air cored 189 9% 195 10% 32% | 16%
Ferrite cored 243 8% 242 10% -04% | 14%

In the investigations conducted in this section and the following ones, the measurement
acquisition performed with the NA was optimised by setting the parameters detailed below,
both when measurements were taken in air and when the metallic samples were introduced,

for consistency.

e Number of points during a sweep of S2/S1 vs frequency: 1601

e Average factor (number of repeated independent measurements of which the
average was computed by the NA): 16

e Scale of y axis (52/S1 minimum and maximum): 300m - 600

e Frequency range of the applied stimulus: start frequency 10kHz, stop frequency 30
kHz

e Power level of output: -45 dB

e 0.05% smoothing applied to the curve of S2/S1 vs frequency.

Resonance curves were obtained by using the NA in the following two scenarios: 1)
when the system was “in air” (i.e., in the absence of the metal); 2) when the Al disk was put

in contact with the coil, as shown in Figs 7.21-7.22.
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Fig. 7.21. Resonance curve obtained with the Network Analyser when the coil of the Ell system was
in air, i.e., no metallic sample was present.
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Fig. 7.22. Resonance curve obtained with the Network Analyser, when the coil part of the Ell system
with schematic as in Fig. 7.13 was in contact with the Al disk sample.

189



The shift in Q showed by results reported in Tab. 7.10 demonstrated that imaging with
the new Ell system could be achieved. The circuit’s responses obtained with the system in air
and with Al, reported in Figs. 7.21 and 7.22, showed a similar trend in the two scenarios,
characterised by an unwanted peak at a fixed frequency of 23 kHz, in agreement with what

was found in the “S21 vs frequency” plots showed in Figs. 7.14, 7.16 and 7.18.

One clarification must be made about values labelled “Delta” in Tab. 7.10. These
values represented the contrast of the image reproducing the metallic sample. They were not
indications of the capability of the imaging system to distinguish between two different
conductors having similar values of electrical conductivity. Such capability was the
performance parameter that was the object of the following investigations. These involved
calculating the difference between the values of Q-factor obtained when the system was in
air and when a Cu sample (with geometry 25x25x1 mm?3 and electrical conductivity values as

in Tab. 5.1) was inductively coupled to the system’s coil.

The main goal of this part of the investigations was to assess the measurement
feasibility of the system for metal samples’ detection and, particularly, testing the
reproducibility of results in terms of measured Q-factor shifts. For this purpose, a procedure
was adopted, based on taking 20 independent measurements of the Q-factor with the NA, at
the three values of resonant frequency selectable by tuning Rg from the circuit shown in Fig.
7.13:1) 23.6 kHz; 2) 19.9 kHz; 3) 16.1 kHz. The Q-factor average and standard deviation values
were calculated in the following scenarios: 1) system in the absence of any metallic sample

(“in air”) and 2) system coupled to a 25x25x1 mm?3 Cu sample.

Results of this experimental work are reported in Tab. 7.11, which shows measured
average Q-factor values obtained in air (second column) and when the Cu sample was coupled
to the inductor (fourth column), together with their uncertainties (standard deviation) and Q-
factor shifts (“DeltaQ”). The last row of Tab. 7.11 reports values obtained with the previously
used LCR-based Ell system described in Section 4.3, with L=680+10% uH, R=1+1% MQ, C=1 uF.
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Tab. 7.11. Comparison between the Q-factor values obtained when the new Ell system with air-cored
coil and ferrite-cored coil was in air (second column) and when a Cu sample was introduced (third
column). These Q-factor differences (DeltaQ) were compared to the ones obtained with the previously
used LCR-based system (“Old system”, described in Chapter 5).

f=24 kHz Qin air Err(Qair) Q with Cu Err(Qcu) DeltaQ Err(DeltaQ)
Air-cored 138 9% 126 9% 12 13%
Ferrite-cored 146 8% 149 8% -3 11%

“Old” system | 18 1% 14 1% 4 1%

Results shown in Tab. 7.11 highlighted that the Q-factor values of the new Ell system
were larger by a factor of 8-11, compared to values measured with the previously developed
LCR-based system (Tab. 7.11). This showed that the new system represented an improvement
from the “old” version. Large measurement uncertainties, though, prevented differences in
Q-factor values to allow discrimination between air and Cu. The cause of these large

measurement uncertainties will be object of the next sections.

For a more complete investigation, more samples with different conductivity values
were included, to assess the Ell system’s response when it was coupled to each of them, and
its feasibility for detection of low, medium and high conductivity samples, both of
ferromagnetic and non-magnetic nature. The following pieces of metal were chosen as
representative among the metals listed in Tab. 5.1: copper, manganese, iron (with geometry

25x25x1 mm3 and electrical conductivity values as in Tab. 5.1).

Tab. 7.12 reports differences DeltaQ between Q-factors measured after placing a
25x25x1 mm?3 metal sample (made of Cu, Mn and Fe) in touch with the coil included in the Ell
system represented in Fig. 7.13, and Q-factors measured with the system in the absence of
the metal, i.e., “in air” (DeltaQ=Q(air)-Q(metal)). The error of these values were calculated by
taking the standard deviation of 10 consecutive measurements of Q, and propagating the

errors to derive the error of DeltaQ (e.g. “err(air-Cu)” in Tab. 7.12).

Figs. 7.23-7.25 represent values of average Q and their standard deviation obtained
as described in the previous paragraph (Tab. 7.12). Values on the y axis of the graphs stand

for the three metallic samples described above (material “1”: air, material “2”: Cu, material
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“3”: Mn, material “4”: Fe). Each graph reports measurements obtained after making the Ell
system resonate at the three values of resonant frequency f,; selectable by tuning the rotary
switch: 23.6 kHz, 19.9 kHz, 16.1 kHz. A plot of DeltaQ=Q(air)-Q(metal) vs f.i is shown in Fig.
7.26, in which results of 20 consecutive Q-factor shift measurements (as in Tab. 7.12) are
compared to the shifts measured with the “old” LCR-based system, in the following scenarios:
system in air and coupled to copper (blue, diamond data-set); system in air and couple to

manganese (red, square data-set); system in air and coupled to iron (green, triangle data-set).

Tab. 7.12. Values of average and standard deviation of DeltaQ (first column), at the following resonant
frequency values: f;=24 kHz (second column), f,,=20 kHz (third column) and f;5=16 kHz (fourth
column). DeltaQ/Q(air) are ratios of DeltaQ divided by the Q-factor values measured in air.

DeltaQ £,1=23.6 kHz £,2=19.9 kHz f:5=16.1 kHz
air-Cu 14.2 41 4.6
err(air-Cu) 7.7 5.0 4.1
DeltaQ/Q(air) % 4.8 1.6 2.1
air-Mn -0.3 -2.0 0.9
err(air-Mn) 7.9 4.7 4.1
DeltaQ/Q(air) % 0.1 -0.8 0.4
air-Fe 3.2 -8.4 1.1
err(air-Fe) 7.2 5.2 4.6
DeltaQ/Q(air) % 1.1 -3.4 0.5
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Fig. 7.23. Comparison between the average Q measured with the Network Analyser, when the
system was resonating at 23.6 kHz and it was coupled to the following materials: material “1”: air,
material “2”: Cu, material “3”: Mn, material “4”: Fe. Error bars were added, by calculating the
standard deviation of the measured quantities.

192



270

265

[

¥

L
|
|

average Q
[
S
* I
H—&

245

240

% resfreq 19.5 KHz

235

0 1 2 3 4 5
material

Fig. 7.24. Comparison between the average Q measured with the Network Analyser, when the
system was resonating at 19.5 kHz and it was coupled to the following materials: material “1”: air,
material “2”: Cu, material “3”: Mn, material “4”: Fe. Error bars were added, by calculating the
standard deviation of the measured quantities.
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Fig. 7.25. Comparison between the average Q measured with the Network Analyser, when the
system was resonating at 16.2 kHz and it was coupled to the following materials: material “1”: air,
material “2”: Cu, material “3”: Mn, material “4”: Fe. Error bars were added, by calculating the
standard deviation of the measured quantities.
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Fig. 7.26. Plot of DeltaQ=Q(air)-Q(metal) vs resonant frequency values f; (as in Tab. 7.12), obtained
from results of 20 consecutive Q-factor shift measurements (Tab. 7.12), compared to the shifts
measured with the “old” LCR-based system, in the following scenarios: system in air and coupled to
copper (blue, diamond data-set); system in air and couple to manganese (red, square data-set);
system in air and coupled to iron (green, triangle data-set).

7.7 Discussion

The larger Q-factor values of the new Ell system, compared to those measured with
the previously developed LCR-based system, showed that the new system represented an
improvement from the “old” version (Tab. 7.11). However, poor reproducibility of results was
observed when taking consecutive measurements of the same parameter (e.g. Q-factor) in
equivalent conditions. Specifically, Q values differed from one measurement to the next one
by an amount up to 10% (Tab. 7.10, Figs. 7.23-7.25). This issue became even more serious
when the error in the Q-factor shifts (DeltaQ) was taken into account (Tab. 7.12, Fig. 7.26).
This is because the relative standard errors of the measurements (third and fourth columns
of Tab. 7.10) were too large to allow the change in Q-factor values due to the presence of the
metal to be significant (Tab. 7.10, sixth column). The large Q-factor uncertainties (“err(air-
Cu)”, “err(air-Mn)” and “err(air-Fe)” in Tab. 7.12), compared to the difference in the Q-factor

values obtained when the system was in air and when a piece of metal was coupled to it
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(“DeltaQ/Q(air)” in Tab. 7.12), implied that the Ell system could not discriminate between the
presence of a high-conductivity sample, at this stage, due to the large measurement

uncertainties.

Figs. 7.23-7.26 showed that the measurement uncertainties were dependent on the
frequency at which the system resonated and not on the material coupled to the system. In
particular, absolute values of Q-factor were found to be larger when the Ell system was
resonating at 23.6 kHz than at the other two values (Figs. 7.23-7.26). The larger error bars of
Q-factor values shown in Fig. 7.23 showed the poorer reproducibility of results obtained at
23.6 kHz, compared to those obtained at lower values of frequency. This behaviour was
attributed to the presence of spurious peaks at 23 kHz, already detected with the system and
reported in Figs. 7.14, 7.16, 7.18, 7.21 and 7.22 in Section 7.4. These figures showed that the
curve of the system’s response vs frequency at this value of resonant frequency had a
‘spurious’ peak of non-negligible amplitude that interfered with the Q-factor calculation
performed by the NA, because it fell within the bandwidth of the resonance curve (Figs. 7.14,
7.21 and 7.22). The presence of the spurious peak at 23 kHz ‘disturbed’ the measurements
around this frequency while having no impact on the ones at the other two frequency of
operation, because of the fixed frequency position of the spurious peak. This explained the
higher standard deviation values of the sets of measurements obtained at 23.6 kHz, compared
to the ones obtained for smaller resonant frequencies (19.9 and 16.1 kHz), where the spurious
peaks did not fall within the region of the curves where the Q-factor values were calculated.
The graph reported in Fig. 7.23, obtained with f-1=23.6 kHz, confirmed this explanation, since
it showed that the system’s Q-factor values produced by the presence of Mn and Fe samples
did not significantly differ from the corresponding values measured with the same system

when this was in air, due to the large error bars.

These results are important because they underline that the current system and
measurement method did not allow distinguishing between the presence of low and medium
conductivity metals such as Mn and Fe, due to the large uncertainties of measurements. High-
conductivity copper was the only metal that produced a significant shift from the scenario in

which the system was in air. The larger Q-factor shift produced by this metal, compared to
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the other two, is in agreement with results found with the old LCR-based Ell system (Chapter

5).

As regards measurement results obtained with values of resonant frequency equal to
fr2=19.5 kHz and f3 = 16.2 kHz, two observations can be made by looking at Figs. 7.24 and
7.25. Firstly, the absolute values of Q-factor are lower than those measured at resonant
frequency fr1=23.6 kHz, thus implying that this value represented the most suitable
operational frequency of the Ell system. At the frequency fr2= 19.5 kHz, the only metal that
produced a significant shift in the system’s Q-factor was iron. The values of Q obtained with
non-magnetic metals did not differ significantly from the value measured in air. The lowest
selectable resonant frequency fr3 = 16.2 kHz did not allow to distinguish any of the metal

samples from the “air” scenario.

Investigations were carried out to determine the source of the spurious peaks found
at 23 kHz in all resonance plots (Figs. 7.14, 7.16, 7.18), as will be detailed in Section 7.8. This
was beneficial because the largest Q-factor absolute values were obtained with the system
resonating at fr = 23.6 kHz, thus making this value of resonant frequency ideal for the

investigations carried out in this work.

7.8 Initial investigations to determine the sources of spurious peaks

Investigations around the origin of the unwanted peaks that were causing large
uncertainties in the Q-factor measurements are object of this section. Improvements in the
measurement precision could be attained by either acting on the measurement system, or
improving the measurement method, or both. This needed to be done before focusing the
attention towards investigating the effect that different conductive materials produced on
the novel Ell system. The measurement system and method were based on the use of the
Network Analyser, the electronic circuit and the power supply feeding it. With this in mind,

two hypotheses were initially made and tested, in order to identify the origin of the unwanted
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peaks, which was causing the poor measurement reproducibility. The first hypothesis was
that the NA averaging function had introduced the unwanted peaks at 23 kHz into the “S21
vs frequency” plots. The second hypothesis was that the power supply might have been the

cause of the unwanted peaks.

To test the first hypothesis, the fit done by the NA on the data of the circuit’s frequency
response was compared to the response obtained without using the averaging function of the
NA. This was accomplished by taking one frequency sweep after inducing a stimulus in the
circuit, and switching off the data averaging function. After this, 9 more sweeps were taken,
the 10 resulting curves were overlapped to see whether they were different. The result was
that no differences were found, implying that the NA averaging function was unlikely to cause
problems. To further investigate the impact of the NA averaging function on measurements,
Q was measured “in air” (setting the following parameters with the NA: 1601 points, log y axis
300m — 600, stimulus 10 kHz — 30 kHz, power -45 dBm, 0.05% smoothing) in two different
ways. Firstly, the NA averaging function was set to “OFF”, single measurements of Q were
taken with the instrument and then averaged manually. Secondly, the NA averaging function
was switched to “ON”, the same number of total measurements as before was taken and the
NA performed the average and standard deviation of measurements. Results are shown in
Tab. 7.13, in which the first two columns report Q values obtained with the averaging function
switched off, by taking 30 and 100 consecutive measurements (third and fourth rows,
respectively); the last two columns report Q values obtained by setting the averaging factor
of the NA to 10 and taking, respectively, three and ten consecutive measurements of Q (third

and fourth rows).

Tab. 7.13. Results of the study of the influence of the automatic averaging of the NA. In the table,
“meas” stands for “measurements”; av(Q) stands for average of Q, calculated by taking 30 and 100
consecutive measurements without using the NA averaging function (3™ and 4™ rows of the first
column) and performed using the NA averaging function of the same number of measurements (third
column); corresponding standard deviations are reported in the second and fourth columns (cQ).

av(Q) cQ av(Q) cQ

AVERAGING OFF AVERAGING OFF AVERAGING ON (10) AVERAGING ON (10)
363 (30 meas) 37 (30 meas) 339 (3x10 meas) 12 (3x10 meas)

313 (100 meas) 29 (100 meas) 297 (10x10 meas) 4 (10x10 meas)
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The difference between values of av(Q) reported in the second and fourth of Tab. 7.13

were attributed to the varying amplitude of the spurious peaks systematically found at 23

kHz, which caused the Q-factor values to vary from one measurement to the next one.

Discussion of these results is reported in the next two pages.

The potential effect of leaving the power supply on while taking measurements was

investigated to test the second hypothesis that was made to find the source of the spurious

peaks at 23 kHz. For this purpose, a series of measurement acquisitions was done by switching

off the power supply after each measurement sweep, with details as below and results as in

Tab. 7.14:

a) 30 single measurements were taken with the NA, by switching off the power supply

between each of the measurement acquisitions (2" and 3™ columns of Tab. 7.14);

b) The NA averaging factor was set to 10, and 3 consecutive measurements were taken,

by switching off the power supply as before, and waiting 30 mins after the power

supply was switched on again, before starting the measurement acquisition (4t and

5t columns of Tab. 7.14).

Tab. 7.14. Results showing the influence of the power supply being left on, or switched on and off in

between consecutive measurements.

av(Q)

oQ

av(Q)

oQ

AVERAGING OFF

AVERAGING OFF

AVERAGING ON (10)

AVERAGING ON (10)

Power supply
switched off
each time

332 (30 meas)

40 (30 meas)

291 (3x10 meas)

4 (3x10 meas)

Power supply
left on

363 (30 meas)

37 (30 meas)

339 (3x10 meas)

12 (3x10 meas)

The lowest measurement uncertainty found when the NA automatic averaging

function was switched on (Tabs. 7.13-7.14) implied that using it increased the measurement

precision and it was established that this should be done when taking Q-factor

measurements.
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The issue linked to the presence of spurious peaks was not solved by switching off the
power supply after each measurement sweep, which led to eliminating this hypothesis, as
well as the one based on the use of the NA automatic averaging function. Lowest
measurement uncertainties observed from values in the third and fifth columns of Tab. 7.14
were in agreement with results reported in Tab. 7.13 and confirmed the decision of adopting

the NA automatic averaging function to improve the measurements’ precision.

Finally, the awaiting time between the moment at which the power supply was turned
on and the start of the measurement acquisition was varied, to see whether this impacted
the measurements and to determine an ‘ideal’ awaiting time. The aim of this investigation
was determining the optimal conditions for the measurement acquisition process. The

following measurement scenarios were used for this purpose:

1) After the power supply had just been turned on, 10 frequency sweeps were performed
with the NA averaging function being set to ON (with averaging factor=10).
2) 30 minutes after the power supply was switched on, 10 sweeps were performed in

the same conditions as in 1).

The results in terms of average Q and standard deviation were as follows:

1) av(Q)=303, cQ=6.
2) av(Q)=297, cQ=4.

The smaller uncertainty found with a 30-minutes-waiting-time led to establishing that this
awaiting time was to be used when taking Q-factor measurements, in order to contain their

random uncertainties.

In conclusion, neither the power supply nor the NA automatic averaging function were
found to have an impact on Q-factor measurements that could explain the origin of the
unwanted peak observed at 23 kHz in plots of S21 vs frequency. Further investigations were
conducted to solve the issue linked to the presence of this peak that prevented the system to
be optimal for detection and imaging of conductive samples. The next section reports on an

analysis which was conducted to compare the Ell system based on active filters to the “old”
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LCR-based circuit and Section 7.9 describes a method developed to remove the unwanted

peak and perform measurements of Q-factor with the proposed system.

7.9 Towards the optimisation of a novel Ell system for detection of
conductive objects

The purpose of this part of the research was to test the new system based on active
filters and check whether this could produce better results than the LCR-based system
developed in the first half of this research work (Chapters 4-6). The final goal was to test the
new system in terms of its capability of producing 2D imaging of metallic samples for security
applications (Section 7.9). A crucial dilemma needed to be resolved in the first place, which
was whether the new Ell system represented an optimised version of the previous one, or
whether the higher Q-factor values (Section 7.5-7.7) were the result of a more precise
measurement acquisition achieved by using the NA instead of the previously used impedance
analyser (IA). With this in mind, an issue arose by considering that the investigations carried
out so far involved changes of two parameters, one being linked to the two different
measurement systems (LCR-parallel circuit and active-filter-based circuit as in Fig. 7.13), the
other one being given by the different instruments that were used to perform the
measurements (IA vs NA). As long as two parameters were changed at the same time, no
answer to the dilemma above could be found. For this reason, a consistent method needed
to be determined to assess whether the new system, based on active filters, represented an
improvement w.r.t. the “old” LCR-based system. This was based on changing a single
parameter at a time, to understand where the cause for the larger values of Q-factor lied, and
establish an improved method for detection and imaging of conductive samples. For this

purpose, the following actions were taken.

1) The active filter-based system was connected to the impedance analyser (IA) and a
series of 10 consecutive Q-factor measurements were performed with this

instrument. This was done by placing a piece of Cu (25x25x1 mm?3) under the coil
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shown in Fig. 7.20, which was part of the Ell system based on the circuit represented
in Fig. 7.13. This experiment is reported in Section 7.9.1.

2) The same series of measurements as in 1) was performed by using the LCR circuit
constituting the “old” system, by means of the impedance analyser. This experiment
is reported in Section 7.9.2.

3) Results obtained from 1) and 2) were compared and differences in the Q-factor

measurements evaluated.

At this point, the following plan was established. If the active filter-based system produced
better results, then the conclusion would be that the new system represented an
improvement of the older one, and was worth investigating further. To this extent, the

following should be done:

1) The active-filter based system needed to be connected to the NA and measurements
acquired in this configuration, first in air and then by placing a piece of Cu (25x25x1
mm?3) under the coil;

2) The Q-factor shifts produced when the system was in air and when a metallic sample
was placed under it should be compared with the ones obtained with the LCR-based

system.

If the active filter-based system was not found to be better than the older one, based on
the comparison of results obtained from 1) and 2), then it would mean that future
investigations should be directed towards finding a more precise instrument than the IA to

perform measurements, for instance the NA.
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7.9.1 Active-filter-based circuit connected to the impedance analyser

Q-factor measurements were performed with the active-filter-based circuit shown in
Fig. 7.13, by connecting it to the impedance analyser, and conducting a frequency sweep of
the impedance Z vs frequency, in a range of frequency centred around the system’s resonant
frequency, with start and end frequency values as follows: f(start)=5 kHz, f(stop)=15 kHz.
Resonant frequency values obtained from the “Z vs frequency curve”, as well as inductance,
capacitance and resistance values of the system, measured with the IA, are reported in Tab.

7.15.

Tab. 7.15. Results of 10 consecutive measurements of Q-factor, resonant frequency, inductance,
capacitance and resistance, measured when the active filter-based system was in air and when a piece
of Cu was placed under the coil.

Air Cu

Q fr(kHz) | L(uH) | C(uF) |R(Q) |Q | fr(kHz) | L(uH) | C(uF) |R(Q)
1 |52.8 |32.6 2.6 9.0 28.5 |40.8 324 2.0 124 16.2
2 |216 | 31.0 9.8 2.7 41.1 | 17.2 | 30.8 9.5 2.8 31.8
3 |59 325 18.4 1.3 22.0 | 10.9 | 30.9 15.1 1.8 32.1
4 |18.6 | 31.0 10.5 2.5 38.0 | 16.6 | 31.6 6.7 3.8 22.2
5 |18.7 | 31.3 11.1 2.3 40.8 | 13.4| 30.9 13.0 2.0 33.8
6 |13.1 (314 15.4 1.7 396 |73 |31.0 22.3 1.2 31.8
7 |13.5 | 323 11.3 2.2 30.9 | 17.0| 30.9 9.2 2.9 30.3
8 | 353 |325 3.2 7.5 231 |79 |309 21.5 1.2 33.0
9 |239 |325 5.6 4.3 27.2 | 16.1 | 30.9 10.2 2.6 32.1
10 | 36.0 | 31.1 6.2 4.2 435 | 43.2| 324 2.2 11.1 19.2

The following values were found after taking the average and standard deviation of
values reported in Tab. 7.15. In air: av(Q)=20.7, 0Q=10.0; with Cu: av(Q)=13.3, cQ=4.1. The Q-
factor shift between air and Cu was found to equal DeltaQ=7, with an uncertainty equal to
o(DeltaQ)=11. Such a large uncertainty was due to the background noise which prevented the
Q-factor measurement to be more precise and implied that this measurement system did not
produce a significant Q-factor shift that could be used to identify the presence of conductive
samples. The Z vs frequency sweeps obtained in this part did not include any spurious peaks

as the one observed in plots of S21 vs frequency obtained with the NA.
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7.9.2 LCR system used in conjunction with the impedance analyser

Q-factor measurements were performed with the “old” LCR system, based on a
ferrite-cored coil (L=680£10% uH), a capacitor C=0.5+1% uF, and a resistor R=10£1% KQ, by

connecting it to the impedance analyser, as described in Chapter 4.

Resonant frequency values, measured in air and with Cu with the IA, were respectively

equal to: 9.1 kHz and 10.2 kHz. Results were reported in Tab. 7.16.

Tab. 7.16. Results of 10 consecutive measurements of Q-factor, inductance, capacitance and
resistance, measured with the IA when the LCR system was in air and when a piece of Cu was placed
under the coil.

Air Cu

Q L(uH) | C(nF) | R(Q) Q L(uH) | C(nF) | R(Q)
1 21.3 612.3 | 501.1 | 743.1 | 11.3 490.4 | 497.0 | 354.6
2 21.4 613.5 | 500.3 | 748.8 | 11.3 490.9 | 496.5 | 354.4
3 21.4 613.4 | 500.3 | 751.0 | 11.3 491.0 | 496.2 | 354.5
4 21.2 613.0 | 5004 |741.4 | 11.3 491.0 | 496.2 | 354.8
5 21.2 613.1 | 500.5 | 741.0 | 11.3 491.1 | 496.1 | 354.9
6 21.2 613.2 | 500.2 | 7433 | 11.3 491.1 | 496.0 | 355.0
7 21.2 613.5 | 500.0 | 743.3 | 11.3 491.1 | 496.1 | 355.0
8 21.2 613.4 | 500.3 | 741.7 | 11.3 491.2 | 496.0 | 355.0
9 21.2 613.2 | 500.3 | 743.2 | 11.3 491.1 | 496.2 | 354.9
10 21.2 613.3 | 5004 | 742.1 | 11.3 491.0 | 496.3 | 355.1

The following values were found after taking the average and standard deviation of
values reported in Tab. 7.16. In air: av(Q)=21.3, 0Q=0.1; with Cu: av(Q)=11.3, 0Q=0.01. The Q-
factor shift between air and Cu was found to equal DeltaQ=10, with an error equal to
o(DeltaQ)=0.1. Comparison of these uncertainties with the much larger values obtained with
the NA and reported in Tabs. 7.12-7.14 implied the best measurement precision obtained
with the IA. This was caused by the absence of spurious peaks found with the NA at fixed
frequency (around 23 kHz), from plots obtained with the IA. However, the Q-factor absolute
values were much smaller than the ones obtained with the active filter-based system

(Sections 7.5-7.7), as already noted from results shown in Chapter 5.
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The results obtained from this experiment were compared to those obtained with the
active-filter-based system and the IA (Section 7.9.1), and with those obtained using the active-

filter-based system and the NA, as reported in Tab. 7.17.

Tab. 7.17. Q-factor average values in air and with Cu (2" and 4" columns), differences between these
two values, DeltaQ=Q(air)-Q(metal) (6™ column), standard deviations (3, 5% and 7™ columns);
measurements were obtained with the IA=impedance analyser (first two rows) and the NA (last three
rows).

Q(air) oQ(air) | Q(Cu) oQ(Cu) | DeltaQ | o(DeltaQ)

LCR-IA 21.3 0.1 11.3 0.01 10 0.1
FILTER-IA |21 10 13 4 7 11
FILTER—NA | 294 6 280 5 14 8

23.6 kHz

FILTER—NA | 221 3 217 3 5 4

16.1 kHz

FILTER—NA | 250 4 246 3 4 5

19.9 kHz

Three observations should be pointed out after examining results reported in Tab.
7.17. Firstly, absolute values of Q reported in Tab. 7.17 highlight the larger values obtained
with the active-filter-based system w.r.t. those obtained with the IA. The Q-factor values
measured when the active-filter-based system was in air and when a Cu sample was coupled
to it were larger by a factor of 14 and 25, respectively, compared to corresponding values
obtained with the LCR-based system. Secondly, the largest difference between Q in air and Q
with Cu (DeltaQ) was attained when the active-filter-based system resonating at 23.6 kHz was
used. Thirdly, the measurement uncertainties for the active-filter-based system were larger
than those obtained with the LCR-based system. This was attributed to the presence of the
spurious peak affecting measurements taken with the filter resonating at 23.6 kHz and

removal of the spurious peak is addressed in the next Section.
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7.10 Removal of spurious peaks and 2D imaging of conductive samples

The spurious peaks found at fixed frequency (around 23 kHz) were not present with
the IA, meaning that they were unlikely to be due to the filter-based system, since if that was
the case, these peaks would rise in the presence of both the IA and the NA. Based on this
conclusion, a hypothesis was made, based on which the cables connecting the filter-based
circuit to the NA may be the source of the unwanted peaks. According to this hypothesis, the
cables’ parasitic capacitance was causing the peaks at 23 kHz. If this had been the case, then
changing the cable length would have shifted the frequency of the peaks. This experiment
was done by connecting two coaxial BNC cables to the ones originally used (each with an N-
type connector on one ending), by means of two double male connectors. The frequency of

the peaks did not vary, which meant that the hypothesis was false.

Following this, the influence of computer’s monitors and signals from the surrounding
instrumentation was checked, thinking those may have been possible sources of the

unwanted peaks. The results were negative, though.

Finally, the hypothesis that the spurious signal might come from the surrounding
experimental equipment was made. To test this hypothesis, the experimental set-up,
including the box containing the active-filter-based circuit, the cables connecting it to the NA
and the power supply, and the power supply itself, were wrapped up with Al foil. The spurious
peaks could not be eliminated this way either. Therefore, the following hypotheses were
rejected: 1) the source of the unwanted peak was coming from the environment, and 2) the

signal producing it could be screened by using Al foil.

A method was then developed to remove the spurious peaks from the data. Two
options were considered, which were based on the observation that the peak amplitude was
not constant when different frequency sweeps were performed, and changed from one
measurement to the next one in an uncontrolled way (it also changed when the Al foil was
used). The important observation that was taken into account was that the unwanted peak

was always falling within the same range of frequencies, between 22.9 kHz to 23.1 kHz. This
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constituted the criteria on which the choice of a method to remove the unwanted peak was
based. The first option which was considered was to modify the hardware in order for the
circuit to filter the frequencies around which the unwanted peak was found. The second
option, which was adopted, as described in the following, was to use a peak removal
algorithm to modify the data measured with the NA and remove the spurious peak from the
curve of S21 vs frequency. The measurement acquisition was performed by setting the
resonant frequency of the active-filter-based circuit to the value f= 23.6 kHz, because this
value produced larger Q-factor absolute values, as noted in Section 7.7. This was achieved by
initially performing a frequency sweep of the S-parameter S21 with the NA, as described on

page 165. A Matlab script was written to do the following:

1) read the data from the NA;
2) plot the S-parameter S21 against the frequency values;

3) fit the curve of S21 vs frequency with the function expressed by Eq. 7.20:
1

(7.20)

2

y(x) =
J

a? +(——2ncx)
27X

In Eq. 7.20, the parameters a, b and c satisfied the following equations: a=1/R, b=1/L, c=C

(R=effective resistance, L=effective inductance, C=effective capacitance).

4) derive R, C, L from the fit parameters, and use them to calculate Q as in Eq. 4.2;
5) follow point 1) and remove 13 data points contributing to the spurious peak. These
were data points lying within a range of frequency characterised by the lower

frequency f1=22.9 kHz and the upper frequency f,=23.1 kHz;

6) follow points 2) to 3) and fit the new data curve with the function expressed by Eq.
7.20;
7) find values of R’ C’' L’ and Q' from the fit of the new curve (after data point removal).

The procedure above was repeated for ten curves of S21 vs frequency, acquired in
sequence with the NA, and calculating the average and standard deviation of the quantities

L,R,Cand Q,and R’ C’' L’ and Q. The measurement errors of these quantities were calculated
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by propagating the errors of the fit parameters a, b and c (estimated by Matlab with 95%
confidence bounds).

A comparison was made between values of Q" and L’ obtained when the system was
in air and when three 25x25x1 mm?3 samples made of Cu, Mn and Fe, respectively, were placed

under the coil.

7.11 Results and discussion

The original resonance curve was characterised by the following value of Q-factor,
measured with the NA: Q=79.1 + 1.9. The Q-factor of the modified curve, after the data
removal algorithm was applied, had the following value: Q'=82.9 + 1.3. These results imply
that reduction of the measurement percentage error was successfully achieved by adopting

the algorithm.

Tab. 7.18 shows Q" and L’ values obtained in air ad with Cu (2"¥ and 3™ columns).
Differences between values of Q and L in air and when the metal was introduced into the
system are reported in the fourth and sixth columns of Tab. 7.18. Uncertainties of these values

are listed in the fifth and seventh columns of the table.

Tab. 7.18. Average values of Q-factor Q' and inductance L’, obtained after the Matlab fitting routine
was run, after applying the peak removal algorithm to the curve of S21 vs frequency, measured with
the NA. Uncertainties were calculated as standard deviation of the measurements. The 4™ and 6%
column list relative variations between values obtained in air and after a Cu sample was coupled to
the system, calculated using Eqs. 7.21-7.22. These results were obtained when the resonant frequency
of the active-filter-based system was set to the value f, = 23.6 kHz.

Q’ U DeltaQ ErrDeltaQ | Deltal | ErrDeltal
Air 51.0 1.6E-5 | 69.5% 0.7% 30.8% | 0.3%
Cu 86.5 1.1E-5

The algorithm for the spurious peak removal successfully increased the system
capability of detecting conductive samples, since the Q-factor and L-shifts were significantly
larger than the measurement uncertainties obtained with this method (ErrDeltaQ and

ErrDeltal in the 5™ and 7" columns of Tab. 7.18).
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The differences between the Q-factor values obtained with the system in air and when
Cu, Mn and Fe were placed under the coil were as follows: DeltaQ(air-Cu)=35, DeltaQ(air-
Mn)=0.24 and DeltaQ(air-Fe)=1.5. The ratios between each of these values and the Q-factor
value measured in air were equal to: DeltaQ/Q(air)1=69%, DeltaQ/Q(air)>=0.4% and
DeltaQ/Q(air)3=2.8%. The efficiency of the developed algorithm for spurious peak’s removal
was attested by comparing the values with the ones obtained before applying the algorithm,
when the measurement errors negatively impacted the results, as shown by results reported

in Sections 7.4-7.7 (see Tab. 7.12).

It is useful to compare the values of DeltaQ above with the ones obtained with the
LCR system (second row of Tab. 7.17). When copper was introduced into the system, the Q-
factor shifted by a quantity equal to DeltaQ=10, and the ratio between this value and the Q-
factor value measured in air was equal to DeltaQ/Q(air)=48%. This means that, with regards
to imaging of copper, the sensitivity of the new Ell system based on active filters is higher by
a factor of 3.5 than the sensitivity of the previously used LCR-based system. However, based
on the results of the investigations carried out in this work, this conclusion seems to be limited
to copper and cannot be extended to lower conductivity samples such as manganese and
lead. The active-filter-based system did not represent a significant improvement when these
metals were to be detected. However, it could make possible to distinguish between copper

and aluminium samples, based on the measurements of the Q-factor shifts produced by them.

The results shown here proved that: 1) the active-filter based Ell system was more
sensitive than the LCR-based one (DeltaQ larger by a factor of 3.5); 2) images having higher
contrast could be produced with the new system, as demonstrated by the Q-factor larger
absolute values of the active-filter based system (e.g. 86.5 vs 11.3, for a 25x25x1 mm? sample
made of Cu, as in Tabs. 7.17 and 7.18). This implied the possibility to obtain clearer images
that would help identifying hazardous materials, also in the case of objects having

complicated shapes.

The results demonstrated that the proposed Ell method based on the use of an active-
filter-based system and the application of a data removal algorithm represented a better

solution than the method based on LCR circuits, previously developed. The further step that
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was taken to demonstrate this achievement was to adopt the imaging technique described in
Section 4.3 to image a Cu sample by means of the active-filter-based system proposed in
Section 7.4, with the measurement method described in Section 7.10. For this purpose, a 3-
cm-diameter Cu disk was placed under the coil and the scanning technique based on position-
resolved-measurements of the Q-factor described in Section 4.3 was adopted. Additionally,
the Labview program previously created (Section 4.3) was modified to allow the remote
control of the NA and the XY stage that was used to move the sample. This allowed an
automated imaging process similar to the one used with the LCR-based Ell system to take

place. The Matlab data removal algorithm was embedded in the Labview program.

The proposed method was successful as an image reproducing the 3-cm-diameter Cu

disk was obtained, as shown in Fig. 7.27.

This result proved the capability of the proposed Ell method to image high
conductivity samples. To complete these investigations, the feasibility of the system to
identify metals hidden behind a conductive shield was assessed, by placing a 1.5-mm-thick Al
shield in between the 3-cm-diameter Cu disk previously used and the coil part of the active-

filter-based circuit. The result of this final part of the investigation is reported in Fig. 7.28.

Q-factor - Cu - lift-off = 0.9cm

y axis / cm
Q/Q(air)

0 0.5 1 1.5 2 25 3 35 4
X axis / cm

Fig. 7.27. Image representing a 3-cm-diameter Cu disk, obtained with the Ell active filter-based
system developed in this study.
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Q-factor - Cu shielded - liftoff = 0.9cm
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Fig. 7.28. Image representing a 3-cm-diameter Cu disk, shielded with a 1 mm-thick Al shield. The
image was obtained with the Ell active filter-based system developed in this study, resonating at a
frequency f=23.6 kHz.
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8 Conclusions

This work describes the development of a method which opened a route to imaging
and characterisation of conductive samples. The proposed method successfully imaged high-
conductivity samples (made of copper, Cu, and aluminium, Al), which were covered with Al
foil. Further investigations addressed the problem of adopting the developed method for
imaging metals that were hidden behind thicker shields than the Al foil used at this stage.
Setting up an automated measurement system allowed achieving higher precision in the
positioning of the samples, and made the measurement process faster and remotely
controlled. This led to establishing a new experimental method that was successful at
producing 2D images of 14 metallic objects, both magnetic and non-magnetic, with few
different planar geometries, and values of conductivity ranging from 0.54x10° to 59.77x10°
S/m. These images were conductivity maps obtained by means of two imaging techniques
based on position-resolved measurements of the system’s Q-factor and resonant frequency,
respectively. Both techniques enabled to produce conductivity maps of the samples included

in this study.

Experimental results highlighted the higher sensitivity of the Q-factor technique
compared to the resonant frequency one. The sensitivity for Q-factor measurements was
guantified as the relative difference between the Q-factor value measured with the system in
the presence of a metallic sample and the Q-factor value of the system in the absence of the
sample. In a similar fashion, the sensitivity for resonant frequency measurements was
assessed by measuring the resonant frequency of the system in the presence of the sample
and calculating the difference between the resonant frequency measured ‘in air’. The higher
sensitivity of the Q-factor technique is shown by looking at the measured Q-factor and
resonant frequency values, which were found to vary within the following ranges, for the 14
conductive samples considered in these investigations: AQ=[-11,-2]%, Af=[-0.3,0.7]%. These
brackets represent intervals of Q-factor and resonant frequency shifts, measured in the
presence of the 14 samples used in these investigations. The values on the left correspond to
the lower values of AQ and Af; within the given intervals, those on the right correspond to the

higher values.
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Images were obtained for a set of aluminium disks of different diameters, and a Canny-
edge detection algorithm was applied to them, to find the contour of the imaged disk. The
diameter estimated from the images displayed a linear relationship with the samples’
tabulated diameters, for both Q-factor and resonant frequency images, with a coefficient of
determination equal to unity within a few percent. Results obtained by applying the Canny-
edge detection method to images obtained by means of the two proposed techniques, based
on position-resolved measurements of the Q-factor and resonant frequency shifts, revealed
differences between the two techniques. In particular, results obtained with respect to 2D
imaging of ‘unshielded’ conductive samples highlighted that the Q-factor technique allowed
more accurate reproduction of the samples’ dimensions than the resonant frequency
technique, with an agreement within 2% between the estimated diameters and the measured
ones (for disk diameters larger than 4 cm). Results obtained with both imaging techniques
were very satisfactory as they showed that the contours of the imaged samples could be
determined with an agreement between 1% and 8% for Q-factor and resonant frequency
measurements of disks with diameters between 1.5 and 7.6 cm, respectively. This validated
the reliability of the proposed imaging system for reproducing the samples’ dimensions in the
case of ‘unshielded’ conductive samples.

Further investigations aimed at optimising the values of components that were used
to build the LCR-based system with a capacitor bank, used to adjust its resonant frequency to
achieve penetration through shielding materials. This led to identifying the best choice of
resistance and capacitance, for achieving the highest Q-factor shift that could be obtained,
when a conductive sample was placed in the vicinity of the coil. By using the LCR-based Ell
system with a capacitance C causing the skin depth through Al to be equal to 6=3 mm, 2D
imaging of concealed metallic samples hidden behind 1.5-mm-thick Al shields was successful.
In particular, the proposed method enabled to reveal the presence of concealed metallic
objects (having conductivities ranging from 0.54 to 59.77 MSm™), as well as accurately
estimate their shape, thus demonstrating that the proposed Ell system represented an
effective detection tool that could be used for security applications.

The same quantitative analysis previously used to determine the imaged samples’
diameters was conducted for images of ‘shielded’ samples, aimed at identifying the
dimensions of imaged ‘shielded’ samples. This analysis showed that the images obtained with

resonant frequency measurements reproduced the samples’ dimensions more accurately
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than the Q-factor images. In both cases, the diameter of the imaged 6-cm-diameter disk was
underestimated (by 10% and 23%, with f and Q measurements, respectively), due to the
presence of the aluminium shield covering the targets and ‘masking’ them. An agreement
within 1% was obtained after using fitting equations to determine the diameters of the
imaged samples. This represented an important result, as it proved that utilising the method
based on a LCR-based Ell system with a variable capacitor could successfully enable imaging
of conductive samples shielded and therefore not visible from the outside.

The second part of this work involved the implementation of a novel version of the Ell
system, which was based on an active bandpass filter, allowing high Q-factor values to be
achieved. The progress following the implementation of this novel Ell system constituted the
breakthrough of this research work. In particular, the novel system’s design allowed Q-factor
values larger by a factor up to 46, to be achieved, and Q-factor shifts, due to the presence of
a sample made of Cu, larger by a factor of 3.5, compared to the shifts measured with the
previously adopted LCR-based system. These improvements were achieved by adopting a
measurement procedure based on an algorithm for the removal of a spurious peak that was
contaminating the data acquired with the active-filter-based system, by utilising a Network
Analyser.

The larger sensitivity of the new system described in Chapter 7 could allow material
characterisation of metals having similar electromagnetic properties, to a larger extent
compared to the previously adopted solution, based on LCR circuits. Furthermore, the relative
variation of Q obtained by dividing the Q-factor shift produced by a copper sample by the Q-
factor value measured with the system in the absence of the sample, returned the value of
DeltaQ (%) = 69.5%. This variation used to be equal to 48% with the ‘old” Ell system. This
meant that an improvement in the image contrast was also obtained, thus implying the
possibility to obtain clearer images that would help identifying hazardous materials. With this
regard, the possibility of using the proposed Ell solution for imaging of conductive samples
hidden by conductive shields was also investigated. For this purpose, a method based on
position-resolved-measurements of the Q-factor was tested by inductively coupling a Cu
sample hidden behind an aluminium shield, to the inductor inserted into the active filter
constituting the Ell system. As a result, an image revealing the presence of the hidden sample
was obtained, thus proving that the proposed method could also allow the identification and

imaging of shielded conductive objects.
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Results of the Ell techniques described in this work showed the suitability of both the
LCR-based and the active-filter-based Ell systems for imaging of both high and low
conductivity metals, even when these were shielded by a metallic shield. A sensitivity higher
by a factor of 3.5 was obtained with the method based on the use of active filters to image
copper, thus making this method more suitable for imaging of highly conductive samples,

compared to the previously developed method, based on LCR circuits.

Afinal remark is about an important advantage that is related to using an Ell technique
like the one proposed here, which is based on a single coil acting as a sensor and detecting
the shifts in the system’s resonant frequency and Q-factor, to image conductive samples. This
specific technique relies on the coil being facing the hidden side of the sample object during
the measurement process. Adopting this particular detection configuration makes the
developed Ell system extremely useful for practical applications, as the hidden sample is often
not accessible from all sides. Having demonstrated the working principle of such system adds
value to this work and project it to practical applications, such as detection of unexploded
items, often not accessible from all sides. This opens up the possibility of turning the proposed
Ell system into a portable device for identification of materials of suspicious nature (e.g.,

unexploded items).

Limitations of the developed imaging system are mainly connected to electromagnetic
interference, which would constitute an issue if the system was to be deployed for
measurements outside the lab environment (for example, at airport security checks). Suitable
shielding should be developed for this purpose, which would enhance the sensitivity and
diminish the noise contribution due to the presence of metallic materials in the surrounding
of either the coil or the active-filter system. Low-frequency measurements are limited by the
larger noise in the quantities of interest (e.g. inductance) and therefore noise reduction
methods would be needed to enhance penetration through shields to identify hidden
samples. Using more advanced equipment such as impedance analysers with wider

functionalities, such as averaging and measurement bandwidth, is a possible solution.
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9 Future work

The results highlighted in the conclusions to this work raise some questions that could
be answered by carrying out further investigations. In particular, the potentiality of the
proposed Ell system based on active filters for the identification of hidden samples has not
been fully exploited yet. To start with, imaging shielded conductive materials, also by
penetrating through shields thicker than the one used in this work should be investigated.
The Ell systems developed in this work and based on a parallel LCR circuit and an active-filter-
based circuit allowed imaging a copper sample hidden behind a 1.5-mm-thick Al shield.
Whereas this result is significant, given that Al is the most difficult non-ferromagnetic metal
to penetrate through, due to its largest value of conductivity, it would be necessary to test
the possibility of the system to image through thicker shields. Materials such as lead are
currently employed to hide hazardous objects and bombs, since lead is X-ray absorbent.
Therefore, investigating the possibility to image by penetrating through thick shields made of
this type of metal would be interesting for detection and imaging aimed at security
applications. This is possible in principle, as long as electromagnetic radiation of appropriate
skin depth is employed. It could be achieved by using the Ell system here proposed, by
introducing resistors of higher values into the rotary switch, thus enabling the active-filter-
based system to resonate at lower values of frequency, leading to larger values of skin depth.
For this purpose, the behaviour of the system at low values of resonance frequency, i.e., of
the order of magnitude of the Hz, should be investigated. Provided that the system electronics
works and the noise/interference sources are under control, the system should allow imaging
through shields of much larger thicknesses than the one with which the system was tested.

Another open question would be about imaging metals of lower conductivities than
copper, especially in shielded configurations. The possibility of tuning the system’s resonant
frequency, thus adjusting the skin depth, was beneficial in allowing penetration through
materials having both different values of thickness and different electromagnetic properties,
which is fundamental for practical applications. One of the other parameters, on which the
performance of Ell systems depends, is given by the amount of eddy currents induced inside
the system, which in turns depends on the coil’s inductance. On this subject, these studies

have one limitation: there will always need to be a compromise between having good spatial
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resolution and the ability to discriminate between different materials, including the target
material and the material screening it. This is because using larger coils having larger
inductance might impact the image resolution, due to the measurement method here
proposed being based on a coil that is used both to induce eddy currents inside the sample
and to detect the resonance shifts due to the presence of the sample. Two alternatives to the
use of a coil with a larger diameter should be explored. The first one relies on the use of a coil
having a larger number of turns thus producing a higher magnetic field. The second one
involves investigating the impact of increasing the current circulating in the coil, in order to
increase the eddy current amount. These investigations should be carried out with the
purpose of finding a trade-off between the need to induce a larger amount of eddy currents
in the sample to be imaged, and the need for the image spatial resolution to allow
reproduction of the objects’ shape, especially in the more interesting case of non-simple
geometries.

From a theoretical point of view, modelling of the Ell system based on the active-filter-
based circuit and the conductive sample may be useful to understand the effects due to the
presence of a metal which is inductively coupled to a resonant circuit, in terms of both eddy
currents and magnetic field enhancement.

Finally, further investigations should be carried out to assess the possibility to turn the
active-filter-based system into a 3D system that could allow 3D images of conductive objects
to be obtained. One possibility would be to use a similar resonant circuit and move this coil
w.r.t. the sample to be imaged, while maintaining the sample in a fixed position. A first
section of the 3D image could be obtained by adopting a scanning procedure similar to the
one proposed and tested in this work. The sample would then need to be rotated by
different angles in order to produce more sections to create a 3D image, by using a suitable

reconstruction algorithm.
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