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Abstract

Electromagnetic induction sensors are widely used in a number of ap-
plications, such as mine clearance, improvised explosive detection, trea-
sure hunting and geophysical survey. Our focus is on pulse induction
metal detectors used in the scope of humanitarian demining to detect
anti-personnel mines, but most developments remain valid for other ap-
plications and for other types of electromagnetic induction sensors. The
detection performance of metal detectors may significantly be affected
by the environment. In this thesis, we consider the effect of a magnetic
soil, the effect of a water layer on the head of the detector and the effect
of the electromagnetic background.

The analysis is based on a detailed model of the detector, including
the coil and the fast time electronics. Classically, the voltage induced
in a coil is assumed to be equal to the time derivative of the linked
flux. We show, by resorting to the quasi-static approximation of the
reciprocity expression, that an additional contribution, related to the
incident electro quasi-static field, must be taken into account. In many
applications this contribution is negligible but in some cases, for example
when using some metal detectors over dew grass, the additional term is
required to explain the observed phenomena.

Regarding the soil, a general model is developed, which is valid in the
presence of inhomogeneities or soil relief and for an arbitrary head geo-
metry. Then the volume of influence is rigorously defined and computed
for typical head geometries.

Regarding the effect of water, important losses of sensitivity were
reported from the field when scanning over dew grass with some detec-
tors. The problem was investigated in the nineties. The effect could be
reproduced and the conditions under which it occurs were well unders-
tood but the underlying physics could not be explained. Circuit and field
level models are developed to explain the various phenomena observed.
We show that the loss of sensitivity is due to an electro quasi-static
interaction between the water layer and the coil.

Finally, we show that the electromagnetic background may affect
the detector for frequencies from below 1 Hz to about 20 MHz, with a
sensitivity peak around 100 kHz. For the maximum allowed background
fields, the effect may be very severe, significantly lowering the sensitivity
or even preventing the normal functioning of the detector.
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Vﬁix Voltage at the output of the RX filter network.

Vslfgé, Slow-time voltage. Obtained by integrating the output of
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CHAPTER 1

Introduction

This work addresses the effect of the environment on Electromagnetic
Induction (EMI) sensors. As introduction, the research is put into con-
text and a number of typical applications in which EMI sensors are used
are briefly reviewed. Thereafter, the environmental effects considered
are briefly described. Then, an overview of the working principles of an
Pulse Induction (PI) metal detector is provided and the Schiebel AN-
19/2 detector that will be used as an example when detailed specifica-
tions are required to perform the modeling is briefly described. Finally,
the structure of this document is presented and the original contribu-
tions are highlighted.

Contents
1.1 Workcontext . .. ................ 2
1.2 Application of EMI sensors . ... ...... 4
1.3 Environmental effects considered . . . .. .. 6
1.4 PI MD general description . . . .. ... ... 7
1.5 Example detector . . ... ... ........ 8
1.6 Thesis structure . ... ... .......... 13
1.7 Original contributions . . . . . ... ... ... 16




CHAPTER 1. INTRODUCTION

1.1 Work context

EMI sensors are widely used in a number of applications, such as mine
clearance [1], Improvised Explosive Device (IED) detection, treasure
hunting [2], geophysical survey [3], security screening, industrial metal
detectors, and civil engineering. Depending on the application, vari-
ous sensor names are used, such as a metal detector, wire detector or
susceptibility meter. All EMI sensors are based on the principle of elec-
tromagnetic induction, according to which a varying magnetic field will
produce an induced voltage. More specifically, a Transmit (TX) coil is
used to generate a time-varying magnetic field which will induce eddy
currents in metallic objects and magnetic dipoles in magnetic objects.
Those currents and magnetic dipoles will in turn generate a secondary
magnetic field which generate a voltage in a Receive (RX) coil. This
voltage can then be used to trigger an alarm in presence of a metal-
lic object, as is the case in a metal detector, or to characterize the soil
magnetic susceptibility, as is the case in a susceptibility meter.

All sensors work on the same basic principle but each application has
its specificities and, when looking to the details, significant differences
may exist. Our focus is on pulse induction metal detectors used in
the scope of humanitarian demining to detect anti-personnel mines, but
most developments remain valid for other applications and for other
types of electromagnetic induction sensors.

A good review of the history of metal detectors can be found in
[4]. Onme of the first reported usage of a metal detector is attributed
to Alexander Graham Bell who used a crude device in 1881 to locate a
bullet lodged in the chest of American President James Garfield [5]. Ger-
hard Fisher filed the first patent for a metal detectors, the ‘Metallascope’
in 1925. During the early years of World War II, experimental detectors
were developed by Britain’s Ministry of Supply but it was finally a de-
tector developed independently by the Polish forces that was retained
for production. The detector was heavy, ran on vacuum tubes, and
needed separate battery packs. It was extensively used during World
War II to clear German mine fields [6]. With the apparition of the
transistors, the detectors were significantly improved and miniaturized.
Modern detectors still work on the same principles but their sensitiv-
ity has significantly been increased and they provide new features such
as soil compensation, electromagnetic background filtering, automatic
tuning, visual displays.



1.1. WORK CONTEXT

Humanitarian demining also called mine action began in the 1980s
when civilian organizations started to clear the soil from landmines and
other explosive remnants of war in Afghanistan and Cambodia [1]. Hu-
manitarian demining has a number of specificities when compared to
military demining. All explosive items must be removed or destroyed
to a recorded depth whereas in military demining one often clear only a
route in the minefield. Further in military demining, speed is an impor-
tant factor and some losses may be accepted if it allows to move forward
faster. In contrast, in humanitarian demining the main requirement is
a level of clearance close to 100% and speed is less an issue.

Metal detectors can be split in two classes: the Continuous Wave
(CW) and the PI detectors [7]. CW detectors generate fields at one
or several frequencies in the VLF spectrum or slightly above (say 1 to
50kHz). The magnetic field generated by PI detectors exhibits a triangu-
lar variation in time with a rather slow increase and a fast decay (a few
us) of the magnetic field. The bandwidth of those detectors typically
extends to about 100kHz. In all cases propagation does not play any
significant role at the frequencies used by metal detectors. The propa-
gation time can thus not be used to estimate the distance to the tar-
get. This is a major difference with Ground Penetrating Radars (GPR).
On the other hand energy dissipation in the soil and large reflection at
the air-soil interface are major problems for GPRs but not for Metal
Detectors (MDs).

The simplest CW detectors use the Beat Frequency Oscillator (BFO)
principle [7]. The search coil together with a capacitor form a resonant
circuit called the search oscillator. When a metallic object interacts with
the coil, the resonance frequency changes and this is detected by mixing
the signal of the search oscillator with that of a reference oscillator.
The resulting beat frequency is then be fed to a loudspeaker. The sound
emitted is directly related to the frequency shift produced by the metallic
object. Such a detector uses a single coil. Soil compensation is however
impossible. More sophisticated CW detectors use two coils, one for
transmission and another for reception. The coils are arranged in a way
to minimize the direct coupling between the coil. The target response is
then directly accessible in the RX coil. By synchronous demodulation,
the magnitude and phase of the response can be obtained. This allows
for some discrimination and for soil compensation. Better discrimination
can be obtained by using more than one frequency.

With a PI detector, the transmit and receive phases are separated
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in time and a single coil can therefore be used. Further the complete
impulse response of the target can in principle be recovered from the re-
sponse. However, most detectors don’t sample the full target response.
Instead they use a single value obtained by averaging the response in
a so-called evaluation window. Yet, by adapting the window, efficient
soil compensation is possible. Further the newest detectors are digital
and this makes more complex analysis of the target response possible.
This may allow for discrimination as confirmed by the recent marketing
of PI detectors with discrimination features. Those new features should
however be evaluated with care, especially in the scope of humanitarian
demining, where the level of detection required is very high. Until re-
cently, the sensitivity of PI detectors was lower than that of PI detectors
but nowadays, the most sensitive detectors, especially in difficult soils,
are PI detectors [8].

A critical parameter affecting the detector performances is the signal-
to-noise ratio in which the signal corresponds to the target response.
Further, the noise not only includes the electronic noise but also any
signal produced by the environment. Many authors [9, 10, 11, 12, 13,
14, 15, 16] have proposed methods to assess the target response but the
influence of the environment on the detector has received less attention.

This thesis will therefore focus on a number of important effects that
the environment may have on the detector:

e The effect of a magnetic soil.
e The effect of water on the head.
e The effect of the electromagnetic background.

The existence of those effects is well known and the MD manufactur-
ers have developed practical solutions to mitigate them. However, the
interaction with the detector was not fully understood or, in any case,
little open literature exists on the subject.

1.2 Application of EMI sensors

As mentioned above, EMI detectors are widely used in a number of
applications. In the scope of security screening, they are typically used
in airport to detect weapons such as knives and guns. In the scope of civil
engineering, they are used to detect steel reinforcing bars in concrete or
to detect pipes and wires buried in walls and floors. Industrial metal

4



1.2. APPLICATION OF EMI SENSORS

detectors are used to detect foreign bodies in food. In this Section, we
further briefly review a number of typical applications: mine clearance,
IED detection, treasure hunting and geophysical survey.

In the scope of mine action, the EMI sensor is used to detect mines
during the mine clearance or during the earlier area reduction phase.
The sensor is then called a MD because it is the metallic part of the
mine that is actually detected. The most challenging mines to detect
are the minimum metal Anti-Personnel (AP) mines such as the type 72
anti-personnel blast mine [17]. Those mines are sometimes called plastic
mines though, in most cases, they still contain some metal pieces as a
spring or the firing pin. The amount of metal may however be quite
small and the metal detectors used must be very sensitive, especially
in the scope of humanitarian demining, where detection rates close to
100% are required. Many detectors used in the scope of humanitarian
demining can be found in [18].

In the scope of treasure hunting, many hobbyists are using metal
detectors to locate gold ore, coins, or jewels. The detectors used are
similar to those used in humanitarian demining but they are often less
sensitive. To make the distinction between precious and other metals,
they may include discriminating features to classify a metal piece as fer-
rous or nonferrous or even to identify the type of metal. Discriminating
features are also appearing in the scope of demining, to distinguish be-
tween mines and other scrap metal. Those features should be carefully
evaluated before using them, especially in the scope of humanitarian
demining, where detection rates close to 100% are required. They might
be more suited to military demining, where in some conditions, missed
detections may be accepted if the discrimination feature allows for faster
movement.

In the scope of IED detection, wire detectors such as the Guartel WD
100 [19] or the Ebinger EBEX 420-DR [20] are appearing on the market.
These detectors work on the same principle as CW metal detectors but
are typically working at higher frequencies. Wire detectors are useful to
detect IEDs operated at a distance by means of a command wire.

In the scope of geophysical survey, EMI detectors are used to mea-
sure the soil conductivity or magnetic susceptibility [3]. The depth of
investigation is a function of the application. For deep exploration, large
loops are used to increase sensitivity. Changing the size of the loop may
significantly change the behavior of the sensor. For example, heads used
in the scope of humanitarian demining have sizes in the order of 20cm.
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This is much smaller than the skin depth for most soil conductivities
encountered in practice, and, therefore, the soil conductivity has little
effect on PI detectors. On the contrary, for large loops, the soil conduc-
tivity may have a significant effect on PI detectors and this is exploited
to map the soil electric conductivity [21, 22].

1.3 Environmental effects considered

1.3.1 Effect of a magnetic soil

It is well-known that the soil can produce false alarms, as confirmed
by the fact that most manufacturers provide high-end MDs with soil
compensation capabilities. Unfortunately, due to competition among
manufacturers, details of the soil compensation techniques implemented
are often proprietary, although some information is available in patents
[23]. Until recently, there was a lot of confusion about the exact origin
of the problem. This is highlighted by the number of fuzzy terms used
for the problematic soils. For example, references to ‘noisy’, ‘uncooper-
ative’, ‘lateritic’, ‘red’ or ‘mineral’ soils are often found. The problem
has recently received more attention from the scientific community and
several publications [24, 25, 26] suggest that for most soils of interest the
response is due to the frequency variation of the soil magnetic suscepti-
bility. In most cases, however, a uniform soil and simple coil shapes were
considered. We will extend the analysis by developing a model allowing
for a general coil configuration and for arbitrary soil inhomogeneities
and relief. This will lead us to a rigorous definition of the Volume of
Influence (Vol) which is a very important concept for MDs. In sim-
ple terms, the Vol is the volume from which most of the soil response
originates.

1.3.2 Effect of water

Several sources such as the Belgian Ministry of Defence (MOD), the
Canadian forces and others, have reported serious degradation in sen-
sitivity with the Schiebel AN-19/2 in some moisture conditions. The
problem was investigated in the nineties by the Defence Research and
Development Canada (DRDC) Suffield. The problem could be repro-
duced in the laboratory but the physics was not understood and no
model explaining the observed phenomena was developed. It was how-
ever speculated that the effect was likely due to coupling of the electric
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field which is usually ignored in the analysis of metal detectors and it
was suggested that shielding the coils should reduce the effect. Most
modern detectors have shielded coils and this indeed solves the prob-
lem. We nevertheless investigated this problem again to understand the
underlying physics. A better understanding of the interaction mecha-
nism may have practical applications. Indeed, the shield increases the
coil capacitance and this may have some negative effect on the detec-
tor sensitivity. Hence, to further improve the detector performance, it
may become necessary to optimize the shield and this may require us to
better understand what the shield exactly has to shield against.

1.3.3 Effect of the EM background

It is well-known that the Electromagnetic (EM) background may affect
a MD. Operators are well aware that a detector may become unusable
under a power line. Some detectors proposes filters to mitigate the effect
of fields at 50Hz or 60Hz. Other sources of EM fields may also affect
the detector but the specific sources that may affect the detector are
not documented. Problems were reported with detectors in presence
of jammers, though the frequencies used by jammers seem large when
compared to the frequency band of the detectors. An in-depth analysis
of the EM background on the detectors is therefore performed.

1.4 PI MD general description

Most of the new MDs are PI detectors because they allow for better soil
compensation [8]. We therefore focus on such a detector for which the
functional diagram is illustrated in Fig. 1.1. The TX pulse generation
module generates current pulses in the TX coil (typically many pulses
per second are generated). Each pulse yields a time varying current in
the TX coil which in good approximation has a triangular shape with
a slow increase and a fast decay. This current will generate a varying
magnetic field that in turn will induce eddy-currents in metallic targets
and/or magnetic dipoles in magnetic targets. Those induced currents
and magnetic dipoles will generate a secondary field that in turn will
generate an induced voltage in the RX coil. This induced voltage is
first filtered to reduce the effect of the EM background and then highly
amplified. A strong amplification is needed because the response of the
targets of interest is typically quite small. We call the signal at the
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Figure 1.1: MD functional diagram.

output of the amplifier the fast-time signal. It is related to the impulse
response of the target. Typically, and in first approximation, this is
an exponential decay and the corresponding time constant is a function
of the object. The fast-time signal is then integrated on an evaluation
window to obtain a single value per pulse which we call the slow-time
signal. This signal remains approximatively constant as long as the
detector is not moved. It will thus vary on time scales of about 1s,
according to the movement of the detector. Comparing this time scale
to the time scale of about 100us on which the output of the amplifier
vanishes explains why this latter is called the fast-time signal whereas
the output of the integrator is called the slow-time signal.

The slow-time signal may be further filtered to remove the back-
ground signal from the soil and the resulting signal is then used to gen-
erate an audio alarm.

1.5 Example detector

As example detector we will use the AN-19/2 detector manufactured
by Schiebel. It was chosen because we could access! such a detector to
make measurements and we could also get useful information on the coil

'Thanks to DRDC that we want to acknowledge.
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(a) (b)
Figure 1.2: Schiebel AN-19/2 (a) detector head and (b) electronic box and
headphone.
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winding and on the electronic circuit[27]. The Schiebel AN-19/2 is a
rather old detector but it still has many features in common with the
new detectors. Hence, most of our results should be relevant for other
detectors. Newer detectors include new features and this will be high-
lighted whenever relevant. Note that Schiebel has now developed several
new detectors such as the all-terrain mine detector (ATMID)?. We will
nevertheless refer to the Schiebel AN-19/2 simply as ‘the Schiebel de-
tector’ for conciseness and this should not bring any confusion.

Although the detector is relatively old, it still has many features
in common with the new PI detectors. The developed model should
thus be easily adaptable to other PI detectors and with some additional
work to CW detectors. For example the coil model is generic and can
easily be adapted to any detector (CW or PI) by computing the circuit
parameters for the head geometry of the considered detector. Newer
detectors include new features such as soil compensation that will be
discussed when relevant.

The Schiebel AN-19/2 is illustrated in Fig. 1.2. It is composed of
a head and an electronic box. The head is composed of two circular
concentric coils. The outer coil has a radius of 13cm and is used for
transmission and the inner coil has a radius of 9.5cm and is used for
reception.

200~
150 -
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50

0

Veoit[V]

-50 -

025 20 s 10 5 0 5 10 15 20 25
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Figure 1.3: Schiebel TX coil voltage.

The voltage and current wave forms generated by the Schiebel have
been measured by introducing a home-made connector between the elec-

2see http://www.schiebel .net/
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Figure 1.4: Schiebel TX (blue) and RX (red) coil voltages (top) and currents
(bottom).
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tronics and the coil cable connectors. This yields access to the coils ter-
minals allowing measurement of the TX and RX voltages. Furthermore,
a 10 resistor has been put in series with each coil which allows us to
measure the coil current®. The output of the amplifier and the timing
signals can also be measured on test pins located on the printed circuit
board.

The measured TX coil voltage is shown in Fig. 1.3 where one sees
that a pulse is sent every 15ms. This yields a Pulse Repetition Frequency
(PRF) of 66 Hertz. A close view on one pulse is shown in Fig. 1.4
where the measured TX and RX coil voltages and currents are shown.
In simple terms, the detector generates triangular current pulses that
last for about 140us. The voltage waveform is in first approximation a
rectangular pulse that lasts for about 4us and that occurs during the
current fall off. One therefore speaks of a pulsed detector. Going into
more details, one sees that a bipolar pulse, which is composed of two
successive pulses with opposite polarity, is used. The motivation for
using such a double pulse is to prevent the triggering of magnetic mines.
The response is only sensed after the second pulse. Hence, as will be
further discussed below, apart from the mine anti-triggering feature, the
detector can be further analyzed by considering only the second pulse.
During that pulse, one sees that the TX coil is first energized for about
140us on a voltage of 8V. The current reaches about 3A and is then
decreased to zero in a much shorter time (about 4us). For this, a voltage
of about 140V is applied to the coil.

Note that a current is induced in the RX coil and this current re-
mains some time after the TX pulse. The RX voltage therefore needs
some time to reach a small value when compared to the target response.
This transient phenomenon is better visible on Fig. 3.2. Important pa-
rameters that govern the transient are the coils parasitic capacitances,
which together with the coils inductances yield oscillating systems, on
both the TX and the RX side. A resistor is connected in parallel with
each coil to damp the oscillations but the voltage at the RX coil ter-
minals still remains significant for several tens of micro seconds. As a
consequence of this and because the amplifier needs some time to recover

3This resistor is not negligible with respect to the coil resistance; especially for
the TX coil. It will therefore affect the shape of the current pulse as will be shown in
Chapter 3 (Figs. 3.3 and 3.4). This is however not an issue because the measurements
are made to validate the model and the resistor may be added in the model for this
comparison. It may then be removed from the model to simulate the detector in its
normal state.

12
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from saturation, the evaluation window can only start a few ps after the
pulse.

For the Schiebel detector, the window starts when Vafgé goes below
1V and lasts for 10us. The fast-time signal is integrated in that win-
dow to yield the slow-time signal. Finally, an alarm is generated if the
slow-time signal is above a threshold. This threshold can be set by the
operator by turning the sensitivity knob.

One also sees that some current is induced in the RX coil. Rigorously,
this current must be taken into account to compute the magnetic field
generated by the head. However, this current is much smaller than the
TX current and it can in general be neglected to compute the magnetic
field.

1.6 Thesis structure

This thesis is divided in two parts. In the first part, a model of the
detector, including the coils and the electronics, is developed. In the
second part, this model is used to assess the effect of the environment
on the detector.

In part 1, Chapter 2 presents the coil and electronics model. Regard-
ing the coil, this model takes into account the coil parasitic capacitances.
Two models are be developed and compared; a simple model in which
the coil is represented by a single inductor and a single capacitor and
a detailed model in which each turn is modeled by an inductor and a
capacitor is introduced between each pair of turns. The various parame-
ters appearing in those circuit models are computed, which requires the
use of a detailed coil description. In addition, to estimate the turn-to-
turn capacitance, a numerical method is needed. Here we make use of
the Method of Auxiliary Sources (MAS). An in-depth study of the volt-
age induced in the coil is performed. Therefore, we resort to reciprocity
to establish an accurate expression for this voltage. We show that the
resulting voltage is more complex than the derivative of the magnetic
flux through the coil, as often used. An additional electrical term due to
the parasitic capacitances appears. This additional term is required to
explain the effect of water on the detector (see Chapter 6). Regarding
the electronics, the fast-time and the slow-time electronics are described.
The fast-time electronics includes the TX pulse generation and the RX
signal filtering and amplification circuits as well as the conversion from
the fast-time signal to the slow-time signal by integration in the evalu-

13
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ation window. The slow-time electronics, which includes the slow-time
filtering and the audio alarm generation, is briefly described.

Chapter 3, develops a state-space model of the detector, that com-
bines the coil and the fast-time electronics. It allows us to simulate
and better understand the fast-time signals. This model is further ex-
tended to include typical targets. Simple small and first order targets
are considered and the distinction is made between three target types:
an electric, a magnetic and a conducting target. We show that the re-
sponse may then be characterized by a geometric and a dynamic factor.
The geometric factor is called the head geometrical sensitivity* and in-
cludes the effect of head geometry and target location with respect to the
head. The dynamic factor is called the detector dynamic sensitivity and
includes the effect of the shape of the TX pulse and the RX electronics
dynamics (filter and amplifier, integration in the evaluation window) and
the target dynamics. For the first order targets considered, the target
dynamics is characterized by a gain and a time constant. The detector
dynamic sensitivity map for such targets is thus a two-dimensional im-
age that can easily be visualized. This is illustrated for the three target
types considered and the possibility to distinguish the various types of
targets based on the target response shape or polarity is discussed.

In part 2, the response of a magnetic soil is investigated in Chapter 4.
Using the Magneto Quasi-Static (MQS) reciprocity expression, we show
that for the weakly magnetic soils often encountered, the soil response
can be expressed in the frequency domain as a simple integral on the soil
volume. The integrand is the product of the magnetic susceptibility with
the head sensitivity. The head sensitivity used to compute the response
of an extended soil is identical to that used to compute the response of
a localized target. This head sensitivity is computed for a number of
typical head geometries, which allows us to better understand important
head characteristics such as the intrinsic soil compensation. With the
model proposed, the soil response can be computed for arbitrary soil
inhomogeneities and for an arbitrary soil relief. This is a significant ad-
vantage of the method because realistic soils can be taken into account.
For a PI detector, it is the time-domain response that is of interest and
the critical part of the response is due to the frequency variation of the
magnetic susceptibility. For a general inhomogeneity, the time-domain

4For conciseness, most of the time, we simply refer to this factor as the head
sensitivity. This should not bring any confusion with the detector dynamic sensitivity
because the latter is related to the detector as a whole and not only to the head.
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response can be obtained by first computing the response at a number
of frequencies and then performing an inverse Fourier transform. If the
frequency dependency is the same everywhere (this does not imply a
homogeneous soil and might be representative of a soil with the same
magnetic constituents everywhere, but in different concentration), the
computation of the time domain response can be simplified significantly.
Indeed, we show that in this case, the response is again (as for small tar-
gets) characterized by a geometric and a dynamic factor which can be
computed independently.

In Chapter 5, the above mentioned general magnetic soil model is
used to rigorously define the concept of Vol. It enables us to better un-
derstand the response of a magnetic soil to an electromagnetic induction
sensor, as well as the effect of soil inhomogeneities on soil compensation.
The volume of influence is first defined as the volume producing a frac-
tion « of the total response of a homogeneous Half-Space (HS). As this
basic definition is not appropriate for sensor heads with intrinsic soil
compensation, a generalized definition is then proposed. These defini-
tions still do not yield a unique Vol and a constraint must be introduced
to reach uniqueness. Two constraints are investigated: one yielding the
smallest Vol and the other one the layer of influence. Those two specific
Vol have a number of practical applications which are discussed. The
smallest Vol is illustrated for typical head geometries and we prove that,
apart from differential heads such as the quad head, the shape of the
smallest Vol is independent of the head geometry and can be computed
from the far-field approximation. In addition, quantitative head char-
acteristics are provided and show —among others— that double-D heads
allow for a good soil compensation, assuming however approximate ho-
mogeneity over a larger volume of soil. The effect of soil inhomogeneity
is further discussed and a worst-case Vol is defined for inhomogeneous
soils.

In Chapter 6, the effect of water on the detector head is investi-
gated. The effect is more complex than a simple capacitive coupling as
illustrated by the variety of phenomena observed. If the head is fully
immersed in the water, no effect is observed. When the head is lifted
out of the water, a large response, similar to that of a metallic object,
is observed while large quantities of water are dripping from the head.
Finally, when enough water has dripped and only a thin water layer re-
mains on the head, a response with opposite polarity is observed. This
latter case is the most important from a practical point of view because

15
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similar conditions can occur when the detector head is swept over wet
grass and the effect observed is at the origin of a reduction of the de-
tector sensitivity. Indeed, the water produces a negative background
signal and, therefore, a metallic target must produce a larger positive
signal to reach the detection threshold. The effect of water conductivity
is also investigated and this yields additional insight in the underlying
physic phenomena. For the three observed phenomena, a circuit model
is proposed and for the most critical phenomenon (the reduction of sen-
sitivity) a more detailed field-level model is also proposed. The latter
model could only be developed using the rigorous expression for the
induced voltage that is developed in Chapter 2. Indeed, the water re-
sponse is due to the Electro Quasi-Static (EQS) fields backscattered by
the water layer and, according to the simple coil model classically used,
such fields have no effect on a coil.

Finally, in Chapter 7, the effect of the EM background is investi-
gated. First the relation between an (harmonic) external field and the
slow-time response is established as a function of the field frequency
and amplitude. The result is more complex than might be expected at
first sight because the evaluation window starts when the fast-time signal
reaches a given threshold. As a result, the external field influences the lo-
cation of the evaluation window and, therefore, two contributions to the
response must be considered: a steady-state one and a transient one. A
simple analysis would neglect the transient contribution, which we prove
to be inaccurate as the transient contribution dominates the response
for frequencies larger than about 50kHz. We also show that even more
complex phenomena may occur for large external fields, when nonlinear
effects come into play. The magnitude of EM fields is restricted by na-
tional or international norms which are often based on the International
Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines.
We therefore use these guidelines to compute the critical frequency band,
which is defined as the part of the electromagnetic spectrum that may
significantly affect the detector, when the maximum allowed fields are
considered. Finally, two important test-cases are investigated in more
detail: the effect of a high voltage power line and the effect of fluorescent
lamp with a high-frequency electronic ballast.

1.7 Original contributions

Our main contributions are as follows:
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A coherent development of various low-frequency approximations
(EQS, MQS and Quasi-Static (QS)) of the Full Wave (FW) reci-
procity expression, highlighting the relation between the various
approximations. The validity of the various approximations is also
discussed.

A detailed coil model, in which each turn is represented by an
inductor and in which the parasitic capacitances between each pair
of turns are considered. Those capacitances are estimated using
the MAS. The detailed coil model is related to a simpler model
in which a single inductor and a single capacitance are used. The
output of both models is also compared with measurements.

A rigorous expression for the voltage induced in the coil is obtained
using the QS approximation of the reciprocity expression that we
have derived. We show that a real coil does not only respond to
magnetic fields but also to an EQS field. This latter contribution
is not taken into account in the classical coil models but it may
significantly affect the detector. It is this contribution that may
explain the reduction of sensitivity observed when the head is wet.

A state-space model of a complete detector, including the coils and
the electronics as well as the interconnection between this detector
model and simple target models.

The concept of (geometrical) head sensitivity is reviewed and sen-
sitivity maps are computed for various head geometries. Beside
the geometrical head sensitivity, the concept of dynamic sensitiv-
ity maps is also defined. It allows us to highlight the sensitivity of
the detector to various target types as a function of their dynamics
(gain and time constant).

A model was developed to compute the response of a detector
composed of coils with an arbitrary geometry to a magnetic soil
with an arbitrary relief and with arbitrary inhomogeneities.

A rigorous definition of the soil Vol was proposed. We show that
a constraint must be introduced to obtain a unique Vol. Two
constraints are proposed. One leading to the smallest Vol and the
other leading to the layer of influence. The practical usefulness
of those Vols are highlighted and they are further computed for

17



CHAPTER 1. INTRODUCTION

a number of typical detector head geometries. The effect of soil
inhomogeneities on the Vols is also discussed.

e A novel method has been developed to analyze the effect of water
on the detector head to provide insight into previously unexplained
field observations.

e An analysis of the effect of the EM background on the detector.
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Model of the detector
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CHAPTER 2

Coil and electronics model

This chapter presents the coil and the electronics model. First, a detailed
coil model including a capacitance between each turn pairs is developed
and the corresponding capacitances are computed numerically, using
the MAS. A simple circuit model including a single capacitor is also
reviewed and the relation between the two models is investigated. The
dynamics of the coil is then discussed.

Regarding the voltage induced in the coil by incident fields, one
usually assumes that it is equal to the time derivative of the flux linked
by the coil. We show, by resorting to the quasi-static approximation
of the reciprocity expression, that an additional contribution, related to
the incident electro quasi-static field, must be taken into account. Then,
the effect of coil shielding is discussed in that context.

Regarding the electronics, the fast-time electronics is first described.
This includes the TX pulse generation and the RX signal filtering and
amplification circuits as well as the conversion from the fast-time signal
to the slow-time signal by integration in the evaluation window. Then,
the slow-time electronics, which includes the slow-time filtering and the
audio alarm generation, is briefly described.
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2.1 Head geometry

Figure 2.1: Schiebel head.

The general Schiebel head geometry is shown on Fig. 2.1. The head
is composed of two concentric coils. The outer coil has a radius of 13cm
and is used for transmission and the inner coil has a radius of 9.5cm
and is used for reception. To develop a detailed model of the head, the
details of the coil windings are needed. Those details are not publicly
available. Fortunately, we could obtain a drawing of the detector head
which was converted into a numerical model as illustrated in Fig. 2.2,
which shows a transverse cut across the TX and RX coils. Note that
the figure is for illustration only as the turn layout drawing has been
modified to avoid confidentiality issues. The TX and RX coils are made
of 20 and 33 turns respectively. The turns are numbered according to
their winding order. A current flowing into the coil first goes through
turn 1, then through turn 2 and so on. This turn numbering was not
provided but could be guessed taking into account practical constraints
for the winding. An alternative valid numbering can be obtained by
starting from the upper left wire instead of the lower left. Each turn
is represented by two circles; the inner circle being the boundary of
the conductor and the outer circle being the boundary of the insulator.
According to the available drawings, we have estimated that, for the TX
coil, the diameter of the conductor is 1.3mm and the insulator thickness
is 0.13mm whereas for the RX coil, the diameter of the conductor is
0.9mm and the insulator thickness is 0.10mm. Note that 16x0.2 and
18x0.1 Litz! wires are used respectively for the TX and RX coils.

'Litz wire is a stranded wire where the individual strands are insulated and twisted
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Figure 2.2: Detail of the Schiebel coil winding. (a) TX coil and (b) RX coil
with turn numbering. Coil center is on the left of the cuts. Turn
layout has been modified and is for illustration only.

2.2 Coil circuit model

Following [29, 30], we have modeled the coil by a lumped equivalent cir-
cuit. A simple model and a detailed model have been used as illustrated
in Fig. 2.3. In the simple model, charge accumulation along the coil is
taken into account by introducing a capacitance branch parallel to the
RL branch. The current is thus assumed constant along the whole coil.
In the detailed model, this assumption is relaxed by representing each
turn with a separate RL branch. Charge accumulation is then taken
into account by introducing a capacitance between each pair of turns.
As will be shown in Section 2.3, in the frequency band of interest,
which remains far below the first coil resonance frequency, the simple
model is a good approximation of the detailed one. Therefore, the simple
coil model may be used in most cases. The detailed model is still useful
because it allows us to estimate the parasitic coil capacitance instead of
measuring it, which may be useful, for example to evaluate a new coil
design without having to build a prototype. Furthermore, the detailed

(so that each strand tends to take all possible positions in the cross-section of the
entire conductor) to limit skin and proximity effect [28]. They are characterized by
the number of strands (n) and the diameter of an individual strand (D, expressed in
mm) and this is denoted nxD.
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Figure 2.3: Coil model (a) simple and (b) detailed

24



2.2. COIL CIRCUIT MODEL

one allows us to assess the capacitance of the head in the presence of
a shield or when the head is put in water and this will be useful to
understand the effect of water on the head as discussed in Chapter 6. In
addition, the detailed model allows estimation of the charge distribution
along the coil. This charge distribution will also be useful to understand
the effect of water on the detector head.

The detailed model is more precisely described as follows: turn ¢
extends between nodes ¢ — 1 and 7. It is represented by an inductor L,
and a resistor RiL. Between turn ¢ and turn j, there exists a magnetic
coupling represented by M; and a capacitive coupling represented by
0113 This turn-to-turn capacitance Citj is further transformed into a node-
to-node capacitance by putting half of it to each side of the turns as
illustrated in Fig. 2.4. Two turn-to-turn capacitance contribute to each
node-to-node capacitance and the resulting node-to-node capacitance
matrix is:

Resistors Ri(jj have been introduced in the capacitance branches to
avoid loops containing only capacitors because such loops lead to circuit
equations that have no solution (similar to a loop containing only voltage
sources). Those resistors exist physically but they are very small. Their
exact value is not important as long as they are small enough. Indeed,
for small resistors, the time constant of the RC branch will be very small
and will have no visible effect on the coil dynamics in the frequency band
of interest.

RF L RP L
J‘ ct. t
T Lj Ci;/2 Cii/2
L L
R; Ly R; L.

—WW—T T
(a) (b)

Figure 2.4: Capacitance (a) turn-to-turn and (b) node-to-node.

The self and mutual induction coefficients L; and M; ; can be com-
puted by resorting to the analytic solution available for concentric cir-
cular loops [31, Equ. 9 p. 264 and Equ. 7 p. 263|:

=i () - ) 22
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with a the radius of the circular loop and r the cross-section radius of
the wire. The expression for the mutual coupling coefficient is :
2

2vab [(1 _ k-) K (k) - E(k:)] (2.3)

k 2
where K, E are the complete elliptic integrals of first and second kinds,
k% = 4ab/[(a + b)? + d?], with a and b the radii of the coils and d the
distance between the centers.

Note that strictly speaking (2.2) and (2.3) are not valid in the pres-
ence of additional loops. The presence of the other loops in the coil may
change the magnetic field distribution and therefore the induction coef-
ficients. This so called proximity effect is expected to be small because
the wires are thin and the current induced in the neighboring open-loop?
wires is expected to be small and have little effect on the magnetic field.
The MQS proximity effect is further reduced by the use of Litz wires
[28].

Neglecting the skin effect, the resistance of a turn can be expressed
as [31, Equ. 17 p. 15]:

M:,LLO

2ma

R= <5 (2.4)
with a the radius of the circular loop, S the area of the conductor cross-
section and ¢ the conductivity of the wire. We assumed that the coil
wire is composed of copper and we therefore used o = 5.8 x 107.S/m.
Recall that for the Schiebel coil, multi-strand Litz wire is used and
therefore, the copper cross-section to consider (S) is smaller than the
overall wire cross-section (S,,). The wire used has an overall diameter
if 1.3mm and is composed of 16 strands of 0.2mm diameter. This yields
a copper cross-section of S = 0.5mm? and an overall wire cross-section

of S, = 1.3mm?
The skin effect can be neglected if the radius of the wire is small
compared to the skin depth. The skin depth can be computed using [31,

Equ. 66 p. 504]
2
5=/ (2.5)
WO

For copper, this yields 660um at 10kHz. The radius of the wire strand
is 100pm and 50um respectively for the TX and the RX coil. Therefore

2To assess the proximity effect, the neighboring loops are open. Indeed, when
computing one element of the mutual coupling matrix, current is injected only in the
considered source coil; all other loops do not carry any loop current; they may only
carry local eddy-currents.
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2.2. COIL CIRCUIT MODEL

skin effect is negligible at the strand level. In contrast, the total wire
radius is 650um and 450um respectively for the TX and the RX coil.
Hence for a solid wire, skin effect would be significant at the highest
frequencies used by the detector. With the Litz wire used, the skin
effect should remain negligible.

The last parameter to estimate is the turn-to-turn capacitance. In
[30], this capacitance is computed for a single-layer coil by neglecting
the curvature of the coil wire and using the analytic expression available
for the capacitance of two infinite parallel wires. For multi-layer coils, as
the Schiebel coils, this expression is inaccurate because the EQS prox-
imity effects? are strong. For such coils, a semi-empirical approximation
is proposed in [29] and a numerical approach based on the Method of
Moments (MoM) is used in [32]. As the accuracy of the approximate
formula is unknown, especially for the Schiebel coil which also includes
a dielectric casing, and as we also need the charge distribution on the
wire to analyze the effect of water on the head (see Chapter 6) we im-
plemented a numerical method to estimate the capacitances. This is
discussed in more details in the next section.

2.2.1 MAS Capacitance matrix

Both the MoM [33] and the MAS [34] can be used for problems where
the space can be split in a number of homogeneous regions, with dis-
continuities between the regions. In both cases, the field is computed
in each homogeneous region as if the whole space was homogeneous;
that is using the full-space Green’s function with permittivity and per-
meability of the considered region. This is possible according to the
equivalence principle [35, Section 3.5] by introducing fictious sources on
the boundary of the considered surface. Those sources radiate in a ho-
mogeneous space and the corresponding fields are thus easy to compute.
The problem is then solved numerically by imposing that the boundary
conditions are fulfilled at the discontinuity interfaces. For the MoM, the
fictious sources are put on the surface and this comes with a number
of numerical problems because, to impose the boundary condition, the
fields must also be estimated at the boundary. The coincidence of the
source and field points may yield discontinuities or even singularities
in the field. The solution may also be ill-conditioned at low frequency

3Tt is the EQS proximity effect that is considered here, which is related to induced
charge. It is different from the above mentioned MQS proximity effect which was said
to be negligible.

27



CHAPTER 2. COIL AND ELECTRONICS MODEL

(the low-frequency breakdown). Solutions have been found to perform
the computations properly [36, 37, 38, 39, 40]. Nevertheless, the pres-
ence of those singularities makes the implementation of a numerical code
significantly more complex.

In most cases, the fields may be computed in good approximation
by using sources at some distance from the boundary. This alleviates
the problems related to the presence of singularities. Furthermore, as
there exists some distance between the source and field points, a number
of discrete point sources may be adequate. Using such point sources at
some distance from the boundaries is the idea underlying the MAS and
this renders the implementation of a numerical code almost straightfor-
ward.

At frequencies of interest for a MD (up to 100kHz), the EQS ap-
proximation can be used to compute the charge distribution on the coil.
Furthermore, neglecting the curvature of the coil, the problem can be
reduced to a 2D problem, using line charge sources. For an EQS prob-
lem, it is simpler to solve the problem in terms of the scalar poten-
tial (¢) rather than in terms of the fields. The boundary conditions
are then expressed in terms of the potential and its normal derivative

d
E =FE -n= _d_gb which can be computed from the sources, using the
n

full-space Green’s function, as follows [31, p. 219]:

6(r) =~ 5 o) (2.6)
E(r) = 2£R)\(r’) 2.7)

with A the charge per unit length and R = |r — 7’| the distance between
the source and field point and R = (r —r')/R the unit vector along the
line joining the source to the field point.
At dielectric interfaces the boundary conditions are the continuity
d¢
e—). On
n
conductors the potential is constant. Hence, no external sources are
required to compute the potential inside the conductors; only internal
sources are required to compute the potential outside the conductors.

of the potential and of the normal displacement field (D, =

When the conductors are connected through a voltage source, the
potential difference between the two conductors is imposed. Note that
one often chooses a reference conductor and assigns to it by convention a
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null potential. This is not possible here because with the chosen Green’s
function (2.6), the potential is null on the sphere? at infinity. In addi-
tion, the total charge on the whole coil (the sum of the loops charge)
must be null® and, the potential of the reference conductor must be
computed to satisfy this condition. Our implementation allows us to
introduce a conducting shield around the casing. Such a shield is float-
ing with respect to the coil turns. The corresponding potential may
also be computed by imposing that the total charge on the shield must
be null. Practically, in our implementation, we have defined ‘conductor
groups’ with a reference conductor in each group. The potential of each
reference conductor is computed to ensure that the total charge on the
corresponding conductor group is null. The potential difference between
the reference conductor and the other conductors of a group must be
provided as input. Hence, groups are physically connected conductors.
For our problem, two groups are used. One group for the coil loops and
another group for the shield.

The MAS geometry is illustrated in Fig. 2.5 for the TX coil of the
Schiebel. The wires (circles) are conductors and the medium between
the coils, inside the casing is supposed to be a homogeneous dielectric
(with dielectric constant ¢,). The medium outside the casing is air and
there is thus a dielectric discontinuity at the boundary of the casing
(rounded square).

To compute the potential outside the casing, the whole space is filled
with air (¢,) and the potential is then computed using the free space
Green’s function (Equ. 2.6, with € = ¢;) from fictious sources located
inside the casing (blue points in Fig. 2.5 (¢)). Similarly, to compute the
potential inside the casing (but outside the wires), a full-space Green’s
function (Equ. 2.6, with € = ¢.) is used and fictious sources are placed
outside the casing (green points in Fig. 2.5 (¢)) and inside the wires
(blue points in Fig. 2.5 (b)). The potential inside the wires is constant
and needs no to be computed. The boundary conditions are expressed
at a number of ‘field’ points located at the interfaces between regions

“More precisely the cylinder, because with the 2D approximation, conductors ex-
tend to infinity.

®The coil may carry a net total charge (for example if it has been touched by a
charged body during maintenance) but this is then a constant (DC) charge. Here, we
are interested in the low frequency regime and the total charge may not have such
a low frequency component because there is no connection between the coil and the
infinite sphere (or more practically the soil) and no current can flow on and off the
coil.
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()

Figure 2.5: MAS geometry for the TX coil. Inner sources are shown in blue,
outer sources in green, test points in red, and region contour in
black. (a) Global view, (b) zoom on central wire and (c) zoom on
lower right corner of casing. Turn layout has been modified and
is for illustration only.

(red points in Fig. 2.5).
This yields a linear system of equations:

V=29 (2:8)

With V' a known column vector containing the potential difference with
the reference conductor and a number of zeros for the lines expressing
the continuity of ¢ and D,, @ an unknown column vector containing
the charge for each source as well as the reference potentials for each
conductor group. Z is a 2D matrix computed in such a way that (2.8)
expresses the bounaary conditions as well as the constraint that the total
charge on each conductor group is null. Note that charges, displacement
fields and potentials may have very different scales and this yields an ill-
conditioned matrix. To avoid this pitfall, the lines of (2.8) are multiplied
by a well chosen factor to have the same order of magnitude for the
various terms.

To get a unique solution, one must use as many field points as source
points for each region. In practice, we will use more field points (typically
two times more) and use the Least Mean Square (LMS) solution of the
overdetermined system (2.8). It is then possible to assess the residual
error. If this error is small, the source points have been well chosen and
the boundary conditions are expected to be well satisfied on the whole
boundary; not only at the field points.
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The dimensions of the various terms are:
{”s + g, 1}

for Q,
{a,(2ngg + ng,) + 1,1}

for V and
{o,(2ngg + nge) + ng,ng + ng

for Z with ng the number of source points, n, the number of conductor
groups, ng; the number of field points at the boundary between two
dielectric regions, ng, the number of field points at the boundary of
conductors and «, the over-determination factor.

The source distribution can then be obtained by inverting (2.8). As
an illustration, we consider the solution at low frequency, far below the
first resonant frequency and for a voltage of one volt applied to the
coil: V., = 1. In that regime, according to the model of Fig. 2.3
(b), the current in the capacitances remains small and the voltage is
mainly fixed by the inductors. Hence, for equal induction for each turn
and equal mutual coupling between turns, the potential evolves linearly
along the coil. Hence, the potential difference between two consecutive
turns is Vo = Vy/n with V_; the voltage applied on the coil and
n, the number of turns.

The resulting auxiliary sources are illustrated in Fig.2.6. The cor-
responding excitation vector V is shown in Fig. 2.7. The first 1600
elements are null because they correspond to equations that are ex-
pressing the continuity constraints on the casing boundary (800 points,
2 equations per point; one for the continuity of potential and the other
for the continuity of D). The next 2000 elements (100 field points per
turn, 20 turns) are the potential differences between the considered turn
(t) and the reference turn (1): V;' = (¢t — 1)/n,. The last element is
null and corresponds to the constraint imposing that the total charge
on the coil is zero. Together with the imposed value of V (red), the
value obtained by plugging the solution for the auxiliary sources (Q) in
(2.8) is also shown in black. The difference between the imposed and
the reconstructed value is the residue of the LMS inversion. One sees
that this residue is small, which indicates that the boundary conditions
are well satisfied, even with an over-determination factor of two, and
this gives confidence that the auxiliary source distribution has been well
chosen.

31



CHAPTER 2. COIL AND ELECTRONICS MODEL

Figure 2.6: MAS charge distribution for TX coil at low frequencies. Positive
charges are indicated by green disks and negative charges are indi-
cated by red disks. The size of the disk indicates the magnitude of
the charge. Turn layout has been modified and is for illustration
only.
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Figure 2.7: V imposed (red) and reconstructed (black) for the MAS geometry
of the TX coil shown in Fig. 2.5. The first 1600 equation are for
the continuity on the casing boundary, the next are for the wire
voltages and the last is for the total zero charge constraint.
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Figure 2.8: Potential (in Volts) and E-field line for the Schiebel TX coil. The
computation has been done with the MAS, assuming V., = 1 and

coi

a frequency much lower than the first coil resonance frequency.
The resulting reference potential is V., = —0.48V. Turn layout

T
has been modified and is for illustration only.
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0 30 60 90 120 150 180 210 240 270 300 330 360
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Figure 2.9: Charge distribution on turns 1 (red), 7 (green) and 8 (blue) of
the TX coil (see Fig. 2.2 (a) for turn numbering).
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Once the charge distribution has been calculated, one may compute
the potential and the field everywhere. This is illustrated in Fig. 2.8
where the potential and the field lines are indicated. Recall that turn 1
is the reference one and that its potential is calculated to get a zero total
charge on the coil. For the example considered, the voltage applied to
the coil is V__;; = 1 and the reference potential is V, ; = —0.48, leading to
an average coil potential which is approximatively zero as expected for
an uncharged coil (zero total charge). Indeed, the charge induced on the
infinite sphere by a given loop is proportional to the loop potential and
to the capacitance between the loop considered and the infinite sphere.
If the loop-to-infinite-sphere capacitances were all equal, the total charge
on the infinite sphere (which is equal to the total coil charge) would be
proportional to the average coil potential. In practice, the total coil
charge is zero and the loop-to-infinite-sphere capacitances are nearly
equal and, therefore, the average coil potential must be approximately
Zero.

Using p = D at the boundary of a conductor, one can also compute
the charge distribution on the wire. This is illustrated in Fig. 2.9. One
sees that the (absolute) charge density is the largest on conductors 1
and 8 at their point of closest approach (f# = 330° for conductor 1
and § = 150° for conductor 8%) because the voltage between those two
conductors is the largest (the voltage is proportional to the difference
between conductor indexes: here 7=8-1). One also notes a plateau of
charge density at the closest approach between conductors 7 and 8 (6 =
270° for conductor 7 and 6 = 90° for conductor 8). The effect is smaller
because the voltage between conductors 7 and 8 is (7 times) smaller than
between conductors 1 and 8.

Finally, imposing a one volt voltage between a chosen turn (i) and
all the others (which are short- circuited together), one can compute one
line of the capacitance matrix from the solution of (2.8):

Cf = Q; (2.9)

Repeating this for all the conductors yields the turn-to-turn capacitance
matrix. This is illustrated in Fig. 2.10 where the turn-to-turn capaci-
tance matrices of the Schiebel TX and RX coils are shown. One sees
that the capacitances are the largest between two neighboring turns as
expected. For example, the first line of the TX capacitance matrix shows

5The trigonometric convention as been used for #. =0 is thus on the horizontal
line through the conductor center, at the right of it.
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the largest values (appearing in brown and orange) for columns 2, 7 and
8 which corresponds to the turns neighboring turn 1. One also sees that
the value of the capacitances between two neighboring coils varies signif-
icantly due to proximity effects; confirming that the analytic solution for
two isolated conductors is not appropriate and that a numerical method
such as the MAS should be used to compute the capacitance matri-
ces. Finally, (2.1) can be used to compute the node-to-node capacitance
matrix needed for the circuit model.

[PF] [pF]

Figure 2.10: Turn-to-turn capacitance matriz for (a) the TX coil and (b) the
RX coil of the Schiebel detector.

2.2.2 Simple circuit parameters

The parameters of the simple equivalent circuit of Fig. 2.3 (a) have been
measured [27] as follows:

Crx = 154pF
Lyx =241uH
REy = 0.69Q (2.10)
Crx = 161pF
Lpx = 461pH
REy = 2.460
Our objective is to compute the equivalent parameters (R /RX equ’

L%X JRX equ’ Crx /RX,equ) of the simple circuit from those of the detailed
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circuit such that both circuits present a good matching. This will allow
us to compare the measured and computed parameters for the simple
circuit.

If the circuits match, the input current and voltage and hence the
active and reactive power flowing in both circuits must be equal. Ac-
cording to the frequency domain Poynting theorem [35, Section 1.10][31,
Section 2.20], there is conservation of both the active and reactive power.
Hence, the active power dissipated in the resistors and the reactive power
‘dissipated’ in the inductors and ‘generated’ in the capacitors must be
equal for both circuits. The complex power dissipated in an impedance
Z is given by:

Vgl

Sy =Py +iQq = Vyl; = Z|I|* = I

(2.11)
with P, and @), the corresponding active and reactive power, I, the
current through the impedance, V,, the corresponding voltage drop and
“ indicates the complex conjugate.

Obviously, the two circuits can only match below the first resonance
frequency. In that frequency band, we can assume that the same current
I, flows through all inductor branches. The active power dissipated in
the resistor of the inductor branch is then:

PRL = quu|lcoil|2 (212)
for the simple circuit and:

PRL = ZR1L|Icoil|2 (213)

for the detailed circuit.

As the current in the capacitive branches is much smaller than the
current in the inductive branches and as the resistors in the capaci-
tive branches are also much smaller than the resistors in the inductor
branches, the power dissipated in the resistors of the capacitor branches
is negligible when compared to that dissipated in the inductor branch
resistors. Therefore, conservation of active power implies that (2.12)
and (2.13) must be equal and therefore:

RL, =) R} (2.14)

Similarly, for the simple circuit, the reactive power dissipated in the
inductors is:

QL = wLequ|Icoil|2 (215)
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For the detailed circuit, noting that the voltage drop across an inductor
1 is:
Vi =) jwM e (2.16)
k
with M, the mutual coupling matrix (to be consistent with Fig. 2.3
where the self induction terms were denoted L, we have L, = M. ) , the
reactive power dissipated in the inductors is: 7

QL= ZWMLJ"ICOH\Q (2.17)
i7j

Finally, for the simple circuit, the reactive power dissipated in the
capacitors is:

QC - _(")616(111“/’(]’2 (218)
with
VC = ijequIcoil (219)

where we have neglected the resistor R" because in the frequency of
interest for the MD, the voltage is mainly dictated by the inductor. For
example, for the TX coil, wL > R for a frequency above about 500 Hz.

Similarly, for the detailed circuit, the reactive power dissipated in
the capacitors is :

Qc = —WZ Ci,jWi - Vj’2 (2.20)
.J

with V; the node voltage. Again neglecting the resistors, the node volt-
ages can be computed by cumulating the voltage drops across the in-
ductors:

Vig=Vi+ VLi (2.21)

1

where L; can be computed according to (2.16).

From the above expressions, it is apparent that the frequency depen-
dency of the reactive power dissipated in the inductors is different from
that dissipated in the capacitors’. Therefore, to get the best matching,
both @)1, and ) must be equal for the simple and the detailed circuits.

Matching the reactive power dissipated in the inductors then yields
the following equivalent inductor:

Lequ =D Mi; (2:22)
/[:7-7

“For a frequency independent coil current I, the frequency dependences of @,
and Q¢ are w and w?® respectively.
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Similarly, matching the reactive power dissipated in the capacitors
yields:
2
o _ZuGh-Y
equ |VC|2

(2.23)

which is frequency independent as required because, according to (2.19)
and (2.21), the frequency dependency of V, and V] are the same.

The parameters of the detailed circuit have been computed from the
coil description, as explained in the previous sections. The corresponding
equivalent parameters are:

CTX’equ = 154pF
Lipx equ = 2550 H
R oqu = 0.569
CRX equ = 161pF
Lpx equ = 489 H
REX oqu = 2:41Q

(2.24)

When compared to the measured parameters (2.10), one sees that the ca-
pacitors are identical and that the inductances and resistors are well es-
timated. For the resistors, the estimated values are slightly smaller than
the measured ones. This difference may be explained by measurement
errors and by the fact that we did not take into account the resistance
of the wire connecting the coil to the electronics and the resistance of
the connectors. The inductances are also slightly underestimated. This
may be due to the fact that we have assumed a coil build of a single
uniform wire whereas in reality, Litz wires are used. The use of Litz
wire is indeed expected to increase the self-inductance of the loops.
The capacitances match perfectly but this is because there are un-
known coil parameters that were optimized to match the computed ca-
pacitances with the measured ones. Namely, the dielectric permittivity
of the casing, the dielectric permittivity of the cable insulators and pos-
sibly the location of air gaps between the casing and the wire insulators
are unknown. Assuming the same permittivity for the insulator and the
casing and assuming that there are no voids, the matching of Cpy was
obtained for a relative permittivity of the casing: e = 4.23 which seems
quite realistic. The same permittivity was used for the RX coil, but as
the thickness of the insulator of the RX wires could not be determined
accurately from the available drawings, it was also optimized to match
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Cgrx- The obtained value is 0.07mm which is compatible with the 0.1mm
estimated from the drawing.

For the capacitance estimation also, the wire has been modeled as a
single uniform wire and the potential has been assumed on its section.
With Litz wire, strands are isolated and they could have different po-
tentials. However, as the strands are twisted, we expect the potential
to vary little on the wire section and this section differs little from the
circle used for the capacitance computation. Hence, the computation
should remain appropriate for Litz wire.

2.2.3 Corrected parameters

We saw that the equivalent parameters are close to the measured ones
but there remains a small difference. The detailed model is thus in
good agreement with the measurements but it may still be improved
by correcting its parameters so that the equivalent parameters exactly
match the measured one. This was already done for the capacitances
because some parameters such as the permittivity of the casing were
not known and they were estimated in order to match the equivalent
capacitances with the measured ones. The estimated parameters were
found to be quite realistic and this gave us good confidence in the model.
The detailed model was thus further improved by correcting the re-
sistors RiL and the inductance matrix M in such a way that the equiva-
lent parameter exactly matches the measured ones. More precisely, the

correction used is:
RL

i,corr

= apRF (2.25)

and
M.

i,i,corr

= oy, M (2.26)

with ap and o, two multiplicative factors independent of ¢. For the
mutual coupling matrix, we have only corrected the diagonal elements
which correspond to the self-induction terms because those terms are
the most sensitive to small geometrical errors.

With this correction, any remaining discrepancy between the simple
and the detailed model can only come from an inaccuracy of the expres-
sions (2.14), (2.22) and (2.23) that were used to compute the equivalent
parameters. We will show in the next section that the two models match
very accurately and this will validate the expressions used to compute
the equivalent parameters.
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2.3 Coil dynamics

Our objective is to better understand the frequency limit for the validity
of the simple model and to better understand the coil behavior at higher
frequencies. For this, we have computed the state-space representations
of the simple and detailed® coil model as explained in Appendix A and
using as input the current injected in the coil I_; and as output the
voltage on the coil V_ ;. The resulting transfer function is the impedance
of the coil. This impedance can easily be computed for the simple model.
Neglecting the resistance of the capacitance branch RC, this yields:

1+ sT7,

RL -
082 4+ 2Cw, +w?

(2.27)

0011

with s the Laplace variable, w, = 1/ VLC the undamped resonance
angular frequency , ¢ = 0.5RY,/C/L the damping factor and T; =
L/R" the time constant of the inductance branch?. The gain is R" as
expected, the poles are located at s = wy(—( £i4/1 — ¢?). For example,
considering the measured parameters for the TX coil (2.10), this yields
wy = 5.19x 10%rad/s (the corresponding resonance frequency is 826kHz),
¢ =2.7x107%, T;, = 349us and the poles are located at s = —1.43 x
103 £5.19 x 105

The poles and zeros of the state-space systems are shown in Fig.
2.11 for both the simple and the detailed model. One sees that the poles
of the simple system correspond to the ones computed according to the
analytic solution (2.27) and that the dominant poles and zeros of the
detailed system are close to those of the simple system. The detailed
system has additional pairs of complex conjugate resonant poles and
zeros; 19 each. This yields, as expected, one pair of complex conjugate
poles per turn. In addition, the detailed system has 122 extra real
poles. Those poles are orders of magnitude faster than the resonant
poles. They have no influence on the coil response and are therefore not
shown in the figure. The precise location of those poles is a function
of the capacitive branch resistors RC which were introduced to avoid
loops of capacitors that would yield 1mp0881ble circuits equations. Those
resistors exist physically but they are small compared to RiL. We did not

8To keep a tractable size for the detailed state-space model, the negligible capaci-
tances (C' < 0.1pF’) were suppressed from the circuit.

9This is the time constant for the current response when excited with a voltage
source.
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Figure 2.11: Poles (+ and x ) and zeros (o) of the Schiebel TX coil impedance
for the simple (blue) and the detailed (red) models. Dominant
poles (a) and all poles except for the real ones far away from
complex ones (b).

estimate the capacitance branch resistances but fixed them arbitrarily
to st = RiL /100. We see that this choice is appropriate because the
corresponding poles have no influence and the precise value of RICJ is
irrelevant as long as it is small enough.

To further compare the two models, the Bode curves of the impedan-
ces are shown in Fig. 2.12. One sees that the matching is very good up to
the first resonance, confirming the validity of (2.14), (2.22) and (2.23).
One also sees that, as expected, the detailed model shows additional
resonance peaks.

Finally, to understand the current repartition across the coil, the
eigenvectors!? of the state-space matrix A corresponding to the first
three resonant frequencies are shown in Fig. (2.13). One sees that at the
first resonance, the current evolves approximately parabolically across
the coil and the maximum current occurs around the middle turn. One
sees also as expected that higher order modes become more complex,
with more maximums and minimums.

It is also interesting to visualize the same eigenvectors for the coil
admittance. Indeed, the poles of the admittance are the zeros of the

0The eigenvectors are state vectors and, therefore, they include the currents in the
inductance I;, as well as other states. Only the part corresponding to the inductance
current is shown.
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Figure 2.12: Bode curves of the Schiebel TX coil impedance for the simple
(blue) and the detailed (red) models. Magnitude (a) and phase
(in degrees) (b) of the impedance are shown as a function of w.
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Figure 2.13: Current repartition through the coil at the first (red), second
(green) and third (blue) resonant frequencies of the impedance.
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Figure 2.14: Current repartition through the coil at the first mode (red — the
current remains constant at 1. the curve is thus superimposed
on the upper azis and may therefore be difficult to see), second
(green) and third (blue) resonant frequencies of the admittance.

impedance. Hence the dominant pole is real and corresponds to the
time constant of the inductor 7} . This time constant characterizes the
evolution of the current in the coil when excited with a voltage source.
For such a slow-time variation (when compared to the first resonance
frequency) the effect of the coil capacitors can be neglected. Therefore as
confirmed in Fig. 2.14 for the first mode, corresponding to the dominant
time constant 77, the current remains constant along the coil.

2.4 Coil induced voltage

2.4.1 Introduction

Our objective is to compute the voltage induced in a coil by external
fields. For the coil of a MD, the external sources to consider include
eddy-currents induced in a metallic object'!, magnetic dipoles induced
in ferrous objects or in magnetic soils and current flowing in power lines.

As illustrated in Fig. 2.15, the effect of external fields is often mod-
eled by introducing a voltage source e;, representing the induced voltage

"The MD is an active device and therefore, the real source is obviously not in
the metallic object but in the TX part of the detector. One may however split the
computation in two parts by first computing the currents induced in the metallic
object then, replacing the metallic object by equivalent sources and computing the
voltage induced in the RX coil by those sources.
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Figure 2.15: Simple coil model with induced voltage.

in the L branch and the induced voltage is assumed to be:

_dy

e =g (2.28)

where v is the magnetic flux flowing through the coil and produced by
external sources'? Note that we use the induced voltage e, and not the
electromotive force £. Those are related concepts; only the sign changes:
e, = —§.

This simple model is not sufficient to explain some observed phenom-
ena such as the effect of water on the head of a MD. We will resort to
reciprocity to develop an enhanced model. According to that enhanced
model, the induced voltage has two contributions. The first is a mag-
netic contribution, identical to that of the simple model. In addition,
there is an electrical contribution that will be related to coil parasitic
capacitances through the resulting charge distribution that may appear
on the coil. As a result of the electrical contribution, and contrary to
what is predicted by the simple model, EQS fields may induce a volt-
age in the coil. We will show that water droplets may produce such an
EQS field and that the additional electrical contribution appearing in
the enhanced model may explain some of the effects that water has on
the head.

12The magnetic flux due to the current in the coil itself must not be included in o
because its effect is modeled by the inductor in the equivalent circuit.

44



2.4. COIL INDUCED VOLTAGE

We first consider a detector with a single coil connected to a perfectly
shielded electronic box by a perfectly shielded coaxial cable. The effect
of a non-perfect shield or the use of other cables as well as the effect of
the second coil used in some heads (such as the Schiebel) will then be
discussed.

2.4.2 Problem formulation

The configuration considered is depicted in Fig. 2.16. The detector is
composed of an electronic box linked to the coil by a coaxial cable. The
electronic box is bounded by &,. It is assumed perfectly shielded by
a Perfect Electric Conductor (PEC) and therefore, the electric field is
zero everywhere on S, except on the coaxial cable connection S,. We
define a surface S; which is closed, large enough to completely include
the detector and small enough to avoid any external source or contrast.
In other words, S, only includes air (which for our purpose is equiva-
lent to free space) and the detector. Our objective is to compute the
response induced in the coil by sources or contrasts located outside S.
For the time being, we will consider contrasts as being a specific case of
sources. This is always possible because any contrast can be replaced by
equivalent (surface or volume) sources [35, Section 3.5]. Obviously those
equivalent sources Jg are induced in the contrast and must be computed
as a function of the field emitted by the detector.

The coil'® is assumed linear and it can therefore be represented by
its Thevenin equivalent!'4:

choil = Zcoil[coil +e (229)

where V_; is the voltage between the coil terminals, I_ is the current
flowing into the coil, Z_;, is the coil impedance and e is the voltage
induced by the external sources. The coil impedance can easily be mea-
sured. For this the coil should be put in free space (or air) and the
effect of any background EM field should be minimized. It can also be
estimated as discussed above but this requires a detailed knowledge of

the coil geometry and of the EM properties of the material used. Note

13This assumption is not needed for the electronics for which it is in general not
valid because the electronics may include nonlinear components.

4This assumes that there is no coupling between the currents and charges inside
the electronics and the coil. This is rigorously valid for a perfectly shielded electronics
and is also valid in good approximation for all (realistic) electronics. See Section 2.4.7
for more details.
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cm,out

Soil

\s,

Figure 2.16: Problem configuration to compute the voltage induced in the coil.
The detector, composed of an electronic box (inside V,) and a
coil, is located above a soil that may be inhomogeneous and con-
tain metallic objects. The soil is replaced by equivalent currents
Ji. S, is the part of S, inside the coaxial cable and it is di-
vided into S,y (the dielectric part), S, ;, and S, oug (the in-

ner and outer metallic part of the coaxial cable section). Cedin
and C.q oy are the inner and outer contour of S.q. Sy 1s a
surface containing the electronics and the coil but not the soil.
The positive normal and contours are indicated with solid and
slanted arrows. Currents and voltages are shown with solid and
straight arrows. Insert on the left: close-up on the coazial ca-
ble with (top) a longitudinal cut and, (bottom) a transverse cut
through S,. The transverse cut is seen looking from the coil to
the electronics.
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that the induced voltage e appearing in (2.29) is slightly different from
e;, that appears in Fig. 2.15. Indeed, the former is located in series with
the coil seen as a whole whereas the latter is located in the inductive
branch. This will be further discussed in Section 2.4.6.

2.4.3 Sign conventions

As various sign conventions may be found in the literature, we now
clarify the sign convention used.

The convention for the coil current, the coil voltage and the induced
voltage are those of Fig. 2.15. This is usually called the motor conven-
tion. Note that a positive induced voltage e yields a positive voltage at

the coil terminals V_ .

Figure 2.17: Simple coil model with sign conventions for positive coil current

1.1, positive coil voltage V., and corresponding positive coil

contour C_; and coil surface S_; with its positive normal. The
magnetic induction B corresponding to a positive current is also
indicated.

The sign of the flux is chosen such that a positive current produces
a positive flux through the coil. If, as illustrated in Fig. 2.17, the coil is
defined by a closed contour C_; oriented according to the positive cur-
rent (a positive current flows along the positive direction of the contour),
then the flux can be computed as:

¢:/S B-dS (2.30)

coil

with S, any oriented surface bounded by the oriented contour C_ ;
and oriented according to our general convention (the positive normal
of §_;; is chosen such that it is related to the positive tangent of C_;, by

coil
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the right-hand rule). One sees on Fig. 2.17 that with those conventions,
a positive current indeed produces a positive flux.

Introducing (2.30) in (2.28), expressing B according to the Fara-
day law and applying the Stokes theorem, the induced voltage may be
expressed as:

e,=—| E-d (2.31)

with E the electric field produced by the external sources. This shows
that e; is indeed an induced voltage and not the magnetomotive force.
The coherence of (2.28) with our sign convention can easily be checked

d
on Fig. 2.17. Indeed, consider an external flux that increases (d—¢ > 0).

According to the Lenz’s law, a current will be induced in the coil to op-
pose the flux change. In other words, current will be induced in the coil
to produce a negative flux that will oppose the increase of the external
flux. By definition of the positive flux, this corresponds to a negative
current and according to Fig. 2.15 this corresponds to a positive e.
Hence, with our conventions, an increase of the flux produces a positive
induced voltage. This is indeed coherent with (2.28).

2.4.4 Relation between induced voltage and fields on a
surface S, surrounding the detector

To express the induced voltage e, we resort to reciprocity. Reciprocity
expressions are usually expressed in the frequency domain and they allow
us to relate the fields and sources pertaining to two configurations called
‘states’. Several reciprocity expressions exist[31, 41, 35, 42, 43] and vary
in their generality. For example [43] considers different media in the
two states and therefore includes a contrast term whereas [41] assumes
the same medium in both states. The general reciprocity expression is
developed in Appendix C. It relates the fields and sources pertaining to
states ‘A’ and ‘B’ in a volume V, which is bounded by a surface S,. The
underlying assumption is that the medium inside V, is linear in the two
states. It does not need to be the same in the two states and does not
need to be homogeneous. The medium outside V, is arbitrary (it may
be nonlinear).
For our problem, we consider the two following states:

. Egd) for which a source distribution Jg radiates in presence of the
detector (as indicated by the superscript ‘(d)’ appearing in the
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2.4. COIL INDUCED VOLTAGE

state notation) and no current flows in the coil (RX electronics
is an open circuit). This configuration is representative of the
physical configuration and, as indicated by the subscript ‘s’, it
includes the source distribution J for which one wants to compute
the detector response.

E(fs)

e Yy for which the detector is in free space and the external sources
are switched off (Jg = 0). A current I'yx flows in the RX coil.
This state is not physical but we will see with this choice, that
reciprocity allows to express conveniently the voltage induced in
the coil for the physical configuration of interest.

We then express the reciprocity relation between those two states
in a volume V, which is bounded externally by &; and internally by
S,. There are no sources'® in V, and the medium remains the same for
the two states in that volume. Therefore, only the boundary term BEH
remains in (C.1.1). This yields: '

jé (B x H{Y - B < HY) -8
Sd

- / (Egd> « HE) — B « H@) -dS (2.32)
S,

c

with <E§d),Hgd)> and (Eg;g,Hg;g) the fields in states % and Egiz re-
spectively. Note that the positive normal of S, points outside V, whereas
the positive normal of S, points inside V,. Therefore the boundary con-
tribution on &, has a negative sign. It may thus be written with a
positive sign on right hand side (r.h.s.) of (2.32). The electronics has
further been assumed to be bounded by a PEC and therefore the bound-
ary contribution of S, is reduced to the integral on the cable section S,.
Note that electronics may contain nonlinear material (diodes, transis-
tors, ...) without affecting the validity of (2.32) because the electronics
is outside V..

We can further develop the integral on the coaxial cable section by
noting that at the frequencies of interest, only the Transverse Electro-
magnetic (TEM) mode propagates in a coaxial cable, the other modes

15We consider only the true current sources Ji, not the total current J. As discussed
in C.6 this is possible, as long as the conductivity is introduced in the permittivity.
The use of ¢, instead of € does not introduce a contrast term because the medium is
the same in the two states considered.
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being attenuated exponentially with a characteristic length of the order
of the radius of the coaxial cable. Therefore, assuming that S, is located
at more than a cable radius from an end of the cable, only the TEM
mode is present at S, and the transverse electric field derives from a
scalar potential E = —V ¢ [44, Section 10]. Therefore:

/S EW x HE) .48 :/S v x H) .48
c cd

= / V x (¢§®H§§2) -dS  (2.33)
S

cd

where the first equality has been obtained by noting that for an ideal
coaxial cable (build with a PEC) the electric field is non-zero only on
8.4, the dielectric part of the cable section. The second equality has

been obtained by using the vectorial identity (B.1.2) and by noting that
V x H g;z does not contribute to the integral because no current flows
in the dielectric and the displacement field has no component along the
normal of S_j.

Using the Stokes theorem, (2.33) then yields:

/Egd>xH§§2-dS:/
S, C

where C_,;, and C_4 . are the inner and outer contours of S_;. The
positive tz;ngent of those contours are defined from the positive normal
of S, by the right hand rule and therefore, to be consistent with S_;, the
sign of the integral on the inner contour (CCd,in) must be reversed.

For the ideal coaxial cable (build with PEC) considered, the poten-
tial is constant both on C_4;, and C.4 .- We may thus define ¢, and
®Pout s the potential respeétively on bcd o and Cq - With our sign
convention, the coil voltage is V__; = qf)in,— Dout - Fﬁrthermore, as both

OBt [ oIH ae (23
C

cd,in cd,out

¢;, and ¢, correspond to state Eéd) in which the RX coil is open and
the external sources are on, V, ., = e, the unknown induced voltage. In
addition, both the inner and the outer contours encircle Izx and there-
fore, fCCdyom/m H g;z -dl = Ipx where the current is positive according
to our sign convention. Indeed, the coil current I_;, has been defined
positive when it flows from the electronics to the coil (in the direction of
the positive normal of S,) in the inner conductor (it flows in the reverse
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direction in the outer conductor). Equation (2.34) then yields:
/S EW x HE) .48 = elpy (2.35)

Applying the same development to the r.h.s. second term of (2.32)
(d)

yields zero because for state g’ the current in the coaxial cable is zero.
Therefore, (2.32) yields:

e= jé (Egd) « A5 B Héf”) .8 (2.36)
S

d

where we have introduced E’giz = Eg;g/IRX and I:Igiz = Hgiz/IRX, the
normalized fields'® produced by a unit current Ipx-

Equation (2.36) makes it possible to compute the induced voltage as
a function of the fields on §;. However, this expression makes use of the
fields produced by the external sources in presence of the detector. We
will now show that the fields produced by those sources in free space
may be used instead. This is advantageous because the latter fields are
usually much simpler to compute than the former. For this, we note
that the fields in presence of the detector may be expressed as:

EW _ g5 L g

s S scat (2 37)

S fs :

HO — B+ 2

where E(® and H® are the electric and magnetic fields produced by
(fs)

the external sources in absence of the detector and Egisa)t and H__, are

the fields scattered by the detector which can be computed from equiv-
alent sources located on the detector boundary and scattering in free
space. Those sources are located inside §; and the sources appearing

5)

in state ng are also located inside S;. Therefore, expressing the reci-

procity between the states Eg,i)t and Eg;g in the volume outside S; and

considering that the integral on the infinite sphere S, vanishes accord-
ing to the far field behavior of fields, only the boundary term BEH of
(C.1.1) remains. This yields:
fs fs fs fs
§ (B - B e
d

scat

) dS =0 (2.38)

16The unit of the normalized quantities are different from those of the corresponding
fields. The units of E and E are respectively [V/m] and [V/Am]. The units of H
and H are respectively [A/m] and [1/m)].
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and (2.36) can therefore be rewritten as follows:

e= jé (Eéfs) « A5 B« Hng>> -8 (2.39)
Sd
which is more convenient than (2.36) because it only makes use of the
free space fields.

2.4.5 Equivalent sources on the coil

Our objective is to replace the coil by equivalent currents and charges
and to relate the induced voltage to those distributions. According to
(2.39) the coil may be replaced by any source distribution that produces
the same fields on S; as the real coil. This allows a significant simpli-
fication of the coil modeling. Indeed, fine coil details have little effect
on the field at some distance from the coil. Therefore, the coil model
may be chosen simpler when S; can be chosen further away from the
coil, which is possible if all contrasts and external sources are far enough
from the coil. Typically, for a target at some distance from the coil, it
is not necessary to model all the turns of the coil winding; a single turn
coil carrying a stronger current then becomes sufficient.

We now assume that we can find a coil equivalent current distribution
JRX equs located inside S, and radiating in absence of the detector (i.e.

in free space), that produces the same fields on S as the detector in state
Egiz. This allows us to define Egiz equo @ State equivalent to Egiz where
the detector is replaced by an equivalent source distribution Jgx eqy-
Applying reciprocity between Egﬁg equ and Egd) in the volume V; then
yields:

%S (ngS> « HE) - B « Hng>) dS = — /V E® . JpxequdV (2.40)
d d

where the left hand side (Lh.s.)and the r.h.s. are respectively the bound-
ary (C.1.2) and the source (C.1.3) contribution. We have dropped the
subscript ‘equiv’ for the fields because by definition the fields produced
by equivalent and original sources are equal on S;. To simplify the no-
tations, we will also drop from now the subscript ‘equiv’ for the current
JRX equ @S this brings no confusion.

Introducing (2.40) in (2.39) yields another expression for the induced
voltage:

Vd
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with jRX = %, the coil equivalent current distribution for a wumnit
current injected in the coil.

To make the effect of charge accumulation apparent, we split the coil
equivalent current Jix in two components; one solenoidal J %X and the
other irrotational J %{X. The first component does not yield any charge
accumulation (V -J ORX = 0) while the second component yields a charge
distribution ppx :

% 'JIIF{X = —JWPRxX (2.42)
The total current distribution is then:
JRX — J%X +J11{X (243)

Such a decomposition and the corresponding charge distribution is di-
rectly available from our detailed coil model illustrated in Fig. 2.2. The
current distribution J}x is then characterized by the currents in the in-
ductors (it is a filamentary distribution with a constant current in each
turn) and J 11>»X is characterized by the currents in the capacitors. We
will see that the current distribution J %{X itself is not needed; only the
corresponding charge distribution pgy is required. Further, this charge
distribution is available from the computation of the capacitance matrix
and is shown in Fig. 2.6.
According to (2.41) the induced voltage has two components:

e =ey+eg (2.44)
where we define e, as the contribution of J$yx and ey, as the contribution
of Jhx.

Using the QS approximation (as defined in Appendix B.3.3) of the

source term of the reciprocity expression (C.4.18) and noting that J s,

0 (Jgx =0o0nS,), ther.h.s. of (2.40) can be rewritten as jw <S]J,z + S{;d).
This yields:

ey = jw / A Jrxdv (2.45)
Vd

and
eg = jw/v ¢ prxdV (2.46)
d

with prx = ’I);—i, the charge distribution for a wnit current injected in
the RX coil.

For completeness and to better understand the approximations made
by using the QS reciprocity expression, we now compute the two contri-
bution e); and ep without resorting to the QS reciprocity.
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2.4.5.1 Magnetic contribution

According to (2.41) the magnetic contribution to the induced voltage
ey can be expressed as follows:

ey = — / E® . Jldv (2.47)
Vd

One notes that an EQS field (which derives from a scalar potential)

does not contribute to ey;. Indeed, introducing such a field ngs) =

—V(;ngs) in (2.47), using the vector identity (B.1.3) and noting that jg{x
is null on &, one gets:

b — /V Vol . o dv = — /v pBV . JrsdV =0 (2.48)
d d

which is null because the divergence of J%y is null by definition.
Therefore, only the vector potential contribution to the electric field
must be kept in (2.47). This yields:

ey = jw / AB . Jodv (2.49)
%

d

Note that we could have made the same reasoning starting from (2.36)
instead of (2.39) and AY would then appear in (2.49) instead of A
This shows that the vector potential in the presence or in the absence of
the detector may be used indifferently in (2.49) to compute the induced
voltage. Both give the same result but the free space potentials are in
general preferred because they are easier to compute.

Comparing (2.49) with (2.45) that was obtained using the QS reci-
procity expression, one sees that under the QS approximation, AS,O, the
first term in the magnetic potential power series expansion (B.3.30), is
used instead of A.

We now show that for a filamentary coil, e); is equal to the induced
voltage computed with the classical expression (2.28). Indeed, with a

filamentary coil, and neglecting charge accumulation, j%x is directed
along the coil contour Crx and its modulus is one throughout the coil.
Equation (2.47) then yields:

(fs) (fs)
em = _% E®™ . de = / & 1dS = e (2.50)
p S dit dt
RX RX
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with ¢éfs) the flux linked by Crx in free space. Note that the Faraday
law was used to obtain the second equality.

Recall that j%x does not need to be the real current distribution;
any distribution that yields the same fields on S; can be used. This
yields some insight on the validity of the filamentary assumption as a
function of the target location. Indeed, S; may not include any target
(external source) and it is thus the target that restricts the maximum
distance from the coil at which S; can be chosen. If the targets are not
too close to the coil, §; may be chosen at some distance from the coil
and the current distribution in the wire section then becomes irrelevant
to compute the fields on §;. The filament approximation may then be
used. Furthermore, at some distance from the coil, the details of the
coil winding also become irrelevant to compute the fields and the coil
model may be further simplified by considering a single turn carrying a
filamentary current.

2.4.5.2 Electric contribution

We first consider an EQS external field and proceed as in (2.48) but
with Jhy instead of J%y. This yields, using (2.42):

€ :jw/v 3™ prxdV (2.51)
d

with ppx = ?;—i, the charge distribution for a wnit current injected in

the RX coil.

Note that again we could have made the same reasoning starting
from (2.36) instead of (2.39) and ¢§d) would then appear in (2.51) in-
stead of qﬁéfs). This shows that the scalar potential in the presence or in
the absence of the detector may be used indifferently in (2.51) to com-
pute the induced voltage. Both give the same result but the free space
potentials are in general preferred because they are easier to compute.

For a general external field:

E®) = —vg _ j,A®) (2.52)

the vector potential also contributes to ey and yields a contribution sim-
ilar to (2.49) but with J %X replaced by J %{X. However, in the frequency
band of interest, this contribution can in general be neglected. For a
coil, in the frequency band of interest (which is below the first resonance
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frequency) J %{X < J %X and therefore, the contribution of the vector po-
tential to ey may indeed be neglected compared to its contribution to

M-

2.4.6 Equivalent circuit

coil I .
coil
A <> °
RL
o— 1
o— 1
(_—
v V.| c—= vl o— IcL I,
coil Vcoil c JE—
-
o o—1
OIO)
e}

O

(a) (b)

Figure 2.18: Simple coil model. Induced voltage may be represented (a) with a
global and single voltage source e or (b) with two voltage sources
(er,) and (e ) respectively for the inductor and capacitive branch
contribution. Positive currents and voltages are indicated by the
arrows.

Our objective is to introduce the induced voltage computed by (2.49)
and (2.51) into the (simple or detailed) coil circuit model illustrated in
Fig. 2.2. This can be done by introducing a voltage source e = ey;+ep, at
the input port of the coil circuit as illustrated in Fig. 2.18. The induced
voltage can then be computed as a function of the external sources and
the currents and charge distribution appearing when a wunitary current
is injected in the coil: J ORX and ppy.

The detailed circuit of Fig. 2.3 (b) assumes a number of closed loop
(one per turn) for which the current remains constant in any cross-
section. As explained above, if the external sources are at some distance
from the coil, the details of the current distribution inside the wire be-
come irrelevant and we may use a filamentary current. The current
distribution is thus fully characterized by the currents If appearing in
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2.4. COIL INDUCED VOLTAGE

the circuit when a unit current is injected in the coil. The charge distri-
bution can be obtained from the elementary charge distribution result-
ing from a 1V potential difference between two turns. This elementary
charge distribution has been computed in Section 2.2.1 by using the
MAS. The global charge distribution is then obtained by multiplying
the elementary charge distribution by the turn-to-turn voltage appearing
when a unit current is injected in the coil and summing all turn-to-turn
contributions.

To summarize, the induced voltage can be computed from the ex-
ternal sources and the solution of the circuit (branch currents and node
voltages) when it is connected to a unit current source. The problem
is that this circuit solution is frequency dependent. To compute the in-
duced voltage in the time-domain, one must thus convolve the impulse
response of the circuit with the external sources and this is not very
practical.

A more convenient circuit is obtained by introducing, as illustrated
in Fig. 2.18, voltage sources e;, and e respectively in the inductor and
capacitor branches. We will indeed show that e; can then be computed
using an expression similar to (2.49) which was developed for e,;. This
new expression (2.57) is however more convenient because it does not

include the frequency dependent source term J ORX. Similarly, the new
expression for e (2.58) is more convenient than (2.51) that was obtained
for e because it does not include the frequency dependent source term
Prx- Those frequency dependent source terms introduce a convolution
in the time domain and are difficult to introduce in a state-space repre-
sentation of the coil. Furthermore, the commonly used circuit model of
coil shown in Fig. 2.15 is then recovered when e can be neglected.

Figure 2.19: Two-port network used for reciprocity.
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CHAPTER 2. COIL AND ELECTRONICS MODEL

To show that e} and e are equivalent to e, we apply circuit reci-
procity (C.5.27) to the two-port network shown in Fig. 2.19. This yields:

VAR + VAR = VR + V2 I (2.53)
We now consider the following two states:

1. state A: If = 1 and IQA = 0. In that state, a unit current is
injected in the coil and, therefore, the current in the inductor is
I; . Hence, VA = JwLl; .

2. state B: I = 0 and I¥ = 1/(jwL). In that state, a current
source I, = 1/(jwL) is thus in parallel with the inductor. This
current source may be replaced by its Thevenin equivalent which
is a voltage source V, = jwLlI, = 1 in series with the inductor.
This configuration corresponds to e; = 1 in Fig. 2.18(b) and
the voltage appearing at the left terminals of the two-port is by
definition V2. The same terminal voltage can be obtained by
introducing a voltage source e = V;® in Fig. 2.18(a). As this
terminal voltage source is equivalent to a unit voltage source in
the inductance branch source (e;, = 1 in Fig. 2.18(b)), we denote
this terminal source ¢ and V;® = ¢.

In summary, with the states considered, we have I{* =1, I? = 0,
IP =0, I =1/(jwlL), Vj* = jwLl; and VP = ¢é. Introducing those
values in (2.53) yields:

¢e=1I, (2.54)
which shows that a unit voltage source in the L-branch is equivalent to
a terminal voltage source fL. Hence, a terminal voltage source ey is
equivalent to a L-branch voltage source e; = e,/ fL.

The circuits presented in Figs. 2.18 and 2.19 only include a single
inductor and a single capacitor branch. However, the reasoning lead-
ing to (2.54) is based on the general reciprocity expression (2.53) and,
therefore, the result (2.54) remains valid for circuits with more branches,
such as the detailed coil model.

Further, assuming that the current remains constant along each loop
and considering an infinitely thin wire!”, (2.49) can be rewritten as:

en= Y, ek (2.55)

kil:nturn

" This last assumption allows a simpler development but can easily be relaxed.
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2.4. COIL INDUCED VOLTAGE

with n,,., the number of turns and:

ehr=jw > ) A k. qe (2.56)

_7. C,
k=1~ “turn

with CE,., the contour describing turn k and I¥ the current in the corre-
sponding inductance of the equivalent schema for a unit current in the
coil.

The contribution elﬁ/l to the terminal voltage source e can then be
moved in the corresponding L-branch according to the equivalence (2.54).
The source to consider is then ek = ek, /I; . This yields:

ef = jw / A . qe (2.57)
Ck

turn

Proceeding with the electric contribution (2.51) as we did with the
magnetic contribution, it appears that the terminal voltage ey is equiv-
alent to a voltage source in each capacitor branch:

= [ ok qav (258)
Vitun

with ﬁlé’Q, the charge distribution on capacitor k for a unit total charge
on that capacitor (the subscript ‘Q’ together with the normalization
symbol 7 indicates that the charge distribution is normalized to yield
a unit total charge). The charge distribution has been computed in
Section 2.2.1 with the MAS for a unit voltage across the capacitor. This
charge distribution has to be normalized by the total capacitor charge
QX to yield the required distribution pI&Q. With the sign convention of
Fig. 2.18 for the capacitor voltage V., a unit voltage yields a positive
charge QX = C\.. Note that it is actually the turn-to-turn capacitance
and the corresponding charge distribution that is computed with the
MAS whereas the capacitors considered in the circuit are the node-to-
node capacitance. They are obtained, according to (2.1), as the sum of
two half turn-to-turn capacitors. Those capacitors are in parallel and
therefore, half of the charge distribution for a turn-to-turn voltage of
one volt must be used for each contribution.

Note that auxiliary sources computed with the MAS may be used in
(2.58) instead of the real charge distribution because both distributions
yield the same field. The volume integral then becomes a sum on the
(line) auxiliary sources and this can easily be computed.
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CHAPTER 2. COIL AND ELECTRONICS MODEL

2.4.7 Imperfect shield and a non-coaxial cable

,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2.20: Imperfectly shielded electronics with fictious current path.

To assess the effect of an imperfect shield and a non-coaxial cable,
we consider the configuration of Fig. 2.20. Without a perfect shield, the
fields are not null on S, and the surface integral appearing on the r.h.s.
of (2.32) must now be performed on the whole surface S,. We define e
as the induced voltage that would be obtained under the perfect shield
assumption and for which we have established a number of expressions
(2.39), (2.41) and (2.44). For a perfectly shielded electronics and a
coaxial cable connection, we have shown that the Lh.s. of (2.32) is equal
to ePSIRX

Using the QS approximation of the boundary term (C.4.16) to ex-
press the r.h.s. of (2.32) and noting that Jg = elzy then immediately
yields: ’

ePs = e+
/ {¢(d D%{o A(d) X HRXO ¢$2D + Ay >20 Hgio)} -dS

) (2.59)

with DSO), ASO) , H SO) and qﬁgd) respectively the displacement fields, the
magnetic vector potential, the magnetic field and the electric scalar po-
tential pertaining to the state Egd) defined in Section 2.4.4. The sub-
script ‘07 indicates that it is the zero order fields and potential that are
considered (those corresponding to the solenoidal current distribution
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2.4. COIL INDUCED VOLTAGE

contribution J ; to the source J producing the external field). Simi-
larly Dg%o, figiz,o, H g%o and qggiz are zero order fields and potential
pertaining to state Egiz defined in Section 2.4.4 and normalized by Ipx
(as indicated by the ~ symbol).

To further develop the integral, recall that we have applied reci-

procity in the volume V, comprised between S; and S, and that the

state Eg;g is a fictious one. The only requirements for that state are
that:

e the medium inside V, is identical to that of the physical config-
uration in order to avoid extra terms in the reciprocity relation
(2.32).

e a current Iy # 0 flows through the cable at its connection with
the electronics to avoid that e is undetermined in (2.35).

e no sources are present in V), in order to avoid extra terms in the
reciprocity relation (2.32).

We can thus choose the content of V, arbitrarily as long as it produces a
current Iy in the cable connector. In other words, we may replace the
real electronics by a more convenient one. As illustrated in Fig. 2.20 we
use a simple filamentary current source inside the electronics.

We now apply'® QS reciprocity between the states Egd) and Eg;g in
V,. The boundary term is nothing else but the r.h.s. of (2.59). It may
thus be replaced by the source term (C.4.18). This yields:

e=eS - jw/v {Agio) -j%X + (bgd)p'RX}dV (2.60)

which makes apparent the effect of a non perfect shield. Indeed, accord-
ing to (2.49) and (2.51)'?, the correction term is the voltage induced

18We said above that reciprocity can in general not be used inside the electronics,
because it may include nonlinear components. This is not true for the fictious circuit
inside the electronics that we are now considering because that fictious circuit is
linear.

¥ Those equations use the free space potentials whereas (2.60) uses the potentials
in the presence of the detector. We have however shown that (2.49) and (2.51) may
be expressed using the free space potentials or, indifferently, those in presence of the
detector . This is not true for (2.60) which can only be computed with the potentials
in the presence of the detector. Indeed, the scattered field introduced in (2.37) now
has sources on both sides of S,, and (2.38) is not valid anymore.
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CHAPTER 2. COIL AND ELECTRONICS MODEL

in the (fictious) circuit inside the electronics. The correction term is
difficult to compute because it includes the potentials generated by the
external source in presence of the detector. We can however make it
small by an appropriate choice of the fictious electronics. Indeed, the
scalar potential contribution can be set to zero by choosing a solenoidal
current (such that ppy = 0) inside V,. Furthermore by choosing?” the
connection inside the fictious electronics as small as possible, the con-
tribution of the vector potential can be made small?! .

Finally, recall that the starting point of the reasoning was (2.29)
which assumes that there is no coupling between the currents and charges
inside the electronics and the coil. This is rigorously valid for a perfectly
shielded electronics but for a non perfectly shielded electronics, a cor-
rection term must be introduced to yield:

choil = Zcoillcoil +e+ jWMf/iCIcoil + jWM}?CV

coil (261)
with My;* and Mg“ respectively the magnetic and electric coupling be-
tween the electronics and the coil.

In normal use, the electronics is at some distance from the coil and
the currents flowing in the RX coil and induced by the target are quite
small (the coil is closed on a damping resistor) and the correction term
should be negligible.

In conclusion, (2.39) is rigorous for a perfectly shielded electronics
and valid in very good approximation for a non perfectly shielded elec-
tronics. The expressions for the induced voltage developed in Sections
2.4.4 and 2.4.5 may thus be used in general whether the electronics is
either perfectly shielded or not and whether the coil is connected to the
electronics either with a coaxial cable or with another type of cable.

20Tt may look strange that the correction term is a function of the chosen electronics.
This is however logical because the term e is also a function of the chosen fictious
electronics and the resulting e, which is the only term that has a physical meaning,
is independent of the chosen fictious electronics.

21A£f10) is the vector potential in state ${* for which no current flows in the RX
terminal. There is thus no current close to the electronics and there is no reason for the
vector potential to take extremely high values that would yield a large contribution
for a small connection inside the electronics. This is not true for the scalar potential
d)éd) that may take large values inside the electronics because charges are induced
on the cable entering the electronics. The contribution of the scalar potential could
however be set to zero by choosing a solenoidal current inside the electronics for the
RX state.
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2.4. COIL INDUCED VOLTAGE

2.4.8 Heads with two coils

Some detectors such as the Schiebel use a head with two coils; one for
transmission and one for reception. The coupling between the TX and
RX coils must then obviously be taken into account.

The schema of Fig. 2.16 must be extended to take into account the
TX coil. This yields a second coaxial connection to the electronics. The
surface integral on S, then includes an additional contribution V,T* 1%

with V.IX the voltage at the terminals of the TX coil in state 2@ and
IE¥ the current in the TX coil in the RX state. In addition, (2.29) must
be extended as follows to take into account the coupling between the
coils:

Vol = ZES I + Mox pxleon + € (2.62)

coil coil * coil 0

with V;E‘ﬁ( the voltage at the terminals of the RX coil, Z&ﬁ the impedance
of the RX coil, [ CP%, the current in the RX coil, Mrx rx the coupling
between the coils and I gﬁ the current flowing into the TX coil.

One still has to define the state of the TX coil in the two states
considered for reciprocity: Egd) and Egiz. If we choose a null current
in the TX coil for both states, the above mentioned additional V,TX ¥
and MTX’RXIE;?% contributions are both zero. Therefore, the induced
voltage e can still be computed as for a single coil using (2.41).

Even if the expression developed for a single coil detector is used,

the two coils still have an influence on the induced voltage. Indeed:

e To compute the equivalent current representing the target scatter-
ing J,, the total field emitted by the detector must be taken into
account. This includes the current in the TX coil as well as any
current induced in the RX coil.

e To compute the induced voltage, the current J rx ust be used in
(2.41). We recall that J rx is the true current distribution, or any
equivalent current that produces the same fields as the detector,
for a unit current in the RX coil and with the detector in state
E%g. In that state, the TX coil is open, but the RX current will
still induce some current in the TX coil. This current will flow
inside the coil through the capacitors.

e To compute the voltages and currents in the physical configura-
tion, the true circuits connected to the TX and the RX coils must
be taken into account. Contrary to the fictious states considered
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CHAPTER 2. COIL AND ELECTRONICS MODEL

to apply reciprocity, a current flows in both coils and the cross-
coupling My RXIg;ﬁ must be taken into account.

The first two effects are usually small but the last one is very large;
the cross-coupling being the dominant source of induced voltage in the
RX coil. All effects are automatically taken into account with the equiv-
alent circuit developed in Section 2.4.6. Indeed, with that circuit, the
currents in the TX and RX coils are available and they can be used to
compute the fields on the target, which in turn can be used to compute
the target equivalent scattered currents. Furthermore, the contribution
of the currents induced in the TX coil by a unit current in the RX coil
to the voltage induced in the RX coil (second effect) is included in the
sources e, located in the inductor branches of the TX coil. This can be
shown as we did in Section 2.4.6 by resorting to circuit reciprocity be-
cause this reciprocity expression remains valid for coupled coil circuits.
The voltage sources e; in the TX coil indeed yield an induced voltage in
the RX coil because they induce currents in the TX coil which in turn,
through the cross-coupling, will induce a voltage in the RX coil.

2.5 Coil shielding

The Schiebel coils are not shielded. However, most modern detectors use
shielded coils. The shielding is performed by putting a thin conducting
foil around the coil. One usually claims that the shield is there to prevent
changes in the coil capacitance. We will see in Chapter 6 that the change
of the coil capacitance is usually too small to affect the response but
the electrical contribution to the induced voltage discussed in Section
2.4.5.2 can nevertheless produce a measurable response. The effect is
more complex than a simple change in capacitance and is related to the
charge distribution that would appear on the RX coil if a unit current
was injected in it. More precisely, any charge distribution that produces
the same EQS field at some distance from the coil as the real charge
distribution can be used. The shield is an equipotential and it therefore
confines the EQS field inside the shield. For a shielded coil, a null
equivalent charge distribution can therefore be used and the resulting
electrical contribution to the induced voltage is then null. Perturbations,
such as the effect of water on the head then disappear.

The foil used for shielding must be insulated at its extremities to
avoid the creation of conducting closed loop. If a closed loop was created,
large eddy currents would be induced in the shield and this would yield
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2.5. COIL SHIELDING

a response that would be difficult to separate from that of a target.
In extreme situations (thick, highly conducting closed shield), it could
even significantly reduce the magnetic field generated by the coil because
the eddy current induced in the shield could oppose the magnetic field
produced by the coil.

With a well designed shield, the magnetic field is not significantly
modified. The eddy currents will remain quite limited and will decay
fast enough to have any influence on the response in the integration
window.

0.4
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0.2

0.1
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Figure 2.21: Potential and E-field lines that would be obtained for the Schiebel
TX coil if a shield was added. The computation has been done
with the MAS, assuming V_;; = 1 and a frequency much lower
than the first coil resonance frequency. Turn layout has been
modified and is for illustration only.

The MAS presented in Section 2.2.1 to compute the coil capacitance
matrix can also be used to assess the effect of the shield on the turn-to-
turn capacitance matrix. This only requires adding a floating conductor
around the casing. This is illustrated in Fig. 2.21 where the potential
and E-field lines are computed for the Schiebel TX coil to which a shield
has been added. One sees that the potential is null on and outside the
shield, as expected.

The resulting equivalent capacitance is then 175pF, to be compared
with 154pF without shield. One sees that the shield increases the ca-
pacitance by 13 percent and this may have an impact on the impulse
response of the coil.
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CHAPTER 2. COIL AND ELECTRONICS MODEL

As already mentioned, some delay is needed between the TX pulse
and the beginning of the evaluation window to allow for the voltage
induced in the RXcoil by the TX pulse (through direct coupling) to de-
cay sufficiently in order to avoid saturation of the RX amplifier. This
delay must be made as small as possible to detect small (fast) targets.
Indeed, if the delay is too large, the target response becomes unmeasur-
able before the beginning of the evaluation window. We will see that,
for the Schiebel detector, it is mainly the amplifier that imposes a min-
imum usable delay and that the increase of capacitance that a shield
would produce has no measurable effect on the fast time response. For
faster amplifiers however, the shield may have a measurable effect on the
fast-time response and the coil capacitance may influence the minimum
usable delay. The capacitance may then become the limiting factor to
increase detector sensitivity and optimizing the shield may become nec-
essary to develop even more sensitive detectors. Hence understanding
of the various contributions to the induced voltage may help in develop-
ing better detectors. The in-depth analysis of the various contribution
to the induced voltage that we have presented in the previous section
may be quite useful to support the design of an optimal shield in that
context.
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2.6 Fast-time electronics

2.6.1 TX electronics

Il
L
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Figure 2.22: Schiebel TX electronics and coil

The Schiebel TX electronics is illustrated in Fig. 2.22. It only shows
essential parts needed to develop our model. It does not include parts
such as the detailed circuit for the switch (which is actually a power
amplifier) or the timing electronics. The TX electronics works as fol-
lows. The coil is first ‘charged’ by connecting it to the voltage source
V. through the switch I;. The current increases in the coil and, after
138us, the switch is opened. The coil current must then pass through
the damping resistor RdTX but the initial discharge voltage is larger than
the Zener breakdown voltage and part of the current flows through the
back-to-back Zener diodes Z; and Z, to limit the coil voltage. The coil
voltage then becomes lower than the Zener breakdown voltage which
gets blocked and the coil discharge continues through the discharge re-
sistor alone.

The timing electronics (not shown) controls the pulse timing. For
the Schiebel, a bipolar pulse is sent every 15,2ms, yielding a PRF of
66 Hz. The motivation for using such a double pulse is to prevent the
triggering of magnetic mines. The second pulse of the bipolar pulse is
sent just after the first. Therefore, there is only one integration window
for each bipolar pulse. This window is located after the second pulse
and the response of the first pulse is thus not used. For newer metal
detectors, the tendency seems to be towards an increase of the PRF, the
PRF may also be tuned according to the prevailing EM background and
the polarity of the whole bipolar pulses may be alternated to allow for
better immunity against perturbing external fields (see Section 7.6.2 for
more details).
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Finally, some detectors also use two pulse durations. This allows to
implement soil compensation with less sensitivity loss for the target (see
Section 2.7 for more details).

2.6.2 RX electronics

RX
Vfilter
R, Ry
3050 10092

>
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161pF %.51{9 ! IIQOI)F 2 IlZOpF

Figure 2.23: Schiebel RX electronics and coil

The Schiebel RX electronics is illustrated in Fig. 2.23. Its role is to
condition, filter and amplify the RX coil voltage. It works as follows.
The clamping diodes limit the voltage to +0.6V and avoid overdriving
the amplifier A;. When a clamping diode is conducting, the filtering cir-
cuit is equivalent to a damping resistor equal to R; and R, in parallel.
When the clamping diodes are not conducting, the network is a second
order low pass filter. The signal is then amplified. The amplifier has
a large static gain (for the Schiebel detector K, , = 548) because the
responses of the targets of interest are quite small. The amplifier also
behaves as a low pass filter and exhibits some complex behavior when
getting out of saturation. We found out from measurements that the
amplifier dynamics could be modeled with a good accuracy by consid-
ering a first order system with a time constant of 5us and considering
that the amplifiers ideally recovers from saturation after a delay of 10us.
The filter dynamics can easily be computed from the circuit schematic.
It is a second order low pass filter with a gain?? Kg, = 0.49 and time
constants of 0.3us and 0.02us. From the value of the time constants, it
is apparent the filter will not significantly affect the response in the lis-
tening window (which starts when the amplifier goes out of saturation)
but it will significantly attenuate the high frequency EM background.
The time constant of the amplifier itself is dominant compared to the
time constants of the filter. It will affect the response in the evaluation

22This gain is often called the filter insertion loss.
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window and also provide some additional low pass filtering for the EM
background.

2.7 Evaluation window

The slow-time signal is obtained by processing the fast-time signal in
the evaluation window, which is located a few tens of us after the pulse.
For highest sensitivity to small targets?®, this window should be placed
as close as possible to the pulse. Some delay is however needed to allow
that the direct coupling transient vanishes and that the amplifier recov-
ers from saturation. For the Schiebel detector, a single window, located
after the second pulse is used for each bipolar pulse. This window starts
when Va%fé goes below 1V and lasts for T,, = 10us. Note that the lo-
cation of the integration window can thus vary with the response of the
target or the soil. This may have important implications. For example,
a conducting soil may produce a significant response during the pulse,
but its response decays too fast to be measurable in the evaluation win-
dow, at least directly. The effect is then the same as if a pulse with a
smaller amplitude was used. The complete RX transient is then scaled
accordingly and if the window remained at the same place, the slow-time
signal would also decrease, yielding a change of the background signal
(in this case, a reduction that will induce a loss of sensitivity). A similar
effect occurs due to the presence of the RX measurement resistor as il-
lustrated in Fig. 3.4. When the location window is adapted as a function
of the response, the effect disappears and a conducting soil should not
affect the background signal. It might affect the target response if the
displacement of the evaluation window is significant. Obviously, a con-
ducting soil may also affect the field propagation and the target impulse
response but this will not be further discussed here.

The slow-time signal is obtained by an analogue integration of the
output of the amplifier in the evaluation window. More complex pro-
cessing may be used to perform some target discrimination based on the
target response or to allow for soil compensation. Detectors allowing for
target discrimination are appearing on the market. Note that identify-
ing the type of metal composing the target from its response is quite
difficult [45] because the response is not only a function of the target
conductivity but also (and dominantly) [46, Section 8.3.5] of its shape.
Fitting the detector with some learning capabilities to discriminate be-

Z3Which have typically fast responses that vanish fast after the pulse.
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tween targets of interest and clutter is also difficult because there are
many factors that may influence the response of a given mine such as
its age (through oxidation of the metal), its orientation (the modal re-
sponses are independent of the orientation but the contribution of the
various modes is a function of the target orientation and relative position
with respect to the detector head). Furthermore, different batches of the
same mine type may have been built with different metals. The discrim-
ination power of the new detector with those functionalities should thus
be carefully evaluated.

Detectors with soil compensation have been on the market for a long
time. Soil compensation may be performed at the slow-time level. One
then speaks in general of a dynamic mode. This will be further discussed
in Section 2.8. Soil compensation may also be performed at the fast-
time level by using the fact that soil and target responses are in general
different. Typically a magnetic soil exhibits a continuous distribution of
time constants [26] whereas a metallic target exhibits a number of well
separated poles. The impulse response is then a sum of exponentials for
the target and a 1/t decay for a magnetic soil. Introducing a well chosen
weight function W (t), the slow-time signal then becomes:

te+Tav RX
‘/;low :1 W(t)vamp(t)dt (263)

e

it is then possible to cancel the slow-time soil response without signifi-
cantly attenuating the target response. A simple window is W =1 for
te <t <t,and W = —1fort, <t <t,+T,,. Itisthen possible to
find ¢, such that the soil response cancels. The value of ¢, may then
be tuned manually by the operator by adjusting a soil compensation
knob until the soil response disappears. It may also be adjusted auto-
matically. The adjustment is then typically triggered by the operator
and the procedure requires the operator to move the sensor head up and
down above the soil.

Obviously, for any t,,, it is also possible to find an exponential decay
for which the slow-time response is zero. Some targets will thus be
hardly detectable because they will generate a small or even null slow-
time response. If the attenuation is not too large for the targets of
interest, the procedure is efficient for soil compensation. The detector
may be further improved by sending TX pulses of different duration
(typically two durations are used). The underlying idea is that the shape
of the soil response will vary with the duration of the TX pulse because
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the slower poles in the soil pole distribution will be more excited with
longer pulses. On the contrary, the shape of the response of a first order
target is independent of the pulse duration. The shape of the response
for higher order targets may vary with the pulse width, but normally
the effect will remain different for the soil and for the target. As the
soil response is a function of the pulse duration, the weight function
parameter t,, will be different for the various pulse lengths used and if
the target response is strongly attenuated for a given pulse length, it
should be much less attenuated for the other pulse lengths. The use of
pulses with various duration has been patented [47] and is used in the
Minelab detectors.

An additional integration window located much later after the TX
pulse may also be used. The underlying idea is that long after the
pulse, the target response has gone and the remaining signal is due to
an asynchronous induced voltage that may be due to the low frequency
EM background, such as generated by a power line (see Section 7.6.2
for more details) or by the movement of the head above a magnetic
soil. The output of this late window may then be subtracted from the
output of the main evaluation window to cancel those low frequency
perturbations.

2.8 Slow-time electronics

The slow-time electronics includes the circuit generating the audio sig-
nal. It may also include a slow-time filter to perform background com-
pensation. The idea behind background compensation is that a target is
a small object and that its response will vary significantly when the de-
tector is swept over the target. It will be maximum in the neighborhood
of the target and vanish rapidly at some distance from it. In contrast,
the response of the soil will vary more slowly. Hence, a high-pass filter
can be used to significantly reduce the soil response without changing
too much the target response. When such a high-pass filter is used, one
generally speaks about a dynamic mode because the alarm will vanish
if the detector remains fixed over the target. With such a detector, the
scanning must always be performed at a minimum speed and an optimal
scanning speed is often recommended in the manuals.

The slow-time signal, after background compensation, if implement-
ed, is then used as input to generate an audio signal. This process is also
called the alarm generation. The audio signal is typically modulated
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in amplitude and frequency as a function of the slow-time signal. In
some cases, the audio signal changes progressively (increase of amplitude
or change of frequency or both) with the amplitude of the slow-time
signal. In other cases, the alarm is more binary. There are in general
two settings to control the alarm generation. One to control the sound
volume and the other to control the detector sensitivity. The sensitivity
setting typically controls a threshold to which the slow-time signal is
compared. No alarm is generated until the signal reaches that threshold.
There are many variations in the audio generation from one detector to
another. Furthermore, the design criteria are more at the ergonomics
level and must include the functioning of the human earing. This falls
outside the scope of this thesis and will therefore not be investigated
further.

Finally, the slow-time electronics may control a number of additional
settings, such as:

e A filter for the magnetic field generated by the electricity distri-
bution network. A choice between 50Hz and 60Hz for the network
frequency may then be available. Such a filter may be implemented
by adapting the pulse repetition frequency. See Section 7.6.2 for
more details.

e A selection between various modes or soil programs. This may con-
trol the slow-time filtering or the shape of the integration weight.
It may also control the width of the TX pulse.
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CHAPTER 9

Detector fast-time state-space model

This chapter develops a complete state-space of the detector fast-time
signals, including the coil and the fast-time electronics. This model
allows to compute the detector internal signals up to the output of the
fast-time amplifier. The electronics includes non-linear elements but by
defining a number of phases, linear state-space models can still be used:
one per phase.

The model is validated by comparing the computed signals with the
measured ones, showing a very good match. The state-space model is
then extended to include a dipole target. Several target types (electric,
magnetic and conducting) are considered. We show that the response
may then be characterized by a geometric and a dynamic factor. The ge-
ometric factor is called the head geometrical sensitivity and includes the
effect of head geometry and target location with respect to the head.
The dynamic factor is called the detector dynamic sensitivity and in-
cludes the effect of the shape of the TX pulse and the RX electronics
dynamics (filter and amplifier, integration in the evaluation window)
and the target dynamics.

Finally, the response polarity is compared for the various target
types, as this feature might be used to discriminate between the dif-
ferent target types.
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3.3 Extension of the ss model to include a target 81

73



CHAPTER 3. DETECTOR FAST-TIME STATE-SPACE MODEL

3.1 Model development

The coil state-space model has been discussed in Section 2.3. The elec-
tronics includes non-linear elements and can thus not directly be mod-
eled using a linear state-space system. However defining a new phase
each time a diode changes state (blocking/conducting) or when the am-
plifier gets out of saturation and assuming ideal diodes and an ideal
amplifier, a state-space model may be defined for each phase using the
approach described in Appendix A and valid for linear circuits. Indeed,
an ideal diode may be modeled as a voltage source in series with a resis-
tor when it is conducting and as an open circuit when it is blocked. An
ideal operational amplifier may be modeled as a first order linear system.
The Schiebel amplifier is significantly saturated and the time needed to
get out of saturation can not be neglected and we have taken this into
account by introducing a delay to get out of saturation. This delay starts
when the input gets below V., /K, with V_,; the saturation voltage
and K, the static gain of the amplifier. After this delay, the amplifier
state is initialized to yield V,,, as output and a linear behavior is then
considered from that point on.

Recall that the Schiebel detector sends a bipolar pulse. The second
pulse is sent directly after the first one and there is only one evaluation
window after the second pulse. As the transient related to the first pulse
has gone! when the second voltage pulse is sent, modeling considering a
single pulse detector is sufficient.

The detector may then be modeled by considering the following
phases (phase numbers below correspond to those indicated in Fig. 3.1):

e On the TX side (see Fig. 2.22):

1. Charge: the switch I; is closed and the TX coil charges
(charging might be a misnomer as it is mainly the current
that is increased, though to a lesser extent, charges appear
on the parasitic capacitors. One also says that the coil is
energized) on 8V.

2. Discharge Zener: the switch I, is opened and the Zener diodes
become conducting. The TX coil is discharged on the Zener
voltage (138V).

'We consider the detector in absence of targets. With a very slow target, the
transient of the first pulse might interact with the one of the second pulse. It may
then be necessary to model the two pulses. This generalization is straightforward.
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3.2. MODEL EVALUATION

3. Discharge damping: the reverse Zener diode is getting blocked
and the coil continues its discharge on the damping resistor
alone R%X.

e On the RX side (see Fig. 2.23):

4. Discharge filtered: the clamping diodes (D, and D,) are both
non-conducting and the RX coil voltage is propagated to the
input of the amplifier amplifier.

5. Listen: the RX amplifier A; goes out of saturation. The
amplifier output signal can the be used to detect a target.

Each phase is modeled by a linear state-space system obtained by com-
bining the models of the coils and of the electronics. When switching
from one phase to the other, the end values of the state variables are
used as initial condition for the next phase.

3.2 Model evaluation

The TX and RX coil currents and voltages computed with the detector
state-space model are shown in Fig. 3.1 where they are compared with
the corresponding measured signals. The time limits for the various
phases and the evaluation window are also indicated. One sees that the
computed current and voltages match accurately the measured ones.
Similarly, the computed and measured outputs of the amplifier Vali”n);
are shown in Fig. 3.2. To better understand the effect of the filter net-
work and the amplifier, we have shown on the same figure the coil voltage
VRX and the output of the filter network Vﬁ%X. To better visualize the

coil
effect of the filter and amplifier dynamics, we have multiplied Vclgﬁ( and
Vﬁix by the static gain of the transfer functions which relate them to
Va%f;; 0 KympKygy and K, respectively. For an ideal amplifier and
a filter, which do not distort the signal, the curves corresponding to

VRX O VEX and VRX would then be identical. On the top figure, one

coil ? amp
sees clearly the effect of the clamping diodes, which limit Vﬁlﬁx. As the
gain of the amplifier is very large, the voltage scale used to show this
effect is much too large to visualize the signals in the evaluation win-
dow. Therefore, the lower plot shows the same curves with a smaller
voltage scale. One then clearly sees that the filter has little effect on the
signal (except for the existence of a static gain) but that the amplifier
significantly changes the response. This is compatible with the above
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Figure 3.1: Measured (blue) and computed (red) coils current and voltage us-
ing the simple coil model. Phase limits are indicated by vertical
black lines. Phase number and evaluation window (green) are also
indicated.
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Figure 3.2: Schiebel RX measured (— —) and computed (—), using the simple
coil model, scaled coil voltage (KampKﬁlt‘/cI;i)f in blue), scaled fil-

tered voltage (KampVﬁI}tX in magenta) and output of RX amplifier

(Va%l)é) in red) at two voltage scales. Evaluation window is also
shown in green.
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CHAPTER 3. DETECTOR FAST-TIME STATE-SPACE MODEL

discussion which attributes this behavior to the (rather fast) time con-
stants of the filter, to the (rather slow) time constants of the amplifier
and to the delay required for the amplifier to get out of saturation. On
the figures, one also sees that the evaluation window indeed starts when
the amplifier output reaches 1V as explained above.

Recall that 1€ resistors were introduced both in the TX and RX cir-
cuits to measure the current. As mentioned above, the resistors modify
the current pulse. This is illustrated in Figs. 3.3 and 3.4. in which the
voltages and currents have been computed with and without the mea-
surement resistors. One sees that, as a result of the extra resistors, the
exponential shape of the first order charge current becomes apparent.
The current reached is smaller, the duration of the discharge pulse is
smaller and the listening window occurs somewhat earlier. The curves
without the resistors are relevant for the detector in normal use. One
sees that the charge time is smaller than the time constant of the coil
and that the exponential behavior is barely visible. A linear triangular
shape is thus a good approximation for the TX current.

Figures 3.1 to 3.4 were computed using the simple coil model. One
sees that the resulting model (including the model for the electronics)
is quite accurate and that all the computed and measured curves are in
good agreement. We have also performed the same computations with
the detailed coil model. This is illustrated in Figs. 3.5 and 3.6. The
difference between the simple and detailed coil model is the presence
of additional oscillation modes for the detailed model which are mainly
visible in phases 2 and 5. Those oscillations are mainly generated at
the fast variation of the TX voltage (in phase 2) and they are well
visible in phase 5 because the dominant modes response became very
small in comparison. Those oscillations are not visible in the measured
signals and it is thus apparent that the simple model better predicts
the detector signals. We attribute those spurious oscillations to the
skin effects that were neglected. More specifically, the frequency of the
spurious oscillations is around 10MHz. At this frequency, according to
(2.5), the skin depth is 10um, which is much smaller than the RX wire
strand diameter of 100um. Hence, the skin effect becomes significant,
the loop resistance increases and the oscillations are getting much more
damped. Introducing skin effect in a state-space system is not an easy
task. This was however not necessary because the models are accurate
enough for our purpose.

Recall that the main motivations for the development of the detailed
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Figure 3.3: Computed coils current and voltage with (red) and without (blue)

measurement resistors.

Phase

limits are indicated for the re-

sponse without measurement resistor by wvertical black lines.
Phase number and evaluation window (green) are also indicated.

The simple coil model was used.
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Figure 3.4: Schiebel RX scaled coil voltage (K,

filtered voltage (K., Vit: in magenta) and output of RX ampli-
fier (VRX) in red) at two voltage scales. Curves are computed
with (—) and without (- ) the measurement resistor RX. The
evaluation window is shown in green. The simple coil model was

used.
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3.3. EXTENSION OF THE SS MODEL TO INCLUDE A TARGET

model were the estimation of the equivalent parameters of the simple
model and the prediction of the charge distribution along the coils as
it will be needed in Chapter 6 to understand the effect of water on the
detector head. To explain the water effect, we will use the low frequency
charge distribution and as it appears from Figs. 3.5 and 3.6, the detailed
model is accurate below the first resonance (and even above, apart for
some spurious oscillations). This is further confirmed by noting that the
simple detector model is very accurate and that according to the Bode
curves shown in Fig. 2.12, the detailed and the simple coil model are
nearly identical below the first resonance.

Finally, note that the spurious oscillations are filtered by the ampli-
fier and that therefore the detailed model also accurately predicts the
detector response. There is however little justification to use the de-
tailed model for that purpose because it is much more complicated than
the simple one.

3.3 Extension of the state-space model to in-
clude a dipole target

The state-space model of the detector can easily be extended to take
into account the presence of a target or of the soil by adding the target
state-space representation and an appropriate feedback from the target
to the coil induced voltages. Specific targets will be considered in the
next part. Here, our objective is to consider simple target models and
to compute the response of the detector as a function of the target
dynamics.

3.3.1 Target type

Let us consider small isotropic targets that can be modeled by a dipole.
Two main cases will be considered: an electric target that scatters as
an electric dipole and a magnetic target that scatters as a magnetic
dipole. In the frequency band of interest, the coupling between electric
and magnetic phenomena are weak and we therefore assume that, for
an electric target, the induced electric dipole can be computed from the
incident electric field alone and that, for a magnetic target, the induced
magnetic dipole can be computed from the incident magnetic field alone.
Further assuming a linear target, the induced dipole can be computed
using the polarizability tensor.
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Figure 3.5: Measured (blue) and computed (red) coils current and wvoltage.
Phase limits are indicated by vertical black lines. Phase number
and evaluation window (green) are also indicated. The detailed
coil model was used.

82



V]

3.3. EXTENSION OF THE SS MODEL TO INCLUDE A TARGET

1000

-1000 -

-2000 -

-3000

-10

t[ps]

Figure 3.6: Schiebel RX measured (— ) and computed (—) scaled coil voltage

(K mp K1 Vear in blue), scaled filtered voltage (K, Vaie: in ma-
genta) and output of RX amplifier a%f; in red) at two voltage
scales. Evaluation window is also shown in green. The detailed

coil model was used.
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For an electric target, we have:
Py = I_JtETX (3.1)

with p,, the induced electric dipole, 1_3t the electric polarizability tensor
and Erx the electric field incident on the target and produced by the
detector. For an isotropic target, 1_3t = Ptf with I the identity tensor.

Similarly, for a magnetic target, the induced dipole can be expressed
as:

m, = M Hrx (32)

with m,, the induced magnetic dipole, M, the magnetic polarizability
tensor and Hx the magnetic field incident on the target and produced
by the detector. For an isotropic target, M, = M,I.

A typical electric target is a small dielectric object. However, for
the pulsed detectors considered, a target can only be detected if its re-
sponse remains measurable in the evaluation window, some time after
the TX pulse. This requires a frequency dependent polarizability 1_-"t (w).
We have not found an example of such a target producing a measurable
response. A more relevant example of an electric target for a pulsed
detector is a small conducting object for which the conductivity is too
small to produce a significant magnetic dipole (small eddy currents) but
yet large enough to produce a significant electric dipole by means of
charge separation. This will occur for a small water droplet as discussed
in Chapter 6. We further consider the simplest possible frequency de-
pendency for the polarizability:

Ky
A=, o
which as will be shown in Chapter 6 (see Equ. 6.41) is the exact solution
(up to an irrelevant direct feedthrough) for a water ellipsoid. Note that
K, > 0 because for an (isotropic) conducting object, the polarization is
in the direction of the incident field. This is also true for most dielectric
objects because in general, €, > 1.

A typical magnetic target is a small magnetic object. Here also,
to yield a measurable response, the polarizability should be frequency
dependent. Some naturally occurring soils exhibit a frequency varying
susceptibility (also known as viscous remnant magnetization, magnetic
viscosity, magnetic relaxation or magnetic after-effect) [48, 49, 26, 25].
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3.3. EXTENSION OF THE SS MODEL TO INCLUDE A TARGET

Hence, a sample of soil can be considered as a small magnetic target.
An extended magnetic soil is obviously too large to be modeled by a
dipole. Nevertheless the conclusions that we will draw on the time
domain signature of a dipole magnetic target are still expected to be
valid for a magnetic soil. Indeed, for a magnetic soil, the time domain
response is independent of the spacial repartition of the magnetic mate-
rial (see 4.3.2). To simplify the developments, we will further consider
a first order frequency dependent magnetic polarizability:

Ky

Mrag
’ 1+ jwTy

(3.4)
For a magnetic soil (as for all paramagnetic and ferromagnetic materials)
the permeability p, > 1. The induced dipole is then induced in the
direction of the incident field and therefore, K, > 0.

Another common example of a magnetic target is a small highly con-
ducting object, such as a small metallic piece. We will however see that
the magnetic polarizability of a conducting object significantly differs
from that of a magnetic object (3.4). To clearly distinguish the two
cases, we will use the term ‘magnetic target’ only for magnetic objects.
Conducting objects that produce magnetic dipoles will then be called
‘conducting targets’. They should however not be confused with the
weakly conducting objects discussed above and that produce an electric
dipole (3.3). The latter being called ‘electric targets’

For a first order conducting target (such as an RL loop), the currents
and voltages induced in the target are related by a first order transfer
function. Furthermore, the induced magnetic dipole moment is propor-
tional to the induced currents and the voltage induced in the target is
proportional to jwBrx. The magnetic polarizability is therefore given
by:

Mtcond _ ijtﬂ (35)

1+ juwTi

with K, > 0 and T} respectively the gain and time constant of the target.
The minus sign is required to have a scattered dipole that generate mag-
netic fields opposing the incident magnetic field, as required by Lenz’s
law. This can easily be checked considering the limit for the frequency
tending towards infinity. Indeed, the target may then be considered
PEC and the magnetic polarizability must then be negative, as is the
case in (3.5) for w — oo.

Most conducting objects have a polarizability that present a more
complex frequency variation than the first order model considered in
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(3.5). They can then be modeled using a a number of discrete poles [46,
Chapter 6] and the first order model can then be seen as a first order
approximation in which the higher orders are neglected.

3.3.2 Voltage induced by the target

Our objective is to compute the voltage induced by the target in the
RX coil. We start with the electric contribution. Proceeding as in
Section 2.4.5 but considering the volume outside instead of the volume
inside S, one gets the following expression instead of (2.51):

. Y (fs
p = o [ SRlpav (3.6)

with V, a volume containing the target, p, an equivalent charge distri-
bution inside the target that produces the same scattering as the target
and gzvaX the scalar potential produced by the RX coil when a unit cur-
rent flows into it. The sign difference between (3.6) and (2.51) stems
from the fact that the direction of positive normal is opposite for the
volumes internal and external to &;.

Instead of using an equivalent charge distribution p;, an equivalent
dipole distribution 7, may also be considered. The two distributions are
equivalent if p, = =V - 7, [50, Section 6.1, Equ. 6]. Introducing this
charge distribution in (3.6), assuming a continuous dipole distribution
fully included inside V; and using the vector identity (B.1.3) then yields:

ep = —jw / EW) rav (3.7)

with Evgizo = —quﬁgiz, the order zero electric field produced by the RX

coil for a unit RX coil current.
If the incident electric field, is constant on the target volume, the
induced voltage can further be expressed as:

. =(fs
e = —jwBSlo - Py (3.8)

with p, = th T,dV, the target equivalent dipole. This further shows
that an electric target can be represented by an electric dipole if the
incident electric field is constant on the target volume.

Using (3.1) to express the target polarizability with Epyx =~ E(Tfizofo
then yields:

€g = _jWS}];:eadPtITX (3.9)
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with I the TX current and
=5(fs)  x(fs)
S}I;]ead = ER?(O : ET;(O (310)

the head electric sensitivity with E(Tfs)

xo the order zero electric field pro-
duced by the detector for a unit TX current. Rigorously speaking, E%g

should be used instead of E(Tfizo in (3.10). In other words, the polar-

ization induced by E(Tfizl in the target has been neglected. This ne-

glected electric field is induced by B%go which itself is produced by the
solenoid current J,. Hence, the neglected electric dipole originates from
a coupling between electric and magnetic phenomenas. This coupling
is usually weak in the frequency band of interest. For the problem at
hand, the assumption was checked numerically. Just below the casing of
the Schiebel TX coil, E(jfizo was found to be more than thousand times

larger than E%gl This ratio decreases with the distance to the coil and

at large distances, E(Tfizl becomes dominant (but it will always be smaller
than just below the coil). However, we will show in Chapter 6, that an
electric target just below the coil can produce a measurable signal but
a signal thousand times smaller would clearly be unmeasurable. Hence,
the contribution of E(Tf§21 will everywhere be too small to be measur-
able. It can thus always be neglected in practice. In some cases, as for
a shielded coil for which E%go =0. Eglf;gl may be dominant but it will
yield a response too small to be measurable.

Further, neglecting E(Tfigl has a number of practical advantages.

First, the magnetic and electric responses are completely decoupled
which will allow for an easier inclusion of ey in the circuit model. Sec-
ond, according to (3.10), the target response remains unchanged if the
he TX and RX coils are exchanged as required for the exact solution
(according to the full-wave reciprocity). Hence, the approximation used
in (3.10) is consistent with that used to establish the QS reciprocity
expression (C.4.13) at the origin of (3.6).

The response of a magnetic dipole can be derived similarly, by con-
sidering the generalized Maxwell equations which include magnetic cur-
rents (M) and charges (p,,). The result can be obtained without any
new development by making use of the duality which exists between
magnetic and electric quantities [35, Section 3.2].

The solution for magnetic sources can then be obtained from that
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for electric sources by the following substitution:
F—H H—-E J—M p—p, p—pm (3.11)

where x « y means ‘replace x by 3’ and m is a magnetic dipole. The
factor p appearing in the dipole substitution stems from the fact that the
classical definition of the magnetic dipole is not dual to the definition of
the electric dipole. The first definition is based on a small current loop
whereas the latter is based on a pair of electric charges. The dual of the
electric dipole would thus be defined from two magnetic charges. Both
definitions are equivalent up to a factor u.
Making the substitution then yields:

. = (fs
em = JWMH%)QO "My (3.12)

with m, the target magnetic dipole and H g;zo the order zero magnetic
field produced by the RX coil for a unit RX coil current. The sign change
between (3.8) and (3.12) stems from the fact that the induced voltage
is related to the fields through (2.31) and this expression changes sign
when performing the duality replacement (3.11).

Introducing the target polarizability then yields:

ent = JwiShena My Irx (3.13)
with I the TX current and

Shhaa = Hirko - Hixy (3.14)
the head magnetic sensitivity with H %20 the order zero magnetic field
produced by the detector for a unit TX current. As for the electric case,
and for the same reasons, we have used H %20 instead of H %21 This
approximation is obviously a good one because for a coil the solenoidal
current is clearly dominant Jpx, > Jpx;. Further, with an appropriate

choice of current decomposition (see B.3.35), H %21 can be made null.

3.3.3 Interconnection between the target and the general
coil model

Expression (3.9) and (3.13) for e and ey, are not convenient to use in
the state-space representation because they involve the head sensitivities
S}];jead and S}I}gad which exhibit a complex frequency dependence. This
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problem has already been discussed in Section 2.4.6 where we have shown
that the global induced voltage ey, can be replaced by a contribution ey
in each capacitive branch and e); can be replaced by a contribution
er, in each inductive branch and that those contributions are easier to
compute because they only involve the field produced by a unit current
in the inductor or a unit charge on the capacitor and not the global
circuit solution.

3.3.3.1 Electric target

An electric target will induce voltages e, in each capacitor branch.
Proceeding as in Section 2.4.6 to compute ec from ep but starting from

(3.8) yields:
= (fs
ecj = _EEJJ,)Q - D¢ (315)

. ~ (f: . . .
with EéS?Q the electric field produced by a unit charge on the capacitor
i.

The incident field on the target E (fs ;0 can also be expressed as a sum
of capacitor contributions:

fs)
TXO = ZE( Q@c, (3.16)

with QC the total charge on capacitor ¢. Note that the TX and RX coils
are Coupled Therefore, when the transmit pulse is emitted, charges ap-
pear on the capacitors of the RX equivalent circuits and those capacitors
must be considered in the sum (3.16). The contributions of the RX coil
to the transmit electric field is not negligible because the Schiebel head
can be seen as a transformer with a voltage step down of about? 0.5, the
secondary being connected on the damping resistor. As this resistor is
large, the current in the RX coil is rather small but the RX voltage has
the same order of magnitude as the TX voltage.
Each capacitor C; yields the following contribution to eq:

fs

This contribution can easily be introduced in the state-space model be-
cause the electric fields appearing in (3.17) are frequency independent

2There are about two times more turns in the secondary than in the primary. This
should yield a voltage step up of 2 for an ideal coupling but the leakage flux is high,
leading to a voltage step down of about 0.5.
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and those fields can be computed from the charge distribution pg?)Q ap-

pearing on a single capacitor for a unit charge on that capacitor. This
charge distribution is available from the MAS solution as discussed in
Section 2.4.6. Furthermore, Q) is related to the node voltages and is
thus available in the state—spacel representation of the coil.

More precisely, the first order electric target can be introduced in
the state-space representation by adding the following state equation:

J
Ty | Ky

dx{
ot B 3.18
& T, T (3.18)

with the input u; connected to the coil state variables V(, to yield:
_ (fs)  m(fs)
y==> Ecq Ec o, (3.19)
(2

and the state z; is connected to the input er of the coil state-space
J

model, which is a voltage source located in the j** capacitor branch.
An index j had to be used for the target state-space variable x}
because the excitation v, is different for the voltage source e in each
J

capacitor branch. This is not efficient when many capacitors exist in
the model. Indeed, although a first order target is considered, the target
is modeled by a large state vector with one state variable th for each
capacitor branch.

For a large number of capacitors, it is more efficient to use one state
variable for each component of the target dipole components p{* with
a = {x,y,z}. This only requires three state variables for the target:

dpf" e | K
1 TS I 3.20
dt ﬂ + 1—1t ua ( )

the input w, is connected to the coil state variables to yield u, =
E,(rf;)(’]a => EV((jfi)éaQCi where the superscript « again indicates one of
the coordinates : x, ¥ and z. The various inputs of the coil state-space

model e are then connected to the states p{* through:
J

- (55
ecj = —DP; - EcyQ (321)
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3.3.3.2 Magnetic target

Proceeding as for the electric target immediately yields the following
induced voltage in each inductor branch for a magnetic target:

. = (f
e, = jouH\ -m, (3.22)

J J

. > (£ . . . .
with H is) the magnetic field produced by a unit current in the inductor
1, or equivalently, in the corresponding coil turn.

The incident field on the target H (Tfizo can be expressed as a sum of

inductor contributions:

fs > (fs)
BE, =81, (3.23)

with I; the current in the inductor 7. Here also, the TX and RX coils
are coulpled. The transmit pulse induces current in the RX coil and
the current in inductors of the RX coil equivalent circuit must be taken
into account to compute the total incident field. The contribution of
the RX coil is however less important than in the electric case because,
as already mentioned, the RX damping resistor is large and the current
induced in the RX coil is much smaller than the TX current.
Each inductor L, yields the following contribution to er,
er,, = oy, HL MPI (3.24)
Introducing (3.24) in the state-space representation of the coil is some-
what more complex than for an electric target because, comparing (3.17)
with (3.24) shows that the latter includes an additional time derivative
operator jw. Apart from that, the problem is similar. Indeed, the mag-
netic fields appearing in (3.24) are frequency independent and those
fields can be computed from the turn shape. Furthermore, the currents
ILi are state-space variables of the coil model and the state-space repre-

sentation of the first order polarizability M, ¢ can easily be computed.
The extra time-derivative operator appearing in (3.24) can be taken

: . dlp . .

into account by using e instead of I} as input of the target state-

space model and —= can be computed from the state and input variables

of the coil state-space model. Indeed, the state-space equation for the
inductor current can be written:

u (3.25)
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with AI built by concatenating the lines of coil state-space matrix A

= £

corresponding to I; . Similarly, B, is built by concatenating the lines of
L

dly,

coil state-space matrix B corresponding to Iy. Thus one can add —*

dt
to the output vector Y by adding the following output equations:

Yo, =4, X+ B, U (3.26)

The first order magnetic target can then be introduced in the coil
state-space representation by adding the following state equation:
dx{ th K,
it e I 290 3.27

with the input u; connected to the coil state variables to yield u; =

> H L L ) dI and the target state z; is connected to the input e,

of the 0011 state space model, which is a voltage source located in the
4™ inductor branch.

As for the electric target, an index j had to be used for the target
state-space variable x} because the excitation u; is different for the volt-
age source ¢;
it may be more efficient to use the target magnetic dipole components
ms with o = {z,y, z} as state variables. This only requires three state
variables for the target. The development is identical to the electric
target case and expressions similar to (3.20) and (3.21) are obtained.

in each inductor branch. For a large number of inductors,

3.3.3.3 Conducting target

The conducting target is similar to the magnetic target, except for a
sign change and the presence of an additional time-derivative in the
magnetic polarizability (3.5). The state-space equations (3.27) can easily
be extended, to take into account this additional time-derivative, by
adding an output y, which is equal the time-derivative of x}, to the
target state-space model:

dxi th K,
— ==+ —u; (3.28a)
a1, T,
- @ K
Y = —ft - ?tuj (3.28b)
t t
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Comparing (3.28a) with (3.28b) one can easily check that y! indeed
is equal to the time-derivative of 2.

The conducting target can then be taken into account by connecting
y% to the input e, of the coil state-space model.

3.3.4 Interconnection between the target and the simple
coil model

We now consider the simple coil model and we neglect the voltage in-
duced in the TX coil because for targets of interest, this voltage is always
very small compared to the excitation voltage.

3.3.4.1 Electric target

Let us consider an electric target located just under the RX coil. Then
we may neglect the electric incident field produced by the TX coil, com-
pared to the one produced by the RX coil which is much closer to the
target. (This configuration is representative of a water layer on the head
that will be considered in Chapter 6). There is then only one contri-
bution (3.17) and the induced voltage in the RX capacitor branch is

thus:
C

eCRX = _Shel;PéPtQCRX (329)
where o (%) )
~ (fs ~ (fs

Shead = Ec v By (3.30)

which can also be interpreted as a head sensitivity. It should however not
be confused with Sl}fead defined by (3.10). S&;ﬁ is frequency independent
and S}I;:ead is frequency dependent and varying in first approximation as
w?. Furthermore, the former is used to compute ec while the latter is
used to compute ep.

3.3.4.2 Magnetic and conducting targets

For the magnetic and conducting targets, we assume that the incident
magnetic field produced by the RX coil can be neglected, compared to
the one produced by the TX coil. This assumption is in general valid be-
cause the current induced in the RX coil is about twenty times smaller
than the current in the TX coil as seen in Fig. 3.3. Furthermore, as
there are about twice as many turns in the RX coil as in the TX coil
and as the two coils have approximatively the same dimension, at some
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distance from the coils, the TX magnetic field is about ten times larger
than the RX magnetic field. At some distance from the coils, the TX
and RX magnetic fields are getting parallel and the relative contribution
of the TX and RX incident fields may then be assessed by comparing
the modulus of the fields. However, close to the RX coil, the direction
of the fields significantly differs and to assess the relative contributions,
one must compare Hyyo - Hrxo with Hpxo - Hrxo- Just below the RX
coil, the contribution of the incident field Hyx is dominant. However,
lcm below the coil, which is the closest distance a target will get to in a
normal usage, the contribution of the incident field Hyy is four times
smaller than the contribution of the incident field Hpy,. We have just
discussed the relative peak values of the TX and RX incident magnetic
field. The temporal shapes of the field pulses are also important and
they are significantly different, as can be seen in Fig. 3.3. For example,
for a conducting target, the transfer function includes a derivative. The
derivative of the TX current is in first approximation a monopole pulse
and the derivative of the RX current is in first approximation a bipolar
pulse. The former will obviously induce a much stronger dipole in the
target than the latter. Hence, neglecting the incident field generated by
the RX coil is a good approximation for realistic configurations. In case
of doubt, this incident field can always be taken into account in the com-
putation; this only requires to include the corresponding contribution in
the state-space model according to the general expression (3.24).
Neglecting the incident field generated by the RX coil, one gets:

. L
ClLiy = JWPSheaa M1, (3.31)
where L &) )
> (fs > (fs
Shel;;é — HLTX . HLRX (332)

. . e Lpx -
which can also be interpreted as a head sensitivity. S, % is however

not rigorously equal to S}I}gad defined by (3.14). The first makes use of

H ifs) o the field produced by the TX/RX coil for a unit current in the

TX/R.
corresponding inductor of the equivalent circuit while the latter makes
fs

use H (TQ /rx- the field produced by the TX/RX coil for a unit current
in the coil. The difference being related to the current flowing in the
capacitor of the equivalent schema. The other difference between Sﬁ;’é
and Sﬁgad is that the first is used to compute a voltage source ey N to be
put in the L-branch of the coil equivalent circuit, whereas the second is
used to compute the voltage source ey; to be put at the input terminal
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of the coil. Note however that putting a voltage source in the inductor
branch or at the input terminal of the coil does not make much difference
below the first resonance frequency. The two head sensitivities S}I;;’é
and Sﬁgad therefore have similar values below the coil first resonance
frequency.

3.3.5 Dynamic sensitivity maps

Our objective is to understand the effect of the target dynamics on the
target slow-time response. The target slow-time response is defined as
the difference between the slow-time signal in presence of the target and
that in absence of the target. We recall that the slow-time signal is the
integration of the amplifier output in the evaluation window.

According to (3.31), for a conducting or magnetic target, the re-
sponse is a function of:

e the head geometry and the target location through the term S}I;;’é
e the target dynamics through the term M,

e the time-domain wave form emitted through the term ILTX
Equation (3.29) yields similar conclusions for an electric target. As our
objective here is to assess the effect of the target dynamics on the re-
sponse, we will set the geometrical factors S, 4 to one. The target
slow-time response is then computed as a function of the target gain
and time constants by introducing the target models in the simple coil
model as explained in Section 3.3.4. This yields the detector dynamic
sensitivity maps of the Schiebel detector which are illustrated in Fig. 3.7
for simple conducting, magnetic and electric targets. For a better com-
parison, we have presented the absolute value of the slow-time response.
The polarity of the response is however important and will be discussed
in the next section. Various types of target should not be compared
because the geometric factors have been set to one where in fact, they
may have different orders of magnitudes. To get results representative of
targets that would give a measurable response, we have chosen, for each
target type a maximum gain such that the slow-time response is about
0.5V. We have then used the normalized gains: K, = K, /K™ (KM
is the same for the conducting and magnetic targets but is different for
the electric target).
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Figure 3.7: Absolute value of the time-domain sensitivity maps for a magnetic
(a), a conductive (b) and an electric (c) dipole first order target.
Gains are normalized.

One sees that only targets which are neither too slow nor too fast
will yield a significant response. Too slow targets are not excited enough
during the 4us TX pulse and the response of too fast targets has van-
ished before the evaluation window starts. The peak of sensitivity being
around 50us for a conducting or magnetic target and around 10us for an
electric target. One also sees that the magnetic and conducting target
have a very similar sensitivity map. This may look surprising because
the conducting target has an additional derivative operator and an oppo-
site polarity, compared to the magnetic target. However, both transfer
functions are of first order and, therefore, for a given time constant they
yield the same exponential decay up to a possible multiplicative factor.
One can easily check that the two transfer functions (3.4) and (3.5) yield
the same initial value for a step off and therefore the responses are iden-
tical for a current step-off. The TX current is in good approximation a
step off function and therefore the responses are nearly identical.

The maximum of sensitivity occurs for faster targets for the electric
case, compared to the conducting or magnetic cases. This is related
to the fact that, in good approximation below the first coil resonance,
the electric head sensitivity S}]fead defined by (3.10) has an w? frequency
dependence whereas the magnetic sensitivity S}%ad defined by (3.14) is
frequency independent. Indeed, below the first resonance frequency of
the coil, the electric field emitted by a coil can be approximated by:

coil —

E(fS) = ijcoilCcoilEgzsi)l,Q (333)
with Egm)lQa the electric field produced by the coil for a unit charge
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on the capacitor in the equivalent circuit. This last field is frequency
independent and S}]fead has thus indeed an w? frequency dependence.

Displaying the sensitivity map as a mesh or looking at 2D cuts (not
shown), it appears that the slow-time response increases linearly with
the gain for small target gains K,. For larger gains, the target response
influences the position of the evaluation window. We will see in the next
section that for the conducting and magnetic targets, the response is
negative whereas for the electric target, the response is positive. We have
seen that the evaluation window starts when the output of the amplifier
reaches a given negative threshold. This threshold is reached later for
a large negative target. The evaluation thus comes later for a large
conducting or a large magnetic target, at a moment where the target
response is smaller. Therefore, the slow-time response increases less
than linearly with the gain for large conducting and magnetic targets.
Similarly, for a large electric target, the evaluation window comes earlier
and the slow-time response therefore increases more than linearly.

3.3.6 Polarity of the response

50 10 20 30 40 50 60 70 80 90 100
tlpus

Figure 3.8: Typical response for a conducting or magnetic (blue) and an elec-
tric target (green); both with T, = 10us. Response in absence of
target is also shown (red).

The polarity of the response for different types of targets is an im-
portant feature. Indeed if different types of target show a response with
opposite polarity, the response polarity might be used to determine the
type of target. Typical target responses are shown in Fig. 3.8 for a con-
ducting and an electric target. The response of the magnetic target can
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be made identical to the response of the conducting target by an appro-
priate choice of the target gains. It is thus impossible to use the shape
of the response to discriminate between a conducting and a magnetic
target (at least for the first order targets considered here).

One sees that the polarity of the response is negative for the con-
ducting and the magnetic target and it is positive for the electric target.
This is to be compared to the polarity of the voltage pulse in the TX and
RX coils which are both negative. In other words, the response of the
conductive or magnetic target has the same polarity as the background
signal (due to the direct coupling) and the response of the electric tar-
get has an opposite polarity. The polarity of the response can thus not
be used to distinguish between a conducting and a magnetic target. It
might be used to distinguish an electric target but in most modern de-
tectors the response of an electric target is canceled by shielding the coil.
The potentiality of using the response polarity for target discrimination
thus seems very limited. Discrimination might however be possible by
analyzing the time-domain shape of the target response.

To compute the target response in Fig. 3.8, we have assumed that the
geometrical factors S) . 4 are positive. According to (3.30) this is always

true for S}?ef;’é because this expression was obtained by considering that
both the transmitter and the receiver for the electric target were the

RX coil. According to (3.32) this would also be true for Sﬁ;ﬁ if a head

with a single coil is used. Indeed, we then have H g;)x -H gi)x For the

Schiebel detector this is not true and S}I;;’é may be negative. However,
at some distance from the detector head, the magnetic field generated
by the TX and the RX coil becomes parallel and the S}I:g‘;é is therefore

guaranteed positive3. Close to the head, S}I:e‘?é may be negative and the
polarity of the magnetic and electric responses would then be reversed.
In Section 4.4.1, the Schiebel head geometrical sensitivity is computed
and this shows that there is indeed an area where this sensitivity is
negative but this area is small and located very close to the head where
targets are never present in practice because the head must always be
swept at a certain height above the ground.

3With our definition of positive currents and voltages and assuming that the RX
and TX coils are wound in the same direction. Should the winding be in opposite
direction or the positive voltage convention changed, the polarity of S}I:g; would
change but this is irrelevant because the polarity of the direct coupling would change
as well. The polarity of the target should indeed not be considered in absolute terms

but as a relative comparison between various target responses and the direct coupling.
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CHAPTER 4

Soil response

In many applications, the soil can be considered as transparent for a
MD. However, in the scope of humanitarian demining, the targets of
interest may contain a very limited amount of metal. The soil response
may then become significant when compared to the target response and
this may affect the performances of a MD. To mitigate this problem
high end detectors used in the scope of humanitarian demining include
soil compensation functions.

Due to the reduced dimension of coils used in the scope of humani-
tarian demining, soil conductivity plays little role but the soil magnetic
susceptibility may significantly affect the detector, especially if it ex-
hibits a frequency variation. For most soils encountered in practice,
even those considered highly magnetic, the magnetic susceptibility re-
mains much smaller than unity. Therefore, the Born approximation can
be used and this allows for significant simplifications. Indeed, the soil
response can then be expressed as a simple integral on the soil volume
of the magnetic susceptibility multiplied with the head sensitivity. As
a result, realistic scenarios, taking into account the head geometry, the
soil inhomogeneities and the soil relief can efficiently be simulated.

Finally, a number of head characteristics: the sensitivity maps, the
zero equi-sensitivity surface and the HS response are computed for a
number of typical head geometries. We show that those head charac-
teristics can be used to better understand the head behavior and for
example its ability to intrinsically compensate the soil response.
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4.1 Introduction

The soil can significantly affect the performances of a MD. This is well-
known by the manufacturers who therefore include soil compensation
techniques in most high-end MDs. Unfortunately, due to competition
among manufacturers, details of those compensation techniques are of-
ten proprietary, although some information is available in patents [23].

The effect of the soil has been studied for a long time in the scope
of geophysical applications [21, 22]. In those applications, large coils
and/or large separation between the TX and RX coils are used and they
sense a large soil volume. As a result, the skin depth and the problem
characteristic dimensions are of the same order of magnitude and the soil
conductivity may play an important role. In contrast, in the scope of
mine action, much smaller coils are used and soil conductivity has little
effect on the response. This may explain why in most publications in the
scope of mine action, the soil was considered transparent until recently.
The soil can indeed be considered transparent in the sense that, in gen-
eral, it does not significantly affect the target response [24, 51, 25, 52, 53].
The soil can however produce an additional response that is mainly due
to its magnetic susceptibility. That response is relatively small and may
be considered negligible for many applications. However, in the scope
of mine action, the metallic content of some mines is getting very small.
Low metal mines can still be detected because the detectors have become
more and more sensitive. However, when compared to the response of
some mines, the soil response can not be neglected anymore. Under-
standing the soil response then becomes of prime importance because it
can be the source of false alarms or require the use of a lower detector
sensitivity setting which in turn will reduce the target detectability.

The soil response is influenced by many factors such as the current
waveform in the TX coil, the detector head geometry, the coil electri-
cal characteristics, the detector electronics and the soil electromagnetic
properties. Some of these factors have been studied [54, 25, 53, 22, 26,
21], but many open questions still remain. For example, in many cases
analytical models have been used and, as a result, the analysis was re-
stricted to simple coil arrangements such as concentric circular coils, and
to homogeneous soils with a flat air-soil interface. However, the shape
and relative position of the coils have a major impact on detector perfor-
mance which is indicated by the amount of different coil arrangements
used in practice [55]. The soil relief and soil inhomogeneities also have
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a major impact on detector performance.

We show that the soil response can be expressed for general head ge-
ometries and for general soil inhomogeneities and reliefs by resorting to
a general form of reciprocity and we directly derive that reciprocity ex-
pression for the MQS regime relevant to MDs. The resulting expression
for the soil response includes the magnetic field produced by the TX coil
in the presence of soil. Computing that field for a general soil and for
a general head geometry requires the use of computationally intensive
numerical methods.

However, several publications [25, 26] suggest that for most soils of
interest the response is mainly due to the soil magnetic susceptibility and
therefore effects of soil conductivity may be neglected. Furthermore, the
magnetic susceptibilities of most natural soils are quite low [56, 8, 57,
58, 48, 59, 49].

In this chapter we show that for such soils, with negligible electric
conductivity and low magnetic susceptibility, major simplifications can
be achieved by using the Born approximation. This also allows more
realistic scenarios to be studied efficiently and the effects of head geom-
etry, soil inhomogeneity and relief on MD performance to be taken into
account.

In addition to this general model, a second model based on image
theory is developed. That model is only valid for a homogeneous HS but
it does not require the Born approximation. It is therefore also valid
for soils with high magnetic susceptibilities. The responses predicted
by both models are compared with each other and also with available
analytical solutions. The comparison shows good agreement between the
results and this provides a means of validation for the models and their
implementations. Comparing the two models also allows us to establish
an expression for the error incurred when using the Born approximation.
In the light of susceptibility measurements of many soils found in the
literature it appears that, for most soils of interest to mine clearance,
the corresponding error is negligible.

The models are developed in the frequency domain. It is then shown
that, under reasonable assumptions, the results can efficiently be ex-
tended to the time-domain.

The chapter is organized as follows. Section 4.2 describes the prob-
lem. Two models to compute the soil response in the frequency domain
are presented in Section 4.3.1. The first is valid for arbitrary soil inho-
mogeneity and relief but relies on the Born approximation whereas the
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second is only valid for homogeneous HS configurations but does not
require the Born approximation. Section 4.3.1.4 compares both models
in order to assess the accuracy of the Born approximation. Section 4.3.2
extends the models to apply to the time-domain which is better suited
to analyze pulse induction detectors.

Section 4.4 discusses some characteristics that can be derived from
the proposed models and that are useful to compare various head ge-
ometries. Note that the comparison is based on the soil response alone.
This yields useful information but a complete comparison should also
take into account the target response. Indeed, a given head might better
compensate the soil response than another one, but this is not necessar-
ily beneficial if the target response is also reduced. In this respect, the
performances of the electronic soil compensation should also be consid-
ered. If it is efficient enough, the head geometry should not be optimized
to reduce the soil response but to increase the target sensitivity.

4.2 Problem description

The problem considered is sketched in Fig. 4.1 (a). A MD head is located
at an arbitrary position and with an arbitrary orientation above the soil.
The head is in general composed of a TX and a RX coil, but a single
coil can also be used for both reception and transmission.

APair

Soil

Figure 4.1: MD composed of TX and RX coils (Crx and Cyx) of arbitrary
shapes above magnetic soil. (a) general inhomogeneous soil ex-
hibiting some relief and (b) homogeneous HS with C—. the mirror
image of the TX coil, used to compute the soil response, and h
the height of the head above the soil.

The soil is assumed to be non-conductive and has a magnetic sus-
ceptibility varying both with frequency and position. The magnetic
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susceptibility is denoted x(w,r), with w the angular frequency and r
the position vector.

Consideration of magnetic susceptibility that varies spatially allows
us to take into account soils with arbitrary inhomogeneity and relief.
In addition, we consider a magnetic susceptibility that varies with fre-
quency because some naturally occurring soils exhibit such behavior
[48, 49] and it has been shown [26, 25] that this frequency variation (also
known as viscous remnant magnetization, magnetic viscosity, magnetic
relaxation or magnetic after-effect) has a significant effect on MDs.

The model can be used for an arbitrary head configuration and
Fig. 4.2 presents commonly used [55] head configurations which will
be considered in this chapter.

Figure 4.2: Head configurations considered. TX — and RX — — coils for (a)
circular, (b) concentric, (c) elliptic, (d) double-D and (e) quad
heads. For circular and elliptic heads, a single coil is used for
RX and TX. L is the head characteristic length.

The coil overlap for the double-D head is chosen to obtain zero cou-
pling between the coils in the absence of soil. The quad coil is composed
of two RX half-circles connected in opposition (i.e., the current flows in
opposite directions in the two circular segments and in the same direc-
tion in the two straight segments).

4.3 Development of soil response models

4.3.1 Soil response in the frequency domain

In this section, we describe the development of a general model valid
for arbitrary soil relief and inhomogeneity. We then describe our devel-
opment of a simpler model that is only applicable to HS homogeneous
soils. Both models can be used for a HS configuration and comparing
their results allows the accuracy of the Born approximation underlying
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the general model to be assessed (see Section 4.3.1.4).

4.3.1.1 Assumptions

Since we are considering the case of low conductivity soils and that
frequencies used in EMI detectors are less than 100kHz the MQS ap-
proximation can be used as discussed in Appendix B.3.

Let us consider a head composed of ideal TX and RX coils. An ideal
TX coil is comprised of a single closed-loop made of an infinitely thin
wire where the current remains constant because no charge is accumu-
lated due to parasitic capacitance. Under these conditions the current
distribution Jry is fully defined by the closed curve Cpy corresponding
to the shape of the coil and by the current Iy flowing through any
cross-section.

Similarly, an ideal RX coil is defined by the closed curve Crx and the
induced voltage! is equal to the derivative of the magnetic flux through
a surface Spx bound by the contour Cyy:

ERX = jw/ B{) .as ij}{ Al qe (4.1)
Srx Crx

Where B(;)Sg and A%S() are the magnetic induction and the magnetic
vector potential produced by the source current distribution Jr in the
TX coil and the term ‘(as)’ indicates that the environment is composed
of air and soil.

In the case of a two-coil head, current may be induced in the RX
coil. This current should be considered as part of the TX current Jpx.
As a result, Jpx should be described by two currents, one flowing on
Cpx and the other on Cry. This generalization is straightforward and
will therefore not be discussed further.

In general, the TX current when the head is in the presence of soil
may be different than when it is in free space. We use the TX current
in the presence of soil in equation (4.1) and in the rest of this chapter
unless explicitly stated. As this current varies with soil properties, sensor
height and orientation it should be related to the free space TX current,
which can be measured and considered as a detector characteristic. For

'the induced voltage is e = — 4o E%S() -d€. It is related to the electromotive
RX

force £ by e = —¢ and is equal to the voltage that would be measured at the coil
open terminal, the voltage direction being such that going from the minus to the plus
inside the voltmeter closes the circuit in the direction of the contour Cyx.
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most cases this distinction is not critical because the soil response is
small and will not significantly change the TX current. The TX current
in the presence of soil is further discussed in Appendix D.1.

4.3.1.2 General model

The voltage induced in the RX coil (4.1) includes the following two
contributions:

° eRX resulting from the direct coupling between TX and RX coils

° eSR")lé = epx — eg% resulting from the soil response
The direct coupling is often of little interest because it remains constant?
and it is canceled by the detector electronics. If required, it can be
calculated using an expression similar to (4.1):

erx = jwj{ A(Tfiz de (4.2)

where ‘(fs)’ indicates the free space environment. It can also be expressed
as e%% = jwMrx pxIrx where the mutual induction coefficient My gx
between the TX and RX coils can be measured directly. For single
coil detectors, the direct coupling becomes e§§ = jwLpxIpx where

Ly is the TX coil self-induction coefficient. For the single coil case,

(4.2) can no longer be used because Aglf;g becomes infinite on the coil.
This singularity is due to the filament assumption and disappears if
the current distribution across the coil conductor is taken into account.
Nevertheless, measuring Ly is straightforward.

We define the voltage es011 induced in the RX coil by the soil as the
soil response. To simplify the notation, it will be denoted V_;; given by:

Vo= jw 7§ A® g (4.3)

RX

with Aég A(%S() - A(Tfiz which can be interpreted as the magnetic
vector potential produced by equivalent currents® J; in the soil volume.

Indeed the soil, like any other medium, can be substituted by equivalent

2 Assuming that the soil does not significantly change Itx (see Appendix D.1)
3These currents do not exist physically because the soil was assumed non-
conductive.
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currents flowing in free space [41, 31]. It should be noted that AS)SI)I is
always finite, making (4.3) valid for single coil detectors.

Equation (4.3) is computationally inefficient because of the require-
ment to calculate the soil equivalent current distribution and the corre-
sponding vector potential AS)SI% which requires an integration on the soil
volume. Finally, a line integration on the RX coil must be performed.

A more practical expression can be obtained by the use of reciprocity
to relate fields in two configurations (called states). Various reciprocity
relations can be found in the literature [31, 41, 35] but the most generic
expression, which takes into account different media in both states, is
seldom used [42, 43]. As already mentioned, the MQS approximation is
valid for the problem at hand and the MQS reciprocity expression C.3.10
developed in Appendix C.3 can then be used. Note that this expressions
can also be obtained by introducing? the MQS approximations in [43,
Equ. 3].

Applying reciprocity (Equ. C.3.10 over V_ (the whole space) with
the two following states:

° E%S() which is the state for which the current Iy flows in the TX
coil in presence of soil

° Egﬁg which is the state for which the current Ipy flows® in the RX
coil in absence of soil

yields:

as fs fs as
[ (s < - Ay ) s

[e3e)

as fs
/ {(:U'TX - ,URX)H(TX) 'H%{)z—i_

oo

fs as
Trx - ARY — Trx - A(TX)} dvV (4.4)

where pipy and ppy are the magnetic permeabilities for states E(%Sg and

Egiz respectively.

1Replace E by —jwA, note that there is no electric charge and no magnetic current
in this case and take the limit as w — 0.

®As already mentioned, current may be induced in the RX coil by the TX current.
This induced current should not be confused with Ixx which is a fictitious current
used to apply reciprocity.
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The contrast pipx — ppx 1S zero except in the soil volume V (see
Fig. 4.1) where it is equal to p,x where x is the magnetic susceptibility
of the soil. The contribution of the sources to the volume integral reduces
to the sum of two contour integrals, one on Cpx and the other on Crx
because the sources are concentrated on those contours. By considering
that the integral on the infinite sphere S, vanishes according to the far
field behavior of fields and potentials, simplifying (4.4) to:

:U'O/ XH(aS) ’ RXdV = Irx % Asoﬂ (4.5)

where the contour integral on Cpy was replaced according to:
Inx f{ AR e =1, f{ AR (4.6)

which is obtained easily by applying reciprocity over the whole space,
while considering the states E(Tfiz and Egiz defined as above, but with
the free space environment for both states. Indeed, replacing the air-soil
(as) with the free space (fs) environment in (4.4), ppy = pgx and all
terms vanish except for the two last terms of the r.h.s.. This yields:

Veo Voo

which for the infinitely thin coil considered indeed yields (4.6).
With (4.5), (4.3) becomes:

Vol :jwMoITX/ XA HRAV (4.8)
with H ﬁzﬁv) = georllf’ I .; the magnetic field normalized with respect

to the corresponding coil current. Similar expressions have been ob-
tained in the framework of nondestructive testing. For example, in [60,
Equ. 16b] Auld et al. present an expression for the impedance varia-
tion AZ,, related to the soil response by V, ,, = AZ,Ix. This latter
expression and (4.8) were obtained following different lines of reasoning
and are identical under the MQS approximation, since the electric term
appearing in [60, Equ. 16b] is then zero.

5The units of H and H are respectively [A/m] and [1/m].
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Recalling that the voltage induced in the RX coil by a magnetic
dipole m is [46, Equ. 2.21 p. 23]:

. > (fs
Viip = Jwhom - Hf& (4.9)

equation (4.8) can be physically interpreted as the sum of contributions
by elementary magnetic dipoles:

dm = I B AV (4.10)
The computation of H. %S() for a general soil usually requires numer-
ical techniques which are computationally intensive. However, for low
susceptibilities, H (%Sg can be approximated accurately by H (152, which
is easier to compute. This is the Born approximation[61, Equ. 8.10.1
p. 485] [60, Section 2.3.1.2]. In [62] the Born approximation is also
used in the scope of landmine detection to compute the response of a
dielectric mine. The accuracy of the Born approximation can be eval-
uated for simple configurations, such as a homogeneous HS, for which
an analytical solution exist. This approximation is further discussed in
Section 4.3.1.4 and it is shown to be quite accurate for most soils of
interest.
Replacing H (1?52 by H (Tfig in (4.8) yields for the soil response:

Vool = jW:U'OITX/ xSdV (4.11)
where ] ]
s=a%. g% (4.12)

is defined as the sensitivity of the head. The concept of sensitivity map
was first introduced in [63] to characterize the response of a MD to
a small sphere. According to (4.11), it is also useful to compute the
soil response. In [63], sensitivity maps were computed for rectangular
coil arrangements. In Section 4.4.1 we present results for more complex
heads.

Note that, the head sensitivity (4.12) is identical to that encountered
in Section 3.3 to compute the response of a small conducting or mag-
netic target. Actually, two different expressions (3.14) and (3.32) were
obtained. The first is used to compute a voltage source e,; to be put at
the input terminal of the coil, whereas the second is used to compute
the voltage source €L to be put in the L-branch of the coil equivalent
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circuit. For the ideal coil considered in this Chapter, no coil parasitic
capacitance is considered and the two expressions are then identical.
A more accurate coil model can however be easily considered to com-
pute the soil response as we did in Section 3.3 for the target response.
S}I:e‘?é defined by (3.32) is then more convenient because it is frequency
independent, while S, defined by (3.14) is not.

In (4.12), only free space magnetic fields appear; for an arbitrary coil

geometry C_.;, they can be computed by means of the Biot-Savart law
(31, Equ. 13 p. 230 and Equ. 11 p. 232]:

(), 1 { xR,

Hcoil(l") = E/(; Tdf (413)

coil

where C_; is the contour representing the coil, r a field point, r’ a source
point, R = r — 7 is the vector joining a source point to a field point,
R = ||R|| is the magnitude of R and £ is the unit tangent to Con at
r’. The coils considered in this chapter (see Fig. 4.2) and most coils
used in practice are composed of circles, circular arcs and line segments.
For such coils, the magnetic H gf;)l can be computed analytically [64].
This is quite a significant advantage because the magnetic fields must

be computed for a large number of points to compute (4.11) accurately.

4.3.1.3 HS model

Analytical solutions for concentric circular coils above a homogeneous
HS are well known [24]. In general, they require the computation of
Sommerfeld integrals. Simpler solutions may be used under the MQS
approximation. They can be obtained from the general solution as in
[51]. In this section, we show that the same expression as in [51] can
be obtained directly by using the image theory. Furthermore, this ap-
proach provides a better physical interpretation of the results and can
be generalized to arbitrary head configurations.

The image theory is often presented [65, Section 2.14][35, Section 3.4]
as a method to solve electro-static problems. Nevertheless, it is easily
transposed to the MQS framework.

The configuration considered is sketched in Fig. 4.1 (b). The field in
the upper HS is the sum of the field produced by the TX coil in absence
of soil and the field scattered by the soil. According to image theory, the
soil contribution is assumed equal to the field produced by a fictitious
current oIy flowing through the image coil Cﬁ’ this current being the
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mirror image of the TX coil through the air-soil interface and radiating
in free space:

as ~ (fs ~ (fs
H(Tx) (Pair) = ITXHSF)g + OésITXH(@% (4.14)

where the argument r ;. has been introduced to emphasize the fact that
the expression is only valid in the upper HS. Similarly, we assume that
the field in the lower HS is equal to the one produced by a current oy Ipy
flowing in the TX coil Cpx and radiating in infinite soil:

as ~ (fs
H'(I‘X) (Pooit) = O‘tITXHSF)g (4.15)

where the argument r__; denotes that the expression is only valid in the

lower HS. We replaced the normalized magnetic field H (;;(ﬂ) produced

by the TX current in an infinite space filled with soil by H Slfig, since
both quantities are equal”. The fields appearing in (4.14) and (4.15) can
be computed easily by means of the Biot-Savart law (4.13) because all
equivalent currents are radiating in free space.

The coefficients are solved for by applying interface conditions (con-
tinuity of the tangential component of H) and by resorting to the sym-
metry relations (D.2.6). This yields:

2 2
Q= —H0 — (4.16a)
Po+ 1 24X
a ="t X (4.16b)

Copstpg 24X

with pg = p19(1 + x) the soil magnetic permeability.

In Section 4.3.1.2, the soil response is defined as the additional volt-
age induced by the field scattered by the soil. Therefore, according to
(4.14), it is equal to the voltage induced in the RX coil by a current
oIy flowing through the mirrored TX coil, both coils being in free
space. This voltage can be expressed as:

VHS = jwaSITXMT.)\(,RX (417)

where Mﬁ R the mutual induction coefficient between the RX coil

)

and the mirrored TX coil, can be expressed as:

. < (fs)
Mgy = /C A ae (4.18)

RX

“For a homogeneous full-space, the equations governing the magnetic field are
V x H =0 and V - H = 0 which are independent of the medium permeability.
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< (f
where A%\z = A(T/fi% /Ipx, the magnetic vector potential produced by the
mirrored TX coil and normalized by the corresponding current, is related
to its source [31, Equ. 8 p. 231 | by the following expression:

i (£s) Ho L.y

A= (r)=— —de 4.19

M=/ (4.19)
TX

with d€’ the unit tangent to C— at the source point and R the distance

between source and field points. For coils composed of circles, circular

arcs and line segments, the magnetic potential A%\z can be computed
analytically [64]. In addition, for coaxial circular coils, (2.3) can be
used to directly compute the mutual induction coefficient. Substitution
of (2.3) into (4.17) yields an expression for the soil response that is
identical to [51, Equ. 10]. However, our approach is more general and
can be applied to other head configurations.

4.3.1.4 Accuracy of the general model for HS soils

The expression for a general soil response (4.11) was obtained under
the Born approximation, which assumes that the soil does not signifi-
cantly change the TX field (H %S() ~H (;2) Such an assumption was not
required to develop the HS model expression (4.17). Since both expres-
sions can be used for a HS soil, the comparison of the results allows us
to quantify the accuracy of the general expression (4.11) for that specific
configuration.

As shown in Appendix D.2, the mutual induction coefficient appear-
ing in (4.17) can be expressed as a volume integral on the soil volume
(D.2.9). Furthermore, for a homogeneous HS, the magnetic susceptibil-
ity may be moved outside the integral (4.11). As a consequence, both
approaches yield a similar expression for a uniform HS soil:

Viis = ﬁijwMoITX/ Sdv (4.20)
VLHS
where V; g is the lower HS volume z < 0, ‘i = g’ and ‘i = HS’ respec-
tively for the general and HS model. According to (4.11) 3, = x while
according to (4.17) and (D.2.9) fyg = 2x/(2 + x)-
The relative error due to the Born approximation is thus:

s = By _ Ix (4.21)

Pus 2
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In [66], soils are classified according to their magnetic susceptibility
as neutral, moderate, severe, and very severe depending on their effect
on MDs used in the framework of mine clearance. Very severe soils
have susceptibilities above 0.02. Many soils of interest indeed have sus-
ceptibilities below 0.02, as confirmed by many measurement campaigns
[56, 8, 57, 58, 48, 59, 49]. A noticeable exception is Playa Gorgana in
Panama, which is rich in pure magnetite and for which susceptibilities
close to 1 have been measured [48]. For a very severe soil with a mag-
netic susceptibility of 0.02, the relative error is 0.01, which shows that
the approximation is expected to be quite good for most soils of interest
in the framework of mine clearance.

4.3.2 Soil response in the time-domain

The time-domain response can be obtained from the frequency domain
response by Fourier transform. This requires one to compute the spec-
tral representation I$y (w) = F{I%(t)} of the time-domain TX current
It (t) and to repeat the computation of the soil response (4.11) for a
number of frequencies within the detector bandwidth.

The soil magnetic susceptibility is mainly due to ferrite minerals—
magnetite and maghaemite—and the susceptibility frequency variation
is dictated by the size and shape distribution of the magnetic domains
of those ferrite minerals at sub-microscopic level [26]. It is expected that
for some soils, this distribution remains identical everywhere in the soil
and that only the overall concentration of ferrite changes.

When this assumption is applicable, the frequency dependence of the
soil magnetic susceptibility is independent of the position, and a simpler
and more efficient approach is possible. The magnetic susceptibility can
be separated into a position-dependent factor and a frequency-dependent
factor: x(r,w) = x'(r)x“(w). Furthermore the frequency-dependent
factor can be moved out of the integral (4.11) to yield:

V() = volt) /v SV (1.22)

s

with V!, (¢) the time-domain soil response,

dl7x (t)

t
t
it ® x'(t)

vp(t) = FH{jwpeIix (W) x* (w)} = po
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where ® denotes a convolution and x*(t) = F~1{x¥(w)} is the normal-
ized impulse response of the magnetic material present in the soil®.

Expression (4.22) has a form similar to its frequency-domain coun-
terpart (4.11). It shows that v,(¢) completely defines the shape of the
time-domain response Vs‘gﬂ(t), only influenced by the shape of the TX
current Ity (t) and by the signature of the magnetic material y*(w)
present in the soil. Hence, if x is a separable function of space and
frequency, the shape of the time-domain response is independent of soil
relief, concentration of magnetic material x"(r), head position and ori-
entation. Those parameters only affect the magnitude of the response.

With those numerical optimizations, the sensitivity mesh correspond-
ing to a given head is computed in a few minutes on a standard desktop
computer and the response of an arbitrary soil can then be computed in
a few seconds.

4.3.3 Implementation validation

The HS response can be computed using the general expression (4.11)
or the simpler expression (4.17) valid only for a HS configuration. Ac-
cording to (4.20), Vi5s/x and V(2 + x)/x are independent of y and
should be equal.

Both expressions are computed using two different numerical algo-
rithms. Indeed, according to (4.11), the general expression requires a
volume integral on the soil volume, whereas according to (4.17), the
HS expression requires a line integral on the RX coil. Comparing both
results yields a cross-check and an indication on the accuracy of the
numerical algorithms.

Furthermore, the general expression involves the magnetic fields pro-
duced by the coils while the HS expression involves the magnetic vector
potential produced by the coils. Both are computed using the analytical
solution for straight and circular segments. Comparing both solutions
also yields a validation of the analytical expressions used and of their
implementations.

To quantify the difference between the two results, the relative error:

_|VES(2+x) — Vi

VEE(Z i~ (4.23)

is used.

8The unit of x*(t) and vy (t) are respectively [s™'] and [V /m].
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It is worth emphasizing that this error, independent of y, is used to
cross-check the numerical implementations and cannot be used to assess
the accuracy of the Born approximation. For this, (4.21), which does
not require any numerical computation, should be used instead.

The y-normalized response computed with both models, together
with the corresponding error (¢), is presented in Table 4.1 for various
heads and for a normalized head height h = 0.05.

VES(24x) Vs
X X €
Circular 0.4285 0.4285 O
Concentric | 0.2113 0.2112  0.0005
Elliptic 0.2716 0.2717  0.0001
Double-D | -0.0007 -0.0007 0.0035

Quad 0 0 na

Table 4.1: x-normalized dimensionless HS response computed with general
(V§g) and HS (VHS) expressions together with corresponding rel-
ative error (e) for normalized head height h = 0.05.

To avoid any dependence on the frequency, on the TX current or on
the head dimension L, the dimensionless soil response:

Vg = VHS/UWMOLITX) (4-24)

is used. It is easy to check by appropriate changes of variables in the
integrals (4.11) and (4.13) that Vg is indeed independent of the head
dimension L.

In the case of a quad detector, the error ¢ cannot be computed be-
cause the corresponding HS response is null. For other heads, the error is
quite small, which yields a good check of the numerical implementations.
However, the error is the biggest for the double-D detector because the
HS response is small due to a significant compensation between the pos-
itive and negative contributions in the integral (4.11). Such a compen-
sation between large positive and negative contributions requires both
contributions to be computed with a high accuracy in order to reach a
small relative error.

For the concentric head, an additional validation has been performed
by comparing Vi based on a numerical integration (4.18) and on the
analytical solution (2.3) to calculate the mutual induction coefficient.
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The relative error was better than 1071, which provides a good valida-
tion of the implementation of (4.18).

4.4 Head characteristics

The general model (4.11) allows one to efficiently compute the response
of magnetic soils with low susceptibility with arbitrary relief and in-
homogeneity, for an arbitrary head shape in an arbitrary position and
orientation above the soil. The soil response is obtained as a weighted
sum of the soil susceptibility and the head sensitivity. Hence, visualizing
the sensitivity map allows to better understand the head behavior. This
will be discussed in Section 4.4.1.

The head sensitivity may change sign; it is in general positive far
away from the head but it may be negative in a region close to the
head. This sign change is at the origin of an intrinsic soil compensation
for some heads and visualizing the zero sensitivity surface helps us to
understand the compensation mechanism. This will be discussed in
Section 4.4.2.

Another important characteristic that can be derived from the head
sensitivity is the volume of influence. As this is a very important concept
that requires a careful definition and a number of additional develop-
ments, we will devote Chapter 5 to this concept.

The intrinsic head compensation can also be assessed for a homoge-
neous and flat soil by computing the HS response. This will be discussed
in Section 4.4.3 for a number of typical head geometries. Note that a
real soil may significantly differ from an HS; showing significant relief
and inhomogeneities. Conclusions obtained from HS should thus be used
with care in practice. The model developed provides the right tool to
compare the heads for more realistic soils. Such an analysis was not
addressed in the scope of this thesis but we see this as a very promising
path for further research. One could for example compare various heads
for a sinusoidal soil relief or for a sinusoidal soil inhomogeneity. This
would then highlight the kind of inhomogeneities or relief to which each
head is the most sensitive.

4.4.1 Sensitivity maps

The sensitivity map of a head is obtained by using (4.12) to compute the
sensitivity at various locations. This is illustrated in Figs. 4.3 and 4.4
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were vertical and horizontal cuts of the sensitivity are shown for the
head geometries presented in Fig. 4.2. For both cuts, the projections
of the TX (—) and RX (- —) coils are drawn and the depths of the
horizontal cuts are indicated in Fig. 4.3 by dot-dashed lines (— - —).
For the vertical cuts, the absolute value of the sensitivity is represented
in dB to capture the large dynamic range resulting from the very fast
decrease of the sensitivity with depth. For the horizontal cuts, a linear
scale is used and the sensitivity is first divided by a factor « to allow a
common colormap to be used for all cuts. This factor is indicated above
the cut and also represented graphically by the size of the horizontal bar
appearing at the top of the images.

To obtain results that are valid for any head dimensions, normalized
quantities are used. Horizontal (z,y) and vertical (z) dimensions as well
as the head height (h) are normalized with respect to the head charac-
teristic length L (see Fig. 4.2). The normalized quantities are denoted x,
y, z and h respectively. In addition, the normalized sensitivity S = SL?
is presented. All those normalized quantities are dimensionless and one
can easily check by appropriate change of variables in the integrals (4.12)
and (4.13) that S is indeed independent of the head characteristic length
L. The normalized head height used is h = 0.05.

The sensitivity map allows us to better understand the head behav-
ior. For example, for the double-D head it allows to visualize the soil
response compensation mechanism. Indeed, the sensitivity is integrated
over the soil volume and the negative and positive parts of the volume
compensate each other to produce a smaller signal in the receiver. The
sensitivity is negative in a volume, shaped as two connected washbowls,
close to the head and positive elsewhere. The positive and negative vol-
umes are directly apparent in Figs. 4.4 and 4.5. On the contrary, in
Fig. 4.3, the sign of the sensitivity is not seen directly because, in order
to capture the large dynamic, the absolute value of the sensitivity is rep-
resented using a logarithmic scale. However, the positive and negative
volumes can be deduced from the sign reversal contour on which very
strong negative values induced by the logarithmic scale appear. For clar-
ity reasons, this contour has further been superimposed on the figures.
The zero sensitivity surface is also represented in Fig. 4.6 (b).

According to (4.17), the compensation of a uniform HS response is
perfect if the distance between the mirrored TX coil and the RX coil is
equal to the distance between the TX and RX coils®. This only occurs at

°Tf, as we assumed, the coil overlap has been chosen to ensure a zero coupling
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Figure 4.3: Vertical XZ (left) and YZ (right) cuts of normalized absolute sen-
sitwity (|S|) in dB at h = 0.05 for (a) circular, (b) concentric (c)
elliptic, (d) quad (e) double-D heads. TX (—) and RX (- -)
coils, depths of horizontal cuts (— - —) as well as zero sensitivity
contour (—) are also shown.

a unique height. For other head heights, the soil response is still signif-
icantly attenuated but the compensation is not perfect. The sensitivity
map also shows that the volume in which the sensitivity is negative is
relatively small and exhibits high sensitivity values. Therefore, the soil
properties in that volume have a strong impact on the soil response.
The compensation is significantly reduced for a soil exhibiting a strong
inhomogeneity or a large hole in the negative sensitivity volume.

4.4.2 Zero sensitivity surface

As already discussed, the sign of the sensitivity can change and the
volume of negative sensitivity can cause a total or partial compensation
of the soil response. Therefore, visualizing the zero sensitivity surface
helps us to understand the compensation mechanism.

For single coil heads, according to (4.12), the sensitivity is always
positive and there is no zero sensitivity surface. For the quad head,
by symmetry, the zero sensitivity surface is the yz plane. The zero
sensitivity for the other heads (concentric and double-D) are presented

between the coils in free space
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z=0;a=1.810" z=-014;a=15103z2= —049% a =1.7102 z= —1;a = 1.1 10*

z2=0;a=8510° z=-0.14;a0=210% z=—-0.49; a0 =1.7102 z=—1;a=8.4

z=0;a0=23.710* z=-0.14;a=3.2102z= —0.49; a = 1.7 102 z=—-1;aa="177

Figure 4.4: Horizontal XY cuts of normalized sensitivity (S) at h = 0.05 for
(a) circular, (b) concentric (c) elliptic. Sensitivity scaling factor
(o) and cut depth (z) are indicated above each cut. « is further
represented by length of horizontal bar above in the image. TX

(—) and RX (- -) coils as well as zero sensitivity contour (—)
are shown.
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z=0;0=4510* z=-014;0=511022=-049;a=1.810>2 z=—-1;a0=4.4

z=0;a=4210" z=-014a0=141032z=—-049;a = 17102 z= —1;0 = 2.1 10"

Figure 4.5: Horizontal XY cuts of normalized sensitivity (S) at h = 0.05 for
(d) quad (e) double-D heads. Sensitivity scaling factor (a) and
cut depth (z) are indicated above each cut. « is further represented
by length of horizontal bar above in the image. TX (—) and RX
(— —) coils as well as zero sensitivity contour (—) are shown.
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in Fig. 4.6.

Figure 4.6: Zero sensitivity for (a) concentric and (b) double-D head. TX
(—) and RX (- -) coils are shown.

For the concentric head, the zero sensitivity surface looks like a cir-
cular gutter while, for the double-D head, it looks like two connected
washbowls. For both heads, the negative sensitivity volume is rather
small and, in that volume, the magnitude of the sensitivity is large.
Therefore, holes or inhomogeneities in the negative sensitivity volume
may significantly affect the soil compensation. This effect is most critical
for the double-D head which exhibits a very good intrinsic compensation
for homogeneous and flat soils.

4.4.3 HS response

The HS response has been computed for a number of typical head geome-
tries and for a typical normalized head height h = 0.05 in Section 4.3.3.
The result are shown in Table 4.1.

One sees that the HS response is null for the quad head, as expected,
due to the anti-symmetry of the head. Apart from the quad head, the
double-D head has a much smaller response than the other heads. As
discussed in Section 4.4.1, for the double-D head, the response is null
only for a reference height different from the height used in Table 4.1.

Obviously, the height of the head has a strong impact on the HS
response. This is illustrated in Fig. 4.7. The observations made above for
h = 0.05 remain valid for other heights. In addition, it is apparent that
the response increases much more severely when the head approaches
the soil for single coil heads than for double coil heads. This might be
one of the reasons for which separate TX and RX coils are used in some
PI detectors.
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Figure 4.7: x-normalized dimensionless HS response Vyg/x as a function of
normalized height h for circular (black), concentric (green), ellip-
tic (blue), double-D (red) heads. The response for the quad head

is not shown as it is null for all heights.

This behavior can easily be understood by resorting to (4.17) which
indicates that the half space response is related to the coupling between
the RX coil and the mirror of the TX coil. For a single coil and a small
height, those coils become very close to each other and the coupling
becomes quite large. At the limit, when the head touches the ground,
the coupling becomes infinite. This singularity is due to the filamentary
coil model used which is not appropriate for very small height for which
the current distribution in the coil must be taken into account.

One sees that for the quad-head, the compensation is perfect for a
uniform HS, whatever the height. This is not the case for the double-D
head for which the compensation is perfect only for a single height. Here
also the coil coupling interpretation (4.17) can be used to understand
this behavior.
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CHAPTER D

Volume of influence

The concept of volume of influence allows to better understand the re-
sponse of a magnetic soil to an electromagnetic induction sensor, as well
as the effect of soil inhomogeneity on soil compensation. The concept
sounds intuitive but we show that a simple definition has some drawback
and we propose a rigorous and general definition.

The volume of influence is first defined as the volume producing a
fraction a of the total response of a homogeneous HS. As this basic
definition is not appropriate for sensor heads with intrinsic soil com-
pensation, a generalized definition is then proposed. These definitions
still do not yield a unique volume of influence and a constraint must be
introduced to reach uniqueness. Two constraints are investigated: one
yielding the smallest volume of influence and the other one the layer
of influence. Those two specific volumes of influence have a number
of practical applications which are discussed. The effect of soil inho-
mogeneity is also investigated, leading to the definition of a worst-case
volume of influence for inhomogeneous soils.

The smallest volume of influence is illustrated for typical head ge-
ometries and we prove that, apart from differential heads such as the
quad head, the shape of the smallest volume of influence is independent
of the head geometry and can be computed from the far-field approxi-
mation. In addition, quantitative head characteristics are provided and
show —among others— that double-D heads allow for a good soil compen-
sation, assuming however approximate homogeneity over a larger volume
of soil.
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5.1 Introduction ... ................ 126
5.2 Definitions of the VoI ... ... ....... 128
5.3 Shape of the smallest volume of influence . . 139
5.4 Numericalresults ... ............. 143
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5.1 Introduction

Electromagnetic Induction (EMI) sensors are widely used in many ap-
plications such as mine clearance [1], treasure hunting [2] or geophysical
and archaeological survey [3]. The soil can produce a significant re-
sponse: either a signal of interest or clutter to be rejected. In all cases,
it is useful to assess the Vol, i.e., the soil volume producing most of the
soil response. If the soil response is the signal of interest, as in geo-
physical or archaeological surveys, the knowledge of the Vol allows the
assessment of the soil volume that can be investigated by the sensor. In
mine action, the soil response is considered as clutter and the Vol can
be used to objectively define the soil volume to characterize in order
to model the soil response. In the same context, some detector heads
are designed to compensate the soil response. This design is usually
optimized for a homogeneous and flat soil (also called a homogeneous
HS) and the Vol enables the estimation of the soil volume that should
be homogeneous for the compensation to be effective. In the same con-
text again, when test lanes are built to evaluate EMI sensors for specific
soils, the Vol allows the objective determination of the depth to which
the original soil must be removed and replaced by the specific test soils.

The concept of Vol is not entirely new. It is for example discussed in
[67] for capacitive probes. However, to the best knowledge of the author,
it has never been rigorously defined and quantified for EMI detectors.
As shown in Chapter 4, for such detectors, significant simplifications are
possible to compute the soil response. As a result, the simple concept
of Vol can be extended to take into account the effect of soil inhomo-
geneities. At first sight, the concept of Vol looks intuitive. However, to
get an accurate and quantitative definition, what is called above ‘most
of the soil response’ must be quantified. It seems natural to consider a
homogeneous HS and to define the Vol as the volume producing a frac-
tion of the total HS response. However this basic definition raises several
issues. First, some heads are designed to compensate the soil response
and the total HS response will then be close to zero. In that case, an
arbitrary small volume fulfills the basic definition, which is clearly inap-
propriate. Indeed, even for such heads, the soil in an extended volume
influences the response, which becomes apparent when soil inhomogene-
ity is present. We will therefore propose a generalized definition for the
Vol which can be used even for heads with intrinsic soil compensation.
For such heads, the new definition enables the determination of the soil
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volume that should be homogeneous for the compensation to be opti-
mum. A second issue with the basic and intuitive definition of the Vol is
that the corresponding volume is not unique. It is for example possible
to find a soil layer (see Fig. 5.1 (b)) that fulfills the definition by increas-
ing the depth of that layer until the required ratio of the HS response
is reached. The resulting volume will be called the Layer of Influence.
It is also possible to find a volume that fulfills the basic definition of
the Vol by increasing the radius of a half-sphere (see Fig. 5.1 (a)) or by
expanding any other shape of interest. Hence the shape of the Vol can
be chosen arbitrarily and the size that yields a response equal to the
chosen ratio of the total response can then be unequivocally computed.
Imposing the shape of the Vol is a constraint that can be used to render
the Vol unique. Other constraints can also be used. For example, im-
posing that the Vol be the smallest possible. This leads to the smallest
Vol. As they are well suited for a number of practical applications, we
will study in more detail two specific Vols: the smallest Vol and the
Layer of Influence.

Soil

Vo

Figure 5.1: Two shapes that may be used to define Vol (a) sphere of radius
a and (b) layer of depth d leading respectively to the half-sphere
of influence and to the layer of influence. TX (—) and RX (- -)
coils are shown. h is the head height above the soil.

The choice of the response ratio « is guided by the accuracy required
for a given application. However, considering only homogeneous soils is
a severe limitation for many applications. We will therefore consider
a class of soil inhomogeneities and show that a worst-case Vol can be
obtained by computing the Vol for a homogeneous soil, but considering
an increased ratio a.

As explained above, to determine the Vol, the response of a soil vol-
ume with arbitrary shape needs to be computed, taking into account the
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geometry of the head (shape, size and relative position of the TX and RX
coils). Analytic solutions are limited to elementary configurations such
as a circular concentric head above a HS [54, 25, 22, 26, 21] and cannot
be used to compute the Vol in the general case. Using generic numeri-
cal software would be computationally intensive because estimating the
Vol requires computing the response of many volumes. Fortunately, the
magnetic susceptibility dominates the response of most soils and their
electric conductivity may be neglected! [25, 26]. Furthermore, the soil
magnetic susceptibility is often quite small [56, 8, 57, 58, 48, 59, 49].
We will therefore restrict ourselves to those soils for which the solution
presented in Chapter 4 can be used and it provides an efficient means
to compute the response of an arbitrary soil volume, with arbitrary in-
homogeneities, for an EMI sensor with arbitrary head geometry. This
solution expresses the soil response as an integral on the soil volume
of the product of head sensitivity and magnetic susceptibility. We will
show that with this solution, the shape and extent of the Vol can be
efficiently computed for the head geometries used in practice. This will
be illustrated for the commonly used head geometries [55] presented in
Fig. 4.2.

The remainder of this chapter is organized as follows. Section 5.2
defines the Vol: first the basic definition in Section 5.2.1 then the gener-
alized definition in Section 5.2.2. Section 5.2.3 discusses the constraint
that must be introduced in order to make the Vol unique and presents
two examples: one yielding the smallest Vol and the other one the layer
of influence. Section 5.2.4 describes how a worst-case Vol may be defined
by taking the expected soil inhomogeneity into account and Section 5.2.5
discusses a number of practical applications for the smallest Vol and the
layer of influence. Section 5.3 discusses the shape of the smallest Vol
and Section 5.4 presents numerical results.

5.2 Definitions of the Vol

We first simply and intuitively define the Vol for a uniform HS. The
definition is then extended and the effect of inhomogeneities is discussed.
In addition, to obtain a unique Vol, a constraint must be introduced.
Two constraints are discussed, yielding two specific volumes of influence:

! Conductivity may have a significant effect only for very conductive soils, such as
beaches saturated with sea water, or for large coils, when the coil size is of the order
of the skin depth.
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the smallest Vol and the layer of influence.

5.2.1 Basic definition

At a given position of the sensor head, the Vol (V) — where ‘inf’

stands for ‘influence’ — is defined as the volume producing a fraction
a of the total soil response Viq for an uniform HS. The fraction « is
chosen according to the application and the expected inhomogeneities,
as will be explained in Section 5.2.4.

For the soils with negligible conductivity and low magnetic suscepti-
bility which are commonly encountered and considered in this chapter,
the response of an arbitrary region V., of a homogeneous HS can be
expressed using (4.11). This yields:

Vieg = jwtiofrxX /V S av (5.1)
reg
The volume Vij; can then be found by searching for a volume V.,
for which the response is:
Vieg = Vs (5:2)

where Vjq, the HS response, could be computed using (5.1), which un-
fortunately requires integration over a large volume. Alternatively, for
a HS, it is more efficient to use (4.17). For the small susceptibilities of
interest, this yields:
Vigg = jwX Loy M (5.3)
2 TX,RX

where x is the soil susceptibility, Iy the current in the transmit coil
and Mﬁ RX the mutual induction coeflicient between the RX coil and

)

the mirrored TX coil (T-)\()

According to (5.1) and (5.3), the fraction Vi, /Vyg is independent?
of w, x and Ipy. Therefore, the Vol is only a function of the detector
head geometry, position and orientation above the soil. In most cases,
the head is kept horizontally above the ground during the scanning. Re-
stricting ourselves to such a configuration, for a given head shape, the

Vol is only a function of the head characteristic length L (see Fig. 4.2)

2At frequencies used by EMI sensors and in soils with negligible conductivity,
the MQS approximation holds and the magnetic field (4.13) appearing in (4.12) is
independent of the frequency.
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and of the head height above the soil h (see Fig. 5.1). One easily checks
that two configurations are in electromagnetic similitude if the dimen-
sionless height h = h/L is kept constant. Therefore, the shape of the Vol
and its dimensionless size (size normalized with characteristic length L)
do not depend on the head dimension, they only depend on the shape
and the dimensionless height h of the head above the ground.

5.2.2 Generalized definition

For single-coil heads, according to (4.12), the sensitivity is always posi-
tive and the basic definition of the Vol is appropriate. However, for two-
coils heads, the sensitivity sign may change. This sign reversal leads to
total or partial soil compensation inherent to some head geometries. For
a differential head, such as the quad head presented in Fig. 4.2 (e), the
soil compensation is perfect for a homogeneous HS and the correspond-
ing soil response is zero. Therefore, an arbitrary small volume obeys the
basic definition of the Vol, which is obviously not acceptable.
To avoid this pitfall, we note that the total soil response is

Vo=Vl -V (5.4)

where V, (V_) is the contribution of the soil volume V, (V_) for which
the sensitivity (4.12) is positive (negative). If V_ is not negligible com-
pared to V,, both soil volumes V_ and V, significantly influence the
total response. To isolate the two contributions, we consider a Half-
Space with Holes (HSH) which is a specific kind of inhomogeneity. A
HSH is defined as a soil of which the susceptibility only takes one of two
values at each location: an arbitrary but constant value x or zero. If the
HSH is such that the susceptibility is x inside V, and zero outside, the
total response is V' = V. Similarly, the total response will be V_ for an
HSH defined on V_. Applying the basic definitions on those two HSHs,
one gets the positive and negative volumes of influence. The positive

Vol (Vii; ;) is defined as the part of V, for which:

Ving,+ = oV (5.5)

1

and the negative Vol is similarly defined by replacing ‘+’ by -” in (5.5).
As already mentioned, both V, and V_ may significantly contribute to
the total response. We therefore define the Vol as the union of the
positive and negative volumes of influence:

Vint = Vint,+ U Ving — (5.6)
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For heads with intrinsic soil compensation, this generalized definition
is also appropriate to assess the volume of soil that should be homoge-
neous for an efficient compensation. This is discussed in more details
in Section 5.2.4. In addition, for single-coil heads, V_ is empty and
the generalized definition is identical to the basic definition presented in
Section 5.2.1.

As is apparent from Fig. 4.6 and as will be further discussed in
Section 5.3, V_ is usually a small volume close to the head while V, is
a large volume extending towards infinity. Therefore, it is advantageous
to calculate V, according to

V, =Vyg—V_ (5.7)

where Vg and V_ are computed according to (5.3) and (5.1) respec-
tively.

In the above discussion, we assumed that the sensitivity is positive
far away from the head. This is always possible for the co-planar coils
considered in this chapter if the two coils have a non-vanishing dipolar
moment. Indeed for such coils, the dipolar moments are parallel and
(D.3.10) can then be applied to compute the far field sensitivity?. From
this expression, it is apparent that the sensitivity does not change sign
in the far field. It can therefore be made positive by an appropriate
choice of the positive coil currents Iy and Iy, which is a question
of convention. Indeed changing the positive direction for one of the
coil currents changes the sign of the sensitivity everywhere. Apart from
the RX coil of the quad head, all coils presented in Fig. 4.2 have non-
vanishing dipolar moments and the positive coil current was chosen to
ensure that the sensitivity is positive far away from the head. For the
quad-head, the positive direction of the coil currents is not important as
the head symmetry imposes positive and negative volumes with identical
shape and size.

5.2.3 Introduction of constraints

There exists an infinity of volumes which satisfy the definition of the
Vol. Tt is for example possible to generate a soil layer (see Fig. 5.1 (b))

3We define the far field as the region in which the field can be approximated by a
dipole field (the first term of a multipole expansion). It should not be confused with
the far-field approximation commonly used at higher frequencies and for which the
field decreases as 1/R and can be characterized by a radiation pattern (see 5.3.2 for
more details).
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that fulfills the basic definition by increasing the depth of that layer
until the required ratio of the HS response is reached. It is also possible
to generate a volume that fulfills the basic definition by increasing the
radius of a half-sphere (see Fig. 5.1 (a)) or by expanding any other shape
of interest. As will be shown, for the general definition, a similar but
slightly more complex procedure can be adopted to find the extent of
the Vol for an arbitrary generating shape. Hence, to get a unique Vol,
a constraint must be introduced. Imposing the shape of the Vol is a
possible solution; imposing that the Vol should be the smallest possible
is another one.

5.2.3.1 Shape defined Vols

We now show how an arbitrary generating shape can be used to define
a specific Vol satisfying the generalized definition given in Section 5.2.2.
To indicate that the Vol considered is shape defined, it will be denoted

inf_shape- According to the definition, the Vol is the union of a positive
and a negative Vol. The positive Vol must only include soil regions
where the sensitivity is positive. Such a ‘positive’ volume can easily be
obtained, keeping the idea of expanding a generating shape, by taking
the intersection of the resulting volume with the soil volume in which
the sensitivity is positive.

Formally speaking, starting from a shape-defined volume Vsﬁhap o in
which the subscript ‘shape’ is a placeholder for the chosen shape and
the superscript 3 defines the size of the volume, the above mentioned
‘positive’ volume is defined by:

5 —_ B
1’;shape,--l— - 1’;shape r]l{% (5'8)

where V, is the part of the lower HS in which the sensitivity is positive.

The corresponding positive Vol (Vﬁ‘lf_shape +) can then be computed for

a given response ratio «, according to the general definition (5.5), by

computing the response stlape n of the volume Vsﬁhape L asa function of
the size 8 and finding the value of § for which Vsﬁape L =aV,.

Note that for a given shape and response ratio «, 3 always exists
and is unique. Indeed, by construction, the volume V. , grows from

zero to V, and the sensitivity is positive everywhere inside Vo

shape,+*
8 . . L .
Therefore, the response Vshape7 4 is a monotonic function increasing from

zero to V. as (3 varies from 0 to oo, and the value of the parameter 3

for which stlap -

hape

= aV, always exists and is unique.
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The negative Vol (Vi(l)rélf_shape,f) can be found similarly and is also
unique. Therefore, a unique shape defined Vol ( ioﬁf_shape) is obtained as
the union of the positive and the negative Vols:

iOIélf_shape = Vsﬁ;lape,—l— U Vsﬁ;lape,— (59)

An example of shape-defined Vol is the layer of influence which is
obtained by using as generating volume (Vsﬁhape) a layer of soil extending
from the surface to a given depth d. This is illustrated in Fig. 5.2 for
a double-D head and for a response ratio a = 0.95. The parameter 3
is then the depth d and the corresponding values for the positive and
negative layers of influence are called the positive and negative depth
of influence and they are denoted d, and d_. Note that the layer of
influence, which is the union of the positive and the negative layers of
influence is not a full layer; some holes are apparent (in white on the
figure). To understand the origin of those holes, note that the sensitivity
is positive in the dark gray region and negative elsewhere in the lower HS.
Hence, the sensitivity is negative in the region appearing in white which
is therefore not part of the positive layer of influence. This white area is
further below d_ and is therefore also not part of the negative layer of
influence; it forms a hole in the layer of influence. This hole is however
small (and will become smaller for larger values of o) and considering
the hole as part of the Vol does not significantly enlarge the Vol. This
is acceptable for most applications and the layer of influence can then
efficiently be visualized as a full layer extending from the surface to a
depth d, . This parameter d, can then be used to fully characterize the
Vol and will be called the depth of influence.

We have shown that holes may appear in a shape-defined Vol and
that therefore, rigorously speaking, its shape differs from that of the gen-
erating volume Vsﬁhap .- However, we saw that for the previous example,
those holes may be ignored for most applications. This is expected to re-
main the case for most heads and for most Vols. Indeed, V_ (the volume
where the sensitivity is negative) is in general a small volume located
close to the head whereas V, extends towards infinity. It is therefore V.,
which contributes the most to the Vol, especially for a large response
ratio o, and using V_ instead of the negative Vol only yields a small
enlargement the Vol. When this is done, the holes disappear, the shape
of the of Vol becomes identical to that of the generating volume and the
Vol can efficiently be characterized by a single parameter 3, obtained
by searching for the positive Vol.

133



CHAPTER 5. VOLUME OF INFLUENCE

Figure 5.2: Layer of influence for the double-D head and for a response ratio
a = 0.95. Vertical cut through the center of the head is illustrated
and shows the projection of TX (—) and RX (- —) coils, the
border of generating volume (— - —), the positive (dark gray) and
negative (light gray) layer of influence with corresponding positive
and negative depths of influence d, and d_. The holes in the
layer of influence appear in white.

5.2.3.2 Smallest Vols

As already mentioned, another constraint that can be used to get a
unique Vol is to impose that the Vol be the smallest possible. This con-
straint can be translated into a constraint similar to that of the shape-
defined Vols discussed above because the smallest Vol can be shown to
be bound by an equi-sensitivity surface. It can therefore be computed
as described above using the volume bound by an equi-sensitivity sur-
face ngui (with 8 the corresponding sensitivity) for Vsﬁhape. The only
difference is that by changing the parameter (3, it is not only the size,
but also the shape of the volume, that changes.

To prove that the smallest Vol is bound by an an equi-sensitivity sur-
face, we now show that any other volume of the same size has a smaller
response. This other volume can be constructed from Veﬁqui by removing
a part of it and adding a volume (of the same size as the removed part)
outside Veﬁqui. By construction, the sensitivity is everywhere smaller in
the added volume than in the removed part and the resulting response

is smaller, which concludes the proof.

5.2.4 Effect of soil inhomogeneity
5.2.4.1 Effect on the Vol

Once a shape is chosen, the procedure described in Section 5.2.3 can
still be used to compute the Vol in presence of any soil inhomogene-
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ity. The only difference with the case of a homogeneous soil is that
the space-dependent susceptibility must be used in the integral (5.1)
to compute the response of the parametric volume. We have shown in
Section 5.2.3 that for a homogeneous soil, the smallest Vol is bound
by an equi-sensitivity surface. The proof can be extended to an inho-
mogeneous soil by using the product Sy instead of S in the reasoning.
Hence, for an inhomogeneous soil, the smallest Vol is bound by a sur-
face for which the product of sensitivity with magnetic susceptibility
(Sx) is constant. This being said, except for very specific applications,
the precise soil inhomogeneity is unknown and defining a representative
inhomogeneity may be difficult. Using a worst-case approach is then a
possible alternative.

For this, let us consider an inhomogeneous soil for which the sus-
ceptibility is unknown and varies arbitrarily over the volume but we
assume that it remains in the range [X i, Xmax = £PXmin) Where p is de-
fined as the inhomogeneity ratio and let us analyze the effect of this
inhomogeneity on the positive Vol (the results are identical for the neg-
ative VoI). The positive Vol is then the volume Viap& 4 (defined by
the parameter ) for which the response in presence of the worst inho-

mogeneity Vsﬁ;p ot

in presence of the same inhomogeneity by stu’;pe, + = aiVj_. The su-
perscript ‘i’ indicates that the worst inhomogeneity is considered. The
worst inhomogeneity corresponds to the susceptibility distribution (in
the range [X,uins Xmax)) for which the (positive) Vol is the largest for a

given «'. Equivalently, the worst inhomogeneity can be defined for a

given volume Vsﬁhap o4 defined by 3 as that yielding the smallest a'. For

a given f3, the fraction o will be the smallest if the soil susceptibilities

are X, and Xnax, respectively inside and outside the volume Vsﬁhape, 4

is related to the response of the (positive) HS V1

The corresponding fraction o is then given by

B B
i ‘/shape,Jr ‘/shape,Jr
o= =5 3 (5.10)
+ ‘/;hape,+ + pVout,-‘,—
where stlap& 4 and Vﬁt 4 are the responses respectively of a soil vol-
ume Vsﬁhape’+ and of a soil volume Vfutﬁr =V, \ Vsﬁhape’+ (points in
V, but not in Vglape LJwith a uniform susceptibility x,,;, (the term

pV}fm 4 appearing in the denominator is then the response of a soil

volume Voﬁ o = Vi \ Viam’ 4 with a uniform susceptibility X,,n, as

u
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required).

Equation (5.10) could be used directly to determine the (positive)
Vol by computing o as a function of 3 in order to determine the value
of 3 corresponding to the chosen response ratio ol. A more convenient
approach is to first cast the chosen response ratio o into a response
ratio a that would be obtained with the searched for Vol in presence
of a homogeneous HS. The routine developed for the homogeneous case
can then be used to determine the Vol in presence of inhomogeneities
but using the computed a. To find the relation between a and ol, we

note that for a volume Vsﬁhap o4 the fraction a that would be obtained
for a homogeneous HS can be computed by using® p =1 in (5.10). It is

then apparent that the searched for relation is:

alp

o=
1-al+alp

(5.11)
The latter expression shows that, for a given inhomogeneity ratio p, the
Vol can be computed as in the homogeneous case, but @ must now be
computed from the chosen response ratio o!. For example, if the Vol is
defined as the volume producing 99% of the total response (o' = 0.99)
and if the soil susceptibility is assumed to be, at most, ten times bigger
outside the Vol than inside (p = 10), then the corrected fraction is
a = 0.999, yielding as expected a larger Vol in the presence of the worst
inhomogeneity.

5.2.4.2 Effect on soil compensation

Soil inhomogeneities also have an effect on the intrinsic head compen-
sation. A motivation for defining the Vol as the union of the positive
and negative volumes of influence (5.6) is that, with that definition and
if the real soil is homogeneous inside the Vol, the compensation should
be nearly as good as for a homogeneous HS. This statement is rather
intuitive and it is clear that strong inhomogeneities outside the Vol may
strongly affect the soil compensation, even if the soil is homogeneous in-
side the Vol. To quantify the effect of inhomogeneities outside the VoI®

“the susceptibility of the homogeneous HS needs not to be specified because it
factors out from the expression of a.

5S0il relief can be seen as a specific soil inhomogeneity, but as the air-soil interface
is close to the head, the corresponding inhomogeneity will in general be located inside
the Vol. Hence, the approach presented in this section can not be used to assess
the effect of soil relief. Other methods should be developed for this purpose. See
Section 8.2.
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(computed assuming a uniform soil) on the compensation, we define the
compensation ratio as:

i

V2

Vi
where again the superscript ‘i’ denotes the worst inhomogeneity, i.e. in
this case, yielding the worst compensation (7' minimum). We assume®
and therefore VI > |V1|, the compensation ratio ranges from zero (no
compensation) to 100% (perfect compensation). Let us start from a Vol
defined for a homogeneous HS and yielding a response ratio . We then
consider inhomogeneities outside the Vol, keeping the soil susceptibility
constant (x = x;,) inside the Vol, and we assume that the susceptibility
outside the Vol varies between X, = PminXin a4 Xmax = PraxXin-
The worst inhomogeneity occurs then when x = x,;,, in V_ \ inf,— and

(5.12)

X = Xmax 0 Vi \ Vi . Indeed, in this case V1 is minimum and V}
is maximum, yielding the minimum compensation ratio. The responses
V1 and V_iF occurring under the worst inhomogeneity are then related to
their homogeneous counterparts by:

Vi =aV, + ppax(l — @)V, (5.13a)
Vi=aV_ +p(1—a)V_ (5.13b)
with V., and V_ the response of the volumes V, and V_ for a homoge-

neous HS with susceptibility x;,. The compensation ratio can then be
expressed as:

(@t (1= ) V.|

(Oé + pmax(l - Oé)) VJr

Defining the corresponding compensation ratio for a homogeneous soil

as v = |V_|/V,, the degradation of the compensation due to the worst-

case inhomogeneity can be quantified by the degradation factor 6 = ~'/~
which according to (5.14) can be expressed as:

(5.14)

a+ (1 - a)pmax

Inverting this expression yields

Pmin — 5pmax
o = 5.16
—14+d— 5pmax ( )

Prmin

'GThe results can be transposed to the case Vi < V1| by interchanging Vi and
|V2|, with similar conclusions.

137



CHAPTER 5. VOLUME OF INFLUENCE

which can be used to translate a requirement on the efficiency of the
soil compensation in the presence of soil inhomogeneities (0) into a re-
sponse ratio a from which the Vol can be determined. For example, if
Pmin = 0.1, prmax = 10 and if we require that § = 0.99, then one must
use the Vol corresponding to a = 0.999. In other words, if the soil is ho-
mogeneous in the Vol defined by o = 0.999 and if outside that volume,
the susceptibility ranges from one tenth to ten times the susceptibility
inside the Vol, the compensation will be degraded by one percent in the
worst case.

5.2.5 Smallest Vol and layer of influence

The smallest Vol and the layer of influence are two specific Vols that
were defined in Section 5.2.3. They are quite useful in a number of
practical applications:

o the smallest Vol is useful to define the soil volume to be char-
acterized in order to model the soil response at a given location.
Indeed, by definition, measuring the magnetic susceptibility distri-
bution inside any Vol allows the calculation of the response with
an accuracy that depends on the response fraction «. This frac-
tion may further be modified to take into account the expected
soil inhomogeneity according to (5.11). By choosing the smallest
VoI, this calculation requires the minimum number of soil samples.
Sampling the layer of influence also allows the calculation of the
soil response with the same accuracy but requires more soil sam-
ple measurements because the layer of influence is a much larger
volume.

The smallest Vol is also useful to visualize the volume that should
be homogeneous to achieve a good compensation. The response
ratio a should then be computed according to (5.16). Requiring
that the layer of influence be homogeneous would yield the same
result but this is a much more stringent requirement, since the
layer of influence is a much larger volume than the smallest Vol.

e the layer of influence is useful to define the soil volume to be
characterized in order to model the soil response for all points of
the scanning plane with an accuracy that depends on the fraction
«a and on the expected soil inhomogeneity. Indeed, following the
same reasoning as above for the smallest Vol, the required accu-
racy is reached for the head location used to calculate the layer
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of influence. In addition, by symmetry, the result is valid for all
points of the scanning plane’. Note that it is also appropriate to
sample the soil in the volume defined as the union of the smallest
Vols (or the union of any other Vols), one for each point of the
scanning plane, but the resulting volume is larger. As will be con-
firmed in Figs. 5.6 and 5.7, the depth of the smallest VoI (L,, see
Fig. 5.3) is indeed larger than the depth of influence (d).

The layer of influence is also useful to build a test lane. It can then
be used to objectively define the depth of influence to which the
native soil should be replaced by a soil of interest in order for the
underlying native soil to have an influence negligible up to a given
tolerance. The expected native and test soil susceptibilities should
then be used in (5.11) to compute the depth of influence. Again,
considering the union of other Vols would also be appropriate but
this would require to replace the native soil with the soil of interest
to a depth L, which is larger than the depth of influence, hence
demanding more work than necessary.

5.3 Shape of the smallest volume of influence

Analyzing the shape of the smallest Vol may enable a better understand-
ing of the head behavior. Therefore we present in this section the shape
of representative volumes of influence for various heads and fractions c.
It is interesting to note that for large values of «, the shape of most
volumes of influence becomes similar. This is discussed in Section 5.3.2
in the light of the far-field approximation®.

5.3.1 Exact shape

Fig. 5.3 presents the smallest Vol for a double-D head and a fraction
a of 0.5, 0.90 and 0.99 together with the smallest Vol bounding box.
The dimensions of the bounding box along the axes are denoted by L.,
Ly and L,. In all cases, the dimensionless head height above the soil
h amounts to 0.05 and the soil is assumed to be a homogeneous HS.

"For a general inhomogeneity, the layer of influence may depend on the location
of the head. However, with the worst-case approach considered in Section 5.2.4, the
layer of influence remains indeed the same for all point of the scanning plane.

8Recall that we define the far field as the region in which the field can be ap-
proximated by a dipole. It should not be confused with the far-field approximation
commonly used at higher frequencies (see 5.3.2 for more details).
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The positive Vol is plotted in gray and the negative one in white. The
shape for @ = 0.5 is the most complex one and may appear difficult to
visualize in 3D. The positive volume looks like a twin washbowl with a
hole in the bottom and the negative volume looks like two thin plates
partly covering the washbowl. Note that the negative Vol is close to the
head and small compared to the positive Vol. For large values of «, the
smallest Vol has a similar shape for all heads considered in this chapter,
except for the quad head. This is illustrated in Fig. 5.4 and a theoretical
justification is presented in Section 5.3.2. Note that for large values of
a and except for some small holes which are irrelevant in practice, the
smallest Vol is bounded by the air-soil interface and by an approximate
ellipsoid denoted S

inf,out"

Figure 5.3: Smallest Vol and corresponding bounding box for the double-D
head with dimensionless height h = 0.05. (a) a = 0.5, (b) a =
0.90 and (¢c) a =0.99. Ly, L, and L, are the dimensions of the
bounding box along the corresponding axes.

5.3.2 Approximate shape

The surface St ;. is far away from the detector. Therefore, on that
surface, the field can be approximated by the first term of a multipole
expansion. We call this the far-field approximation, although it must not
be confused with the far-field approximation commonly used at higher
frequencies and for which the field decreases as 1/R and can be char-
acterized by a radiation pattern. For horizontal coils with a dipolar
term, Appendix D.3 develops the expression of the far-field sensitivity.

According to (D.3.10), a far-field equi-sensitivity surface is given by:
R=K(1+3cos20)s (5.17)
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Figure 5.4: Smallest Vol and corresponding bounding box for the circular (a),
elliptic (b), concentric (¢) and quad (d) heads with dimensionless
height h = 0.05 and o = 0.99.
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Figure 5.5: Shape of the far-field equi-sensitivity (—), and half-circle (- - -)
for comparison.

where 6 and R are the coordinates of a point on the equi-sensitivity sur-
face in a spherical coordinate system with z oriented vertically and the
origin taken in the middle of the head (see Fig. 5.5). K is a scaling factor
related to the chosen sensitivity value. From (5.17), it appears that the
equi-sensitivity surface exhibits a symmetry of revolution around the z
axis and that its shape is invariant; only its size changes with K. This
invariant shape is illustrated in Fig. 5.5 together with a half-circle for
comparison; it is valid for most heads and for large response ratio a.
A noticeable exception is the quad-head for which the dipolar moment
of the RX coil is zero. The quadrupole term must then be taken into
account, which yields a different shape (see Fig. 5.4 (d)).

To assess the accuracy of the approximated shape? of the smallest
Vol obtained with the far-field approximation, we note that according to
(5.17), the dimensions of the smallest Vol bounding box obey!® L, = L,

and 2L, = 4éLX. Therefore, the xy error:

€y =2 —1 (5.18)

9only the shape of the smallest VoI can be estimated using the far-field approxi-
mation, not its size. Indeed, the size of the Vol depends on the sensitivity everywhere
in the soil, hence also close to the head where the far-field approximation is very
inaccurate. To compute the size of the Vol, the exact shape of the coils must still be
used.

107 and L, are obtained by computing R for § = w/2. L, is obtained by computing
R for 0 = 0. In addition, the bounding box along x and y is twice the radius while
along z it is only once the radius.
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and the z error:

L
e, = ————+———1 (5.19)
46 (Ly + Ly)
will be small when the far-field shape approximation is accurate. This
will be illustrated in Section 5.4.

5.4 Numerical results

In this section, numerical characteristics for the heads of Fig. 4.2 are
provided. To avoid any dependence on the frequency, on the TX cur-
rent or on the head dimension L, dimensionless quantities are used:
the dimensionless response, V =V /(jwpyLIpy), dimensionless lengths
such as the dimensionless bounding box along x (L, = L, /L) or the
dimensionless head height (h = h/L) and the dimensionless volumes
v = v/L3. To assess the importance of the negative volume, Table 5.1
presents the response of the positive and negative volumes, V, and V_,
the corresponding compensation ratio v = |V_|/V,, and the HS response
Vyg = V. + V_. Note that the negative volume response is significant
for the double-D and quad heads and that it is the existence of that vol-
ume that allows for a significant compensation of the soil response. The
dimensionless volume v_ of the negative volume is also indicated. Note
that the latter is very small for the concentric head, relatively small for
the double-D head and infinite for the quad head. The double-D head
is quite specific in that respect, as the magnitude of the sensitivity is
high in the small-negative volume and compensates the response of the
infinite positive volume where the sensitivity is smaller on the average.

Vi/x Vo /x v Ves/x v
Circular 0.4285 0 na 0.4285 0
Concentric | 0.2124 -0.0011 0.0052 0.2113 0.0035
Elliptic 0.2716 0 na 0.2716 0
Double-D | 0.0381 -0.0389 0.9807 -0.0007 0.2615
Quad 0.1486 -0.1486 1 0 o0

Table 5.1: Dimensionless positive (V, ), negative (V_) and HS (Vyg) re-
sponse (normalized by x ) as well as dimensionless negative volume
(v_) and compensation ratio () for various heads and dimension-
less head height h = 0.05. With the chosen normalization, results
are independent of x and of the frequency.
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Fig. 5.6 presents the size of the Vol as a function of a for the heads
considered in this chapter. For the smallest Vol, the size of the di-
mensionless bounding box L, Ly and L, are shown. For the layer of
influence, the dimensionless depth of influence d = d/L is shown. In all
cases, the dimensionless head height is h = 0.05. In addition Table 5.2
presents the same parameters together with the far-field approximation
errors (e, and €,) for a equal to 50, 90 and 99%. Note that the Vol
is significantly bigger for the double-D head than for other heads. This
indicates that for a double-D head, the soil compensation will be op-
timum only if the soil is homogeneous in a large volume as indicated
by the size of the Vol. Note also that the depth of influence is always
smaller than the depth of the VoI (L,). This was already mentioned in
Section 5.2.3 and confirms that choosing the right constraint to obtain
the best Vol for the application may result in a significant gain. For
example, if the objective is to build a test lane by replacing the native
soil by a soil of interest, then the native soil should be replaced down to
the depth of influence computed for a response ratio a chosen according
to the needed test accuracy.

To assess the effect of the head height on the Vol, Fig. 5.7 presents
the dimensionless size of the Vol as a function of the dimensionless head
height h for o = 0.99. Note that the size of the negative volume be-
comes zero for a sufficient height as the volume in which the sensitivity
is negative, is small and close to the head, thus moving completely out-
side the soil volume. Note also that the positive volume becomes larger
with increasing height. This may sound counter-intuitive but it can be
understood by analyzing the spatial distribution of the head sensitivity.
When lifting the head, the total response decreases but the spatial dis-
tribution of the sensitivity is such that a given volume close to the soil
surface contributes less, proportionally to the total response, than when
the head is closer to the soil.

144



5.4. NUMERICAL RESULTS

@ @

(a) circular

1 1
o o
T T
L L
JN JN
A JE
| |
L L
_ito _ifo
L L
-3 -3
_lw 0.2 0.4 0.6 0.8 1 _lw 0.2 0.4 0.6 0.8 1
[e% [e%
(c) elliptic (d) quad
+ 10!
o
T
L
_IN
N

lg (=) tgy (=-

- 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
a a

(e) double-D positive (f) double-D negative

Figure 5.6: Size of positive (a-e) and negative (f) Vols versus fraction « for
circular (a), concentric (b), elliptic (¢), quad (d) and double-D
(e,f) heads. To characterize the smallest Vol, the size of the
dimensionless bounding box L, (—), L, (=) and L, (-- -) are
shown. To characterize the layer of influence, the dimensionless
depth of influence d (1) is shown. In all cases, the dimensionless
head height is h = 0.05.
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-) are shown. To characterize the layer of influence, the depth
of influence (-+) is shown. In all cases, o = 0.99.
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« vﬁ‘lﬁ i Vﬁ{lf,— L, Ly L,
50 | 0.0976 na 1.191  1.191 0.1232
Circular 90 | 0.7338 na 1.554 1.554 0.5814
99 | 7.105 na 2.846 2.846 1.584
50 | 0.0922 0.0009 1.089 1.089 0.201
Concentric 90 | 0.7068 0.0023 1.485 1.485 0.6271
99 | 7.286 0.0031 2.841 2.841 1.627
50 | 0.044 na 0.6623 1.137 0.0932
Elliptic 90 | 0.3409 na 1.018 1.419 0.4387
99 | 3.456 na 2.146  2.378 1.237
50 | 0.4054 0.0297 1.844 1.691 0.5952
Double-D 90 | 5.257 0.1253 2.767 2.678 1.416
99 | 53.49 0.2076 5.427 5.386
50 | 0.027  0.027 1.093 1.033 0.0893
Quad 90 | 0.1519 0.1519 1.343 1.218 0.345
99 |1 0.8926 0.8926 2.079 1.768
« d, d_ €xy €,
50 | 0.0794 na 0 -0.8357
Circular 90 | 0.3572 na 0 -0.4059
99 | 1.009 na 0 -0.1164
50 | 0.1067 0.0042 0 -0.7069
Concentric 90 | 0.383 0.0108 0 -0.3297
99 | 1.036 0.0155 0 -0.0907
50 | 0.0607 na -0.4176  -0.8355
Elliptic 90 | 0.2687 na -0.2826 -0.4283
99 | 0.7798 na -0.0976 -0.1317
50 | 0.2468 0.0439 0.0904 -0.4653
Double-D 90 | 0.8617 0.1314 0.0333 -0.1744
99 | 2.111 0.2143 0.0076  -0.046
50 | 0.0571 0.0571 na na
Quad 90 | 0.2228 0.2228 na na
99 | 0.5628 0.5628 na na

Table 5.2: Dimensionless volume of positive (v, , ) and negative (viy; ) Vol,

inf,

dimensionless bounding box of smallest Vol (L, L, andL,), di-
mensionless positive (d, ) and negative (d_ ) depth of influence and
far-field approzimation errors (exy and €,) for various heads and
dimenstonless head height h = 0.05
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CHAPTER O

Water effect

Several sources such as the Belgian MOD, the Canadian forces and oth-
ers, have reported loss of sensitivity with the Schiebel AN-19/2 in the
presence of moisture. The effect is more complex than a simple capac-
itive coupling as illustrated by the variety of phenomena observed. If
the head is fully immersed in the water, no effect is observed. When
the head is lifted out of the water, a large response, similar to that of a
metallic object, is observed while large quantities of water are dripping
from the head. Finally, when enough water has dripped and only a thin
water layer remains on the head, a response with opposite polarity is
observed. The latter case is the most important from a practical point
of view as it is at the origin of the reduction of sensitivity observed on
the field.

The problem was investigated in the nineties by the Defence Research
and Development Canada (DRDC) Suffield. The phenomenon could be
reproduced and the conditions under which the loss of sensitivity occurs
were well understood but the underlying physics could not be explained.
We performed additional measurements, to assess the effect of water
conductivity. This shows that water conductivity has a significant effect
and this yields additional insight in the underlying physics.

For the three observed phenomena, a circuit model is proposed and
for the most critical phenomenon (the reduction of sensitivity) a more
detailed field-level model is also proposed. We show that the response
is due to the EQS fields backscattered. The accurate expression for the
induced voltage that was developed in the first part of this thesis is
therefore required to predict the observed response.

Contents
6.1 Introduction ... ................ 150
6.2 Measurements . . . ... ... 0000 153
6.3 Model development and evaluation. . . . .. 158
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CHAPTER 6. WATER EFFECT

6.1 Introduction

Several sources such as the Belgian MOD, the Canadian forces and oth-
ers, have reported problems with the Schiebel AN-19/2 in the presence
of moisture. The problem was investigated in the nineties by DRDC
Suffield. The problem could be reproduced and the conditions under
which it occurs were well understood but the underlying physics could
not be explained. The findings were reported to us in a private commu-
nication with Yogadhish Das' and can be summarized as follows:

e The Schiebel AN-19/2 suffers a serious degradation in sensitivity in
some moisture conditions. Schiebel proposed to cover the detector
head with a plastic bag as an ad-hoc temporary measure, but
the effectiveness of this procedure was unknown. Similar ad-hoc
procedures were reported by the Belgian MOD? which mentioned
the use of vaseline to mitigate the problem.

e The problem could be reproduced in laboratory conditions. The
output of the RX amplifier was measured and it was noted that:

— There is no effect when the head is completely immersed in
water. Schiebel suspected that the problem came from mois-
ture penetrating or affecting the plastic of the head. The
head was therefore left for a long time in water (a month)
and no change in the detector response was observed. The
idea of moisture penetrating or affecting the head plastic was
thus rejected.

— When the head is lifted out of the water, a large change of the
response is observed when the head breaks the surface and
a large quantity of water slides of the head. The measured
signal is similar to that in the presence of a large metallic
target. With our convention of Section 3.3.6, the polarity of
the response is negative.

— When enough water has dripped from the head, the signal
reverses polarity. This is at the origin of the observed loss
of sensitivity. Indeed, due to the positive contribution of the
water, a larger target, producing a larger negative response,
is required to get a slow-time signal reaching the sensitivity

Yogadhish Das is with Defence R&D Canada — Suffield, Alberta, Canada
2Eric Van Meldert, private communication.
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threshold in order to generate an alarm. A similar effect was
observed when lightly misting the head from a bottle sprayer.

— When the head is in the water, touching the water with a
finger also produces a positive signal, as in the previous case
but the signal is larger. Sweeping the finger seems to increase
the response.

— Tests were first performed with distilled water to discard the
effect of water mineralization. Test were also performed with
tap water and the same results were obtained.

e The physics was not understood. No model explaining the ob-
served phenomena was developed. It was however speculated that
the effect was likely due to coupling of the electric field which is
usually ignored in the analysis of metal detectors and it was sug-
gested that shielding the coils should reduce the effect.

Further moisture sensitivity tests have been performed on a number
of detectors at DRDC in the scope of the International Pilot Project
for Technology Co-operation (IPPTC) [68] but we are not aware of any
new theoretical investigation on this topic. On modern detectors, the
problem is solved by shielding the head. However, the use of a shield
also has some drawbacks as discussed in Section 2.5 and understanding
the underlying physics may help optimizing the shield.

To further investigate the problem, we made our own measurements
with the detector and we were able to reproduce the phenomenon de-
scribed above, apart from the test with the bottle sprayer. With respect
to that last test, we sprayed the head with water but we could not ob-
serve any change in the fast time signal. Maybe a loss of sensitivity
occurs but the effect is too small to be visible on the fast-time response
(we didn’t acquire the slow-time response and we didn’t make any de-
tection test).

We have further studied the effect of water conductivity. For this,
we used distilled water to which we have added an increasing quantity of
salt. The resulting conductivity was monitored and the measurements
were repeated for a number of conductivities. This showed clearly that
the water conductivity has an effect. Surprisingly, the response disap-
pears if the conductivity is too high. The measurements are presented
in Section 6.2.

We have also found incidentally that the response, observed when
touching the water while the head is fully immersed, disappears when
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standing on a wooden chair before touching the water. This led us to
the idea that the effect is due to a connection between the water and
the ground through the body of the operator. This idea was formalized
in a circuit model presented in Section 6.3.2. The response predicted by
this model closely matches the measured one. According to our model,
touching the water introduces an RC coupling between the coil and the
electronics. This coupling is actually made through the oscilloscope
ground lid, its mains plug, the soil, the operator body, its finger and
finally the water which is coupled capacitively to the coils. Obviously,
this path does not exist in normal use and the effect is an artifact related
to the use of an oscilloscope. Understanding this effect was neverthe-
less important because it paved the way for the development of models
explaining the other observed phenomena.

Indeed, similar circuit models including different RC connections
were developed to explain the other observed phenomena. As discussed
in Section 6.3.3, the response observed when lifting the head out of the
water can be explained by an RC connection between the TX and the
RX coils. Similarly, as discussed in Section 6.3.4, the response observed
when enough water has dripped from the head can be explained by an
RC connection between coils and the water which is modeled as a fictive
shield.

The circuit model used to explain the latter effect however shows
some limitations. Furthermore, this effect is the most important from a
practical point of view. Indeed, the head may become humid in normal
use, for example in presence of dew or when scanning over moist grass. In
contrast scanning with large quantities of water dripping from the head
is rather unrealistic. Furthermore, the response observed in presence of
thin layer of water on the head results in a loss of sensitivity without
any notification to the operator and this is a critical situation that must
be analyzed in details. We have therefore developed, an alternative
field-level model in which the response is derived from the electric field
scattered by the water layer according to the expressions established in
Section 2.4.5.2. To compute the scattered field, we have assumed that
the layer of water can be modeled as an ellipsoid and we have then used
the corresponding analytic solution. The field-level model is presented
in Section 6.3.5.
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6.2 Measurements

6.2.1 Procedure

The fast-time response (Valj‘é) was measured using an oscilloscope in

different configurations. First, a reference response was measured with
a dry head. The head was then immersed in a large container filled
with water and the measurement was repeated. Thereafter , the head
was pulled out of the water and the oscilloscope was stopped manually®
when the largest negative deviations was observed and the correspond-
ing response was saved. The same procedure was repeated to obtain
the response with the largest positive deviation. Finally, while the head
was totally immersed, the water was touched with a finger and the os-
cilloscope was stopped manually when a typical response was observed.
This was repeated standing on the ground and standing on a wooden
chair.

All the measurements were repeated for a number of water conduc-
tivities. The conductivity was varied by starting with distilled water
and progressively adding salt. Conductivity was measured using a con-
ductivity meter (the Consort C535).

6.2.2 Pulling the head out of water

The response with the largest positive (blue) and negative (green) de-
viation are shown together with the reference response (red) in Fig. 6.1
for various water conductivities. The figure only shows three curves but
the response actually evolves continuously from the reference response
to the response with the largest negative deviation, then to the curve
with the largest positive deviation and finally back to the reference re-
sponse. Typically, the largest negative deviation is reached less than
a second after the head has been lifted; while large quantities of wa-
ter is still dripping from the head. Typically again, the largest positive
deviation is reached after about 10 seconds; when enough water has
dripped from the head and only a thin layer of water? remains on the
head and the response goes back to its reference position after about

3 Automatic triggering is obviously used for each fast-time response. Manual trig-
gering is used to stop the oscilloscope when the response with the largest deviation
is observed.

4This layer is not necessarily continuous, it may break in smaller parts. It is
however difficult to assess the exact state of the water layer when the largest response
is observed.
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20 seconds. Those figures were estimated manually and are therefore of
limited accuracy. The slow-time dynamics is further highly dependent
on the water conductivity and the mentioned values are only valid for
average conductivities. For example, in the case of large conductivities,
the negative deviation only starts after several seconds.

A more complex instrumentation could be used to accurately charac-
terize the slow-time dynamics. This was however not deemed necessary
because a detailed understanding of the slow-time dynamics would any-
way require an hydraulic model to describe the water flow around the
head and this falls outside the scope of this thesis. The simple measure-
ments made will however be used to check if the proposed models are
realistic with respect to the observed slow-time dynamics.

The raw measurements, as presented in Fig. 6.1, do not yield a gen-
eral view of the effect of the conductivity on the responses. We have
therefore computed, for each acquired fast-time response, the largest
deviation from the reference response:

RX RX RX,ref
AV’amp = m?x {Vamp(t) - Vamp (t)} (61)
for a positive deviation and
AVEX = min {VEX (1) - VIS (1) | (6.2)

for a negative deviation.

Those largest deviation are illustrated in Fig 6.2 as a function of the
conductivity. The relatively high noise observed is related to the fact
that the acquisition is manually triggered. Note that, as already men-
tioned, a faster variation of the slow-time response is observed at early
times, when the water distribution is such that the response shows the
largest negative deviation than later, when the water distribution is such
that the response shows the largest positive deviation. Hence accurate
manual triggering is easier in the latter case and, as observed on the fig-
ure, the measurement noise (mainly resulting from inaccurate triggering)
is smaller for the largest positive deviation than for the largest negative
deviation. The triggering noise could have been reduced by resorting
to a more complex instrumentation, allowing an automatic triggering.
This was however not deemed necessary for our purpose.

The following observations regarding the measurements can be made:

1. The largest deviations are clearly a function of the water conduc-
tivity.
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2. For large conductivities (larger than about 7000 wS), no devia-
tion is observed. The response remains identical to the reference
response at all times.

3. For the lowest conductivities, no negative deviation is observed
when the head is lifted out of the water. A positive deviation is
still observed a few seconds after the head has been lifted out of
the water.

4. The negative deviation starts to be observed for a conductivity of
about 100uS. It then increases to reach a maximum for a conduc-
tivity of about 1000 ©S. It then decreases again and no deviation
is observed anymore for conductivities larger than about 7000 w.S.

5. For large conductivities, a negative deviation is observed only after
a few seconds, i.e. when water does not drip from the head any-
more. It is thus clearly not the movement of the water droplets
that causes the response.

6. The positive deviation is the largest for the lowest conductivities.
It decreases monotonically with the conductivity and disappears
for a conductivity of about 3000 uS.

6.2.3 Touching the water with a finger

A large positive deviation was observed when touching the water with a
finger. The response may vary significantly as a function of the precise
position of the finger in the water. Moving the finger also seems to
increase the response. It seems however that the water conductivity (at
least in the range of the conductivities considered) has no effect on the
response. Two typical responses are illustrated in Fig. 6.3.

The response disappears if the operator stands on a wooden chair.
As already mentioned in the introduction, this led us to the idea that the
response is due to an RC coupling between the electronic ground and the
coil through the oscilloscope ground lid and plug, the soil, the operator
body and finger and finally the water which is coupled capacitively to
the coils. To confirm that the response is due to a connection between
the water and the ground, we have directly connected an electric wire to
the ground connector of an electric outlet on one side and put the other
side of the wire in the water. This had no effect on the response. Several
resistors were then connected in series with the wire; again without any
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Figure 6.1: Fuast-time response for water dripping (green) and thin layer of
water (blue) together with reference response for a dry head (red).
From (a) to (f), the water conductivity increases. Conductivities

considered are 27, 167, 1210, 1870, 3130, and 4680 nS. Note

that for low conductivities (case (a)) no negative deviation is ob-

served and for high conductivities no positive deviations is ob-

served (cases (e) and (f)).
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Figure 6.2: Largest positive (blue) and negative (green) deviation of the fast-
time response as a function of the conductivity. Two series of
measurements have been performed. Full lines are used for the
first series and dashed lines are used for the second series of mea-
surements.
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Figure 6.3: Two typical response observed when touching the water surface

with a finger (cyan and blue) together with the reference response
(red). The head is completely immersed in the water.
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effect on the response. However, standing on the wooden chair, taking
the extremity of the wire in one hand and touching the water with
the other hand, the response was again observed. This led us to the
conclusion that the contact resistance at the water interface is critical
and that, with a thin wire, this contact resistor is too large. We have
therefore tried other contact interfaces. A large response was observed
by connecting the extremity of the wire to the inner side of a cartridge
case and putting the cartridge in the water. The shape of the response
is similar to that observed when touching the water with a finger but the
deviation is larger. This confirms that the effect is due to a connection
between the water and the ground and that the contact resistance at
the water interface is a critical parameter.

6.3 Model development and evaluation

6.3.1 Head in water

Figure 6.4: Simplified model of coil in water. The casing, two turns and the
corresponding turn-to-shield capacitances are shown. The resis-
tors model the water.

To model the head immersed in water, we assume that the water
around the coil plays the role of a PEC shield for the EQS problem® at

®Water can clearly not be considered PEC for the magnetic field because for typi-
cal water conductivity, the skin depth is much larger than the dimensions of interest.
Therefore, only small eddy currents are induced and the water is essentially trans-
parent to the magnetic field. The phenomenon considered here is EQS in nature and
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hand. It may look strange to consider that water is perfectly conduct-
ing. This can however be justified by referring to Fig. 6.4 where a simple
model for a coil in water is presented (only two coil turns are illustrated).
Assuming, for example, that the upper conductor is charged positively
and the lower conductor is charged negatively, negative charges will ap-
pear on the casing close to the upper conductor and positive charges will
appear close to the lower conductor. This requires charges to move in
water from the lower to the upper part of the casing. Due to the limited
conductivity of water, this path is modeled by a resistor. The two turns
considered are thus connected via an RC circuit and the water may be
considered as a PEC if the resistance, compared to the impedance of
the capacitor, can be neglected. This will be the case if time constant
T = RC, compared to the characteristic time of the detector, is small.
The fastest dynamic occur during the TX current turn-off which lasts
for a few micro-seconds. Hence the water can be considered as a PEC
for the EQS field at hand if T" < 1us,

As an estimation of the capacitance, we use the turn-to-shield capac-
itance computed in Section 2.5 for a PEC shield. This estimation might
become inaccurate for low water conductivity but it can be used for our
purpose because we want to determine the conditions under which the
water can be modeled as a PEC shield. Estimating the resistor is more
complex because the path followed by the current is unknown. A con-
servative value can be obtained by assuming that the current flows in
a thin water layer from the upper part to the lower part of the casing.
The real resistance should indeed be smaller as the current is expected to
spread out in a much larger water volume. Furthermore, the two turns
considered in Fig. 6.4 are those yielding the largest resistance because
the distance along which the charges must travel (on half of the casing
perimeter) is the largest possible. The turn-to-shield capacitance is in
the order of 10pF. As the two capacitors are in series, the capacitance
to consider is about 5pF. For the considered uniform current layer, the
resistance is 2w/(27R_; ho) with w the width of the casing section, h
the thickness of the water layer, R . the radius of the coil and o the
conductivity of the water. Noting that the left and right resistors are in
parallel, the resistance to consider is about 25k(2 for a water layer thick-
ness of 1mm and for a conductivity o = 650u.S, which is typical for tap

only small currents are required to produce a significant charge distribution around
the casing. It is for those divergent currents, that the water can be considered as
perfectly conducting, not for the solenoidal eddy-currents.
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water. The resulting time constant is 7" = 0.1us which is much smaller
than the duration of the current turn-off and the water can indeed be
considered as a PEC. For the distilled water used, the conductivity is
2515 and the corresponding time constant is about 5us. It is thus not
clear whether distilled water can be considered as perfectly conducting.
However, assuming that the current spreads out in a water layer of lcm
still seems realistic and the resulting time constant is then 0.5us which
allows to accept the PEC assumption.

I

coil

coil

Co
R Veoil j>—{ }—. s
L
Cy
C,

coil

() (b)

Figure 6.5: Additional capacitances due to the presence of the shield. Detailed
model (a) and corresponding simple model (b). The turn-to-turn
capacitance and turn-to-turn magnetic coupling are not shown.

Assuming that water can be modeled as a PEC shield, immersing
the detector results in the appearance of an additional capacitor be-
tween each turn and the shield. The detailed coil model of Fig. 2.3 (b)
is then extended as illustrated in Fig. 6.5 (a). The turn-to-shield capac-
itors appearing in the circuit are computed by resorting to the MAS, as
discussed in Section 2.5.

We have shown in Chapter 2 that the simple circuit presented in
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Fig. 2.3 (b) can advantageously be used to model an unshielded coil.
We now extend this simple model to take into account the shield. As
explained in Section 2.2.2 the parameters of the simple circuit can be
computed from those of the detailed one by imposing that the energy
stored in the capacitors of the two circuits are equal.

The simplest way to introduce a shield in the simple coil model is
to introduce two coil-to-shield capacitors. Referring to Fig. 6.5 (b), the
shield would then be modeled by the capacitors C, and C5. With those
two capacitors alone, it is however not possible to match the energy
stored in the capacitors for all values of the terminals voltages. Indeed,
the energy stored in the capacitors of the simple and detailed circuit
models are equal if:

2

> (S ov) —or G- (63
k=010 Mturn
with V, the potential of the shield. We have assumed that, in the fre-
quency band of interest, the current in the capacitor branches can be
neglected to compute the turn voltages and that the inductance and
mutual coupling coefficients are identical for all turns. The voltage then
evolves linearly along the coil: V, = kV__,/n,, with V| the voltage at
node k in the circuit of Fig. 6.5 (a).

Developing (6.3) yields three terms on both sides. One in VCQOH, an-
other in V2 and the last one in Ve.oi1Vs- Matching the corresponding three
coefficient is impossible with only two capacitors and it is mandatory to
add a third capacitor. One can easily check that adding the capacitor
C, as in Fig. 6.5 (b) solves the problem.

To compute the equivalent capacitors, we first consider a floating
shield. In that case, the capacitors in the simple circuit can be replaced
by a single capacitor:

CyC5

Cos = (Cy +Cy)

(6.4)
Indeed, for a floating shield, C, plays no role and C, and C; are con-
nected in series. The energy stored in the capacitors of the simple circuit
is thus:
impl
ESMP = 0.50,3V,2 (6.5)

coil

To calculate the energy stored in the capacitors of the detailed cir-
cuit, we first determine the shield voltage by noting that for a floating
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shield, the total charge must be zero:

> (heov) - (6.6

turn
This relation is fulfilled for any coil voltage if:
Vs = aVen (6.7)

with:

Y ko, KCOR
o = k=0: turn k — (68)

Mturn Zk:O:nmm Cks

Once « is known, the energy stored in the capacitors of the detailed
circuit can be computed:

| k ?
Egetaﬂed — 0‘5‘/;31 Z Clr:s ( — a> (69)

n
—0- turn
kio'nturn

Matching the energies (6.5) and (6.9) then yields:

Cop= > Cp <L — a>2 (6.10)

n
k:(]:nturn turn

The capacitor Cy; can then be decomposed in its components C,
and Cy by imposing that the shield voltage is equal for the simple and
detailed circuits. Hence (6.7) must be fulfilled and this yields Cy =
Cy3/(1 —a) and Cy = Cy3/cn.

Finally C; can be computed by imposing that the energy stored in
the capacitors of the two circuits are still equal for another shield voltage.
For example, choosing V, = 0, one can easily check that the energy
stored in the in the turn-to-shield capacitors of the detailed circuit is
equal to the energy that would be stored in a capacitor C’Sdataﬂed located
in parallel with the coil with:

. E \2
e = S o () (6.11)

Considering now V, = 0 in the simple circuit, Cy and C, appear in
parallel and both are in series with C,. The capacitors of the simple
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circuit can thus be replaced by a capacitor C’:émple located in parallel

with the coil with:
Cy(C5 +C)y)

Ctimple _ (6.12)
0 Cy+Cy+C,
Matching C’:émple and Cs%etaﬂ then yields:
CsC.
=2 _¢C 6.13
= e Gy (613)

For the Schiebel detector o ~ 0.5 and Cy ~ C5 as could be expected
from the coil (approximate) symmetry. Surprisingly, C, is negative and
this capacitor is thus difficult to interpret physically. It nevertheless
yields a simple circuit that is equivalent to the detailed circuit model
at low frequencies as required and was confirmed by numerical compar-

isons®.

6.3.1.1 Model evaluation

The immersed coil simple circuit model of Fig. 6.5 (b) has been intro-
duced in the detector state-space model. The resulting response was
then compared to the reference response obtained from the dry-head
simple circuit model of Fig. 2.3. The maximum deviation between the
two responses is about 1uV. Such a small deviation is compatible with
our measurements which did not show any measurable effect on the re-
sponse when immersing the head in the water.

6.3.2 Touching the water with a finger

To confirm that the origin of the response observed when touching the
water with a finger is the introduction of an additional RC path, such
a path is now introduced in the detector model and the resulting re-
sponse compared with the measurements. The model used is presented
in Fig. 6.6. Water is again modeled as a PEC shield around each coil
and the two shields (TX and RX) are short-circuited. In addition, a re-
sistor Ry is introduced between the shields and the ground to model the
operator resistance. To assess if such a ground connection could yield a
measurable effect, we have computed the maximum deviation between
the response and the reference response, as a function of R,,. This is

50ther equivalent circuit topologies might lead to positive capacitances. This was
not further investigated because the negative capacitances did not yield any problem
in the detector simulations.
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coil —C1 V.

coil

Figure 6.6: Model of head in water. Ground connection appears when touch-
ing the water with a finger.

illustrated in Fig. 6.7 which shows that the maximum deviation occurs
for R,y ~ 15k} and that the corresponding deviation is close to half a
volt.

0 1 2 3 4 5 6 7 8 9 10
4
Ry, (9] x10

Figure 6.7: Mazimum deviation of the slow-time response as a function of
ground connection resistor Ryq.

The corresponding computed response is shown in Fig. 6.8 together
with measurements obtained while touching the water with a finger.
Two measurements are presented to highlight the fact that the response
observed shows a high variability. It depends on the exact location and
speed of the finger. The polarity and the order of magnitude of the
response is compatible with the measurements. The computed response
further matches quite well one of the two measurements. However, for
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RX
Vamp V]

0 5 10 15 20 25 30 35 40
t[ps]

Figure 6.8: Response (blue) acquired when touching the water with the head
in the water together with reference response (red). Two measured
responses (—) and response computed (— —) with the ground con-
nection resistor R,y yielding the largest deviation (about 15k ).

the second measurement presented, which corresponds to one of the
largest deviations observed, the effect is a few times larger than the
computed one. The model is thus appropriate but it underestimates
the deviation. This underestimation might be due to small errors in
the coil geometry. Indeed, the drawing we have used to compute the
coil parameters shows an ideal winding pattern. In practice, the turns
might be closer to the casing and this may yield larger turn-to-shield
capacitors which may result in larger deviations.

One still has to check if a resistor Ry, = 15k€) is realistic. The
body resistance may vary significantly from one person to another and
from time to time. A value of 1.5k€2 is commonly used as the resistance
between major extremities of an average human body: hand to hand,
or hand to foot. According to our model, such a small resistance would
yield a much smaller response. The resistor to consider in the model
may however be larger because the contact surface is small, especially
for the hand holding the ground wire’.

Finally, recall that an increase of the response was observed when
moving the finger in the water. This effect can be understood in the

"Similar responses were observed when the operator was standing on the floor,
without touching any ground wire. In that case, however, the resistance (and maybe
the capacitance) of the shoes must be considered.
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framework of our model by noting that moving the finger may change

the contact resistance.

6.3.3 Lifting the head out of water

Figure 6.9: Typical water film appearing when lifting the head out of the wa-

ter.
TX RX
Teoil Teoil
= -
o—— —o0
TX RX
Cs C3
R
TX TX | 88 Il _~RX
Veoil | €17 5 =1
cf* cfx
TX RX
cl C3

o—— L—— o

RX
Vcoil

Figure 6.10: Model of head valid when lifting the head out of the water.

When lifting the head out of the water, a large quantity of water
remains around the coils and a water path exists between the TX and
the RX coils as illustrated in Fig. 6.9. The picture shows that the
connection is through two vertical water films that connects the coils to

the main water volume.

The exact shape of the water layer remaining around the coils is
difficult to assess but we assume that it is thick enough to form a PEC
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shield (see Section 6.3.1). Furthermore, the water connection between
the two coils is modeled by a resistor R, between the two shields. This
yields the head circuit-model presented in Fig. 6.10. To assess if such

0.01¢ 0.45
0 0.4}
0.35
-0.01f
_ _ 0.3}
S-0.02} 2.0.25¢
2 2
£ £0.03 BE 0.2p
2-0.04— 20-15'
0.1}
-0.05f
0.05
-0.061 o
-0.07 -0.05
0 02040608 1 1.21.41.618 2 0 02040608 1 1.21.41.618 2

Ry (€] x10° R[] x10°

(a) (b)

Figure 6.11: Maximum deviation of the fast-time response as a function of
shield connection resistor R, for a positive (a) and a negative
(b) mutual coupling between the coils.

a shield connection could yield a measurable effect on the response, we
have computed the maximum deviation of the fast-time response as a
function of Ry. This is illustrated in Fig. 6.11 (a) which shows that the
maximum deviation occurs for Ry, ~ 70k{2 and that the corresponding
deviation is about 0.07V. This deviation is large enough to be measur-
able.

The corresponding computed response is shown in Fig. 6.12 (a) to-
gether with a measurement acquired while lifting the head out of the
water. The dynamics, the polarity and the order of magnitude of the
response is compatible with the measurements. The computed deviation
is however about ten times smaller than the measured one. It is worth
noting that with a negative mutual coupling between the TX and the
RX coil, the deviation changes polarity, but it also becomes larger as
illustrated in Figs. 6.11 and 6.12 (b). This shows that the sign of the
coupling has a major impact on the effect of the water.

Measurements have shown (Section 6.2) that the water response is
influenced by its conductivity. The response disappears for small as well
as for large conductivities and it is maximum for medium conductivities
typical of tap water. This effect can be explained with the proposed
model by noting that for tap water, a resistor R, = 70kS) corresponds
to a water film having a height of 1em and a thickness of 0.5mm. The
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o 5 10 15 20 25 30 35 40 o 5 10 15 20 25 30 35 40
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(a) (b)

Figure 6.12: Response (blue) acquired when lifting the head out of the water
together with the reference response (red). Measured (—) re-
sponse and response computed (— —) with the shield connection
resistor R, yielding the largest deviation (about 7T0kSY). Posi-
tive (a) and negative (b) mutual coupling between the coils are
considered. For a better visualization of the response dynamics,
water response in (a) is amplified by a factor 10 (cyan).

formation of such a water film seems realistic. For lower conductivities,
‘optimal’ thickness of the water film increases. For distilled water, by
considering again a height of 1em, the ‘optimal’ thickness of the water
film is about 1.5¢m. Such a thick water film is clearly unrealistic and the
‘optimal’ resistor will not be reached in practice, which results in a much
smaller response. Similarly, for high conductivities, the ‘optimal’ film
thickness becomes thinner (or longer films must be considered). The wa-
ter film will probably break before such film geometries are reached and
the ‘optimal’ resistor will not be reached in practice, which again results
in a much smaller response. We have further observed that for high
water conductivities, the maximum deviation is observed later, when
the water is no longer dripping from the head. This may be explained
by noting that there is a plastic connection between the two coils (see
Fig. 2.1). For large conductivities the largest deviation may occur after
that the water film is broken and the coil connection occurs through a
water layer on the plastic linking the two coils. For large water con-
ductivities, this water layer may have the ‘optimal’ thickness at a later
time.
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6.3.4 Thin layer of water — Simple circuit model
Icoil
R Ca
RS
Vcoil
L
Rs
CS

Figure 6.13: Coil circuit model for thin water layer response.

After that enough water has dripped and only a thin water layer
remains on the head, the water may no longer be modeled as a PEC
shield. However, in first approximation, the model of Fig. 6.4 can still
be used. We further assume that the shield-to-turn capacitor computed
for a PEC shield can still be used®.

The effect of the water resistance can be taken into account in
the simple coil model by introducing two resistors R, as indicated in
Fig. 6.13. The two resistors are in series and can therefore be cho-
sen equal without loss of generality. Obviously, the additional resistors
should be introduced in both the TX and the RX circuits. Rigorously
speaking, their value may be different for the TX and RX coils but to
simplify the model, we have considered equal resistors for the two coils.

To assess if the shield resistors R can yield a measurable effect on
the response, we have computed the maximum deviation as a function
of R,. This is illustrated in Fig. 6.14 (e) which shows that the maximum
deviation occurs for R ~ 120k€) and that the corresponding deviation
is about 0.16V.

The response computed for the resistor yielding the largest deviation
is shown in Fig. 6.14 (f) together with the measurement obtained for a
conductivity of 650uS representative of tap water. The dynamics, the
polarity and the order of magnitude of the response is compatible with
the measurements. The computed response is slightly larger than the

8This may be justified by noting that the dominant capacitors correspond to the
outer turns, close to the casing, and that for those turns, the charges are located on
a small area of the casing, in the vicinity of the turn. For that small area, the PEC
assumption should still be valid.
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Figure 6.14: Left: mazximum deviation of the fast-time response as a function

of the shield connection resistor R,. Right: fast-time responses
(blue) measured (—) for o = 650uS and computed (- —) with the
resistor Ry yielding the largest deviation are shown together with
the computed (— —) and measured (—) reference (red) responses.
The resistor R, is introduced in the TX coil alone (a) and (b),
in the RX coil alone (c) and (d) and in both the TX and RX
coils (e) and (f).
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measured one. However, according to Fig. 6.2, the largest response was
measured for distilled water for which the response was about twice as
large as in the case of tap water. The model thus underestimates the
largest responses by a factor of about two.

Measurements have shown (Section 6.2) that the water response is
influenced by its conductivity. The response disappears for large con-
ductivities. This effect can be explained with the proposed model by
noting that the thickness of the water layer yielding the ‘optimal’ resis-
tance R, = 120k decreases when the water conductivity increases. For
large conductivities, the required water layer may become unrealistically
thin. In practice, the water layer will break before reaching the ‘optimal’
thickness, yielding a smaller response.

Similarly, the ‘optimal’ resistance will probably not be reached for
small conductivities because the required water layer becomes unrealis-
tically thick. We therefore expect that the water response decreases for
small conductivities. This decrease was not observed in Fig. 6.2 but it
may still occur for conductivities smaller than that of the distilled water
used.

To assess the contribution of the TX and the RX coil to the to-
tal response, we have also introduced a shield resistor in the TX coil
(Fig. 6.14) (a)-(b)) and in the RX coil (Fig. 6.14) (c)-(d)) alone. The
contribution of the two coils have the same order of magnitude; the con-
tribution of the RX coil being slightly larger. It may look surprising
that introducing shield resistors in the TX coil may significantly affect
the voltage on the RX side. This may however be understood by noting
that a shield resistor on the TX side will yield an additional current
mode. This current will in turn yield an induced voltage on the RX side
through the magnetic coupling existing between the two coils.

6.3.5 Thin layer of water — Field-level model

The circuit model proposed in the previous section to explain the re-
sponse of a thin water layer has some limitations. Indeed we have as-
sumed that the turn-to-shield capacitors can still be computed as for the
PEC case and this may have a limited validity. Furthermore, the water
layer thickness could vary around the casing. Indeed, most of the water
is expected to accumulate above and below the coil and only little water
is expected to remain on the vertical sides.

We have therefore considered an alternative approach, in which the
field scattered by the water layer and the corresponding induced voltage
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are explicitly computed. Water is weakly conducting and the eddy cur-
rents may be neglected but, even a weakly conducting water layer, may
be polarized by separation of electric charges. This yields a scattered
EQS field that may produce a response through the electric contribution
to the induced voltage (e, see Section 2.4.5.2).

To keep a tractable model and to allow for a better physical inter-
pretation our objective was to model the water layer using a simple
geometry, for which an analytic solution exists, and that is still reason-
ably close to the actual geometry. Note that for the EQS problem at
hand, the full-wave vectorial solution is not required; the scalar poten-
tial solution is sufficient. Amongst the shapes for which a scalar analytic
solution exists, the ellipsoid was deemed the most appropriate to model
a water layer. Note that, for an ellipsoid, the general solution is rather
complex as it involves ellipsoidal harmonics but, for the problem at hand,
considering a parallel field excitation is sufficient. Simpler expressions
[69, Section 30][31, Section 3.26-3.27] can then be used.

A key factor that influences the dynamics of the ellipsoid response is
the so-called depolarization factor (IN;) where i indicates the correspond-
ing ellipsoid principal direction. A sphere is a specific case of ellipsoid
and the corresponding depolarization factor is 1/3. With such a large
depolarization factor, the response is much too fast to be measurable.
In first approximation the response of a water sphere has a time con-
stant T = €/o. Considering typical parameters of tap water (e = 80¢,
o = 650uS) yields T' = 13ns which is much too small to yield a mea-
surable response in the evaluation window. For elongated ellipsoids, the
depolarization factor along the long axis is much smaller. As a result,
the time constant becomes much larger and this is the key to yield a
measurable response.

In the next sections, we will first review the depolarization factors
and the static solution for a conducting and for a dielectric ellipsoid.
We will then show how those static solutions can be used to express
the dynamic solution for the problem at hand. Next, we will show
how this dynamic solution can be integrated in the state-space model
of the detector to compute the water response. Finally, the computed
responses will be compared with the measurements.

6.3.5.1 Ellipsoid depolarization factor

The depolarization factor is defined as [70] ‘The ratio of the internal
electric field, induced by the charges on the surface of a dielectric when
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an external (incident) field is applied, to the polarization of the dielec-
tric.”. This definition is ambiguous because the kind of incident field
and the point at which the ratio must be computed is not specified. It
can be made unambiguous by specifying that the scatterer is an ellip-
soid and that the incident field is uniform and along one of its principal
axes. Indeed, for such an incident field, the total field inside an ellipsoid
and the internal electric field induced by the charges on the surface of a
dielectric are also uniform and parallel to the incident field. The polar-
ization inside the dielectric being proportional to the total field, it is also
parallel to the incident field. [31, Sections 3.25—3.27][69, Section 30]

Mathematically, the depolarization factor is defined by:

Edi.eLin
_ _ 97

where ¢ = 1,3 indicates the ellipsoid principal axis considered, Pidi‘31 is
the electric polarization inside the ellipsoid and Edlel "™ is the electric field
produced inside the ellipsoid as a result of the dlelectric polarization.
The name Edlel "™ is chosen to make the link with above definition and
because the (unlform) volume dipole distribution is indeed equivalent
to a (bound) charge distribution p on the ellipsoid boundary. In other
words, the field E;i;e N can be computed considering a surface charge

9

distribution p in free space’. The minus sign is introduced in (6.14)

to get a positive depolarization factor. Indeed, Esiie binand Pidi‘31 are
anti-parallel (Ediie Lin partly opposes the incident field—hence the name
depolarization).

The depolarization factor can be computed from the ellipsoid geo-

metrical parameters according to [71]:

abe

N - ds

: 6.15
2/0 (s +a?) /(s + aP) (s +af)(s + a?) "

with 4, j,k a cyclic permutation of 1,2,3 and a; the ellipsoid semi-axis
along x, y and z for ¢ = 1,2, 3 respectively.

90ur general convention would require to use a superscript (fs) to indicate the
environment. This superscript is not required in this Section because all sources
considered are radiating in free space. It is therefore omitted to simplify notations.
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6.3.5.2 Ellipsoid static scattering

We first consider the scattering of the ellipsoid for a uniform static elec-
tric field along one of its principal directions. Two cases have to be
considered, the dielectric and the conducting ellipsoid. Note that as
soon as the ellipsoid is conducting, whatever the conductivity, the field
inside the ellipsoid is null'® and the boundary of the ellipsoid is equi-
potential. In other words, as soon as the conductivity is not null, the
static solution is identical to that of a PEC and the medium inside the
ellipsoid plays no role. For the dielectric case, the field also becomes
null inside the ellipsoid when the permittivity tends toward infinity. By
uniqueness of the solution, the solution for the conducting case can thus
be obtained from the dielectric case by taking the limit of an infinite
permittivity.

Dielectric ellipsoid inner solution Knowing the depolarization fac-
tor, it is easy to compute the total field inside a dielectric ellipsoid (E™)
for a given incident field (E,, ). Indeed, the total field inside the ellip-
soid is the sum of the incident field and the field Eiiie Lin produced by
the surface equivalent charge distribution:
diel,in diel,in
By =E,; +E

tot,i inc,i

(6.16)

Introducing the definition of the depolarization factor (6.14) in (6.16)
then yields:

diel,in N, pdiel
tot6,i == 161 + Einc,i (617)
0

By definition, the polarization is:

Pl = (e, — 1) Epg " (6.18)
Introducing this expression in (6.17) then yields:

Edlel.,ln _ inc,i 6.19

tot,i 1+ Ni(er _ 1) ( )

and:

i - 1 +Ni(€r _ 1) inc,i

00Otherwise, the current would not be null and charge would accumulate on the
boundary, yielding a non-static solution.
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Conducting ellipsoid inner solution As explained above, the con-
ducting solution can be obtained by taking the limit of an infinite per-
mittivity. According to (6.19), this yields a null inner field as required
and according to (6.20) the polarization becomes:

Picond _ E_OE

N. inc,i (621)

Obviously, the polarization has no physical meaning for a conducting
ellipsoid. The scattered field is produced by a free charge distribution
on the ellipsoid surface but mathematically, it can be computed from
the fictive polarization (6.21) instead.

Equivalent source Physically, the scattered field is due to a free
charge distribution on the boundary of the ellipsoid for the conduct-
ing case and it is due to a uniform distribution of dipoles (polarization)
inside the ellipsoid for the dielectric case.

We have seen that mathematically, the scattering of a conducting
ellipsoid can be computed from the fictive dipole distribution (6.21)
instead of the real free charge distribution. According to (6.20) and
(6.21) the dipole distribution for the electric and dielectric cases are
related by:

]Didiel _ ailgicond (622)
with
. Ni(er — 1)

R p— (6.23)

According to (6.23), «; < 1 as expected because a dielectric ellipsoid
scatters less than a conducting one.

We have seen that the scattered field may be computed from a (real
or fictive) dipole distribution both for the conducting and dielectric case.
A surface distribution can also be used instead. Indeed, a dipole distri-
bution is mathematically equivalent to a charge distribution [72, Equ.
418][31, Equ. 3 pl183] p = —V - P. Hence, the uniform volume dipole
distribution is equivalent to a surface charge distribution:

p=P-d (6.24)

According to (6.21), for the conducting case, the charge distribution
can be expressed as

prond = %Einc,i cos 6 (6.25)
1
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with @, the angle between the principal axis ¢ and the ellipsoid normal
ft. According to (6.22), the charge distribution for the dielectric case is
related to the conducting case by:

e = agpend (6.26)

Outer solution The field inside the ellipsoid is uniform but the so-
lution is more complex outside the ellipsoid. As outside, the fields are
not uniform, it is more convenient to express the solution in terms of
the scalar potential. As for the inner solution (6.16), the total outer
solution can be expressed as the sum of an incident contribution and a
contribution due to a surface charge distribution. We first consider the
conducting ellipsoid case:

¢§g§? ,out _ ¢cond ,out +¢inc7i (627)

were the superscripts ‘out’ and ‘cond’ indicate that it is the outer solu-
tion for a conducting ellipsoid.

For an excitation EIIlCl ; along the principal axis ¢, the incident
potential is ¢, .. = —F. and the scattered potential E. . can be

mc, i mc, l i mc, i

expressed using elhpsmd coordinates as [69, Section 30][31, Section 3. 26]:

fg ds

cond,ou inc (s+af (s+ai2)(s+a?)(s+a2)
D GOt (g) = — \/ ] -

el fO 2 ZS 2 2
(s+a; )\/(s-l—ai )(s+ai)(s+ai)

(6.28)

with ¢ the first ellipsoidal coordinate (surfaces of constant £ are con-
focal ellipsoids and £ = 0 on the boundary of the ellipsoid). One sees
that on the boundary of the ellipsoid (£ = 0), (bcpoind’om({ ) = —bine,; and

therefore, the total potential ¢fg§1 ?’Om = 0 as required for a conducting

ellipsoid (the potential is constant on a conducting body and this con-
stant is zero for a zero total charge.) We have seen that the scattered
field can be computed from a dipole or a charge distribution, both for
conducting and dielectric ellipsoids and that the source distributions is
the same up to the factor a; for the two cases. Hence the scattered fields
are related by:

diel,out __ cond,out
¢y = 049,; (6.29)

which shows that the response of an elongated dielectric ellipsoid is
much smaller than that of the corresponding conducting ellipsoid, even
for large €, (as long as Ne, < 1).
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6.3. MODEL DEVELOPMENT AND EVALUATION

The potential scattered by a dielectric ellipsoid is derived indepen-
dently in [31, Section 3.27]. One can easily check that it is indeed related
to the conducting case through (6.29).

6.3.5.3 Ellipsoid step-off response

We still consider an ellipsoid excited by a uniform electric field along
one of its principal axis but we now want to assess the dynamics of the
response for a step-off of the excitation field. To simplify the notations,
from now on, we will drop the subscript ¢ that was used to indicate the
principal axis under consideration.

In the static case, we did not consider an ellipsoid that is both con-
ducting and dielectric because the static field inside an (even imper-
fectly) conducting body is zero and the dielectric permittivity plays no
role in the scattering. This is not true in the dynamic case and we
now consider an ellipsoid that is both conducting and dielectric. In that
case, the charge to consider on the ellipsoid boundary is p = p°»d 4 pdiel
with p°d the free charge distribution appearing due to the conductiv-
ity and pdi the bound charge distribution which is equivalent to the
polarization P appearing inside a dielectric.

We consider a step-off at t = 0. Before the step-off, the excitation
field was constant from an infinite long time: E; (t < 0) = Ej [,_.
Therefore, the static solution for a conducting ellipsoid prevails and the
ellipsoid electric permittivity plays no role. A free charge distribution
pcond‘ o_ exists on the surface of the ellipsoid before the step-off. The
total field inside the ellipsoid is null and, therefore, this surface charge
distribution creates a field equal and opposite to the excitation field:
E;ond‘o_ — _FE.

lo—
mc
Just after the step-off, the incident field becomes null but the free

surface charge distribution remains unchanged p®nd 0 = peond 0p =

p Indeed, a current distribution appears instantaneously inside
the ellipsoid, but as it is the derivative of the charge distribution that
is related to the current, the charge distribution itself can not change
instantaneously. Hence, the field produced by the surface free charge dis-

cond ‘0.

tribution is the same just before and just after the step-off: Egond’in .

d7. JE—
i = B,
After the step-off, the dielectric inside the ellipsoid will however be
polarized very fast. Rigorously speaking, this polarization is not in-

stantaneous and the full-wave solution should be used to compute the
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transient. We will however not consider this transient because it is much
faster than the dynamics of interest!!. After the step-off, the incident

field is zero, but for the dielectric inside the ellipsoid, the field Ef;ond’in
cond,in|
0+

0+
produced by the surface free charge distribution p (which can

be considered to be located just outside the ellipsoid), acts as an incident
field. As discussed above, this field is further homogeneous. Hence, ne-
glecting the transient, the polarization, or the equivalent surface charge
distribution can be computed using the static solution for a dielectric

ellipsoid derived in Section 6.3.5.2, considering an excitation Ef;ond’in

0+
According to (6.23), the dielectric solution is related to the con-

ducting solution by a factor a. For a conducting ellipsoid and for an
cond,in

excitation F, ‘0 produced by a charge distribution p

cond,in

N o 1o-
cated just outside the ellipsoid, the charge distribution appearing on the
surface is — pcond’in‘ o0+ (the charge distribution on the boundary then
compensates the charge distribution just outside the ellipsoid and the
resulting field inside the conducting ellipsoid is then zero as required).
Hence, the bound charge distribution appearing just after the step-off
is:

pdiel = o pcond (6.30)

0+ 0

The field produced by the bound charges partly cancels the field pro-
duced by the free charges and the resulting total field inside the ellipsoid
just after the step-off is:

Eigilo = —(1 =) Eiyelo (6.31)

This field allows to compute the current just after the step-off: J; |o, =

o En, o_ &; which in turn allows to compute the variation of the surface
apcond

= —V - J. This yields the following

expression for the time derivative of the free charge distribution just

free charge according to

HTo get an idea of the wave propagation duration, we consider an ellipsoid with
a large semi-axis of lcm and a relative permittivity of 80. In a homogeneous space
with the same permittivity, a plane wave would travel across the ellipsoid dimension
in about 0.6ns. This is much faster than any dynamics of interest with time constants
in the order of several ps. Obviously wave propagation is different in the ellipsoid
than in a homogeneous space. The wave propagation might be slower but, due to the
large margin, the transient should still be fast enough to be neglected.
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after the step-off:

o pcond
ot

=—ocosf(l—a)E

inclo— (6.32)
0+

With 6 the angle between the ellipsoid normal and the incident field
direction. Using (6.25) to express E .|,  as a function of pcond‘o then
yields

apcond

0(1 B Oé)N cond
o SAS AR (6.33)

0+ € 0

This expression is valid for any point on the surface (the term cos6
has been canceled out) and therefore, a small time after the step-off, the
shape of the charge distribution will remain unchanged and the field will
remain uniform inside the ellipsoid. Therefore, the reasoning leading to
(6.33) may be repeated from time step to time step and (6.33) is therefore
valid at all time after the step-off'2:

dpeend o(l—a)N

cond
= — 6.34
T o (6.34)

Equ. (6.33) describes a first order system. The free charge distribu-

tion decreases at each point as p°d(t) = pcond‘o e~ T with:

_ 601_|_]Vi(€r_1)
o N.

1

T (6.35)

the time constant of the response. A similar expression can be found
in [71, Equ. 5.28 p. 119] where the process is called a Maxwell-Wagner
relaxation.

To compute the scattered field, the total charge p = p
to be computed. We have seen that the bound charge distribution is null

before the turn-off and it jumps instantaneously to pdiel{ 0p = O peond 0

Cond_|_pdiel needs

after the step-off. Hence, the total charges is p|,_ = pcond| o before the
step-off and it then jumps instantaneously to:

cond

Plow = (1 —a) p (6.36)

12This is an intuitive reasoning but the result may be demonstrated by first assum-
ing that (6.33) is valid at all time. As shown below, all quantities then exhibit an
exponential decay. Therefore, the inner field remains homogeneous for all time ¢ > 0
and for such a homogeneous field, (6.33) is indeed valid for all time ¢ > 0, thus as
first assumed.
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Figure 6.15: Normalized bound charge pdicl/ pcond’O (green), free charge
peend/ pcond‘o (black) and total charge p/ pcond’O (red) for a
step-off excitation (blue) on an ellipsoid with relative permit-
tivity €. = 80, conductivity o = 650uS and depolarization factor
N =0.01. The corresponding « is about 0.44.

The total charge then decreases exponentially with a time constant 7.
This is illustrated in Fig. 6.15 for typical tap water parameters (o =
650uS and €, = 80) and for a depolarization factor N = 0.01.

6.3.5.4 Ellipsoid general excitation

We now consider a general time variation for the excitation and we also
consider incident fields that are not rigorously uniform on the ellipsoid.
The analytic solution developed in the previous sections is only valid for
uniform fields but we assume that a reasonable approximation'?® can be

13This can be justified for a sphere in the light of modal expansion [31, Sections 9.22
— 9.24]. The uniform contribution is then the first order in the field expansion and
this yield the dominant pole to the response. The other field components will yield
higher order poles that may be irrelevant if they are out of the bandwidth of the
detector. The same analysis may be performed for an ellipsoid but this is relatively
complex to implement because ellipsoidal harmonics are involved. Furthermore, in
ellipsoidal coordinates, only the scalar solution (that can be used for the electric
potential) exists. The wave equation, to be used for the fields, is not separable. We
did not investigate this modal expansion further but the analogy with the sphere
gives us additional confidence in the approximation used.

180



6.3. MODEL DEVELOPMENT AND EVALUATION

obtained by considering the spatial average of the excitation, computed
on the axes of the ellipsoid:

inc 1
= (E™)i =

- inc
2a; J 4,

E.

inc,i -de (6.37)
with A;, the axis considered and a;, half its length. The average exci-
tation may be computed efficiently from the potential without the need
for any integration:

¢inc(a;) — gbinc(a‘iJr)

<Einc>i = 2. (638)

with ¢, .(a;) and ¢, .(a;") the incident potential at the two extremities
of the axis i.

In practice, we will only consider the response for the excitation
component along a single axis. The other contributions will be either
null or yield responses that decay too fast to have a measurable effect
in the integration window. We may therefore again drop the subscript ¢
without any confusion.

A general time-domain excitation may then be characterized by:

u(t) = (E™(t)) (6.39)

To get general expressions, in the previous section, we have used z;
and a; to denote the coordinate axes and the corresponding ellipsoid
semi-axis length respectively. From now on, to get simpler expressions,
we will denote those quantities x, y, z and a, b, ¢ respectively. Referring
to Fig. 6.17, the axes « and z are horizontal and vertical and y is perpen-
dicular to the figure. The length of the horizontal and vertical semi-axes
are thus a and c respectively and the length of the third semi-axis, which
is not visible on the cut, is b.

We have seen that for a step-off excitation, the spatial distribution of
the field is at all time proportional to the static solution for a conducting
ellipsoid. This remains valid for a general time variation of the excitation
because the general solution is related to the step-off solution through a
time-domain convolution. Hence, for a general time-domain excitation
characterized by u(t), the field scattered by the ellipsoid at any point r
is proportional to a scalar function y(¢):

B (1)(r) = (B (r) (6.40)
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~ cond,out

with E the static field scattered by a conducting ellipsoid for a
unit excitation along the considered principal axis. y(t) is further related
to u(t) through a transfer function that can easily be computed from
the step-off response:

_Y(s) (1-a) 1+aTs
U(s) 1+sT  1+sT

(6.41)

with H (s) the transfer function and U(s) and Y (s) the Laplace trans-
form of u(t) and y(t). H(s) has a unit gain, a pole in s = —1/7 and
a zero in s = —1/(aT). As « is smaller than one, the zero is on the
left of the pole. The relative position of the zero and the pole indicates
the importance of the dielectric response. The further the zero is to the
left, the less important is the dielectric response. At the limit, when the
dielectric response gets very small (o ~ 0) and the zero moves towards
minus infinity.

y(t) was defined in (6.40) as the ratio between the electric field scat-
tered for a general excitation and that scattered for a unit static excita-
tion. Obviously, the same y(t) also relates the scattered potential and
the total surface charge distribution to their static solution counterpart.
Hence H(s) fully characterizes the dynamics of the ellipsoid along the di-
rection considered. The response y(t) is illustrated for a step excitation
u(t) in Fig. 6.16. Typical tap water parameters (o = 650uS, €, = 80)
are considered together with various depolarization factors. One sees
that decreasing the depolarization factor has two effects. It increases
the time constant and it decreases the direct feedthrough. For compar-
ison, we have also shown the same responses for free space permittivity
¢, = 1. This clearly shows that increasing the dielectric permittivity
increases the direct feedthrough and increases the time constant. The
effect of the permittivity however decreases when the depolarization fac-
tor is decreased. For small depolarization factors, the permittivity has
little effect.

As the slow-time response is obtained by integrating the fast-time
response in the evaluation window, a few us after the TX pulse, the
direct feedthrough does not affect the slow-time response. It is only
the exponential part of the response that can affect the response. For
a tap water spherical droplet (N = 1/3, €, = 80, the red dashed curve
in Fig. 6.16), the amplitude of this exponential part is very small and
the response is far too fast to yield a slow-time response. With smaller
depolarization factor however, the amplitude of the exponential contri-
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Figure 6.16: Ellipsoid step response y(t) for o = 650uS and depolarization
factors of 1/3 (red), 1/100 (black) and 1/1000 (green). Dielec-
tric relative permittivity e, = 1 (—) and ¢, = 80 (- ) are
considered. The excitation u(t) is also shown in blue.

bution is larger, the response is slower, and the droplet might produce
a significant contribution to the slow-time response.

6.3.5.5 Ellipsoid state-space model

Our objective is to expand the state-space model of the detector devel-
oped in Chapter 3 to incorporate the effect of an ellipsoidal water layer.
We consider the geometry presented in Fig. 6.17 which is representative
of a thin layer of water below the RX coil'* with a unit excitation along
the x-axis. A vertical cut through the RX coil is shown. The problem
is essentially 2D and the third dimension of the ellipsoid (y) is chosen
large when compared to the other dimensions.

Only the response for an excitation along the x axis is of interest.
Indeed, by symmetry, the component of the incident electric field (which
is produced by the coils) along the y-axis (tangent to the coil) is zero.
Furthermore, the depolarization factor is smaller than 1/3 along x and
larger than 1/3 along z (the sum of the three depolarization factors is

1 A water layer below the TX coil must also be considered because, as will be shown,
both responses have the same order of magnitude. The development presented for
the RX coil can be easily transposed to the TX case.
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Figure 6.17: Geometry considered to model a thin water layer. A vertical cut
through the RX coil is shown together with an ellipsoid modeling
the water layer. The potential scattered by the conducting ellip-
soid for a static unit excitation along x and the corresponding
electric field streamlines are also shown.

one and the depolarization factor along y is very small because the cor-
responding ellipsoid axis is chosen much longer than the other axes.).
The response will thus be faster than a sphere for an excitation along
z and slower for an excitation along x and we have seen that the re-
sponse for a sphere is too fast to yield a measurable effect. Hence, only
the response for a horizontal excitation may be slow enough to yield a
significant slow-time response.

We have seen that an ellipsoidal water layer can be modeled as a
first order target and its transfer function (6.41) can be computed from
the layer geometry and electrical properties. Its state-space model can
easily be derived from this transfer function but we still have to establish
the way the state-space model of the water layer must be connected to
the state-space model of the detector. The result is shown in Fig. 6.18
where one sees that the input of the water layer model is connected
to V(IJD“X (the voltage across the capacitance of the RX coil equivalent
circuit) which is a state variable of the detector model and the output
is connected to e- which is an input of the detector model that was
introduced to take into account the voltages induced in the coil by an
electric field (see Fig. 2.18). The feedback in the model is used to take
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Figure 6.18: State-space model of the water layer showing its connections to

the detector state-pace model via Vé‘x, a coil state-variable and

eIC{X, a coil input variable. y characterizes the field scattered by

the water layer and y,, characterizes the field scattered by the
mirror layer.

into account the multiple reflections'® between the detector casing and
the water layer. We will now justify the proposed model and establish
the expression for the coupling gains (Kec, KVc’ Ky and K,).

Output connection The voltage egX induced in the RX coil can
be computed from the potential scattered by the water layer according
to (2.58). This involves a discrete summation on the MAS equivalent
sources for the casing outer region. The scattered potential is propor-
tional to y(t) and, according to (2.58), the induced voltage is therefore
also proportional to y(¢). The proportionality factor is denoted Kec

cond,out

and it can be computed by using gzvbp (the potential scattered by a
conducting ellipsoid for a unit static excitation) in (2.58). Rigorously
speaking, a voltage e is induced in both the TX and RX coils. How-
ever, for the configuration considered, in which the water layer is below
the RX coil, the voltage induced in the RX coil is much larger than that
induced in the TX coil and considering only the voltage induced in the
RX coil yields a good approximation.

5The concept of multiple reflections is in general used in the context of wave
propagation. It can nevertheless be used for the EQS problem at hand. Indeed,
although it has been neglected to obtain the EQS approximation, wave propagation
and hence multiple reflections do exist physically. Neglecting the propagation delays,
the multiple reflections yield an algebraic series for the field incident on the ellipsoid:
Eyn. = (14 R+ R?>+---)EY, with EQ, the incident field in absence of multiple
reflections and R"EY,. the additional incident field due to the n'" reflection. The
series expansion can be rewritten to yield: F;,. = Ef./(1 — R) which shows that the
multiple reflections can indeed be modeled by a feedback R.
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Input connection The input of the water layer model must be con-
nected to ensure that u(t) = (E;,.(t)). The incident field to consider
is that in presence of the water ellipsoid Eiﬁc and, due to the multiple
reflections existing between the ellipsoid and the coil, this field may dif-
fer significantly from Ei(rfli). The multiple reflections may be important
because the water layer is very close to the coil. We first consider the
case without multiple reflections. Then we will show that the multiple
reflections can be taken into account by introducing a feedback in the
model.

Without multiple reflections, the incident field is'6 Eg}i{. This field
can be computed from the charge distribution on the RX coil which
was computed in Section 2.2.1 by resorting to the MAS as illustrated in
Fig. 2.8 for the TX coil. The incident field is proportional to the RX
capacitor voltage VCRX and the proportionality factor is denoted KVc'
It can be computed by plugging the incident field (or potential) for a
unit RX capacitor voltage (VEX =1) in (6.38).

Feedback connection Let us now introduce the multiple reflections.
The field back-scattered by the detector head for a given charge dis-
tribution on the ellipsoid might be computed using the MAS but this
would be computationally intensive as many ellipsoid geometries need
to be considered and the MAS solution computed for all the considered
geometries.

To avoid this pitfall, and to get a better understanding of the un-
derlying physics, we use a simplified model in which the detector head
is replaced by a homogeneous dielectric HS (with electric permittivity
equal to that of the head casing). The back-scattered field may then be
computed by resorting to the image theory [65, Section 2.14][35, Sec-
tion 3.4]. Obviously, the half-space model is a crude approximation but
we still expect to get a good order of magnitude for the back-scattered
field. More research might be needed to check the accuracy of the ap-
proach.

18Rigorously speaking, the total free space electric field generated by the coil must
be considered. It includes the contribution of the charges on the coil but also the
contribution of the magnetic potential jwA. Furthermore, both the contribution of
the TX and the RX coils must be considered. The magnetic potential is however
transverse and has thus no component along the principal direction considered and,
the field generated by the TX coil charges is much smaller than that generated by
the RX coil charges for the configuration considered in which the water layer is below
the RX coil.

186



6.3. MODEL DEVELOPMENT AND EVALUATION

We thus consider a homogeneous upper dielectric HS with relative
permittivity equal to that of the casing (¢,.) and a lower HS with
free space permittivity. According to the image theory, the field back-
scattered by the upper HS is then equal to that produced by a mirror
charge distribution p, ;.. located in the upper HS and related to the
physical charge distribution pg;coiq (which is located in the lower HS
on the boundary of the water ellipsoid) by:

pmirror(xv Y, Z) - KFpellipsoid(xv Y, _Z) (6'42)

where K. is given by [65, Equ. 2.150]:

Kp=-——=¢ (6.43)

The mirror charge distribution is identical to the distribution that
would appear on a mirror ellipsoid 7 located in free space and excited
by an incident field K.E, . with E, . the total incident field (including
multiple reflections) on the physical ellipsoid. The field back-scattered
by the casing is thus:

E tE,, (6.44)

m = Ym

with E_ the field scattered by the mirror (conducting) ellipsoid for a
static unit incident field and y,,(t) = Kpy(t). The potential ¢,,, corre-
sponding to Em, can be computed by resorting to the analytic solution
(6.28).

Finally, the contribution of the multiple reflections to the incident
field on the water layer is proportional to y,,(¢). The proportionality
factor is denoted K, and it can be computed by introducing ¢, in
(6.38).

In summary, the multiple reflections can be taken into account by
introducing a feedback K; = KK, as shown in Fig. 6.18. The effect of
the feedback on the location of the poles and the zeros of the system as
a function of the feedback gain is illustrated in Fig. 6.19. As expected,
the zero remains unaffected and the pole moves to the right. The pole
becomes unstable for a feedback K; = 1. An unstable system is only
possible if power is introduced via active components. The casing is
a passive system that back-scatters only part of the incident energy.

"The ellipsoid obtained by plane symmetry trough the HS interface and having
the same EM properties as the physical droplet ellipsoid

187



CHAPTER 6. WATER EFFECT

- x10%
1.5
1
2
%
< 0.5
>
Z
3
£ 0 —
&
g
— -0.5
-1
-1.5
-10 -8 -6 -4 -2 0 2
Real Axis x10°

Figure 6.19: Root locus for the water layer model as a function of the feedback
gain K, = Kp K. The open-loop transmittance parameters are
T = 1ps and a = 0.1 and the gain K; varies between 0 and
2. The zero (o) is not affected by the feedback. The pole locus
is a line starting at the open-loop pole (x) and extending to the
right. The closed-loop pole is at the origin (limit of stability) for
K;,=1.

Therefore, the feedback gain is always smaller than one and the closed-
loop system remains stable. This was confirmed by our simulations.
The closed loop transfer function between w and y is:

Kk 1+ saT

H el
o4 sT,

cl

(6.45)

with K; = 1/(1 — K;) and T; = T(1 — K;o)/(1 — K;), the closed-
loop gain and time constant. This shows that the effect of the multiple
reflections is thus to amplify and to slow down the response of the water
layer.

6.3.5.6 Tap water response

The state-space model of the detector, extended in the previous section
to include the water layer model, can be used to compute the fast-time
response as a function of the layer thickness (2c¢) and the water EM
properties. We have considered a conductivity o = 650u.S and a relative
permittivity e, = 80 typical for tap water. The maximum deviation
of the response (when compared to the reference response obtained in
absence of water) is shown in Fig. 6.20 as a function of the water layer
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Figure 6.20: Maximum deviation of the fast-time response for tap water
(0 = 650uS, e, = 80) as a function of the ellipsoid semi-axis
¢ (characterizing the water layer thickness). The other ellip-
soid semi-axes are kept constant at a = 5.5mm and b = 10cm.
Water layers below the TX (a) and RX (b) coils are considered.

thickness characterized by the ellipsoid semi-axis ¢ and for a water layer
below the TX and below the RX coil separately. One sees that the
contributions of water layers below the TX and the RX coils have the
same order of magnitude and that they both have a marked maximum
for a layer semi-axis of about 20 to 30 microns. The corresponding
response is about 5mV . Similar responses are obtained for water layers
above the coils. Hence, as in practice, we expect four layers to exist: one
below and one above each coil, the total computed response is 20mV'.

The corresponding fast-time response is shown in Fig. 6.21 together
with the response measured for a conductivity of 65015, representative
of tap water. The magnitude of the computed water response is under-
estimated and we have therefore artificially multiplied that response by
a factor of five for better visibility. One sees that apart from this factor
of five, the computed response is very close to the measured one. The
dynamics and the polarity of the response are well predicted.

To better understand the effect of the water layer thickness, we have
shown in Fig. 6.22, a number of parameters influencing the response as
a function of the ellipsoid semi-axis ¢. The curves are very similar for a
water layer below the TX and the RX coil and we therefore only present
the RX case.

The time constant of the water layer has a major impact on the slow-
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Figure 6.21: Measured (—) and computed (— —) fast-time response with (blue)
and without (red) a water layer. The water layer is character-
ized by 0 = 650uS, €, = 80 and has the thickness that yields
the largest response deviation. The water response is computed
taking into account four water layers and, further, artificially
multiplied by a factor 5.

time response. As discussed in Section 3.3.5, the detector is sensitive to
electric targets with time constants around 10us. The response of faster
targets has decayed too much before the evaluation window starts and
the TX pulse does not last long enough to significantly excite slower
targets. Fig. 6.22 (d) shows that the (closed loop) time constant for a
layer thickness yielding the largest response deviation (about 60 microns,
¢ = 30pm) is indeed in the order of 10us. One also sees in Fig. 6.22 (a)
that the depolarization factor increases with the water layer thickness
and this explains the decrease of the time constant with ¢. Furthermore,
the closed loop time constant is larger than the open-loop one and the
difference is the largest for thin water layers. This difference is due to the
multiple reflections which are indeed the strongest for thin water layers
as confirmed by the feedback gain curve (K;) shown in Fig. 6.22 (c).

Figure 6.20 shows that the deviation of the fast-time response de-
creases for thick water layers. As just discussed, this may be explained
by the water layer time constant that becomes too large. A number
of other factors also come into play. First, as already discussed, the
multiple reflections become weaker and this reduces the magnitude of
the fast-time response. Second, as seen in Fig. 6.22 (b), « increases
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Figure 6.22: Depolarization factor N, instantaneous response c, feedback
gain K, characterizing the multiple reflections together with the
open (blue) and closed (red) loop time constants T and T, as a
function of the water ellipsoid semi-azis c.
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CHAPTER 6. WATER EFFECT

and, as a result, the magnitude of the exponential part of the response
(1 — «) decreases. As only this exponential part (and not the direct
feedthrough) contributes to the response in the listen phase, the largest
deviation decreases when « increases. Note that the increase of « is
related to the decrease of the depolarization factor. Finally, the water
is on average further from the coil for thicker water layer and, therefore,
the direct excitation decreases.

6.3.5.7 Effect of water conductivity
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Figure 6.23: Maximum deviation of the fast-time response as a function of
the water conductivity for a single layer below the RX coil. The
water layer thickness yielding the largest deviation is considered
for each conductivity. The corresponding ellipsoid semi-axis c
s also shown.

Proceeding as in the previous Section for tap water but with other
water conductivities, we have computed the maximum deviation of the
fast-time response as a function of the water layer conductivity and
thickness. For each conductivity, the thickness yielding the largest wa-
ter response has been computed and is shown in Fig. 6.23 (b). The
corresponding maximum deviation of the fast-time response is shown
in Fig. 6.23 (a). Note that a single layer below the RX coil has been
considered and the deviation should thus be multiplied by a factor of
about four to take into account the water layers below and above the
two coils.

The maximum response deviation was also measured for various con-
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ductivities (see blue curve Fig. 6.2). Unfortunately the computed curve
is not compatible with the measured one. Indeed, the computed curve
does not decrease for higher conductivities. Such a decrease can however
be understood because, as shown in Fig. 6.23 (b), the thickness of the re-
quired water layer decreases with conductivity. For large conductivities,
the required layer thickness may become unrealistically small. In prac-
tice, the water layer will break before reaching the required thickness,
yielding water layers with smaller extent and non-‘optimal’ thickness
and hence a smaller response.

The computed curve also shows a decrease of the response for small
conductivities. Such a decrease is not shown by the measurements. As
already discussed, in the scope of the simple circuit model presented in
Section 6.3.4, such a decrease may nevertheless exist for conductivities
smaller than that of the distilled water used and not available for the
measurements. Even if this is the case, the model has a problem because
it predicts a large decrease of the response for conductivities that were
used for the measurements and this decrease was not observed. The
reason for this discrepancy might be that, for lower conductivities, the
higher order modes that were neglected in the model, start to dominate
the response. For tap water, the higher modes (which are faster than
the first order mode) are too fast to yield a significant response but
for distilled water, the first order modes are getting too slow and the
faster higher order modes may become important. Further investigation
is needed to clarify those issues.
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CHAPTER 7

Electromagnetic background influence

The EM background can significantly affect EMI detectors. This is
confirmed by filtering techniques that are implemented on some metal
detectors to mitigate the effect of power lines at 50 or 60 Hz. In addi-
tion, some of the newest metal detectors further minimize the effect of
the background by automatically adjusting the PRF according to the
dominant background.

This Chapter investigates the effect of the EM background. First the
relation between an (harmonic) external field and the slow-time response
is established as a function of the field frequency and amplitude. The
result is more complex than might be expected at first sight because
the external field influences the location of the evaluation window. As a
result, two contribution to the response must be considered: a steady-
state and a transient contribution.

The various effects that the EM background can have on the detector
are discussed and related to possible counter-measures. The critical
frequency band in which the EM background may significantly affect the
detector is then defined according the maximum allowed fields. Finally,
two important test-cases are investigated into more details: the effect a
high voltage power line and the effect of fluorescent lamp with a high-
frequency electronic ballast.
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CHAPTER 7. EM BACKGROUND INFLUENCE

7.1 Introduction

A metal detector is a very sensitive device and the EM background may
produce a significant response. The most common effect of the EM
background is the generation of an erratic audio signal. The operator
will in general set the sensitivity at the maximum value that does not
yield any audio signal in absence of a target. The usable sensitivity
is limited by the dominant noise source. This limitation may be due
to the soil, but for neutral soils, the limitation will come from the EM
background. It is thus important to understand the response of the
detector to an EM background.

For large external fields, the effect on the detector may become quite
complex because nonlinearities come into play. In extreme situations,
the detector may completely stop working, and in the worst case, there
may be no signal to warn the operator. Those nonlinear effects will be
briefly discussed in Section 7.2. We will then focus on smaller fields,
that are more representative of typical EM backgrounds encountered in
practice, and for which the fast-time response remains linear. The model
developed in Chapter 3 can then be used, without further adaptation,
to compute the fast-time response.

This will be discussed in Section 7.3 where we will show that the
problem is more complex than expected at first look because the de-
tector behavior is characterized by a number of phases and several lin-
ear state-space model must be used; one for each phase. Rigorously
speaking, for a given external field, a time-domain simulation must be
performed through all the phases to get the fast-time response. This is
not convenient because a large EM spectrum must be considered. Fur-
thermore, various phases between the external field and the TX pulse
must also be considered because the field is in general asynchronous
with the TX pulses and this phase significantly affects the response. We
will however show that the fast-time response to the external field can
be decomposed in a transient and a steady state contribution and that
those contributions can be computed from the listening-phase transfer
function, without having to perform the complete time-domain simula-
tion.

It is the slow-time response that is used to generate the audio signal,
possibly after slow-time filtering. This slow-time signal will be computed
in Section 7.4 where we will show that there also nonlinearities may come
into play. Indeed, the slow-time response is obtained by integrating the
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fast-time signal in the evaluation window and this window starts when
the fast-time signal reaches a given threshold. Hence, the external field
may affect the time-domain location of the evaluation window and this
yields nonlinear effects. When the displacement of the evaluation win-
dow can be neglected, regular sampling theory can be used to compute
the slow-time response. We will then show that the slow-time response
to a sinusoidal field is a discrete sinusoid with a frequency that is in
general different from that of the external field due to the aliasing.

The conditions on the external field to meet the regular sampling
assumption will be discussed in Section 7.5. Section 7.6.1 then discusses
the practical effects of the external field on the detector and Section 7.6.2
presents a number of counter measures that can be implemented to
mitigate those effects.

A metal detector works in the audio frequencies and we therefore
expect a limited critical bandwidth, that is the frequency band to which
the detector is sensitive, to be limited. This critical frequency band
is discussed in Section 7.7 in the light of the existing legislation which
limits the magnitude of the fields to which the public may be exposed.

Finally, two test cases will be discussed in Section 7.8. First, a
high voltage line will be considered because it is well known that such
lines may perturb metal detectors; as confirmed by the fact that some
detectors are specifically designed to mitigate their effect. Second, a flu-
orescent lamp with a high frequency electronic ballast will be considered
because this was the major noise source encountered while performing
measurements on the detector.

7.2 Nonlinear effects

High external fields may introduce nonlinear effects that severely affect
the detector functioning. In extreme cases, the external field may trigger
the flyback diode during the coil charge phase. The coil would then be
short-circuited and this will affect the TX pulse or even destroy the
electronics.

Lower (but still large) fields may trigger the clamping diodes in the
RX filtering and conditioning network. This may completely jeopardize
the normal behavior of the amplifier even if the frequency is above the
bandwidth of the amplifier. Indeed, in the presence of nonlinearities,
the high frequency induced voltage affects the lower frequency compo-
nents of the response (generation of sub-harmonics). This can easily be
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understood for large high-frequency induced voltages, when compared
to the reference voltages observed in absence of external field. Indeed,
the input of the amplifier will be clamped for most of the time and it
will thus look like a clock signal oscillating between the upper and lower
clamped voltages (typically 0.6V") at the frequency of the external field.
For the amplifier, this is equivalent to a zero input and no alarm will be
generated, even in presence of a target.

Such a behavior was observed in presence of jammers. Other complex
interactions with the jammer were also observed. We will however not
discuss the effect of jammers further because the focus of this thesis is
on humanitarian demining. Furthermore, our investigation on jammers
only started recently; a lot of work remains to be done and the subject
is rather sensitive. Going into more details may require classification of
the work.

For even lower (but still high) fields, nonlinear effect will be observed
at the output of the amplifier. Indeed, the external field may produce
additional saturation phases of the amplifier. For fast variations, slew
rating may also be observed. In presence of such nonlinearities, the
response becomes much more complex and one may expect that most of
the filtering techniques used to mitigate the effect of the EM-background
(see Section 7.6.2) won’t work anymore.

Apart from critical cases, as may occur in the presence of jammers
and other fields that are large enough to generate nonlinearities, the
audio output will become erratic. The operator is then aware that the
detector is unusable in the prevailing environment.

We will not consider the effect of the above-mentioned nonlinearities
further. Moderate fields may however introduce a nonlinearity on the
slow-time response, even in absence of any saturation of the fast-time
response. This is due to the fact that the slow-time response is obtained
by averaging the fast-time signal in the evaluation window and this
window starts when the fast-time response reaches a given threshold. As
a consequence, the external field may affect the location of the evaluation
window. As further discussed in Section 7.4, the displacement of the
evaluation window renders the computation of the slow-time response
more complex and, as discussed in Section 7.6.1, it may also affect the
target response. The conditions under which the displacement of the
evaluation window may be neglected will be discussed in Section 7.5.
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7.3 Fast-time response

We consider external fields that are small enough to yield a linear fast-
time response. The model developed in Chapter 3 can then be used
to compute the fast-time response from the voltage e; and e that are
induced respectively by a magnetic or an electric field. Recall that the
detector fast-time response is modeled by a number of linear state-space
models; one for each phase. In each phase, the response is the sum of
a transient and a steady state contribution. For a monochromatic si-
nusoidal external field, the steady state contribution can easily be com-
puted from the frequency response of the corresponding phase, but the
transient contribution is a weighted sum of the phase modes and the
weights are a function of the initial conditions. Those initial conditions
are obtained from the value of the state variables at the end of the pre-
vious phase and can thus in general not be computed from the phase
transfer function alone.

Note however that at the beginning of the listening-phase, only the
amplifier changes state. The state-space representation of the circuit in
front of the amplifier remains unchanged!. The last state change of that
front circuit was the blocking of the clamping diode (beginning of phase
4, when the filter starts to be active). This phase started more than
10us before the amplifier goes out of saturation and the only excitation
during those 10us is due to the monochromatic external field. As all
the modes of the circuit in front of the amplifier are much faster than
10us, the transient has vanished at the beginning of the listening-phase.
Hence during the listening-phase, the input of the amplifier can be ap-
proximated by the steady state solution which can be computed from
the listening-phase frequency response alone. No transient needs to be
considered. However, for the output of the amplifier, the transient con-
tribution is not negligible. Fortunately, if the amplifier is modeled as a
first order system, the transient can be computed from the initial value
of the amplifier output alone and, as the listening-phase begins when
the amplifier gets out of saturation, this initial condition is simply the
saturation voltage V.. The transient can thus be computed without
having to run a time-domain simulation through all phases. This is a
major advantage because many external field frequencies and phases will
have to be considered and running a complete time-domain simulation

Tt is not affected by the amplifier state because the amplifier has a high input
impedance.
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for each case would be computationally expensive. Note that a sim-
ple analysis would neglect the transient contribution but we will show
that this is inaccurate because the transient contribution dominates the
response for frequencies larger than about 50kHz.

Formally, we have:

Vamp (8) = Virae () + Vgt (1) = Vi (0) + Vs o (1) + Viideo8) - (7.1)

with Vi () and Vfg’stf “(t), respectively the steady state and transient
contribution. The superscript ‘tot’ indicates that it is the total tran-
sient contribution which is the sum of the reference transient (V%0 ),
that exists in absence of any external field, and the transient contribu-
tion due to the external field Vit ,. The subscript ¢ is used to indicate
that it is the listen phase transient contribution that is considered and to
emphasize that the latter is a function of the phase considered and the
corresponding threshold voltage (here the listen phase with a thresh-
old voltage V, but, below, we will also consider the response defined
with respect to the evaluation phase). The reference transient response
(V9. ,(t)) is indeed a function of the phase chosen (here, the listen
phasé) because, by definition, it is the response existing in absence of
any external field shifted in a way that the beginning of the reference
listen phase response matches the beginning of the listen phase response
in presence of the external field. The shift is t, —t,, with ¢, and ¢,, the
beginning of the listen phase, respectively in presence and in absence of
the external field. For the first order system considered, the reference

transient can be written:
t0 —(t—t,)/T.
vaast,ﬁ(t) = ‘/ﬁe (t=t,)/ amp (72)

with T, the amplifier time constant. Note that ¢, is a function of the
amplitude and phase of the external field considered.

As the transient V! ,(¢) is obtained by subtracting the reference re-

sponse V0, ,(¢) from the total transient response Vfg’stto *(t) it is obviously
also a function of the phase considered, as emphasized by the subscript
L.

We also define the total response to the external magnetic field as
the sum of the steady-state and transient responses:

‘/}ast,f(t) = ‘/fgst(t) + ‘/fgst,é(t) (73)

Note that we will use the same name to denote a phasor and the
corresponding time-domain function. The function parameter ‘(t)’ is
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then used to make the difference. For example, Vi is a phasor and
Vit (t) the corresponding time-domain function. They are related by
vagst(t) = §R{‘/Yflfratstejwt}'

The steady state contribution can be computed from the listening-
phase frequency response. For a magnetic field, an input voltage e
must be introduced in the L branch of the coil equivalent circuit and the
steady state contribution to the fast-time response is:

r Vam
vaast = HeL p(w)eL (74)

. A% . . . .
with He ™ the listening-phase transfer function between the induced
VRX

amp and w the angular frequency

voltage e; and the amplifier output
of ey .

Similarly, for an electric field, an input voltage e, must be intro-
duced in the C branch of the coil equivalent circuit and the steady state

contribution to the fast-time response is:

T vam
vaast = Hec p(w)eC (75)

. Vam . . . .
with He ;™" the listening-phase transfer function between the induced
voltage eq and the amplifier output Valfn}é.
Generic expressions can be written for the two cases by defining a

generic induced voltage e standing for e} or e- and the corresponding

. Vam . Vam Vam
transfer function He *™" standing for He ™™ or He ™":

Vi = Ho ™™ (w)e (7.6)

As the amplifier is modeled by a first order system, the total transient
must be a simple exponential decay:

titot _ gttot —(t—t,)/Typ
vaast - ‘Afast,ﬁ6 ¢ amp (77)

where T, is the amplifier time constant and the amplitude AE;S? is

chosen in order to ensure that at at the beginning of the listen phase

(t = t,) the output of the amplifier is VX(t,) = V, = V., with V
the amplifier saturation voltage. According to (7.1), the amplitude of
the total transient is therefore: Aif::sifl = Vi — Vit (t,). Subtracting

the reference transient (7.2) from the total transient (7.7), one gets the
following expression for the transient response:

vagst,((t) = Agast,ﬁe_(t_tz)/Tamp (78)

201



CHAPTER 7. EM BACKGROUND INFLUENCE

with A
AEaSt,Z = _‘/f;st(té) = _%{‘/fgste]w%} (79)

the amplitude? of the transient.

Equ. (7.8) confirms that the transient contribution can be computed
from the steady state solution alone and that no time-domain simulation
through all phases is required. Note however that the detector is asyn-
chronous with the external field and, therefore, the phase of the external
field will in general vary from pulse to pulse. Depending on this phase,
the amplitude of the transient will also take a different value for each
pulse but this value must remain in the range — A}, < Al , < Af.
with Af = [Vi| the magnitude of the steady state respon7se. The
various contribution to the fast-time response are illustrated in Fig. 7.1
for various phases, yielding the largest positive and negative transient
as well as an intermediate and null transient contribution.

7.4 Slow-time response

The slow-time response is obtained by averaging the fast-time response
Va%fé in the evaluation window. The evaluation window starts when
the fast-time signal reaches a given threshold voltage V, (V, = 1V for
the Schiebel detector). The response in the evaluation-phase can be
expressed as a transient and a steady state contribution as we did in the

previous section (see Equ. 7.3) for the listening-phase:
‘/fast,e(t) = vagst(t) + vagst,e(t) (710)

where the subscript ‘e’ indicates that the threshold defining the initial
condition is now V, instead of V|, that was used to define the fast-time
response in (7.3). The threshold has no effect on the steady state con-
tribution which is still defined by (7.4) or (7.5). The threshold however
affects the transient contribution which now becomes:

‘/}gst,e(t) - AEast,ee_(t_te)/Tamp (711)
in which '
Aif:ast,e(t) = _‘/}gst(te) = _%{Wgste]wte} (712)

is the amplitude of the transient and ¢, is the time at which the threshold
V, is first reached.

2we use the term amplitude although A;astyz may be positive or negative.
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Figure 7.1: Various contributions to the total (blue) fast-time response in
presence of a monochromatic EM background at a frequency of
50kHz and with an amplitude yielding a steady-state sinusoidal
response of 0.5V. The reference transient Vio, ,(t) (red), the tran-
sient Vi, ,(t) (magenta) and the steady state Vi, (t) (cyan) con-
tributions to the external field fast-time response. Various phases
of the external field are considered, yielding a null (a), the largest
positive (b), the largest negative (c) and intermediate transient
amplitude At ;-
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According to (7.12), depending on the phase of the external field, the
amplitude of the transient is in the range —Af, < Ap, . < Af with
Af o = |Vis |- The range is thus identical to that of the listening-phase
transient. This may seem strange because the evaluation-phase starts
after the listening-phase and one could thus expect a smaller evaluation-
phase transient contribution. This is however not the case, because the
response is defined as the difference between the response in presence
and the response in absence of the external field; the latter being shifted
to synchronize the two signals at the beginning of the phase considered
before performing the subtraction (the shift is ¢, —t,, or ¢, — t,, de-
pending on the phase considered and in both cases, it depends on the
magnitude and phase of the external field). In other words, the reference
transient response is shifted by two different amounts before subtracting
it from the total response and the evaluation-phase transient is there-
fore not simply the listening-phase transient considered in the evaluation
window.

As just mentioned, the transient amplitude is in the range —Af , <
AEaSt’e < Aj,- However, the whole range of transient amplitudes will
be observed only for low frequencies. For higher frequencies, only am-
plitudes close to A, will be observed and for intermediate frequencies
an intermediate distribution, more and more biased towards Af, ., when
the frequency increases, will be observed. This can be understood by
considering the limit of an infinite frequency. The response will then
take all values between V'™ (t) — AL and Vi'ol(¢) + AL, for all t.

fast,e fas fast,e fast
The threshold V, will thus be reached for the first time® when the tran-
sient contribution is szstf t(te) = V,— A}, and the transient amplitude is
AEast,e = — A}, This is a good approximation as long as the variation
of the transient during one period of the external field is small when
compared to the amplitude of the steady state response.

Our objective is now to compute the evolution of the slow-time re-
sponse as a function of the pulse index. This is a discrete signal that
can be seen as a sampled version of the (integrated) fast-time signal.
The displacement of the evaluation window however yields an irregular
sampling and this is a major complication. To simplify the analysis, we
assume that the displacement of the evaluation window is small when
compared to the period of the external field, When this is the case, reg-

ular sampling can be assumed and the classical sampling theory can be

3We consider a negative threshold and a negative transient response as is the case
for the Schiebel detector.
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used.

The validity of the regular sampling assumption will be discussed
in Section 7.5. We will show that for a given steady state contribution
magnitude Af ., the assumption is valid below a limit frequency and
that this limit frequency is a decreasing function of Af . In other
words, for any frequency, the regular sampling approximation is valid for
a sufficiently small external field. Hence, the regular sampling solution

may be termed ‘Low frequency’ or ‘Small field’ approximation.

7.4.1 Transient contribution

The contribution of the transient response to the slow-time response is
obtained by integrating (7.11) form ¢, to ¢, + T,, with T, the duration
of the evaluation window. This yields:

‘/;tlow = _vagst(te)Kt (713)
with T
K, = <1 - e*Tav/Tamp> (7.14)

av
the gain for the transient contribution. For the Schiebel detector, as
discussed in Sections 2.6.2 and 2.7, we use T,, = 10us and T, BYIE;
and this yield a gain K, = 0.43.

The pulses of the detector are sent at regular intervals, with a period
Tpx. 1f the displacement of the evaluation window can be neglected,
the evaluation window also starts at regular intervals with period Trp.
Assuming that the first evaluation window (k = 0) starts at ¢ = ¢, the
amplitude of the transient for the &* pulse is AEaSt’ o(k) = Vi (KTpx +

t,) and the corresponding slow-time signal is Vi (k) = K A} (k).
As Vi, is a sinusoid at frequency v, the discrete slow-time signal is a

discrete sinusoid:

mp:

Viiow (K) = R{ Vi, 774} (7.15)
with
‘/stlow = _Kt‘/fgst (716)

the corresponding phasor and:
v = (v mod vyx)/vrx (7.17)

the discrete normalized frequency and vy = 1/Tpy is the transmit
PRF.

205



CHAPTER 7. EM BACKGROUND INFLUENCE

One usually restricts the discrete normalized frequency to the inter-
val [0,1/2]. This can be done by using:

/

14

1—o (7.18a)
Ve = (V)" (7.18b)

slow

instead of 7 and V}__if > 1/2. One can easily check that this transfor-
mation leaves the discrete sinusoid unchanged and the discrete frequency
is in the interval [0,1/2].

Equations (7.17) and (7.18) can be obtained directly from the sam-
pling theory. Indeed, the effect of sampling on the spectrum is to repeat
it periodically with a period vpy. A monochromatic continuous signal
at frequency v has a spectrum composed of two Dirac pulses at +v and
having complex conjugate amplitudes. The discrete sinusoid is then fully
characterized by the aliased (copied) version of the original Dirac pulses
at the lowest frequency. When this is a copy of the original Dirac pulse
at v, (7.17) is obtained directly. However, if this is a copy of the original
Dirac pulse at —v, the transformation (7.18) should be used.

7.4.2 Steady state contribution

The steady state contribution to the slow-time response is obtained by
integrating the steady state fast-time contribution in the evaluation win-
dow. Again assuming that the displacement of the evaluation window
can be neglected, the discrete slow-time response contribution can be
computed by passing the fast-time response through a moving average
filter V,, (t) = ttJrT‘“ Vistdt and then sampling at regular times intervals
Ty + t..

As for the transient contribution, the result will be a discrete sinusoid
with a discrete frequency that can be computed according to (7.17) and

(7.18). The corresponding phasor is*:
sliow = ‘/}gstHav (719)
with .
Hy, = —— (74T —1 7.20
= s T ) (720)

the transfer function of the moving average filter.

“Obviously, if the frequency transformation (7.18a) is used, the phasor must be
complex conjugated as in (7.18b).
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7.4.3 Total response

The total response is the sum of the steady state and the transient
contribution. This yields:

View = VI 4+ VE = HY™ H e (7.21)

slow slow slow

with H., = H,,— K, the transfer function from the fast-time steady state
response to the slow-time total response, e the induced voltage (standing
for e;, or e respectively for a magnetic and electric external field) and

H;/ “"P the listening-phase transfer function between the corresponding
induced voltage and the amplifier output (see (7.4) and (7.5)). The Lh.s.
of (7.21) is a phasor representing a discrete sinusoid and its r.h.s. is a
phasor representing a continuous sinusoid. The discrete and continuous
frequencies are related through (7.17) and (7.18)

1
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Figure 7.2: Magnitude (red) of H,,, the transfer function between the fast-
time steady state response and the total slow-time response.
Steady state (|H,,|- blue) and transient (K, — black) contribu-
tions to the slow-time response are also shown.

Fig. 7.2 shows the magnitude of H,, as a function of the frequency
as well as the transient (K;) and steady state (|H,,|) contributions. As
expected, the gain of the moving average filter H,, is equal to one for
frequencies below 1/T,, = 200kHz. Furthermore, at low frequencies,
both contributions are of the same order of magnitude, the transient
contribution being the smallest and at higher frequencies the transient
contribution becomes dominant. As a first approximation, the transient
contribution alone can be used H,, ~ K, for the whole spectrum.

Equation (7.21) has been established for a monochromatic external

field. In absence of saturation and with a regular sampling regime, the
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slow-time response is a linear function of the inputs and the result can
be used for any external field. Equation (7.21) then relates the spectrum
of the EM field to that of the slow-time signal. The effect of sampling
is then still to shift any continuous frequency in the range [—0.5,0.5] of
discrete frequencies. Obviously, several continuous frequencies will be
shifted to the same discrete frequency. This is the well known aliasing
phenomenon. The discrete spectrum is then the sum of shifted replica-
tions of the continuous spectrum.

7.5 Regular sampling regime

The displacement of the evaluation window is a major source of nonlin-
earity in the slow-time signal. Most practical expressions such as (7.21)
and most of the counter-measures used to reduce the effect of the EM
background are based on the regular sampling assumption and are thus
only valid for small displacements of the evaluation window with respect
to the TX pulse.

It is therefore important to determine the conditions under which the
regular sampling assumption is valid; that is the conditions for which
the displacement of the evaluation window is small when compared to
the period of the external field. For this, we will first determine the
maximal displacement of the evaluation window as a function of the
frequency of the external field and of the amplitude of the steady state
fast-time response A} .. We will then define the region in the frequency

fast"
amplitude plane for which the regular sampling assumption can be used.

7.5.1 Evaluation window displacement

The displacement of the evaluation window has two contributions; the
displacement of the beginning of the listening-phase with respect to the
TX pulse and the displacement of the evaluation window with respect
to the beginning of the listening-phase. The transient at the input side
of the amplifier is much faster than that at the output of the amplifier
and therefore, the displacement of the listening-phase can in general be
neglected.

The displacement of the evaluation window with respect to the be-
ginning of the listening-phase can easily be computed numerically for
a given amplitude Af  and phase ¢} of the steady state fast-time
response and for a given frequency (v) of the external field. For this,
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(7.6) and (7.7) are introduced into (7.1) to compute V.RX (t). The first

amp
time Va%f;(t) reaches the threshold V, is then searched to determine the
beginning of the evaluation window ¢,. Performing the same computa-
tion in absence of external field yields the corresponding reference time
tY and the displacement of the evaluation At, = t, — tJ can then be

calculated.

0.08

0.06} f\Hi

O il

teln
)
=
?‘ |
|
At [ps]
WO O~ N W s O

[
=

Figure 7.3: Upper (red) and lower (blue) bounds of the evaluation window
displacement as a function of frequency for A}, = 0.01V (a) and
Af o = 0.5V (b). Analytic low frequency bound (- —) computed
according to (7.24) and (7.25) and overall bounds(—-—) computed
according to (7.26) and (7.27) are also shown.

For a given external field, v and Ajf  are fixed but, as already men-
tioned, the field is in general asynchronous with the detector pulses and
Ghase Varies from pulse to pulse. The largest positive and negative dis-
placements can then be determined by computing At, as a function of
st fOr 0 < @f, < 2m and by searching for the extrema. The result is
shown in Fig. 7.3 for Af = 0.01V. The resulting curve is rather com-
plex, but the low frequency as well as the overall upper and lower bounds
of the evaluation window displacement can be computed analytically.

Indeed, according to (7.1) t, is defined by:

[‘/Z - ‘/fgst (tf)] eite/Tamp + ‘/fgst (te) = V

e

(7.22)

or
V, — Vi (t
te — Tamp In l f?st( Z)
Vve - vaast (te)
At low frequencies, Vi (t,) ~ Vi (t,) and the maximal and minimal
values of t, are obtained by introducing Vi (t.) = Vi (t,) = £A;

fas

(7.23)

¢ 11
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(7.23):
) V,+ Af
tmln’LF -7 1 4 fast 794
¢ amp ! ‘/e + A%ast ( )
V, — AT
tmax,LF -T 1 4 fast 7.95
e amp 111 V; — Ai;ast ( )

At high frequencies, Vi (t.) and Vi (t,) may become different and
the extrema of ¢, are obtained for Vi (t,) = £Af and Vi (t,) =
:':Agast:

: VvV, — Al
toin — I £~ fast 7.26
S AT (720
V, + Af
pmax _ 1 4 fast 2
] amp n ‘/'e _ A%ast (7 7)

The largest (low frequency and overall) positive and negative dis-
placement obtained from the analytic expressions (7.24)-(7.27) are shown
Fig. 7.3 which confirms that those expressions are in agreement with the
numerical solution.

It is further apparent that for A, = 0.01V, the low frequency
largest displacements (7.25) are valid up to about 10kHz. The upper
(lower) bound for the displacement then varies between the positive
(negative) low frequency limit and the overall largest positive (negative)
displacement (7.27) for frequencies up to about 5M H z. For even higher
frequencies the overall largest positive displacement is not reached any-
more. The upper bound then tends towards the low frequency largest
negative displacement. This high frequency limit can be understood be-
cause, as explained in Section 7.4, for high frequencies, the evaluation
window is always triggered for Vi (t.) = Af. The upper bound is
then reached for Vi (t,) = A}, and this yields the same expression as
for the low frequency largest negative displacement (7.24).

Further comparing Fig. 7.3 (a) and (b), it appears that the limit
of the low frequency regime is weakly dependent on Af . However,
the high frequency regime starts at lower frequencies and the frequency
band for the intermediate frequencies regime becomes smaller when Af
increases.

The overall and low frequency largest displacements of the evalua-
tion window simply and efficiently characterize the displacement of the
evaluation window. They are independent of the frequency and are thus
convenient to quantify the displacement as a function of the amplitude of
the steady state fast-time response Af, . This is illustrated in Fig. 7.4.
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Figure 7.4: Ouverall (—) and low frequency (— —) largest positive (red) and
negative (blue) displacement of the evaluation window as a func-
tion of the amplitude of the steady state fast-time response Af, .

The angular point visible in the overall largest negative displacement
stems for the fact that in addition to the bound (7.26), the beginning of
the evaluation window must fulfill ¢, > ¢, and therefore, At, > ¢ — 9.
One sees that the overall largest positive displacement is an upper
bound for the magnitude of the displacement. This single parameter
can thus be used to characterize the largest displacement as a function
of the Af . One sees that it remains below 5us for Ap < 0.5V. It
is further increasing approximatively linearly with Af  in that region.
It then increases quite fast for Af , > 0.5V and it gets undefined for
fast > 1V. This stems from the fact that, for low frequencies and
Af,s > 1V, the threshold will never be reached for some pulses. As will
be discussed further in Section 7.6.1, large displacements may be critical
because, in this case, the external field not only generates an additional
slow-time signal but it also significantly changes the slow-time target

response.

7.5.2 Frequency-amplitude limit

The overall largest positive displacement of the evaluation window can
be used to define a conservative boundary for which the regular-sampling
assumption is valid. Indeed, (7.27) yields the largest magnitude of the
displacement as a function of Af  and independently of the frequency.
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Figure 7.5: Mazimum frequency for the regular sampling assumption to be

r

usable as a function of Af,, the amplitude of the steady state
fast-time response.

The maximal frequency for which this displacement is negligible; that
is for which the displacement is small when compared to the period of
the external field, can then be computed. This is illustrated in Fig. 7.5
which shows the maximum frequency, for which the regular sampling
assumption is valid, as a function of Af . The criterion used is Atg*** <
T/10 with T the period of the external field.

The curve can also be used the other-way round. For a given fre-
quency, it allows to determine the maximum Af  for which the regular
sampling assumption is valid. As expected, the maximal steady state re-
sponse amplitude is a decreasing function of the frequency. For example,
at 1M H z, the regular sampling assumption is valid for Af , < 10mV.

fas

7.6 Effect on the detector and counter measures

7.6.1 Effect on the detector

The most common and obvious effect of the EM background is the gen-
eration of an additional slow-time signal. If this signal is smaller than
the electronic noise the EM background will have no noticeable effect.
For larger fields, the additional signal may be translated into noise on
the audio signal. The operator will then in general reduce the sensitiv-
ity of the detector to avoid this perturbing signal. This will obviously
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reduce the detection performance of the detector, but as long as the
sensitivity can be kept high enough to detect the targets of interest to
the required depth, the detector remains effective. In this context, it
should be noted that the operational procedure does not necessarily re-
quire one to set the sensitivity at the maximum value compatible with
the EM background. A lower sensitivity is sometimes intentionally used
to reduce the number of false alarms. This is typically the case in the
presence of a strong clutter and if the threat is composed of mines with
a high metallic content.

The external field will also affect the location of the evaluation win-
dow. Hence, the external field not only produces an additional signal,
but it also modifies the response of the target. For fields yielding a fast-
time signal smaller than 0.5V, the displacement remains smaller than
5us and this should have little effect for targets of interest® with time
constants larger than 10us.

For fast-time responses between 0.5 and 1V the largest displacement
of the evaluation window increases fast as shown in Fig. 7.4 and this
may significantly affect the target response. Recall that the displace-
ment of the evaluation window is a function of the phase of the external
field with respect to the TX pulse. The displacement may be positive or
negative and as apparent from the upper and lower bounds in Fig. 7.4,
the largest displacements are positive. As the detector is asynchronous
with the field, the phase will be different for each pulse and positive and
negative displacements will occur. However, because of the asymmetry
between the positive and negative displacements, a bias towards posi-
tive displacements will appear and will, on average, reduce the target
response.

For fast-time signals larger than 1V, the threshold may not be reached
for some pulses. As a result, the evaluation window is not triggered and
this may jeopardize the normal functioning of the detector. The evalua-
tion window is then not triggered and the corresponding target response
is then completely missed.

As already mentioned, for even larger fields, non linear phenomenons
may come into play and the detector may completely stop working.
In most cases, the operator will be aware of the problem because the
audio output will become very noisy but in some critical situations, the
detector may stop working without any notification to the user; the

5The detector is getting inefficient for faster targets because they produce a very
weak response.
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audio remaining quiet.

7.6.2 Counter measures

A number of techniques can be used to reduce the effect of the EM back-
ground on the detector. The EM background is in general homogeneous
on the RX head and its effect can therefore be significantly reduced by
using a differential RX coil. This is however not necessarily the best
solution because the distance at which a target can be detected is in
general also reduced for a differential head.

For low frequency fields when compared to the time constants of
the targets of interest (typically less than 100us), a second evaluation
window can be used after the main one. The target response has become
negligible in that second window and the voltage induced by the external
field is approximately constant between the TX pulse and the end of the
second evaluation window. The response in the second window can
then be used to compensate the contribution of the external field to the
slow-time response. This technique has been patented [47]. The main
motivation for the introduction of this second evaluation window was to
cancel the voltage induced when moving above an inhomogeneous static
magnetic field, as when sweeping the detector over a magnetic stone,
or more generally over an inhomogeneous magnetic soil. This window
should however also be efficient to cancel the effect of low frequency EM
background; for example close to a high voltage power line.

Another solution to mitigate the effect of low frequency fields is to
alternate positive and negative useful pulses® as in the Vallon ML1620 or
the newer Vallon VMH3. Typical low frequency fields are those gener-
ated by power lines but the technique should also be efficient for motional
induced voltages, such as those generated when sweeping the detector
over a magnetic stone, or more generally over an inhomogeneous mag-
netic soil. Indeed, both the motional induced voltage and the voltage
induced by an external low frequency field do not vary significantly from
pulse to pulse and their polarity is not correlated with that of the pulses.
On the other hand, The target response polarity is correlated with that
of the pulses emitted. The target response polarity is thus alternated
and, as the processing further reverses one response out of two, the tar-

5The useful pulses are those followed by an evaluation window. Typically, for a
bipolar pulse a single evaluation window is used after the second pulse. It is thus the
whole bipolar pulse that must be alternated so that that the sign of the second pulse
is reversed for each bipolar pulse.
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get slow-time response remains constant while the slow-time response
of the external field is reversed from pulse to pulse. Simple discrete fil-
tering, such as a moving average can then significantly reduce the effect
of the external field. If the PRF is chosen to be a multiple of the ex-
ternal field frequency v,y = nv, a moving average of 2n samples’ will
perfectly cancel the effect of the external field. With this respect, the
Vallon ML1620 has a setting for canceling the effect of power lines. It
can be set to cancel a frequency of 50 or 60 Hz. The solution consists
in setting the PRF to 450Hz in the first case and to 420Hz in the sec-
ond case. This corresponds respectively to nine and seven times the
perturbing frequency.

Optimizing the slow-time filtering is obviously an efficient mean to
reduce the effect of external fields. For this, the characteristics of the
slow-time target response must be taken into account. The dynamics
of the slow-time target response is related to the scanning speed and
determines the frequency band that should not be filtered. Typically, a
low pass filter is used and the cut-off frequency is determined from the
maximum expected scanning speed. Some detectors include a dynamic
mode which requires a minimal scanning speed to be used. A band-pass
filter is then used and the lower cut-off frequency is chosen according to
this minimal scanning speed.

Increasing the PRF may also help in reducing the effect of external
fields. Indeed, as just mentioned a slow-time filter can be used to reduce
the effect of the external field but a critical frequency band, in which the
target response dominates, must be maintained. The PRF then deter-
mines the external field frequencies that will be aliased in that critical
frequency band. Increasing the PRF reduces the aliasing phenomenon
and, as a consequence, a smaller part of the spectrum is aliased in the
critical frequency band. We have measured the PRF for the Schiebel
AN-19/2, a more recent Vallon detector, the ML1620 and the newest
Vallon detector, the VMH3. The result was 66Hz for the AN-19/2, 420
or 450Hz for the ML1620 and a selectable frequency between 1.5 and
2kHz for the VMH3. This confirms a tendency to use higher PRFs. The
PRF may further be adapted to the prevailing EM background in a way
that the dominant part of the background spectrum is not aliased in
the critical frequency band. The Vallon VMH3 has this functionality.
Several PRFs between 1.5 and 2kHz can be used. The selection of the
optimal PRF can be performed automatically or manually.

"n samples would be sufficient if the pulse polarity is kept constant
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Finally, we recall that complex nonlinear effects may occur for large
external fields. Most of the above mentioned counter-measures then be-
come inefficient and the detector may become unusable. This is in gen-
eral not a critical issue because such high fields are not encountered in
typical EM environments and in most cases, the operator will be alerted
about the problem by a noisy audio signal. In extreme situations, as
when jammers are used, the detector may stop working without any no-
tification to the user. This is a critical issue and we are not aware of any
counter-measures implemented on modern detectors. A simple solution
might be to use a dedicated sensor that alerts the user in presence of a
critical EM background.

7.7 Critical frequency band

Our objective is to define the part of the electromagnetic spectrum that
may significantly affect the detector. Therefore, we use the state-space

. v
model of the detector to compute the needed transfer functions He "™

and H;g‘"‘mp between the induced voltage (e, or ex) and the amplifier
output voltage in the listening-phase. We have used the simple coil
state-space model. Similar results are obtained with the detailed coil
model except for the presence of a number of resonance peaks above
10MHz. The induced voltages are related to the external fields through
(2.57) and (2.58). To assess the sensitivity of the detector as a function
of the frequency, we will first consider an external field with a reference
magnitude independent of the frequency. We will then take into account
realistic field strength which is dependent on the frequency.

7.7.1 Reference field
7.7.1.1 Magnetic field

To assess the sensitivity of the detector to an external magnetic field as
a function of the frequency, we consider a reference field with amplitude
B, = 1uT and oriented normal to the coil in order to yield the maxi-
mum response. Fig. 7.6 (b) shows the response to that field as a function
of the frequency. The amplitude (Af, ) of the steady state contribution
to the amplifier output (Va%f;) is shown together with the corresponding
amplitude of the slow-time response A, . One sees that A closely

follows Af,, as expected from Section 7.4.3 where we showed that, in
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Figure 7.6: (a) and (b) give the responses to a reference magnetic field

B,s = 1uT. (c¢) and (d) give the responses to a reference electric
field E. s = 300V/m (c) and (d). The amplitude of the steady
state contribution to VIy (red), VI (green), VX (blue) and
the corresponding amplitude of the slow-time signal A, (cyan)
are shown. The contributions of the voltages induced in the TX
((a) and (¢)) and in the RX ((b) and (d)) coils respectively are

presented separately.
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first approximation, there exists a factor K, between the two signals.

To assess the effect of the various components in the processing chain,
the amplitudes of the steady state coil voltage ‘/CPO{EI( and of the steady
state filter output Vﬁlﬁx are also shown.

One sees that, below 100kH z, ‘/CPO{EI( increases with a slope of 20dB
per decade as for an ideal coil (V_;; = jw®). For higher frequencies,
the parasitic capacitance shunts the inductor and as a result, the gain
of the coil decreases. More precisely, as the coil is a second order sys-
tem, it introduces a gain weakening of 40dB per decade, yielding a high
frequency asymptote at -20dB/decade for Vclgff

One also sees that up to about 100kH z the RX filter and amplifier
(see Fig. 2.23) only introduce a multiplicative factor. For higher frequen-
cies, they start to filter the signal. Recall that the amplifier and the filter
are first and second order systems respectively. Hence, as expected, they
introduce gain decreases of 20 and 40 dB per decade respectively. As
a result, the effect of external fields decreases quite fast for frequencies

above about 1M Hz.

7.7.1.2 Electric field

In most cases, the effect of an electric field on a coil is neglected. As
illustrated in Chapter 6, the electric field may however play a significant
role in some specific configurations. An electric field will generate an
induced voltage e in the capacitive branch of the coil equivalent circuit.
This voltage can be computed according to (2.51). By symmetry, no
voltage will be induced by a field in the plane of the detector. We
therefore consider a field along the coil axis with a reference magnitude
E. s = 300V/m. The magnitude of the electric fields has been chosen to
correspond to B, = 1uT in the far field (E,; = B, 2/ 1o with Z, and
o the impedance and the magnetic permeability of free space). The
result is shown in Fig. 7.6 (d).

The comparison with the magnetic case, clearly shows that, in the far
field, the dominant effect of an external source is through the magnetic
field. In the near field however, the electric field may be much larger,
when compared to the magnetic field, and the dominant effect may be
through the electric field.

When compared to the magnetic case, the frequency dependency
shows an additional derivative term above about 1kHz. As a result,
VRX reaches a plateau for high frequencies and the decrease of the other

coil
signals (filtered VﬁPftX and amplified VEX RX voltage as well as slow-time

amp
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response) is less pronounced (by a factor of 20dB per decade). The break
point at 1kH z corresponds to the time constant of the RX coil TE”X =
LRX/RRX = 187us. Indeed, the RL branch shunts the capacitive branch
which includes the induced voltage (see Fig. 2.23). Below a frequency
iR = 1/(27TRX) = 850H z, the RL branch impedance is dominated by
the resistor RE”X and one can easily check that this yields a jw frequency
dependency. Similarly, above VIF}X, the impedance is dominated by the
inductor LRX and this yields a (jw)? frequency dependency.

7.7.2 TX and RX contributions

In the previous sections, we have considered the voltage induced in the
RX coil alone. Actually, an external field will also induce a voltage in
the TX coil and, as the two coils are magnetically coupled, this will
yield a response on the RX side. The TX contribution to the response
is illustrated in Fig. 7.6 (a) and (c) for an external magnetic field and
an electric field respectively. As expected, it is in general the RX coil
that yields the dominant contribution. Note however that the frequency
dependency is different for the TX and the RX cases and for some fre-
quencies, both contributions are of the same order of magnitude.

7.7.3 Realistic field strength

10° 106
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Figure 7.7: Maximum electric (a) and magnetic (b) field for general public
exposure according to ICNIRP. The far field maximum magnetic
field is also shown (- —).

The spectrum of the EM background is highly dependent on the
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location where the detector is used. It is influenced by the proximity of
external sources such as power lines, radio or TV transmitters, radars
etc. It may also vary with time.

There exits however a number of national and international legisla-
tions which limit the strength of the electric and magnetic fields. Most
are based on the ICNIRP guidelines [73]. Those guidelines are based on
the health risks of exposure to non-ionizing radiation. The interactions
of the EM fields with the body are quite complex. They involve a num-
ber of coupling mechanism (induction of electric currents, polarization,
heating, ...) and the resulting health risks are highly frequency depen-
dent. The resulting maximum allowed fields for general public exposure
are illustrated in Fig. 7.7.

Most sources are in the far-field. The electric field is then related to
the magnetic field through the free space impedance. Both the electric
and magnetic fields must then be below the allowed maximal value.
The most stringent requirement is on the electric field and this yields
an additional constraint on the magnetic field of a far-field source that
is illustrated in Fig. 7.7 (b).

Taking into account the maximum allowed fields, the response of the
detector is illustrated in Fig. 7.8. Comparing with Fig. 7.6, one sees that
the peak of highest sensitivities is getting larger and that it is shifted
towards the low frequencies because the allowed fields are much higher
at those frequencies.

The external field will have a significant effect only if it is larger than
the noise generated in the detector. This noise has several origins such
as shot noise, thermal noise, flicker noise, burst noise and avalanche
noise [74] and it may be generated in the various components of the
electronics. For example, thermal noise will be generated in the resistors
and shot noise in junctions. By assuming a good design, the main noise
sources will be inside the operational amplifier. Noise characteristics
of operational amplifier are provided in the data sheet. Typically, the
equivalent input noise is provided as a function of the frequency. This
equivalent noise is in general constant (white noise) above the corner
noise frequency. Below this frequency, the noise typically evolves as
1/f (pink noise). For a large bandwidth, when compared to the corner
frequency, the 1/f noise can be neglected and the equivalent input noise
E. can then be estimated by [74, Equ. 10-17]:

Ein = En fmax - fmin (728)

with E_, the amplifier noise figure. The equivalent output noise is then
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Figure 7.8: Response to the maximum allowed magnetic ((a) and (b)) and
electric ((c) and (d)) fields according to the ICNIRP guidelines.
The dashed lines are obtained by taking into account the addi-
tional far-field constraint. The amplitude of the steady state con-
tribution to Vs (red), Vit (green), VRS (blue) and correspond-
ing amplitude of the slow-time signal A, (cyan) are shown. The
contributions of the voltages induced in the TX ((a) and (c¢)) and
in the RX ((b) and (d)) coils are presented separately. The dashed

black line shows a reference noise level of 0.1mV.
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obtained by multiplying the input noise by the amplifier gain E

out —

KampEin'
For the Schiebel, f ., = 0, fiu = 1/(27T,,,) = 32kHz and
K omp = 550. Further considering a typical low-noise operational ampli-

fier noise figure of 3nV/v/Hz, this yields an Root Mean Square (RMS)
output noise of 0.3mV. We will therefore use 100uV as a lower bound
for which the external field may affect the detector. This bound is
shown in Fig. 7.8 in which it is apparent that the bandwidth to con-
sider for external fields is from below 1Hz to about 20M Hz. Indeed,
outside that frequency band, the response to the external field, at the
output of the RX amplifier Va% will be hidden in the noise. There
exists many sources of radiation in the critical frequency band such as
high voltage lines, AM broadcasting antennas (short, medium and long
waves), aircraft beacons, electronic fluorescent lamps, electrical drives
and computer screens. The critical frequency band covers the following

International Telecommunication Union (ITU) bands:

Extremely Low Frequency (ELF), 3Hz to 30Hz

Super Low Frequency (SLF), 30Hz to 300Hz

Ultra Low Frequency (ULF), 300Hz to 3,000Hz

Very Low Frequency (VLF), 3kHz to 30kHz

Low Frequency (LF), 30kHz to 300kHz

Medium Frequency (MF), 300kHz to 3,000kHz
e High Frequency (HF), 3MHz to 30MHz

Note that the precise value of the electronic noise level (chosen as
100pV') is not critical because the fast-time signal decreases with a slope
of about 80dB per decade at the upper frequency of interest. Hence,
dividing or multiplying the electronic noise by ten will only affect the
upper frequency by a quarter of a decade or in other words a factor
smaller than two.

According to our model, the external field should have no effect
above 20M H z. Recall however that we have used the simple coil model
that only takes into account the first coil resonance. Higher order coil
resonances as well as resonances in the cable connection with the elec-
tronics actually exists above 20M Hz. Thanks to the fast decay of the
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fast-time response with the frequency, the linear model still predicts lim-
ited effect even at the resonance frequencies. The coil voltage however
decreases much more slowly with the frequency (20 and 0dB per decade
respectively for magnetic and electric external fields respectively) and
non linear effects at the input of the filter (conduction of the clipping
diodes) may become important at the resonance frequencies. This may
explain some problems encountered with jammers. Note further that,
above 20M H z, the response to an electric field becomes of the same
order of magnitude as the response to a magnetic field. It even be-
comes dominant for the highest frequencies. For such frequencies, the
coil shield may thus also yield a useful filter against the external electric
fields, especially at the coil or cable resonance frequencies.

In the frequency band up to 20M H z, the fast-time response of the
external fields may clearly dominate the electronic noise and this may
significantly affect the detector. As can be seen in Fig. 7.8, the peak fast-
time response is larger than 100V and occurs around 100k H z and values
larger than 10V are observed up to 1M H z. Important perturbations are
thus expected close to a powerful AM broadcast facility emitting around
500kHz. The highest responses may however only be observed in the
near field of the source. Nevertheless, even in the far-field, responses up
to 10V are observed. Such high values will clearly saturate the amplifier
output and the detector will most probably be unusable.

Fortunately, EM background fields are typically much lower than
the allowed limits [75]. For example, a survey of the exposure to long,
medium and shortwave radio services around Baden-Wurttemberg (Ger-
many) has been presented in [76]. It shows a variation of the exposure
between 0.0001 and 1% of the allowed limit with a median value of
0.01%.

With such fields, the detector should remain usable in most cases.
The maximum usable sensitivity setting may however vary widely as a
function of the operation location. In the quietest places, the response
to the EM field is below the electronic noise and (in absence of other
sources) the detector can be usable at its highest sensitivity. In contrast,
for a field reaching 1% of the limit, fast-time responses up to 1V may
arise and this will clearly require to decrease significantly the detector
sensitivity. In all cases, the operator should determine if the maximum
usable sensitivity is high enough to meet detection requirements in a
particular situation.
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7.8 Test cases

We have shown that, for the allowed strength of the EM fields, the EM
background may significantly affect detector performance. In general,
the field strength is significantly below the allowed limit and the effect
on the detector is then limited. We now consider in more details two
sources that may significantly affect the detector, a high voltage power
line and a high-frequency fluorescent lamp.

Power lines (high-voltage or not) are known to disturb metal detec-
tors. This is confirmed by the fact that some detectors are designed to
mitigate the effect of high voltage lines. For example the Vallon ML.1620
has a setting to filter 50Hz or 60Hz noise related to high-voltage lines
(see Section 7.6.2).

We have also studied a fluorescent lamp with a high frequency elec-
tronic ballast, for our indoor measurements, this was found to be the
dominant noise source. The analyses may seem academic in the scope
of humanitarian demining because detectors are used outdoors. Never-
theless for other applications, such as airport security control gate, the
detectors may however be used indoors.

7.8.1 High Voltage Line

Our objective is to determine the region in which a high voltage power
line may interfere with the detector. According to Fig. 7.8 it is clear
that, for frequencies as low as 50Hz, the effect of the electric field is
always negligible and only the magnetic field must be considered.
There exists a large variety of high voltage power lines and the effect
on the detector may vary significantly, depending on the line character-
istics. As a test cases, we have considered a line studied in [77, p. 5,
H Frame Structure| for the British Columbia Ministry of Transporta-
tion. It is a H frame structure with a horizontal conductor structure
arrangement. The characteristics of the line are as follows:

e three phase conductors in a horizontal plane
e height of conductors: H = 14.1m

distance between conductors: D = 6.7m

phase-to-phase: voltage 287kV (RMS)

e phase current: I} = 7804 (RMS)
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For the magnetic field, the soil is essentially transparent and the field
produced by a single line conductor can easily be computed. Indeed, by
symmetry, in cylindrical coordinates with the axis on the conductor, the
field is along the polar angle unit vector 6 (B = B(,é) and is constant at
a given distance R from the conductor. Form the Ampere law, the field
can then be expressed as:

tol

= Ho_ 7.29
0= 51 (7.29)

with I the current in the conductor.

The total fields can be computed at any location by summing the
contribution of the three conductors, taking into account the phase of
the current in each conductor:

Lo I, 1] = IL[B_jaa L, eja] (7.30)
with I; the RMS line current, I, ab.c the three phase currents phasors and
a = 27 /3, the phase difference between the line currents. The result is
a complex vector that represents an elliptically polarized magnetic field.
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Figure 7.9: Horizontal (B, ) and vertical (B,) magnetic induction at ground
level as a function of x, with |x|, the lateral distance distance to
the line. Magnitude (blue), real (red) and imaginary (green) parts
are shown. The z-coordinate of the line conductors are indicated
by circles.

We now consider a Cartesian axis system with the x-axis horizontal

and perpendicular to the conductors, the z-axis vertical and the origin
on the ground below the central cable. The conductors are then located
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at (—=D,y,H), (0,y,H) and (D,y, H) respectively for phases a, b and
¢ and the magnetic field has two (complex) components B, and B,.
Detectors are generally used close to the ground and we have therefore
computed the field at ground level as a function of  with |z| the lateral
distance to the high voltage line. This is illustrated in Fig. 7.9 which
shows that, as expected by symmetry, B, is purely real (in phase with
the central conductor current) and B, is purely imaginary (in quadra-
ture with the central conductor current) below the central conductor.
Furthermore, the vertical component of the field is maximum below the
central conductor while the horizontal component is maximum in the
vicinity of the outer conductors.
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Figure 7.10: Steady state amplitude for VEX (red), VEX (green), VRX

coil amp
(blue) and corresponding amplitude of the slow-time signal A,
(cyan) at ground level as a function of x, with |z|, the lateral
distance distance to the line. The dashed black line shows a
reference noise level of 0.1mV.

Detectors are in general used with the head horizontal and are thus
only sensitive to the vertical magnetic field. The induced voltage is then:

efX = jwNpxrax B, (7.31)
with Ny and rgpx the number of turns and the radius of the RX coil.
Considering a frequency of 60Hz, (7.21) can then be used to compute
the slow-time response. This is illustrated in Fig. 7.10 which shows that
the high voltage line can significantly affect the detector and that the
response remains above the noise level (again assumed to be 0.1mV) up
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to a distance of one kilometer of the line. The coil voltage (VEX

red curve) remains below 2mV and the steady state fast-time response
reaches 0.5V only in a small area just below the line®. Hence little non-
linear effects are expected and simple filters can be used to efficiently
mitigate the effect of the high voltage line without reducing the sensi-
tivity to the targets (see Section 7.6.2). Note however that, for the line
considered, the maximum field is about 87" and this is still more than

ten times below the maximum allowed magnetic field of 100p7". Hence
nonlinearities and reduction of target sensitivity may occur below high
voltage power lines generating larger fields, closer to the allowed limit.

7.8.2 High-frequency fluorescent lamp

We have observed experimentally that fluorescent lamps with high fre-
quency electronic ballast produce large fast-time signals. Signals around
1V where commonly measured. To check if this can be explained by our
model, we have considered a TLD58W lamp with a length of 1.5m and
a diameter of 2.54cm (one inch). The current flows in closed loop which
we modeled as a horizontal rectangle of dimension 150 x 1.5¢m. This
does not take into account the current distribution inside the tube, as
the current is assumed concentrated in the middle of the tube. Further-
more the current return wire is assumed horizontal and a few millimeters
on the side of the tube. Other configurations are of course possible but
this simple model should be sufficient to predict the order of magnitude
of the response.

For this geometry , the induced voltage can easily be computed as:

e = jwMI,, (7.32)

with M the mutual coupling coefficient between the lamp circuit and the
RX coil. This coefficient can easily be computed by using the analytic
expression of the vector potential of a circle [31, p. 273] and integrating
it on the rectangular lamp circuit.

With a high frequency electronic ballast, the lamp typically works
at frequencies above 20kHz, close to the sensitivity peak of the detector.
As a test case, we have used the ballast described in [78] which works at
45k H z and generates a current of about 450mA. The resulting response
is illustrated in Fig. 7.11. One sees that the lamp can significantly affect

8For larger values, the displacement of the evaluation window may become large,
which may significantly reduce the target response.
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the detector and that the response remains above the noise level (again
assumed to be 0.1mV) up to a distance of about 10m.

102

z[m]

Figure 7.11: Steady state amplitude for VEX (red), VEX (green), Valgé
(blue) and corresponding amplitude of the slow-time signal Ay,
(cyan) just below the lamp as a function of the vertical distance

z to the lamp. The dashed black line shows a reference noise
level of 0.1mV.
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CHAPTER 8

Conclusions and perspectives

The effect of the environment on EMI sensors has been investigated.
More specifically, we have focused our attention on the response of mag-
netic soils and the corresponding Volume of Influence, on interactions
between the head and water and on the effect of the EM background. In
order to perform this analysis, a detailed detector model, including the
coil and the electronics has first been developed. The voltage induced in
the coil was rigorously established by resorting the quasi-static approx-
imation of the reciprocity expression. This yields, in addition to the
classical derivative of the magnetic flux, a contribution related to the
incident electro quasi-static field. The latter contribution is required to
understand the effect of water on the detector head.

In this chapter, we provide a summary of the important develop-
ments together with some conclusions. Finally, we propose a number of
perspectives for further research.

Contents
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8.2 Perspectives. . . . ... ... 00000 244
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8.1 Summary and Conclusions

8.1.1 Detector model

A complete model of the detector up to the generation of the slow-time
signal has been developed in the first part of this thesis. This model
allows us to compute the time-domain sensitivity maps which provide
very useful information on the sensitivity of the detector to various tar-
gets as a function of their dynamic behavior (their impulse response). A
detailed model is required for this purpose because the electronic mod-
ules such as the Receive (RX) filter or the dynamics of the amplifier
play an important role. We have further used the model developed in
the second part of this thesis to compute the effect of water or of the EM
background on the detector. There also, the electronic modules play an
important role. Furthermore, the physical mechanism by which water
can affect a Metal Detector (MD) still had to be established. We have
used our detailed model to validate our hypothesis, allowing not only
for a qualitative validation but also a quantitative one.

The model includes the coils, the Transmit (TX) pulse generation,
the RX filtering and amplification as well as the transformation from
the fast-time signal to the slow-time signal through integration in the
evaluation window. The slow-time processing (audio generation, back-
ground compensation, ...) was briefly mentioned in Section 2.8 but it
has not been included in the model because it varies significantly from
one detector to another. Further, the design of the audio generation is
rather at the ergonomics level and must take into account the function-
ing of the human hearing, which falls outside the scope of this thesis.
If required, those modules may be added without interference with the
existing model as the processing happens at two different time scales,
without any feedback.

The output of the model has been compared with measurements on
the detector and an excellent matching has been shown. The detailed
model is specific to the Schiebel detector but to a large extent, it high-
lights the functioning principle of most pulse MDs. The model should
be easily adapted to other PI detectors and with some more work to
Continuous Wave (CW) detectors as well. Furthermore, a number of
functionalities present in newer detectors such as the use of variable
pulse width or more complex evaluation windows to allow for soil com-
pensation have been addressed in Sections 2.6 and 2.8.

A major achievement is the accurate coil model that has been de-
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veloped. We have shown, by resorting to reciprocity that a real coil
not only responds to a variation in the magnetic flux as classically as-
sumed, but also to an Electro Quasi-Static (EQS) irrotational electric
field. The two contributions have been called the magnetic and electric
induced voltages respectively. The electrical contribution is related to
the charge distribution that appears on a coil due to its parasitic capaci-
tance and allowed us to explain the effect of water on the detector head.
Furthermore, in the literature, the induced voltage is usually computed,
assuming a perfectly shielded electronics and a connection through an
ideal coaxial cable. This significantly simplifies the development but
such a configuration is not representative of most MDs. We have there-
fore discussed the effect of an imperfectly shielded electronics and of the
use of other connecting cables. We have shown that the results obtained
for a perfectly shielded electronics and coaxial cable connections can be
used in good approximation for other configurations.

To show that induced voltage can be split in an electric and a mag-
netic contribution, we had to rely on the Quasi-Static (QS) approxima-
tion and to derive the corresponding QS reciprocity expression. As the
term QS approximation is used for various low frequency approximation
in the literature, we have clarified, in. an appendix, what is precisely
meant by the approximation used.

We have also shown that the real coil may be replaced by equivalent
sources that produce the same field as the coil on a surface that may
be chosen arbitrarily as long as it completely includes the detector and
completely excludes the target and the soil. This allows for significant
simplifications of the coil model as the detailed current and charge dis-
tribution is not required, especially if the target is at some distance from
the detector.

More precisely, the induced voltage has been related to the current
and charge distribution that would appear on the RX coil if a unit cur-
rent was injected into it. The magnetic and electric contribution being
related to the current and charge distribution respectively. The induced
voltage may be introduced in the coil circuit model as a single voltage
source. This is however not ideal because the relation between the ex-
ternal fields and the induced voltage is frequency dependent, yielding
a convolution in the time-domain. We have then shown that the total
induced voltage can be split into a number of contributions, yielding a
voltage source for each inductor and for each capacitor. The relation
between the external fields contribution and the induced voltage contri-
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bution is not frequency dependent anymore (except for a derivative that
is easy to handle) yielding a more convenient circuit.

The required charge and current distribution has been computed
from a detailed coil model in which each turn has been represented by
an inductor and a capacitor has been introduced for each pair of turns.
The Method of Auxiliary Sources (MAS) has been used to compute the
turn-to-turn capacitance matrix. This requires a detailed knowledge of
the winding geometry and of the material used, mainly the electrical
permittivity of the casing. We had access to a detailed drawing of the
wire geometry but we had no information on the electrical permittivity
of the casing. We have therefore estimated this parameter to match the
coil equivalent capacitance with the measured one. The obtained value
is compatible with the kind of material that is expected to be used for
the casing.

A simple model in which the coil is represented by a single induc-
tor and a single capacitor inductor branch has also been implemented.
The parameter of this model are available from measurements. They
can also be derived from the detailed model. We have compared both
models and they showed a good match in the frequency band of inter-
est. Differences appear only at higher frequencies where the effect of
the additional resonance modes of the detailed model become apparent.
Therefore, the simple model is in general better suited to simulate the
detector. Surprisingly, it is even more accurate than the detailed one
because the detailed model shows high frequency oscillations that are
not present in the measurements. The latter have been attributed to
the skin effect, that could not be taken into account in the state-space
model, and that is expected to yield stronger damping. Nevertheless,
the detailed model is mandatory to estimate the current and the charge
distribution on the coil. It can also be used to evaluate a new coil design
without having to realize a prototype. It can then be used to estimate
the resulting parameters for the simple model.

8.1.2 Soil response

The response of a magnetic soil has been investigated in Chapter 4.
We have shown that under realistic conditions—negligible conductivity,
low magnetic susceptibility—the soil response can be expressed as an
integral on the soil volume of the magnetic susceptibility multiplied by
the head sensitivity. Therefore, the sensitivity map helps to understand
the soil response. As an illustration, the sensitivity map of a double-D
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head was presented and used to explain the partial soil compensation
inherent in such a head design and to understand the limitations of that
compensation.

This approach is both general and efficient. Indeed, when compared
to available analytic solutions, it is much more general as it makes it
possible to consider any coil shape and relative position, any soil inho-
mogeneity and relief and any head position and orientation. Further,
when compared with generic numerical methods, our approach is much
more efficient and makes it possible to compute the soil response for
many different configurations within a reasonable time. The computa-
tion speed is further improved for heads which can be represented by line
and circular segments for which the field can be calculated analytically.
Additional efficiency is obtained by the introduction of dimensionless
quantities which makes it possible to analyze a head design without
having to specify its size. The head size only appears in the expressions
relating the dimensionless quantities to their dimensional counterparts.
Those expressions make it possible to assess efficiently the effect of head
scaling.

In addition to the general expression, valid for any soil relief and in-
homogeneity, we have also developed a simpler expression which is only
valid for a homogeneous Half-Space (HS) but which does not require
the Born approximation. Comparing both approaches on a HS configu-
ration made it possible to establish an analytic expression for the error
introduced by the Born approximation as a function of the soil magnetic
susceptibility. In the light of susceptibility measurements of many soils
found in the literature, this expression showed that for most soils of in-
terest within the framework of mine clearance, the corresponding error
is negligible.

Comparing numerical results obtained with the two models on a HS
configuration also provided a cross-check for the validity of those models
and their implementations. An additional validation was obtained in the
case of concentric circular loops by comparing the numerical results with
the available analytic solution.

Two important head characteristics, the zero equi-sensitivity surface
and the sensitivity map, were visualized for a number of representative
head designs. Those concepts may be very useful in practice to better
understand the detector behavior. Another useful concept that may
be derived from the model is the volume of sensitivity. This will be
discussed in the next Section.
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The heads were also compared with respect to their HS response.
This shows that soil response is perfectly compensated for a quad head
and that it is very-well compensated for a double-D coil. The variation of
the HS response with the head height was investigated and this showed
that it increases much more severely when the head approaches the soil
for single coil heads than for double coils. This might be one of the
reasons for which separate TX and RX coils are used with some Pulse
Induction (PI) detectors.

Those results are interesting but further research is required for a
complete head comparison. The target response should be taken into
account. Indeed, a better soil compensation does not necessarily improve
the overall detector performance because the better soil compensation
might come at the expense of a reduced target sensitivity. The efficiency
of the electronic soil compensation! should also be considered. Indeed, if
that compensation is efficient enough, the head geometry should not be
optimized to reduce the soil response but to increase the target sensitiv-
ity. Finally, head comparison was performed for flat and homogeneous
soils. Real soils are much more complex and their relief and inhomo-
geneities should be taken into account. The model developed provides
the right tool for this analysis. One could for example compare various
heads for a sinusoidal soil relief or for a sinusoidal soil inhomogeneity.
This would then highlight the kind of inhomogeneities or relief to which
each head is the most sensitive.

8.1.3 Volume of influence

The concept of Volume of Influence (Vol) has been discussed in Chap-
ter 5. Basically, the Volume of Influence (Vol) is the volume that pro-
duces a fraction a of the total soil response. It should not be confused
with the volume in which a metallic target can be detected. The con-
cept of Vol is not entirely new but, to the best knowledge of the authors,
it has never been rigorously defined and quantified for Electromagnetic
Induction (EMI) detectors. For such detectors, significant simplifica-
tions are possible to compute the response of most soils (those for which
the response is dominated by the magnetic susceptibility, which in ad-
dition is small) and this allows the concept of Vol to be developed much
further.

After showing that the basic and intuitive definition of the Vol has

Lprocessing of the fast-time response
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some limitations for heads with intrinsic soil compensation, we proposed
a generalized definition in which the Vol is the union of a positive and
a negative Vol, each being defined as in the basic case, but accounting
only for the areas in which the sensitivity is positive or negative. We
showed that this generalized definition can be used for all heads and
that for heads with intrinsic soil compensation, it allows one to esti-
mate the volume that should be homogeneous for a given efficiency of
compensation.

Next, we showed that to yield a unique Vol, a constraint must be
introduced. We have proposed two constraints, one yielding the smallest
Vol and the other one yielding the layer of influence. We showed that
those two specific Vol are very useful for a number of applications. For
example, in the scope of mine action, if test lanes are built to evaluate
EMI sensors for specific soils, the layer of influence allows the objective
definition of the depth to which the actual soils must be removed and
replaced by those specific test soils. Also, the smallest Vol is the volume
of soil that should be characterized if the aim is to predict the response
of a detector at a given location.

Then, the effect of soil inhomogeneity has been investigated. More
precisely, we have considered a soil for which the magnetic susceptibility
is in a range [X,,ns Xmax) @t €ach location and we have shown how a
worst-case Vol (i.e. valid for the worst-case soils under consideration)
can be obtained by increasing the fraction « taking into account the ex-
pected range of magnetic susceptibilities. Similarly, we have quantified
the effect of soil inhomogeneity on the efficiency of the head soil com-
pensation. This allowed us to translate a requirement on quality of the
compensation in a worst-case situation into a response fraction « and,
hence, to compute the corresponding Vol.

Further, visualizing the smallest Vol may help to understand the
detector behavior. For example, in geophysical survey, it defines the soil
region that can be investigated by the detector. Similarly, in the scope
of mine action, it defines the soil region that may be at the origin of a
false alarm. In the same context, it defines the volume of soil that should
be homogeneous for a given efficiency of soil compensation. Therefore,
the shape of the smallest Vol has been illustrated for a number of typi-
cal head geometries. It was noted that for small values of the response
fraction a (below 0.9), the shape can be arbitrary. However for most
applications, large values of the fraction « need to be considered. For
such values, the shape of the smallest Vol becomes identical for most
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heads, only its size changes. A noticeable exception is the quad head, for
which the shape of the smallest Vol is significantly different compared
to the other heads considered in this chapter. This shape similarity has
been explained by resorting to the far-field approximation of the mag-
netic field, for which only the dipolar moment of the coils is considered.
The specific case of the quad head is then explained by the fact that one
needs to account for the quadrupole moment, since the receiving coil has
no dipolar moment.

Finally, the size of the Vol has been computed and compared for
various heads and this yielded practical conclusions. For example, the
smallest Vol is much larger for the double-D head than for the other
heads considered and therefore, the compensation of the double-D head
will be optimal only if the soil is homogeneous in a large region below
the coil. We also noted that the size of the Vol strongly depends on the
head height. This size becomes larger when the head is lifted above the
ground. In addition to the size of the Vol, the study of some other head
characteristics allows for a better understanding of the head behavior.
For example, the compensation ratio () is much larger for the double-
D head than for the concentric head, and this explains why the former
nearly perfectly compensates the response of a homogeneous soil while
the latter only partly compensates the soil response.

8.1.4 Water effect

The influence of water on the head has been investigated in Chapter 6.
More than ten years ago, a ‘moisture problem’ was reported with the
Schiebel AN-19/2. This problem could be reproduced by Defence Re-
search and Development Canada (DRDC) and mitigation means were
found but the physical mechanism at the origin of the problem was not
understood. Most modern metal detector coils are shielded and this
solves the problem. The use of a shield however has some drawbacks. It
increases the coil capacitance and this makes the Transmit (TX) current
turn-off slower. Manufacturers are still trying to increase the sensitivity
of detectors. However, as the detector can only listen to the target re-
sponse after the TX current has decreased to a sufficiently small value,
this capacitor increase may become the limiting factor to improve the
sensitivity. The shield should then be optimized and this optimization
requires a better understanding of the origin of the signals against which
the detector must be shielded.

We therefore investigated this problem again in order to find a model
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that can predict the observed signals. We first reproduced the measure-
ments that were performed by DRDC. This confirmed that a number of
different phenomena occur. When the head is completely immersed, no
water effect is observed. A positive response is however observed when
the operator touches the water with his finger and the response seems
to be amplified when moving the finger. When the head is lifted out
of the water and large quantities of water are dripping, a large negative
response is observed. The response is similar to that of a large metallic
target and produces an alarm. When enough water has dripped and only
a thin layer of water remains on the head?, the polarity of the response
reverses. This positive response is at the origin of the loss of sensitivity
reported from the field.

To better understand the problem, we performed a number of addi-
tional measurements. We mainly investigated the effect of water con-
ductivity by starting from distilled water and adding salt progressively.
We found that the water conductivity has no effect on the response ob-
served when touching the water but it has a major effect on all other
phenomenons.

The negative response first observed when lifting the head out of the
water disappears for very small (< 25u5) and very large conductivities
(> 7mS). It is maximum for a conductivity of about 65015 represen-
tative of tap water. The moment at which the maximum deviation is
observed is a function of the conductivity. For tap water, the maxi-
mum deviation is observed just after the head has been lifted out of the
water. For higher conductivities, the maximum deviation occurs later,
when water is no longer dripping from the head. This suggests that the
water movement is not at the origin of the response.

The positive response observed after enough water has dripped from
the head is maximum for distilled water. The effect diminishes with the
conductivity and disappears for a conductivity of about 3mS. Going to-
wards lower conductivities than distilled water, we expect the response
to reach a maximum for a given conductivity and then decrease to zero

2This layer is not necessarily continuous, it may break in smaller parts. It is
however difficult to assess the exact state of the water layer when the largest response
is observed. Similar effects were observed in the IPPTC trials [68] when lightly misting
the head from a bottle sprayer. We also tried to moist the head with a sprayer but
this did not yield any visible effect on the fast-time signal. This discrepancy may
be due to the fact that in the IPPTC tests the slow-time signal was used whereas
we used the fast-time signal. Using the slow-time signal may increase the sensitivity.
We nevertheless used the fast-time signal because it conveys more information. This
needs further investigation.
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for even smaller conductivities. This could however not be tested be-
cause the lowest available conductivity was that of distilled water (about
25u.S).

Clearly, the observed responses are not due to eddy currents because
the water conductivity is too small; especially for distilled water and the
responses, in general, decrease with the conductivity. The first idea that
usually comes to mind and that has often been mentioned to explain
how water can affect the detector, is a capacitive effect. The diversity
of phenomena observed is however surprising and difficult to explain by
a capacitive effect alone.

To explain the phenomena observed, we first showed that, for most
conductivities, water can be seen as a perfectly conducting shield for
the Electro Quasi-Static (EQS) problem at hand. We then extended the
coil circuit model to introduce this fictive ‘shield’ that appears when the
head is immersed in water. This is done by introducing a number of
turn-to-shield capacitors; the value of which are computed numerically,
using the Method of Auxiliary Sources (MAS). The resulting circuit coil
model was combined with the detector electronics model to compute
the fast-time response for the head immersed in water. This showed
that immersing the head in water has very little effect on the fast-time
response. The predicted deviation was small enough to be compatible
with the tests that showed no measurable effect.

We then searched for a model to explain the effect observed when
touching the water with the head immersed in water. By chance, we
found that this effect disappears when the operator is standing on a
wooden chair. This led us to the idea that the effect is due to a con-
nection between the coil casing and the electronics via the water, the
operator body, the ground and the oscilloscope. We then introduced
such a connection in the immersed head circuit model where it appears
as an additional RC path. Similar simple circuit models have been devel-
oped to explain the other observed phenomena. A resistive connection
between the TX and RX ‘water shield” has been introduced to model
the water film® appearing between the coils when lifting the head out
of the water. Finally, to model the thin water layer remaining on the
head when enough water has dripped, a resistor was introduced in the
turn-to-shield connection in order to take into account the fact that a
thin layer may not be considered as a PEC shield anymore.

3More precisely, the connection is through the bulk water and two water films;
one between each coil and the bulk water.
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In all cases, the value of the resistance introduced in the circuit-
model is a critical parameter that significantly affects the response. The
value of this resistance is difficult to compute because the current path
and corresponding resistivity is not known. For example, for the resis-
tor modeling the water film joining the coils when the head is lifted,
the exact shape of the film is unknown. For the resistor modeling the
ground connection appearing when touching the water, the resistance of
the operator body and the water-finger contact resistor is difficult to es-
timate. We therefore varied the resistor to find the value that yields the
largest response. This largest response was then compared to the mea-
sured response. For the four phenomena observed, the largest computed
response was in good agreement with the measurements, showing the
right polarity and the right shape. The magnitude of the response was
however underestimated by a factor ranging from about two, for the re-
sponse observed when touching the water, to about ten, for the response
observed when lifting the head out of the water. We can not exclude
that this underestimation might be due to the existence of not yet un-
derstood mechanisms that contribute to the response. It is however also
possible that all important mechanisms have been found and that the
underestimation of the response magnitude is simply due to inaccuracies
in the detector parameters, mainly the coil-to-shield capacitance.

As just mentioned, the value of the additional resistor introduced in
the model was not computed from the water geometry. Therefore, the
effect of water conductivity on the response can not be derived quanti-
tatively from the circuit models. We could however explain most of the
observed effects of water conductivity qualitatively. For example the de-
crease of the response of a thin water layer on the head, observed when
the water conductivity increases can be explained by noting that the wa-
ter layer yielding the ‘optimal’ resistance becomes unrealistically thin.
The water layer is thus expected to break before the ‘optimal’ thick-
ness is reached, yielding a smaller response because only part of the
coil contributes to the response and the corresponding resistor is further
‘sub-optimal’. Similarly, for the response observed when the head is
lifted and large quantities of water are dripping, the ‘optimal’ thickness
for the film linking the coils is also getting unrealistically small for large
conductivities. Note that in that case, the ‘optimal’ resistance may be
reached by the water layer on the plastic spokes between the coils alone.
This could explain why the largest response is observed later for large
conductivities, at a moment when water is not dripping from the head
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anymore. Even for the smaller water layer, located only on the plastic
spokes, the ‘optimal’ thickness will become unrealistically small for the
largest conductivities. This explains why the response is observed later
and then disappears for increasing conductivities. Finally, when touch-
ing the water, the variation of finger-water contact resistor may explain
the variation of the response observed when moving the finger.

The circuit model for the thin water layer case was shown to have
some limitations, mainly because the PEC shield model becomes inaccu-
rate. Furthermore, the effect of a thin water layer is the most important
from a practical point of view. It is indeed at the origin of the loss of sen-
sitivity reported from the field. Besides, this effect is the only one that
is expected to occur in normal use (the head can get moist, for example
in contact with wet grass but is very seldom used in water). Due to
its importance and to the just mentioned limitations of the correspond-
ing circuit model, we have developed an alternative field-level model in
which the field scattered by the water layer is explicitly computed. The
scattered field is EQS in nature and according to the simple model usu-
ally used, such fields do not induce any voltage in the coil. The more
accurate model that we have developed in Chapter 2 and specifically,
the expression (2.58) was thus needed to compute the voltage induced
by the scattered electric field.

To keep a tractable model, we have considered an ellipsoidal shaped
water layer and used the corresponding analytic solution. With this
model, the critical parameter governing the dynamic of the response is
the depolarization factor which is related to the elongation of the el-
lipsoid. The exact water geometry is not known and we have therefore
computed the response as a function of the ellipsoid small axis length
which corresponds to the thickness of the water layer. The response
corresponding to the ‘optimal’ thickness was then compared to the mea-
surements, showing a good agreement. Indeed, the computed response
has the right polarity and the right shape but its magnitude is underes-
timated by a factor of about five for tap water. As for the circuit-model,
the underestimation may be due to model inaccuracies, mainly errors
in the coil turn-to-shield capacitance, and to the water layer that is not
ellipsoidal as assumed.

With the field-level model, the effect of water conductivity can be
computed quantitatively. The result shows however some discrepancy
with the measurements. It does not decrease for large conductivities, but
as for the circuit model this may be explained by noting that ellipsoid
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yielding the largest response become unrealistically thin. In addition,
the model predicts a decrease of the response for small conductivities
and this decrease was not observed in the measurements. We expect that
such a decrease really exists for conductivities lower than that of distilled
water and that were not available for the measurements. There is never-
theless a problem with the model because it predicts a large decrease of
the response for conductivities that were used for the measurements and
this decrease was not observed. The reason for this discrepancy might
be that, for the lowest conductivities, the higher order modes that were
neglected in the model, start to dominate the response. This issue needs
further investigation.

8.1.5 Electromagnetic background influence

The influence of the Electromagnetic (EM) background has been inves-
tigated in Chapter 7. We have shown® that the EM background may
affect the detector from frequencies below 1H z to about 20M H z with a
sensitivity peak around 100kHz. For the maximum allowed fields, the
effect may be very severe; significantly lowering the usable sensitivity or
even preventing the normal functioning of the detector. In most places
however, the fields are much lower than the maximum value allowed and
the effect on the detector is much less severe. It is however not uncom-
mon that the external field reduces the maximum usable sensitivity. It
is then the operator who should decide if the usable sensitivity is high
enough to meet the detection requirements in a particular situation.
There exists many sources of radiation in the critical frequency band,
such as high voltage power lines, AM broadcasting antennas (short,
medium and long waves), aircraft beacons, electronic fluorescent lamps,
electrical drives and computer screens. Two sources have been studied
in more details as test cases; high voltage power lines, because they are
well-known to affect the detector, and fluorescent lamps with a high fre-
quency electronic ballast because they were the main disturbing source
during our measurements. We have shown that even though the fre-
quency used is quite low, high voltage power lines can significantly af-
fect the detector because large magnetic fields are produced. For the
line considered, perturbations are possible up to a distance of about one
kilometer. In contrast, fluorescent lamps produce much lower field but
the frequency used by the electronic ballast is above 20kHz; close to the

4Recall that the numerical results have been obtained using the Schiebel state-
space model. However, similar results are expected for many PI detectors.
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sensitivity peak of the detector. For the configuration considered, the
detector could be affected by the lamp at distances up to ten meters.

We have shown that nonlinear effects may yield very complex re-
sponses. In most cases however, the fast-time response remains linear.
Even then, rigorously speaking, a complete time-domain simulation is
required and this is not efficient. We have however shown that the fast-
time response can efficiently be computed as the sum of a steady state
and transient contribution that can be computed from the listening-
phase transfer function without having to perform a time-domain simu-
lation.

We have also shown that the slow-time response can be seen as a
sampled version of the (filtered) fast-time steady state response. The
time interval between two samples may however vary because the exter-
nal field may affect the location of the evaluation window. If the external
fields are small enough, regular sampling can be assumed, which signif-
icantly simplifies the problem. The magnitude of the external field for
which the regular sampling assumption is valid has been established.
This limit is a decreasing function of the frequency. When regular sam-
pling can be assumed, the slow-time response to an external sinusoidal
is then a discrete sinusoid. The amplitude and phase of that sinusoid
can be computed from the listening-phase fast-time transfer function
and from the fast-to-slow-time transfer function. The frequency of the
discrete sinusoid is in general different from that of the external field
due to the aliasing. More precisely, the whole electromagnetic spectrum
is projected between zero and the Nyquist frequency (vpy/2 with vy
the Pulse Repetition Frequency (PRF).)

As already mentioned, large external fields may affect significantly
the location of the evaluation window. If the displacement is significant
when compared to the time constant of the target, this may significantly
affect the target response. Depending on the phase of the external field
with respect to the TX pulse, the displacement of the evaluation window
may be positive or negative. As the detector is asynchronous with the
external field, the phase will be different for each pulse and positive
and negative displacements will occur. Due to the asymmetry of the
exponential decay, positive displacements will however be larger and
this will, on average, reduce the target response. In the extreme case,
for fields yielding a fast-time response larger than the evaluation window
threshold, the evaluation window may not be triggered for some pulses
and this may jeopardize the normal functioning of the detector. In
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summary, large external fields not only require an operator to use a lower
sensitivity, but it also reduces the target response. Those problems may
be avoided by choosing the minimum available detector sensitivity large
enough such that fields yielding a large reduction of the target response,
also produce a very noisy audio signal. The operator will then notice
that the detector is unusable in the prevailing environment.

A number of counter-measures have been discussed:

A differential head has little sensitivity to external fields but this
is not always the optimal solution because the target sensitivity of
such a head is also reduced.

For low frequencies, a second evaluation window may be used af-
ter some delay from the first one to estimate the external field
contribution to the response which can then be canceled.

Slow-time filtering can be used to reduce the response of the exter-
nal field. Low slow-time frequencies can however hardly be filtered
because this would also reduce the target response. The frequency
limit is related to the scanning speed.

The energy of the spectrum aliased in the critical frequency band,
that can not be filtered by the slow-time processing, is influenced
by the PRF. In this context, increasing the PRF is beneficial.
Optimizing the PRF according to the EM environment to prevent
the dominant frequencies from falling in the critical frequency band
is even better.

For low frequencies, pulses with alternating polarity may be ef-
ficient. The resulting modulation increases the frequency of the
disturbing slow-time signal and this makes efficient slow-time fil-
tering easier. Choosing the PRF according to frequency of the ex-
ternal field may yield an even more efficient filtering. This is the
principle of some methods implemented in detectors to mitigate
the effect of high voltage power lines. The PRF is then adapted
to the line frequency (50Hz and 60Hz).

The internal processing implemented in detectors is in general not
known but it seems that most of the counter-measures discussed are
implemented in some detectors. The use of an extra evaluation window
is discussed in a patent [47]. The PRF was measured for three detec-
tors (the Schiebel AN-19/2 and two Vallon detectors). The adaptation
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of the PRF to mitigate the effect of power lines was observed for the
Vallon ML1620 which has a switch to select 50 or 60Hz. The PRF is
clearly increasing from the Schiebel AN-19/2 to the Vallon ML.1620 and
further increased for the newer Vallon VMH3. This last detector further
allows to choose amongst a large number of PRFs. The PRF can also
automatically be optimized according to the prevailing EM background.

The interaction with jammers requires further investigation. We
have suggested that they may affect the detector at frequencies above
20M H z as a result of coil or cable resonances and nonlinear effects at the
input side of the amplifier. More precisely, the saturation of the clipping
diodes in the filter and conditioning network may affect dramatically the
detector. In the worst case, the detector may stop working without any
warning to the user. This is a critical issue and we are not aware of any
counter-measures implemented in modern detectors. A simple solution
might be to use a dedicated sensor that alerts the user about the presence
of a critical EM background.

8.2 Perspectives

In Chapter, 4, we have developed a model that allows one to compute
the response of a magnetic soil with an arbitrary relief and arbitrary
inhomogeneities of the magnetic susceptibility. This model was used to
compute a number of useful characteristics of typical detector heads. For
example, the Vol was computed and the problem of soil inhomogeneities
was addressed in that context. However, a more general analysis of the
effects of soil inhomogeneities was not performed. We believe that the
model developed may be quite useful in that context. It could be used
to compute the response of soils with relevant inhomogeneities or relief.
One could for example consider a harmonic variation of the magnetic
susceptibility. The model would then yield the soil response as a function
of the amplitude and direction (x, y or z) of the harmonic variation
considered. A statistical approach based on a random susceptibility
distribution is also possible. This could provide interesting conclusions
on the effectiveness of the head intrinsic soil compensation for more
realistic soils than a homogeneous Half-Space (HS). The worst harmonic
soil (the one providing the largest response) could also be defined. A
similar investigation could be performed to assess the effect of soil relief.
One could then consider a homogeneous soil with a harmonic relief.
Finally, a 3D numerical code could be used to investigate specific soils
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for which the model accuracy may decrease. This would be the case for
soils with an exceptionally high magnetic susceptibility, for soils with
localized highly magnetic stones or for soils with an exceptionally high
conductivity.

In Chapter 6, we have proposed a number of models to explain the
various phenomena observed when the head is interacting with water.
The models predict responses which are in good agreement with the
measurements. The predicted responses are however smaller than the
measured ones, by a factor ranging from two to ten. Further research
would therefore be useful to investigate the origin of this discrepancy
and to further investigate the accuracy of the proposed models.

In Chapter 7, we have investigated the influence of the EM back-
ground on the detector. The influence of nonlinear effects that may
occur for large fields, has been briefly addressed. However, the quan-
titative results were obtained assuming that no nonlinear effects come
into play. A further investigation of the effects of nonlinearities could
provide new interesting and useful results. This could for example yield
a better understanding of the effect that jammers may have on detec-
tors. This investigation might require the use of a more accurate model
of the RX amplifier, valid for higher frequencies, and better taking into
account the behavior of the amplifier when it recovers from saturation.
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Circuit state-space model

The objective is to obtain a state-space representation [79, Section 2.5.1]
of an electric circuit composed of coupled inductors, capacitors, resistors
as well as voltage and current sources. The state-space equations can
be written as:

with X the state vector, U the input vector, Y the output vector and A,
B,C, D are the state-space (constant) matrices. With such a descrig—
tion, programs such as Matlab® can be used to analyze the circuit by
computing impulse or step responses, Bode curves, pole and zero maps
etc.

The state vector contains the current in the inductors and the voltage
across the capacitors: X = [V;I;]. The input vector contains the
voltage and current sources: U = [V ; I.]. The outputs are the voltages
at nodes of interest or the currents through the branches of interest.

To compute the state-space matrices ( A, B, C and D), the circuit
is first described by a list of resistors, Capac?cog inductors (and mutual
coupling between the inductors), voltage sources, current sources, short
circuits' together with the two nodes to which they are connected. The
circuit equations are then introduced to compute the circuit unknowns

= Vi los Iy L) with V) the node voltages, I, the current through
the capacitances, Iy, the current through the voltage sources and I,
the current through the short-circuits. Any element of the unknown
vector Z can be used as output?.

Lwhich are useful to connect two circuit parts or, as it will become apparent below,
to use the currents through a circuit branch as output.

2Hence, as already mentioned, short-circuits can be introduced in a branch to get
the corresponding current as output
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The circuit equations used are the Kirchoff current equations which
state that at each node, the sum of the currents is zero. Those equations
can easily be expressed as a linear constraint on the unknown Z, the
state vector X and the input vector U:

K, Z+K X+K U=0 (A.0.3)

where the matrices K 5 K K and K have one row for each node except
the first one®. Indeed, for each capacitor, each source and each short-
circuit branch, the corresponding current is included in Z and for each
node connected to such a branch, the corresponding element of K ;=1
if the current enters the node and K, = —1if the current flows out of the
node. Similarly, for each inductor, the corresponding current is included
in X and this yields two contributions (+1 and -1) to K. Similarly
again, for each current source, the corresponding current is included in
U and this yields two contributions to & - Finally, for each resistor, the
current is (V; — Vi) /R and as the node voltages V; and V; are included
in Z, this yields 4 contributions +1/R to K,

In addition, a number of constraints must be satisfied. The voltage
must be set to zero for a reference node (e.g. choosing node 1 as refer-
ence, V! = 0). For a voltage source VX between nodes i and j, the node
voltages are related by Vi — Vri = V. Similarly, for a short-circuit, the
node voltages are related by Vil — V1= 0. Finally, for a capacitor, node
voltages are related by Vi — Vi = VX with Vé‘ the voltage difference
across the k"' capacitor. The node voltages VX are part of Z, the source
voltages VX are part of U and the voltage difference across the capaci-
tors Vé‘ are part of X. Therefore, the constraint can easily be expressed
as a linear equation:

C,Z+C X +C,U=0 (A.0.4)

where the matrices QZ’ QX and QU have one row per constraint.

Combining (A.0.3) and (A.0.4) yields:
E,Z+EX+EU=0 (A.0.5)

where the matrices Ex are obtained by the concatenation of the corre-
sponding matrices K and C For a non-degenerate circuit, the matrix
FE_ is square and invertible. This allows to compute the unknown vector:

=7
Z=FX+FU (A.0.6)

3The Kirchoff current equations are not independent; one is superfluous and we
therefore do not include the equation for the first node in (A.0.3).
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with B = —-E 'E_and F, = -E'E
The state—space equatlon for the ith capa(ntor is:
avy I
— = A.0.7
dt C. ( )

1

with C; the capacitance of the capacitor, Vé the voltage difference across
it and I, the current flowing into it (the direction of the positive capac-
itor voltage is chosen opposite to the direction of the positive branch
current). As the capacitor currents are part of Z, according to (A.0.6),
we may write:

Io=F X +F U (A.0.8)

where F| ox and I oy are parts of Fo and F U respectively. Hence the
state-space equations for the capacitors may be written:

dVe
5 “AX+BU (A.0.9)
with A =C~ 1F ox and B = g_1£CU with C a diagonal matrix with
C, the 1th diagonal element

On the other hand, the state-space equations for the inductors are:

ar,

=M (V- 1) (A.0.10)

with M the mutual inductance matrix and Vi and V9" the node voltage
respectively at the (current) entry and exit nodes of the inductors. As
those voltages are part of Z, according to (A.0.6), we may write:

infout 1o Jout in/out
VYO = pinjoutx y pinjouty (A.0.11)

where Fm/ o and Fy m/ Ut are obtained by concatenating the appropri-
ate lines of F and F s> one for each inductor. Hence the state-space
equations for the mductances may be written:

dl

L1,
w -~ AX+BU (A.0.12)
with A NE - E) ) and B = MTYER, — EO).

Flnally, the state 5pace matrlces A and B can be obtained by con-

catenation: A = [A 'A ] and B = [B 'B } On the other hand, as

the outputs are part of Z, C' and D are obtained, according to (A.0.6),
by choosing the approprlate parts of F and F respectively.
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Maxwell equations

B.1 Formulas of Vector Analysis

axb-c=a-bxc (B.1.1)

V x(¢a) =Vo xa+ oV xa (B.1.2)
V-(¢pa)=V¢-a+¢V-a (B.1.3)

V- (AxB)=(VxA)-B—(VxB)-A (B.1.4)

B.2 Full wave

In the frequency domain, assuming an ¢/“! time dependence (which is
suppressed), the frequency domain Maxwell equations are [31, Chap-
ter 1]:

V xE =—jwB (B.2.5a)
VxH=J+ jwD (B.2.5b)
V-D=p (B.2.5¢)
V-B=0 (B.2.5d)

with E, D, H and B, respectively the electric, displacement, magnetic
and induction fields. Furthermore J is the electric current distribution
and p is the corresponding electrical charge distribution. For conve-
nience, we will refer to the individual Maxwell equations by the law
from which they derive—although the original law is usually less gen-
eral. That is, by order of appearance, Faraday, Ampere, electric and
magnetic Gauss law.

The charges are related to the currents through the continuity equa-
tions:

V-J=—jwp (B.2.6)
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The fields are further related by the constitutive equations which for
a linear and isotropic medium are:

D =¢E (B.2.7a)
B =uH (B.2.7b)
J=0F +J, (B.2.7¢)

with J, the impressed current source distribution!, €, u and ¢ the con-
stitutive parameters of the medium; respectively the electric permit-
tivity, the magnetic permeability and the electric conductivity. For an
anisotropic medium, the tensors €, & and & may be used instead of their
scalar counterparts in (B.2.7).

The impressed current source distribution (J,) and the correspond-
ing charge distribution (p, = jV - J,/w) may be used instead of their
total counterpart (J and p) in the Maxwell equations if the constitutive
relation (B.2.7a) is also modified as follows:

D =¢,E (B.2.8)
with
o
€ =€+ — (B.2.9)
Jjw

The fields may be related to scalar and vector potentials by the
following relations:

E=-V¢—jwA (B.2.10a)
B=VxA (B.2.10b)

with ¢, the scalar electric potential and A, the vector magnetic potential.

B.3 Low-frequency approximations

It is well-known that the Maxwell equations simplify at low frequency.
In simple terms, at low frequency, the fields can be computed as in
the static regime and one therefore speaks about the Quasi-Static (QS)
approximation. Actually it is not true that both the electrical and the
magnetic fields may be computed as in the static regime. To be more
precise, one must consider two QS approximations [50, Chapters 3, 4

'The term ‘impressed’ is used to make the distinction with the total current dis-
tribution J which also includes the induced current distribution cE.
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and 8]; the Magneto Quasi-Static (MQS) and the EQS approximations.
In the first case, it is the magnetic field that can be computed as in the
static case and in the second case, it is the electric field.

B.3.1 EQS approximation

The prototypical example of an EQS problem is a capacitor composed
of two parallel metallic plates excited by a voltage source. For an EQS
problem, the electric field can be computed as static. This yields the
following EQS Maxwell equations:

VxE=0 (B.3.11a)
V-D=p (B.3.11b)

Note that we consider a low frequency and not a static regime (i.e.
w ~ 0 but # 0). Therefore, the charge distribution varies harmonically
with the time. This is only possible if a current distribution exists. This
current will generate a magnetic field that can be computed in a second
step, after the electric field has been computed according to:

V x H =J+ jwD (B.3.12a)
V-B=0 (B.3.12b)

which can be interpreted as a MQS problem (see below) for the total
current J + jwD.

This magnetic field is usually quite small for an EQS problem but
claiming that is negligible may not be accurate because we have nothing
to compare it with. It may be barely measurable, of little interest for
many applications but it may still be needed for some applications. For
example, the voltage induced by an external EQS field in the capacitor
can be computed by resorting to reciprocity as we did in Section 2.4 for
a coil. The induced voltage may then be computed according to (2.39)
in which products E x H appear. Using H = 0 would yield a zero
induced voltage for any external field, which is obviously absurd. On
the contrary, using the magnetic field computed from (B.3.12) yields the
right result.

Once the magnetic field is known, it is possible to check the accuracy
of the EQS approximation. Indeed, it is possible to compute the electric
field resulting from the term jwB in the Faraday law. If this electric
field is small compared to the EQS electric field produced by the charge
distribution itself, then the EQS approximation is accurate.
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When conductors are present in the problem, the induced charges
and current distribution is unknown. This is however not an issue, be-
cause as for the full-wave equations, the impressed current source distri-
bution (J) and the corresponding charge distribution (p; = jV - J4/w)
may be used instead of their total counterpart (J and p) if permittivity
e is replaced by €, which includes the conductivity.

B.3.2 MQS approximation

The prototypical example of a MQS problem is a loop excited by a
current source. In simple terms, for a MQS problem, the magnetic field
can be computed as in the static case. This however only makes sense
if the current is solenoidal? which is rigorously speaking not the case
for the example of the loop. Indeed, a charge distribution is needed
on the conductor boundary to ‘guide the current along the wire’ by
producing a total electric field directed along the wire. This charge can
only be produced by a divergent current but for a MQS problem the
divergent current needed to produce the required electric field through
the corresponding charge distribution is small and can be neglected when
compared to the solenoidal current distribution. Or more precisely, it
is the magnetic field produced by the divergent current that may be
neglected compared to the magnetic field produced by the solenoidal
current. This condition may be used as criteria to decide if a problem
is a MQS one.

To define a MQS problem, we have thus to first split the current
distribution into a solenoidal and a divergent contribution:

with J, and J, respectively the solenoidal and divergent contribution
and we must check that the magnetic field produced by J; is negligible
with respect to the one produced by J,. The MQS Maxwell equations
can than be written as::

V xH=J, (B.3.14a)
V-B=0 (B.3.14b)

Indeed, taking the rotational of (B.2.5b) for w = 0 yields zero for the left hand
side (Lh.s.) but not for the right hand side (r.h.s.) if a general current such that
V -J #0 is used.
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The electric field can then be computed in second step if needed,
according to:

V x E = —jwB (B.3.15a)
V-D=p (B.3.15b)

which makes use of the magnetic field obtained in the first step by solving
(B.3.14). This electric field has no static counterpart, unless magnetic
currents are considered. Note that J; is usually a contribution which
is induced into conductors to satisfy the boundary conditions. This
current distribution is thus in general unknown. This is however not
an issue because, again, the impressed charge distribution p, (which is
known and usually null for MQS problems) may be used instead of p) if
the permittivity e is replaced by €, which includes the conductivity in
(B.3.15D).

Things are however more complex for the current J,. Indeed, there
also, the (solenoidal) currents induced in the conductors is in general
unknown. However, using €, instead of e in (B.3.14a) is in general
not possible because the resulting jwD is not negligible anymore as it
now includes the real currents induced in the conductors. This actually
results in a diffusion problem which yields the well-known skin effect
that has no static counterpart. To use the MQS approximation, it is
thus in general necessary to know the current distribution, including
the induced currents from the onset. More precisely, it is the solenoidal
contribution J that must be known. The divergent contribution J; and
the corresponding charge distribution can be computed using the MQS
equations.

A noticeable exception of a MQS problem for which the currents may
be unknown is the scattering by a Perfect Electric Conductor (PEC)
body. The magnetic field inside the PEC is then known to be null. No
diffusion equation must be solved and the current distribution on the
PEC surface is not needed to compute the magnetic field. This current
can be computed in a second step if needed. The problem is actually
equivalent to a perfectly magnetic body in which no current flows.

Note that in [50, Section 10.5] the term o F is introduced in (B.3.14a)
and this is still called an MQS problem, although a coupling between
the magnetic and the electric field has been introduced. The resulting
magnetic field is completely different from its static counterpart. We
therefore find the qualifier ‘quasi-static’ confusing in that context. On
the contrary, when the current distribution is known, the conductor
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can be replaced by those equivalent currents and the magnetic field can
then be computed as in the static case. The term MQS is then clearly
adequate.

B.3.3 QS approximation

A QS field may be obtained by combining an EQS solution with a MQS
one. In some cases, the space can still be split in an EQS and a MQS
region. The corresponding approximation can then be used in each re-
gion. This leaves the problem to define the boundaries of the regions
and to ensure that the boundary conditions are fulfilled at the interface.
Furthermore, there may be regions where the EQS and MQS fields have
the same order of magnitude. Neither the MQS nor the EQS approxi-
mation may then be used to compute the total fields. We will therefore
derive approximated field equations that are valid for the general QS
case and we will discuss the underlying assumptions.

Another approximation commonly called the ‘QS approximation’ in
the literature is obtained by neglecting time derivative terms in the
equations governing the scalar and vector potentials. To make the dis-
tinction with our QS approximation, we will call it the ‘Potential Quasi-
Static (PQS) approximation’. This approximation yields equations for
the potentials that are identical to their static counterpart. We could
however not find the corresponding QS field equations in the literature
and those equations are not straightforward to derive. We will however
show in Section B.3.6 that the PQS approximation is a specific case of
our QS approximation. Qur derivation thus yields, as a side product, the
QS field equations corresponding the QS potential approximation. It is
further more general, providing for more flexibility, and may therefore
allow for simpler solutions to some problems.

To get the QS approximation of the Maxwell equations, we again
start by splitting the currents into a solenoidal J, and a divergent J,
contribution. Note that such a decomposition is not unique and that a
good choice must be made to get a valid QS approximation. This will
be discussed in Section B.3.9.

We then define E), the EQS electric field corresponding to the charge
distribution and H, the MQS magnetic field corresponding to J,. By
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definition, they obey the following equations:

VxE,=0 (B.3.16a)
V-Dy=p (B.3.16b)
VxH,=J, (B.3.16¢)
V-By,=0 (B.3.16d)

We now search a solution for the fields that can be expressed as:

(B.3.17c¢)

and we call (E,, Hy) and (E,,H) respectively the order zero and the
order one contributions.

Introducing this decomposition in (B.2.5), one gets the following
expression for the order one contribution:

V x E| = —jwB, — jwB, (B.3.18a)
V-D; =0 (B.3.18b)
VxH, =J,+ jwDy+ jwD, (B.3.18c¢)
V-B, =0 (B.3.18d)

We now assume that the terms B, and D; may be neglected in (B.3.18).
This is the QS assumption. This does not necessarily imply that they
are negligible compared to the other terms of the same equation. It only
means that their contribution to the total fields is negligible compared
to the other contributions. For example, for an EQS problem, B is null
and Bj is thus not negligible with respect to B, in (B.3.18a). However,
FE has another contribution through the charge distribution and both the
charge distribution and B, are related to J; and it is still possible that
the contribution to E related to J; through the charges dominates its
contribution through B;. The QS assumptions will be further discussed
in Section B.3.7.
Introducing the QS assumption in (B.3.18) yields:

V x B, = —jwB, (B.3.19a)
V-D, =0 (B.3.19b)
VxH=J,+ jwD, (B.3.19¢)
V-B; =0 (B.3.19d)
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One sees that the order 1 equations for the magnetic field and for the
electric field are also uncoupled; as the order 0 equations. The equa-
tions for the magnetic field can further be interpreted as the MQS equa-
tions for the total electric currents Ji®* = J; + jwD, (which is indeed
solenoidal as required for an MQS problem). The equations for the
electric field can be interpreted as a generalized EQS problem but this
requires one to introduce magnetic currents® M in the Maxwell equa-
tions. The sources for the generalized EQS field are then the charge
distribution p and the solenoid magnetic current M = jwB,,.

One can easily check that the EQS and MQS approximations are
special cases of the general QS equations. The first are obtained for
Jy, = 0 and the second for J; = 0. For a EQS problem, E, and H are
null and the dominant fields are E, and H;. For a MQS problem, H;
and E| are null and the dominant fields are H, and E,. For a general
QS problem consisting of the sum of a MQS and an EQS problem, none
of the contributions is null and the dominant fields may vary from point
to point. Therefore, to ensure that the dominant contribution is always
taken into account in field computation, both the order zero and the
order one term must be taken into account.

Combining the two contributions yields the following equations for

the total QS fields:

V x E = —jwB, (B.3.20a)
V.-D=p (B.3.20b)
V xH=J+ jwD, (B.3.20¢)
V-B=0 (B.3.20d)

which shows that the QS magnetic field is independent of the chosen
current decomposition. Indeed, Dy is only a function of the charge dis-
tribution, which is a physical parameter. This distribution is the same
for all possible current decomposition. The electrical field however is a
function of the current decomposition, through the term B, which is
a function of J, and thus dependent on the chosen current decomposi-
tion. To make this dependency more apparent, we take the rotational

3Magnetic currents do not exist physically but they allow to get symmetric equa-
tions and are further needed in the surface equivalence principle to replace a volume
by a surface distribution of currents. Electrical and magnetic currents are then needed
in general.
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of (B.3.20a). Then using (B.3.16¢), this yields:

vx Y ; E g, (B.3.21)

B.3.4 Field power series expansion

The QS equations may be written in the following compact form:

V xE, = —jwB, (B.3.22a)
V x H, = J, + jwD,_, (B.3.22b)
V-D;=p (B.3.22¢)
V-B;=0 (B.3.22d)

The continuity equation then is given by:
V . Ji = —jwpi,1 (B323)

with the convention that the quantities are null for negative indices.
Recall that the only current source terms are J, andJ; and, as V -
Jy = 0, the only charge source term is p,. In other words, the current
distributions are null for ¢ > 1 and the charge distributions are null for
t > 0.

This notation suggests that (B.3.22) is a series development of the
exact fields and that the QS approximation is obtained by truncating
the series at the first order. One can show that this is indeed the case
by considering a fictious current frequency dependency:

!/
Jo(w') = Jy + %Jl (B.3.24)

which is obviously equal to the physical current distribution at the fre-
quency of interest: J¢(w) = J(w). Those currents then produce fre-
quency dependent fields in w’ which are also equal to the real fields at
the frequency of interest. The fields can then be expressed in a power
series of w’. For the electrical field, this yields:

/ /
E(W,r) = Eyr) + (S)By(r) + (S)VByfr) +..  (B325)
The searched for physical fields are then:
E(w,r) =E\(r)+ E(r)+ Eyr) + ... (B.3.26)
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Such a power series development was also introduced in [80, Chap-
ter 13] but the notion of fictious frequency dependency was not men-
tioned. The use of a fictious frequency dependency for the current is
mandatory for our discussion because the real current frequency depen-
dence may be much more complex and the development would then need
much more terms to be accurate. This problem is related to the fact that
the QS approximation is in general not valid inside conductors.When
conductors are present, they must be replaced by an equivalent current
distribution to use the QS approximation. See Section B.3.8 for more
details.

Plugging (B.3.24), (B.3.25) and a similar development for the mag-
netic field in the Maxwell equations and equating the coefficients of the
same power on both sides then immediately yields (B.3.22). Hence, as
already mentioned, this series expansion yields another interpretation of
the QS fields. They are obtained by truncating the expansion to the first
order in w’. The higher order terms are then interpreted as propagation
contributions.

B.3.5 Potential power series expansion

The fields appearing in the power series expansion can be related to
potentials as follows:

i —

with the convention that the quantities are null for negative indexes.
Introducing (B.3.27b) in (B.3.22b) and (B.3.27a) in (B.3.22c) yields
the following equations for the potentials:

V x A

V X = Ji + iji—l (B328a)

V- (eVdy) = —p; — jwV - (eA;_;) (B.3.28b)

Which are static uncoupled equations for the potentials. To completely
define the vector potential, one must further define the gauge equation.
We consider the Coulomb (V- (e4;) = 0) and Lorentz gauge (V - (¢4;) =
—jweug, ). They yield the following equations for the scalar potential:

—p; (B.3.29a)

V- (eVdy)
\E —py — W2l udy (B.3.29b)

€
€

(eVy)
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In both cases, the order one scalar potential has no sources and we
may choose ¢; = 0. With the Coulomb gauge all higher order scalar
potentials are also null. The power series expansion for the potentials
are thus:

¢ =g+ 0+ (B.3.30Db)

Where the scalar potential expansion only includes the zeroth order term
if the Coulomb gauge is used.

B.3.6 PQS approximation

Another approximation often used and that is also called the QS ap-
proximation in the literature is obtained by neglecting the propagation
term in the wave equation for the potentials. This approximation will
be called the PQS approximation to avoid confusion with our QS ap-
proximation discussed above.

For a homogeneous medium and under the Lorentz gauge:

VA + jwepp =0 (B.3.31)

the potential wave equations are:

ANA + KA = —ud (B.3.32a)
Ag + k2p = —g (B.3.32b)

with k = w,/efi the wave number and A = V2, the Laplacian operator.
Neglecting the terms in k? yields:
NA = —pud (B.3.33a)
A =L (B.3.33b)
€

which shows that under this approximation, the potentials (and not the
fields) are computed as in the static regime.

The corresponding equations for the fields can be obtained by first
expressing the fields as a function of the potential according to (B.2.10)
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and then computing V x E, V x H, V - D and V - B. This yields:

V x E = —jwB (B.3.34a)
VxH=J-—jweV¢ (B.3.34b)
V-D=p—uwué (B.3.34c¢)
V-B=0 (B.3.34d)

where we used the gauge equation (B.3.31) to obtain (B.3.34b) and
(B.3.34c). To obtain (B.3.34b), we further used the development for the
vector Laplacian operator AXA=VV -A -V xV x A.

To relate those equations to our QS approximation, we first note
that according to (B.3.27a) E; = —V ¢, and that the equation for ¢,
(B.3.28b) is the same as that for ¢ in the PQS approximation. The term
—V¢ appearing in (B.3.34) is thus identical to the term E, appearing
in our QS approximation.

Comparing (B.3.34c) with (B.3.20b) shows that the two approxima-
tions can not be the same unless the term w?e?u¢ is neglected. The
equations (B.3.34) and (B.3.20) are then identical if the following cur-
rent decomposition is used:

Joy=J — jweVo =J + jwD, (B.3.35a)
J, = jweVep = —jwD, (B.3.35b)

Indeed, according to (B.3.19c), the source for By is null and the total
magnetic induction is then B = B,,.

The origin of the extra term w?e?u¢ can be further understood by
noting that, according to (B.3.33), the PQS approximation can also be
interpreted as the result of truncating the power series expansion for
the potentials (under the Lorenz gauge) at the first order. This is not
equivalent to truncating the fields to the first order because the electric
field computed from the potentials then includes the term —jwA; which
is a second order contribution to the field.

To summarize, neglecting the term w?e?u¢, the PQS approximation
is a specific case of our approximation which is obtained if we choose for
the solenoidal current the sum of the current and the displacement cur-
rent computed from the EQS field. Our approximation allows for other
choices that may be more easy to handle. In addition, it is applicable to
inhomogeneous media whereas the PQS approximation is easily obtained
for a homogeneous medium but it is more difficult (though possible) to

264



B.3. LOW-FREQUENCY APPROXIMATIONS

extend it to inhomogeneous cases. Finally, when the PQS approxima-
tion is presented, to the best knowledge of the author, no equations are
provided for the fields. Such field equations are however very useful for
some applications? and establishing them is not straightforward. With
our approximation, equation for the fields are provided. As a specific
case, with the appropriate choice of current decomposition, our devel-
opment provides the equation for the fields corresponding to the PQS
approximation.

B.3.7 QS approximation assumptions

We recall that the QS approximation was obtained by neglecting the
terms B; and D, in (B.3.18). Solving the QS equations yields an ap-
proximation for the neglected terms and we can then use this approxi-
mation to estimate the contribution of the neglected terms to the fields.
If this contribution is negligible compared to to the fields obtained using
the QS approximation, then this approximation is valid. This provides a
practical means to check if the used QS approximation is valid for a given
problem. Note that a negative check result does not necessarily imply
that a QS approximation can not be used to solve the problem. It may
also indicate that the chosen current decomposition is not appropriate.
See Section B.3.9 for more details.

We now assess the relative contribution of the neglected terms to the
total field:

e D, only contributes to H. To assess its relative contribution, we
take the rotational of the sum of (B.3.18¢c) and (B.3.16¢). This
yields:

VX(VXH>:VX£—|—(»23 (B.3.36)
€

€

in which the contribution of D, is w?B. This shows that the
current J produces two contribution to H. One direct contribution
and one due to D, through B. This contribution appears with the
second power of the frequency and is a propagation term. This
term is negligible at low frequency. The corresponding error is
identical to the error introduced by using the MQS approximation
to compute the magnetic field of a solenoidal current.

“See for example the derivation of the QS reciprocity relation (C.4.13) which is
very powerful to compute the voltage induced in a real loop
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e B, only contributes to E. The total source for E is not only
B, + B, but also the charge corresponding to J;. Therefore, the
fact that the effect of B, can be neglected does not imply that
B, < B,. It is sufficient that the contribution of E related to
J through the charges dominates its contribution through B;.
This is usually the case at low frequency because to produce a
given charge distribution, one can find a divergent current that
produces a much smaller contribution to the electric fields (the
term —jwA;) than the charges themselves (the term —V¢y).

In summary, the QS approximation is valid if:

o The current J produces a much smaller contribution to the mag-
netic field through B (the term w?B) than its direct contribution.
(Assumption QS1)

o The divergent current J; produces a much smaller contribution to
the electric fields (the term —jwA,) than the charges themselves
(the term —V ¢y). (Assumption QS2)

The second condition can always be fulfilled with an appropriate choice
of current decomposition. Indeed, this assumption comes from the fact
that By has been neglected in (B.3.18a) and using the decomposition
(B.3.35), B, = 0 removing the need for neglecting it.

B.3.8 Validity of the QS approximation

The validity of the QS approximation can be checked analytically for
a homogeneous medium and for the PQS approximation (which, as we
have shown, is a specific QS approximation for the current decomposition
(B.3.35)).

The exact solution for the magnetic potential for a unit current dipole
located at the origin and directed along an arbitrary direction d is:

kR

7

Alr)=- 4R

with R = |r| the distance between the field point r and the origin. The
corresponding QS approximation is obtained for £k = 0. The approx-
imation is thus accurate if |kR| < 1 or equivalently, if R < |\| with
A= jw. For 300kHz which is above the bandwidth of the MDs, the
wavelength in free space is 1km. The volume of interest around the de-
tector (say a sphere of about 1m) is thus always in the near field and

(B.3.37)
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QS approximation is always valid for a free space environment. For
soils, the relative magnetic permeability remains around 1 but the elec-
trical permittivity may rise up to 40 for extremely wet soils [81, Fig. 20].
The wavelength is then reduced by a factor 7 and the QS approxima-
tion remains valid in the volume of interest; at least for a homogeneous
medium. For an inhomogeneous medium, no analytic solution exists, but
due to the large margin available for homogeneous media, we expect an
accurate QS approximation for all types of soil.

Care should however be taken in the presence of conductors. Indeed,
a general QS problem is a mix of an EQS and an MQS problem. The re-
marks related to the presence of conductors mentioned in Sections B.3.1
and B.3.2 thus hold. The charge induced in the conductors and the
corresponding current distribution J; can in general be estimated un-
der the QS approximation. For this, the fields may first be computed
using €, which includes the conductivity, instead of €. The charge and
current distribution can then be computed from the resulting electric
field. Indeed, for a good choice of current decomposition (for example
(B.3.35)), the assumption QS2 remains valid when e is replaced by ¢,.
This is not true for the assumption QS1 which is in general not valid
anymore when the conductivity is included in the permittivity because
the induced eddy currents produce a significant magnetic field. This is
at the origin of the skin effect. The importance of this effect can be
quantified using the analytic solution (B.3.37). When the conductivity
is taken into account, the wavenumber becomes complex and the fields
are exponentially attenuated inside the conductor with a characteristic
distance equal to the skin depth (2.5). For copper, this yields 660um
at 10kHz. Hence at the frequencies used by the MD and for typical
object dimensions in the order of centimeters, the solenoidal current
distribution J in the conductors can not be estimated under the QS
approximation. It must be known before using the QS approximation.
For thin conductors, the exact distribution is in general not critical if
the fields must not be computed in the immediate vicinity of the con-
ductor. A simple distribution can then be assumed. This is illustrated
in Chapter 2 where a circuit model is used to analyze a coil. Using
a circuit model, the conducting structure is further split into smaller
parts (turns for the coil example). It is then only necessary to know the
current distribution in each part up to a multiplicative factors. Those
factors are then computed by solving the circuit equations.

As already mentioned, PEC conductors are in general not an issue
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because the fields are then null inside the conductors and they do not
need to be computed. The presence of the conductor is then translated
into boundary conditions on its surface.

B.3.9 Choice of current decomposition

There are many ways in which a current can be split into a solenoidal and
a divergent contribution and a good decomposition should be chosen. A
good decomposition is one for which the QS assumptions are valid. More
precisely, as we already mentioned, according to (B.3.20), the current
decomposition has no influence on the resulting QS magnetic field; it
only influences the resulting QS electric field. Therefore, the choice of
the current decomposition may only have an effect on validity the second
QS assumption which states that ‘the divergent current J; produces a
much smaller contribution to the electric fields (the term —jwA;) than
the charges themselves (the term —V¢,)’. As already discussed, this
assumption is always satisfied for the current decomposition (B.3.35)
which is thus always a good choice. This decomposition may however
yield a complicated solenoidal current J,. Other choices may thus also
be useful.

Figure B.1: Two possible current decompositions J = Jy,+ J;. A good one
and a bad one. J?ad is clearly a bad choice because it is a large
current that flows on a large loop. The contribution of the cor-
responding magnetic vector potential to the electric field —jwA,
will therefore not be negligible when compared to contribution of
the electric charges —V ¢, especially at some distance from the
capacitor plates (where most charges are located) and close to
the loop (where the current J?ad flows). In contrast, the current
J2°Y is much more localized and it is further localized between

the capacitor plates, where the term —V ¢, is large.
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Two possible decomposition are is illustrated in Fig. B.1 for a QS
problem composed of a capacitor and a loop excited with a voltage
source. The real sources are located inside the voltage source. The
total resulting current is Jlfad. This current yields a possible current
decomposition with Jgad = 0. This is however a bad decomposition
because, around the loop, the dominant electric field is jwA and as J lfad
includes the total current, this field is clearly not negligible compared to
the field produced by the electric charge which is concentrated on the
capacitor. The decomposition J = J%OOd =+ J%OOd is a much better as
which the QS approximation is expected to be valid at low frequencies.

Note that the decomposition (B.3.35), which is always a good one, is
good

0/1 but the currents spread out between the capacitor plates.

similar to J'
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Reciprocity

In this section we derive various reciprocity expressions, first the exact
full-wave expression, then a number of low frequency approximations.
Reciprocity is usually expressed in the frequency domain and it allows
to relate the fields and sources pertaining to two configurations called
‘states’. Several reciprocity expressions exist[31, 41, 35, 42, 43] and vary
in their generality. For example [43] allows consideration of different
media in the two states and therefore includes a contrast term whereas
[41] assumes the same medium in both states. We could however not
find a general derivation of the reciprocity expression, including the low
frequency approximations. A coherent derivation, including the link
between the various approximations, is therefore presented in this Ap-
pendix.

C.1 Full-wave Reciprocity

We consider two states A and B for which the sources and the fields are
respectively (JA‘B and (EA|B, H A‘B). The most general expression of
reciprocity between states A an B in volume V, bounded by surface S,
is obtained by integrating V - <EA x H® — EB x HA> on the volume
V.. Two expressions are obtained for this integral. The first is obtained
directly using the Gauss theorem and the second by using the vector

identity (B.1.4) and the Maxwell equations. Both expressions must be
equal and this yields:

BET = 8], + jw (c;Xe + cgj(m) (C.1.1)

where B, S and C are respectively the boundary, the source and the
contrast contribution. The subscript indicates the volume or surface
on which the corresponding term is computed. The superscript ‘EH’
appearing in the boundary term indicates that electrical and magnetic
fields are involved in the expression. The superscript (J) appearing in
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the source term indicates that it is related to the electrical current!.
The superscript appearing in the contrast term indicates whether it is
an electrical (e) or magnetic (m) contrast. Vy, V, , V, are the part of
V. in which the electrical current, the electrical and magnetic contrasts
are respectively located.

We now detail each term:

BEY = }é <EA x HB — EB x HA) -dS (C.1.2)
) = —/V (EA .JB_EB. JA)dV (C.1.3)
s
y, = /V . X E*  EBdV (C.1.4)
oy = s X HA - HBAV (C.1.5)

Xm

where x, = €® — e and y,, = puP — p? are respectively the electrical

and magnetic contrast. The development can easily be generalized to
non-isotropic media for which the electric permittivity and magnetic
susceptibility become tensors (€ and ). The contrast term then becomes
the tensors X, = €° — (EA)/ and X, = B — (EA)/ where the prime
symbol indicate a transposition. Furthermore the integrand of (C.1.4)
and (C.1.5) then become Y-, . B}y’ EP and Y-, - H{*xy HP respectively.
This shows that the contrast term disappears only if the same medium
appears in the two states and if this medium is reciprocal. This last
condition means that the constitutive parameters are either scalar or
tensorial and symmetrical.

C.2 EQS reciprocity

When a scalar potential exists, E, = —V¢,, a reciprocity relation
may be obtained by proceeding as for the full-wave case but with V -

gbéD(]]B — gbOBDOA), where D(?‘B and gbOA'B are respectively the displace-
ment field and static potential corresponding to the static charge dis-
tribution pA|B. The subscript ‘0’ has been introduced to emphasis that

"Magnetic currents may be introduced in the Maxwell equations. An additional
term S\l\fM = fv (HA .MP® — H® ~MA)dV then appears in the reciprocity expres-
M

sion.
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the reciprocity expression is only valid for EQS fields or more generally
for the order zero electric field appearing in our QS approximation (see
Appendix B.3.7).

Using the vector identity (B.1.3), one finds:

Bg =8 +Cy + D5, (C.2.6)
where
By = ]{ (¢6Df - #fDE) -as (C.2.7)
A A
Sy, = /Vp (00" — o6 p™)dV (C.2.8)
D‘ESAe - fis. ((bOApgeq - ¢g)p£eq)ds (C29)
Ne

and the contrast term is identical to its the full-wave counterpart
(C.1.4) except that, as is indicated by the subscript 0, E; must be used
instead of E. For the boundary term, the superscript ‘¢’ indicates that
the scalar potential is involved and for the source term, the superscript
‘p’ indicates that an electrical charge distribution is involved. The new
term D appears when the electrical permittivity presents discontinuities
on §,. Indeed, when this is the case, a thin layer around that discon-
tinuity surface must be excluded before the Green’s theorem may be
applied. The corresponding additional surface term yields Dge where

Pseq = (Dg — Dy) - fi. This term can be interpreted as the contribu-
tion of an equivalent surface charge distribution p ., appearing at the
interface when the dielectric medium is replaced by equivalent electrical
dipoles.

C.3 MAQS reciprocity

The MQS reciprocity expression is obtained as its full-wave counterpart,
but starting with —V - (Ag x HS — AB x Hé), where AS‘B is the vector

potential related to the static current sources Jg‘B. The subscript ‘0’
has been introduced to emphasis that the reciprocity expression is only
valid for MQS fields or more generally for the order zero magnetic fields
and potentials appearing in our QS approximation (see Appendix B.3.7).
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One then finds:

A _ oJo mo
B§ = S +Cp° (C.3.10)
B§ = _7{9 (Ag x HY — AB x Hé) -dS (C.3.11)
Sy :/ (AQ-JE —AOB-J§>dV (C.3.12)
: v

J
and the contrast term is identical to its the full-wave counterpart
(C.1.5) except that, as is indicated by the subscript 0, H is used in-
stead of H. For the boundary term, the superscript ‘A’ indicates that
the magnetic vector potential is involved and for the source term, the
superscript ‘Jp’ indicates that static electrical currents are involved.

C.4 QS reciprocity

The QS reciprocity expression is an approximation of the full-wave reci-
procity expression obtained by introducing the power series development
for the various fields (B.3.25) in the full-wave reciprocity (C.1.1), ex-
pressing the fields as functions of the potentials according to (B.3.27a)
and limiting the development to the first order in w’. The QS reciprocity
is thus not obtained by introducing the QS approximation of the fields in
the full-wave reciprocity. Doing so would yield additional terms such as
E/? x H }13. The difference is however quite limited because those second
order extra terms will in general yield very small contributions. They
are further rigorously null for the current decomposition (B.3.35).
The QS reciprocity can be written as:

B = s3¥ 4 jw (3 + oy ) (C.4.13)

where the superscript ‘QS’ indicates that the ‘QS’ approximation of the
corresponding full-wave term is used.

When introducing the field power series developments in the full-
wave reciprocity, one obtains terms:

7{9 (EiA x HJB) .S (C.4.14)

and

/v (E{* : JJB>dV (C.4.15)
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Those integrals are computed hereunder. Using (C.4.22a)-(C.4.22¢), to
compute QS approximation of the boundary term, one finds:

BY = Jg + jw (Bf;r + Bé(’) (C.4.16)

where

Js = 7{; (¢§JB - ¢0BJA) .S (C.4.17)

where we recall that J*P is the total current that we have defined as
AB , . 7AB
JAB — JOI —i-]le‘
Similarly, using (C.4.26a)-(C.4.26¢) to compute the QS approxima-
tion of the source term, one finds:

Sy = s, +jw (S + 85 ) (C.4.18)

where Si])‘; and SC are identical to the MQS and EQS source terms
P

(C.3.12) and (C.2.8).

The contrast term is identical to the sum of the EQS and the MQS
contrast terms. Note that this is not the case for the boundary and
source terms which, in addition to the sum of their EQS and MQS
counterparts also include a term J S As this additional term is equal
for both the source and boundary terms, the QS reciprocity expression is
consistent with the QS and MQS reciprocity expression. This provides
a consistency check for the various reciprocity expressions that we have
established.

. A B
C.4.1 Computation of §, (E;* x Hy) - dS
Using (B.3.27), we get:
E} x HP = —V¢ x H? — jwA} ;| x HP (C.4.19)

integrating the first term on S, using the vector identity (B.1.2) in which
the Lh.s. is null (the integral of a rotational on a closed surface is null),
one gets:

—jé (w{*xHjB)-dS:jé(p{*vXHjB-dS:
S S

74 P (JjB+ ijjBfl) .dS  (C.4.20)
S
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and hence,
j{ (EIA ><HJB) .dS =
S
f{ pd (JjB +ijjB,1> -dS —jwj{ A} x HP -dS (C.4.21)
S S

We recall that ¢; = 0 and that coefficients corresponding to negative
order are null (see Appendix B.3.7). The lower order terms are then:

}1{ (Eg X HOB) .S = jf $AJB .48 (C.4.22a)

S S

7§ (Eg x H?) LS = 7{ o <J113 + ijOB) .S (C.4.22b)
S S

7{ <E{* X HOB) LS = —jwyf AD x HB . dS (C.4.22¢)
S S

C.4.2 Computation of [, (E{ - J)dV

Using (B.3.27), we get:
E} TP =V} TP — jwAl TP (C.4.23)

integrating the first term on V, using the vector identity (B.1.3) and
Gauss theorem, one gets:

/V (w{‘-JJB)dV - }é GRIB - dS + ju /v g8 AV (C.4.24)
and hence,
A B _
/v <Ei J! )dv_
—]i@{*J? 'dS—jw/vqbiApJBldV —jw/vAiAl-JJBdV (C.4.25)

We recall that ¢; = 0 and that coefficients corresponding to negative
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order are null. The lower order terms are then:

/ (B J5)av = - jf 62 dS (C.4.260)
% S

/v (EOA - J]13>dV

/v (B J5)av = —ju /V AL JBay (C.4.26¢)

- ]f 608 - dS — ju / GRpBAV  (C.4.26D)
S %

C.5 Circuit reciprocity

Figure C.1: Perfectly shielded two-port network used to derive circuit from
general field reciprocity. Reciprocity is expressed inside volume
V, which is bounded by S, and which contains no source. St and
8! are parts of S, and are the transverse sections of the coaxial
cable respectively at port 1 and 2. The elements outside S, does
not need to be specified to apply reciprocity. In practice, voltage
sources, current sources, loads or other circuits will be connected
to the outgoing cables.

For a linear circuit with p access ports, the following reciprocity can
be used [82, Equ. 8.13]:

p
VAR =) VPRI (C.5.27)

1 1

p
i=1 =1

with ViAlB the voltage at port i in states A|B and IiA B the corresponding
current. The sign convention is arbitrary as long as the same convention
is used on both sides.
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This expression can be derived directly from the general full-wave
reciprocity expression (C.1.1) for a perfectly-shielded circuit for which
the ports are connected with the external world with coaxial cables. This
is illustrated in Fig. C.1 for a two-port system. There are no sources
inside the circuit and the material inside the circuit remains unchanged
for the two states. Therefore, only the boundary BEH term remains in
(C.1.1). Furthermore, at the frequencies of interest, ornly the Transverse
Electromagnetic (TEM) mode propagates in a coaxial cable, the other
modes being attenuated exponentially with a characteristic length of the
order of the radius of the coaxial cable. Therefore, assuming that S is
located at more than a cable radius from the cable connectors, only the
TEM mode is present at S! and the transverse electric field derives from
a scalar potential E = —V ¢ [44, Section 10]. Introducing this electric
field in BEH then? yields (C.5.27).

C.6 Remarks

When applying reciprocity, one should keep in mind that:

e The reciprocity theorem is based on the harmonic Maxwell equa-
tions, which assume an e/“! time dependence for the fields and
the sources, and are only valid for a linear time-invariant medium.
However, the Maxwell equations are only used inside the volume
considered V,. Hence, inside that volume, the medium must be lin-
ear time-invariant but no restriction exists on the medium outside
V.. Obviously, the presence of nonlinear or time-variant medium
outside V, may render the calculation of the fields on S, more
complicated but, as such, this does not invalidate the reciprocity
expression.

e With the general reciprocity expressions presented, the medium
inside V, does not need to be reciprocal (i.e. constitutive parame-
ters €, g and & are symmetrical tensors or scalar). If the medium
is not reciprocal, a reciprocity expression still exists but contrast
terms (C.1.4) and (C.1.5) must be taken into account, even if the
same medium is used in the two states considered (see discussion
at the end of Section (C.1).

2The reasoning is similar to the one used to obtain (2.35) from (2.33).
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e In the full-wave source term SJ], we may either use the impressed
sources J, solely or the total current J = J, + oE. In the first
case, the conductivity must be included in € which then becomes
€, = €+ ]% When the total current is used, conductivity does
not appear in the Maxwell equations and, therefore, no restrictions
exist on the conductivity. It may be nonlinear or time-variant. On
the contrary, when the impressed current is used, the conductiv-
ity appears in €, and it should be linear. If non-reciprocal, the
conductivity will then contribute to the contrast term.

e Nonlinear or time-variant elements are often present in electronic
circuits (diodes, transistors, ...). To apply reciprocity, one may
thus either choose the volume V. to exclude the electronics or con-
sider the currents in the nonlinear or time-varying components as
sources. This is only possible if the external fields have no signifi-
cant effect on those currents, as will be the case, for example, for
an electronic current source.

e In the QS source term S)J)’]QS one must in general use the total
current; at least for J,. It is not possible, as in the full-wave case,
to consider only the current source distribution and to take into
account the induced currents by using €, in place of €. Indeed, as
discussed in Section B.3.8, the QS assumption is not valid inside
conductors at the frequency used by MD. The QS approximation
may then only be used if the conductor has first been replaced by
equivalent currents.
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APPENDIX D

Soil response

D.1 TX current in presence of soil

The TX current may be different in free space and in presence of soil.
This effect is dependent on the TX coil driver circuit. For an ideal
current source, the TX current is unaffected by the presence of the soil.
However, for other sources, the TX current varies with the soil properties
as well as with the sensor height and orientation. It is then necessary to
relate the TX current in the presence of soil to its free space counterpart,
which can be measured and used as a detector characteristic.

In Chapter 4, we could use Iy to denote the TX current without
ambiguity because it was always the current in the presence of soil that
was meant. We will now denote the TX current in the presence of soil
and its free space counterpart by ITX(aS) and ITX(fs)’ respectively.

To compute the TX current, let us consider that the electronics can
be modeled by its Thevenin equivalent circuit composed of an ideal
voltage source Vi and a series impedance Z%IX which can both be es-
timated by simple measurements on the detector. The coil can also be
represented by its Thevenin equivalent circuit composed of an ideal volt-

age source esj%i% and a series impedance Z%OXII Z%OXII can be estimated by

simple measurements on the coil and eSTOQ, which is the voltage induced
by the soil in the TX coil', can be computed using (4.11). For this pur-
pose, the sensitivity of a fictious monostatic head (in which the TX coil
of the physical head is used both for transmission and reception) must
be used; it can be obtained by replacing RX by TX in (4.12).

Note that LI‘X(as)’ which is still to be determined, appears in (4.11).
We therefore first compute the normalized soil response:

+soil __ _soil

ETX = €TX/Irx (as) (D.1.1)

For a two-coil head, the Thevenin equivalent of the Receive (RX) coil as well
as the coupling between the TX and RX coils must be taken into account. As this
generalization is straightforward, it will not be further discussed.
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We also define the total TX impedance:
Zrx = Z5x + 2% (D.1.2)
According to the Thevenin equivalent circuit, we have:

>soil
Vex = XL rx (as)

I = (D.1.3)
TX(as) ZTX
which immediately gives the following TX current:
V
ITX(as) = —=X (D14)

ssoil
Zrx +€TX

In practice, ésj%i% is often much smaller than Zpy and ITX(aS) o

Irx i) = Virx/Zpx. In case of doubt, (D.1.4) can be used to check
whether, for a given soil and detector, [TX(aS) can be replaced accurately

by Iy (g in (4.11) to compute the soil response.

D.2 Mutual induction coefficient

Here, we relate the mutual induction coefficient between the TX coil
(the mirror of the TX coil) and the RX coil to the head sensitivity.

For this purpose, we first apply reciprocity (C.3.10) to the HS config-
uration illustrated in Fig. 4.1 (b) in the air volume V, with the following
two states:

° E(Tf-i\z for which the mirrored TX coil is carrying current Iy in free
space

° Eg;g for which the RX coil is carrying current Iy in free space

This yields:

(fs) (fs) o (fs) ()
/S (A2 ) - A < HD) . as

as

CRX

where S, is the air-soil interface for which the positive normal has been
defined to point up. The r.h.s. of the above equation was obtained
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from the r.h.s. of (C.3.10) by noting that the first term of the volume
integral is null because the permeability is the same for both states, the

second term is null because in the first state (E(T/fi%) there is no current

in the volume considered (the upper HS) and the last term degenerates
in a contour integral because the current is localized on Crx. A direct
application of reciprocity yields a surface integral on S,;, instead of S,
and an opposite sign for the r.h.s. term. The above equation can then
be obtained by noting that only S, contributes to the surface integral
and that the positive normal of S, and S,;, are in opposite directions
on that surface.

By symmetry, the currents, fields and potentials of the mirrored coil
are related to the original one as follows:

T

Jﬁ(ma Y, Z) = iJTX('%'7 Y, _Z)
A (z,y,2) = +Arx(z,y, —2) (D.2.6)
Hf)\((ma Y, Z) = :FHTX('%'7 Y, _Z)

where the upper sign is valid for x and y coordinates and the lower sign
is valid for the z coordinate.

Therefore, on S, where z = 0 and 72 = 2, A s q = A(jfig x 7L and
TX
Hfffi\z XN = —H(jfig x fv and (D.2.5) becomes:

fs fs fs fs
/ (A% < HE) + AR < HE) - as

as

:IRX/ A% .t (D.2.7)
CRX

The first term of the l.h.s. can be further developed by applying
again reciprocity in the soil volume V_;; between the following states:

. E(Tfiz for which the TX coil is carrying a current Iy and is in free

space and
. Eg( for which the RX coil is carrying a current Iy in a fictitious

medium for which g = 0. For that medium, H %( =H giz and

AW —o.
This yields
/ A < HEY) - dS = pig / HE) . HSav (D.2.8)
’Sas Vsoil
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where we used the fact that only S, contributes to the surface integral
on S, and that the positive normal of S, and S_; are identical on
that surface.

The second term of the Lh.s. of (D.2.7) can be obtained as the first
one by interchanging ‘RX’ and ‘TX’. Therefore, according to (D.2.8),
both terms are equal. According to (4.18), the r.h.s. of (D.2.7) is equal

to IpxIpxM—~ where M_— is the mutual induction coefficient
TX,RX TX,RX

between the mirrored TX coil and the RX coil.
One finally gets the following expression for the mutual induction
coefficient:

Mo oy = 2Hg /v Sdv (D.2.9)

with S defined in (4.12).

D.3 Far field approximation of sensitivity

We consider a head composed of two horizontal coils which have non-
vanishing magnetic moments mpy and mpyx both along the vertical
direction. Far away from the head, the distance between the coils can
be neglected and the fields may be approximated by that of two collo-
cated magnetic dipoles. Introducing the magnetic field of a dipole [46,
Equ. 11.7] in (4.12) yields:

SFF(R) = 1 mpymgy 1+ 3cos?6

— D.3.10
1672 Iy Inx RS ( )

where R is the vector from the common location of the TX and RX
dipoles to the field point, R is its norm and 6 the angle between that
vector and the common dipoles direction.
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actions on geoscience and remote sensing, 48(10):3686-3697, Oc-
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