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Zusammenfassung

In vielen Ubertragungsmedien aufier Luft sind aktuelle Kommunikationssysteme nicht in
der Lage, eine ausreichend schnelle und stabile Dateniibertragung fiir moderne Anwen-
dungen bereitzustellen. Beispiele hierfiir sind die Untergrund- und Unterwasserkommu-
nikation sowie die Dateniibertragung in der Verfahrenstechnik, etwa in chemischen Reak-
tionsbehéltern. Ein vielversprechender Ansatz zur Bewéltigung dieser Herausforderung
ist die Nutzung magnetischer Felder fiir die Dateniibertragung im Nah- und Mittel-
bereich, da diese deutlich weniger anféllig fiir typische Storungen und Dampfungen sind,
die in dichten oder fliilssigen Medien auftreten. Konventionelle magnetische Kommu-
nikation ist jedoch durch eine starke Signalabschwéchung und die damit verbundene
geringe Reichweite begrenzt. Dieser Nachteil kann nur durch grofle oder schwere Spulen
auf der Sende- und Empfangsseite kompensiert werden, was den Einsatz in mobilen
Anwendungen und kompakten Sensornetzwerken erheblich erschwert. In dieser Disser-
tation wird ein innovativer Ansatz fiir die magnetische Kommunikation vorgestellt, der
eine zuverlassige und effiziente Dateniibertragung in anspruchsvollen Medien wie Wasser
ermoglicht. Dabei wird die Empfangsspule eines herkommlichen magnetoinduktiven
Kommunikationssystems durch einen hochsensitiven, rauscharmen und breitbandigen
Magnetfeldsensor ersetzt. Diese Sensoren bieten eine grofiere Bandbreite und bei gleicher
Grofle eine hohere Empfindlichkeit, wodurch unter bestimmten Bedingungen, insbeson-
dere fiir mobile Anwendungen, eine grofiere Kommunikationsreichweite erzielt werden
kann. In dieser Arbeit wird exemplarisch ein anisotroper magnetoresistiver Sensor imple-
mentiert, um das Kanalmodell des Kommunikationskonzeptes experimentell zu validieren.
Dariiber hinaus wird ein umfassendes Kanalmodell fiir die magnetische Kommunikation
unter Wasser vorgestellt. Das Kanalmodell ist unabhédngig vom Sensortyp anwendbar
und berticksichtigt unterschiedliche Wassertiefen sowie variierende Umweltbedingungen
in homogenen und heterogenen Medien. Ein weiterer Schwerpunkt dieser Arbeit ist die
Einfiihrung eines effizienten Modulationsverfahrens (MRFSK), das durch adaptive Reso-
nanzfrequenzen héhere Bitraten bei gleichzeitig reduziertem Energieverbrauch ermdéglicht.

Prototyp-Experimente validieren die theoretischen Ergebnisse. Die entwickelten Tech-



nologien werden im EU.SH-Projekt MAUS eingesetzt, wo sie in ein hybrides Modem
integriert werden, das magnetische und optische Kommunikation kombiniert, um die Zu-
verlassigkeit zu steigern. Erfolgreiche Tests in realen Unterwasserumgebungen bestétigen
die Eignung des Kommunikationskonzepts fiir verschiedene Anwendungen und legen den

Grundstein fiir weitere Forschung im Bereich der Unterwasserkommunikation.
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Abstract

In many transmission media other than air, current communication systems are unable to
provide sufficiently fast and stable data transmission for modern applications. Examples
include underground and underwater communication, as well as data transmission in pro-
cess engineering, e.g., communication in chemical reaction tanks. A promising approach
to overcome these challenges is the use of magnetic fields for short- and medium-range
data transmission, as they are less susceptible to the typical interference and attenuation
that occur in dense or liquid media. However, conventional magnetic communication is
limited by strong signal attenuation and the associated short range. This disadvantage
can only be compensated by using large, heavy transmitter and receiver coils. This makes
the technology considerably more difficult to use in mobile applications and compact
sensor networks. This work presents an innovative solution for magnetic communication
that enables reliable and efficient data transmission in challenging environments such
as water. In this approach, the receiver coil of a conventional magnetic induction com-
munication system is replaced by a high-sensitivity, low-noise, wideband magnetic field
sensor. These sensors offer increased bandwidth and, at the same size, higher sensitivity,
enabling greater communication ranges under certain conditions, particularly for mobile
applications. The anisotropic magnetoresistive sensor was selected as an exemplary im-
plementation to demonstrate the feasibility of the approach. A comprehensive channel
model for underwater magnetic communication is developed, addressing different water
depths and water conditions in homogeneous and heterogeneous environments. Another
focus is the introduction of an efficient modulation scheme, MRFSK, which uses adap-
tive resonance frequencies to achieve higher bit rates while reducing energy consumption.
Prototype experiments validate the theoretical results. The proposed technologies are
applied in the EU.SH project MAUS, where they are integrated into a hybrid modem
that combines magnetic and visible light communication to enhance reliability. Success-
ful tests in real underwater environments confirm the suitability of the communication
concept for diverse applications and lay the foundation for further research in underwater

communication.
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Introduction

1.1 Motivation

Modern communication systems provide the capacity for rapid data transfer at high
speeds through air-based radio frequency (RF) communication standards, such as wire-
less local area network (WLAN) and Bluetooth. However, these systems are severely
constrained when used in other media, such as water, soil, or industrial containers. The
attenuation of radio waves in these harsh communication mediums presents a signi -
cant challenge for the reliable and fast transmission of data, which is essential in many
applications.

Current approaches rely on acoustic or optical transmission methods, but their usability
in these media is also severely limited. Acoustic modems o er the largest communication
range among these options, but the bandwidth is small and latency may be problematic.
Reliable acoustic communication is di cult particularly in spatially restricted or hetero-
geneous communication environments e.g. shallow waters. Multipath propagation causes
a large delay spread and mobility a signi cant Doppler spread. Optical communication is
strongly a ected by the visibility between transmitter and receiver, as well as by daylight
in shallow-water depths.

A promising alternative for near-/mid-range communication in harsh environments is
to exploit magnetic elds for digital communication, as magnetic elds are less susceptible
to the typical interference and attenuation that occur in dense or liquid media. Exam-
ples of magnetic communication include underwater communication [Dom12; AN5],
underground communication [SA10; Kis18], process engineering such as communication
in chemical reaction tanks, and medical applications [MA10]. Magnetic communication



Chapter 1 Introduction

is characterized by a low propagation delay and small susceptibility to the surrounding
environment [Agb11]. Furthermore, in the near- eld there are no issues such as multipath
propagation and fading.

However, near- eld magnetic communication has inherent restrictions. Due to a high
attenuation of 60 dB per decade only short distances are supportable with reasonable
data rates. According to the state-of-the-art, for communication purposes, coils are used
on the transmitter and receiver sides. The coils can be described as antennas. Inductive
coupling enables a communication link between the transmitter and the receiver. The
transmitter coil induces a modulated electrical current in the receiver coil. The voltage
at the clamps of the receiver coil is evaluated as the received signal. To reach reasonable
distances, the transmitter and receiver coil should operate in a tuned resonant circuit.
This principle generates a signi cant gain for signal frequencies around the resonant
frequency but reduces the possible bandwidth depending on the quality factor of the
resonant circuit. Since the communication range is limited by the radius of the transmitter
and receiver coils, mobile applications such as autonomous underwater vehicles (AUVS)
or sensor networks are not e cient if small coils are required at both ends.

In this thesis, an innovative magnetic communication system concept is introduced:
the receiver coil of a conventional magnetic communication system is replaced by a high-
sensitivity magnetic eld detector. Magnetic eld sensors enable small and lightweight
receiver units suitable for mobile applications. This proposal promises many bene ts
that could lead to a cheap and reliable system design, among other advantages.

1.2 State-of-the-Art

In this section, an overview of the state-of-the-art in magnetic communication scienti ¢
literature is given. The focus is on topics which are also covered in this dissertation.
In detail, magnetic communication in harsh environments, channel modeling for coil-to-
magnetic communications, e cient modulation schemes for magnetic communication,
and hybrid underwater communication magnetic are discussed.

Magnetic Communication in Harsh Environments In recent years, magnetic
communication has emerged as a promising technique for near/mid-range communication
in a range of applications in harsh communication environments when traditional RF
communication face limitations.

Hence, many publications are made in the eld of magnetic communications. Existing
research has explored various system designs and con gurations. Typically, coils are used
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on both the transmitter side and the receiver side. The transmitter coil is driven by a
modulated alternating current (AC) [Agb11]. By means of magneto-inductive (M), the
information-carrying signal is reproducible at the receiver side. Examples include un-
derwater communication [Dom12; AW 15; LW" 19], underground communication [SA10;
Kis18; KA" 18], process engineering such as communication in chemical reaction tanks,
and medical applications [MA10].

However, coil-based magnetic communication approaches often encounter challenges
in terms of bandwidth and receiver size, which is important for mobile applications.
Loop antennas with limited dimensions result in a low sensitivity of the receiver and
consequently to a short communication range. Increasing the number of turns improves
the sensitivity; however, this increases the volume of the receiver system and incurs
additional weight and costs.

Various studies have been conducted to enhance the communication range by im-
proving the receiver sensitivity. Resonant coils, using a high quality factor, have been
employed to transmit magnetic signals more e ectively [SA10]. In addition, a two-loop
gap antenna with an optimized radius-to-gap ratio for energy e ciency has been proposed
[LL* 21]. Research indicates that MI-based data links can achieve a range of more than
25 meters when the transmitter power exceeds 30 dBm. Furthermore, some researchers
have introduced relay coils as MI waveguides between transmitter and receiver systems,
demonstrating a reduction in path loss and an extension of the communication range
[Dom12].

Current research is exploring an alternative magnetic communication approach in
which the traditional receiver coil of a Ml system is replaced with a highly sensitive, low-
noise magnetic eld sensor to achieve high-performance magnetic eld reception. Related
work has been independently published in [BBL9], where the emphasis is on diver
communication employing a speech codec. Furthermore, the publications [K20; KR" 21;
RK™ 22], inspired by our research, explore the use of a giant magneto-impedance (GMI)
sensor as a receiver. Additionally, optically pumped magnetometers (OPMs) sensors have
been investigated for their potential as receiver antennas to enhance sensitivity [GIY].

In [LX " 23] the integration of highly sensitive superconducting quantum interference
devices (SQUIDSs) as receivers is explored and a portable design that combines a SQUID
sensor with a coil-based ux transformer for practical applications is proposed.

The measurement principle of magnetic eld sensors does not rely on MI, which
results in distinct system performance characteristics and trade-o s between the relevant
parameters for the magnetic communication approach under investigation. Consequently,



Chapter 1 Introduction

these aspects have not been explored in the existing literature.

Channel Modeling for Coil to Magnetic Communications For MI based
magnetic communication, the literature contains numerous contributions dealing with
channel modeling for various channel conditions. Current methodologies for MI channel
modeling can be primarily categorized into two approaches: equivalent circuit analysis
and magnetic eld analysis. However, it should be noted that both approaches lead to
identical channel models, although they are two di erent analytical tools.

According to circuit theory, the MI antenna system can be represented as either
a transformer model [SA10] or a two-port network [Dom12]. In both equivalent circuit
models, the transmit power corresponds to the power used within the transmitting circuit,
while the receiving power is determined by the power absorbed by the load impedance.
Establishing the relationship between these powers enables straightforward calculation
of the channel path loss.

In contrast to circuit-based methods, magnetic eld analysis represents the Ml transmit-
ter as a magnetic dipole loop antenna driven by an alternating current. Using Maxwell's
equations, the generated magnetic-dipole eld can be mathematically modeled, allowing
for a direct evaluation of the magnetic eld behavior in relation to the surrounding
environment [GA12; SZ13; GS16]. The coupling between the transceiver colils is analyzed
based on the eld interactions between the coils. By applying fundamental magnetic
eld principles, the transmit power, received power, and channel path loss can be de-
termined. The Agbinya-Masihpour model can be referred as a basis for calculating the
communication link budged for magnetic communications [Mas12].

If the receiver is based on a magnetic eld sensor, the received power is not based on
coupling, but on a direct measurement of the magnetic eld [GD17; RK" 22]. However,
detailed underwater channel modeling for magnetic communication using magnetic eld
detectors as receivers remains largely unexplored.

Existing models for calculating the path losses of magnetic communications are usually
based on the assumption of a homogeneous, in nitely extended transmission medium.
There are approaches in the area of MI underground communication, which model the
distance-dependent variation of the medium between the transmitter and the receiver
[KA™ 15]. However, often only the distance-dependent variations of the medium between
the sender and the receiver are considered. For example, in underwater communications
at shallow depths, however, vertical variations of the medium are important, with a
fundamental change at the interface of water and air.

In [Wai54], a calculation of the magnetic eld is shown for a coil which is placed
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exactly on the boundary between two media. The coil is simpli ed as a magnetic dipole
in the referenced publication. Consequently, this approximation is valid for distances
much larger than the coil radius (I r). Moreover, this equation supports only a 2-layer

model and is not able to take into account a coil placed at di erent depths in the media.

E cient Modulation Schemes for Magnetic Communication To overcome
the high attenuation of the magnetic eld in harsh communication environments, the
transmitter coil must generate a strong magnetic eld. Especially for mobile communi-
cation applications, it is important that the magnetic eld is generated and modulated
e ciently due to the limited amount of energy available. To enable e cient communi-
cation, transmitting and receiving coils are conventionally operated as part of resonant
circuits. However, this results in narrow bandwidths and the associated disadvantages.
The choice of an appropriate modulation scheme is crucial to mitigate these bandwidth
limitations and optimize signal transmission e ciency.

Typically, amplitude shift keying (ASK), frequency shift keying (FSK) or phase shift
keying (PSK) are used as modulation schemes for magnetic communication. For ASK,
the implementation is simple and energy-e cient, as it relies on amplitude variations
that are easy to generate and detect [RK22]. However, the limited bandwidth imposed
by the resonant circuit results in long symbol transition times, which makes it unsuitable
for high-speed communication. In addition, ASK is highly sensitive to amplitude noise,
which can degrade signal quality. FSK o ers robustness against amplitude noise and is
less a ected by variations in signal strength. This makes it suitable for environments
with high interference or noise [CZ18]. However, FSK su ers from a narrow symbol
spacing due to the limited bandwidth, which reduces the symbol rate and makes it
vulnerable to frequency drift problems, especially in noisy environments. In the case
of PSK, the main advantage lies in its high spectral e ciency and robustness against
amplitude noise, making it a strong candidate for systems requiring higher data rates
[KA™ 14; GD" 17]. PSK also performs well in power-constrained scenarios. However, the
narrow bandwidth of the resonant circuit can cause phase distortion, making it di cult to
accurately detect fast phase changes. In addition, PSK requires precise synchronization
between the transmitter and the receiver, which increases the complexity of the system.
These limitations highlight the trade-o s between simplicity, robustness, and achievable
data rates in magnetic communication systems.

The limitations of resonant circuits in current modulation methods have led to ongoing
research into innovative and creative transmitter-side solutions. In [LG21] a mechani-
cally modulated transmitter is presented, which uses rotating magnets to generate the
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AC magnetic eld. This approach o ers potential improvements in energy e ciency and
size reduction of transmitter units, but it still comes with a slow symbol transition time.

If mobile applications are battery-powered, a key challenge is energy e ciency. MI-
based transmission with high signal-to-noise ratio (SNR) (per transmitted data symbol)
using an energy-e cient modulation scheme is still an open issue [SY6].

Hybrid Underwater Communication Hybrid systems combine two or more com-
munication technologies in one system. By integrating multiple technologies, these sys-
tems leverage the strengths of each while compensating for their respective weaknesses.
Hybrid underwater communication is an active area of research, with new studies and
ndings being regularly published in the scienti c literature.

In [HN" 14], a hybrid approach integrating acoustic and optical communication is
proposed for underwater networks. This solution addresses the bandwidth limitations of
acoustic channels by using acoustic signals to help align the transmitters and receivers
for optical communication.

In [JG™ 14], a novel underwater wireless link design integrating hybrid optical and
acoustic communication is proposed to mitigate the limitations of light backscattering.
The system features highly directive, high-bandwidth optical uplinks from submerged
AUVs or divers to a base station, complemented by a low-bandwidth, wide-angle acous-
tic downlink. Performance constraints for both acoustic and optical components were
analyzed through channel modeling and SNR evaluation, revealing that the hybrid link
achieves a maximum bitrate 150 times higher than conventional acoustic links.

In [WS™ 17] an optical-acoustic hybrid underwater wireless sensor network is introduced
to address the limitations of existing underwater communication methods. The proposed
system integrates optical communication for high-speed data transfer over short distances
and acoustic communication for control commands and node localization. To extend
optical transmission range, a directional optical communication approach and a multi-
hop transmission mechanism are employed.

In [ZN™ 20] the localization and tracking of a mobile surface ship using an AUV with
a hybrid acoustic-optical communication system is addressed. The acoustic link enables
non-line-of-sight localization, while the optical link provides line-of-sight high-rate data
transmission. By integrating these complementary technologies, the system enhances
localization accuracy, tracking performance, and communication e ciency.

In [LD ™ 20] an underwater cooperative multiple-input multiple-output (MIMO) com-
munication system that integrates acoustic and MI techniques to enhance reliable under-
water networking for sensors and robotic platforms is presented. While MIMO acoustic
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communication can improve performance in harsh underwater environments, its practical
implementation is limited by the large wavelength of acoustic waves, making it di cult

to install multiple transducers on a single device. Although cooperative MIMO could
mitigate this issue, synchronization across distributed transmitters has been infeasible
due to signi cant and variable acoustic propagation delays. To overcome this challenge,
the study proposes a hybrid acoustic-MI approach, where MI technology enables pre-
cise inter-node synchronization with negligible propagation delays, allowing distributed
transducers to cooperatively form narrow beams for long-distance communication.

1.3 Contributions of the Author

This section outlines the author's peer-reviewed scienti ¢ contributions, aligning them
with the dissertation's objectives discussed in Section 1.1 and linking them to the state
of the art presented in Section 1.2.

Magnetic Communication in Harsh Environments In [HH™ 19], an innovative
magnetic communication system approach is introduced. In this system concept, the
receiver coil of a conventional magneto-inductive communication system is replaced by a
high-sensitivity wideband magnetic eld sensor, in our prototype an anisotropic magne-
toresistive (AMR) sensor. The work presents numerical results demonstrating the decisive
advantages o ered by high-sensitivity wideband magnetic eld sensors. These include
improved performance and e ciency compared to traditional systems. The magnetic
eld sensors are small and can be considered to be a point sink. The frequency charac-
teristic of AMR sensors is almost at below the cut-o frequency. Given the same form
factor, they are much more sensitive than coils. By utilizing high-sensitivity magnetic
eld sensors, the communication range can be signi cantly increased for small receiver
units. This is particularly advantageous for mobile applications where the receiver size
is limited.

Channel Modeling for Coil-to-Magnetic Field Sensor Communications In
[HH20b] and [HH20a], a detailed underwater channel modeling for magnetic communica-
tion employing magnetic eld detectors is provided. A detailed theoretical analysis of the
magnetic underwater communication channel is made for homogeneous water columns.
This analysis has been extended by a nite element method (FEM) analysis to account
for communication near water surfaces, addressing the complexities of heterogeneous
media in shallow water depths and surface interactions. In this context, the in uence
of the water depth on the magnetic loss for magnetic communication is examined. The
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trade-o s between the relevant system parameters are studied analytically. Based on
suitable channel modeling, trade-o s between system parameters are analyzed, and the
channel capacity is derived. The results provide a guide for the design of a magnetic
communication system. A small-scale prototype system for magnetic communication
is presented, which justi es the theoretical analysis. The results are supported by rst
measurements that are taken in the Kiel Fjord. An SNR enhancement through spatial
averaging using an array of magnetic eld sensors is studied in the context of magnetic
underwater communication. In addition, two underwater scenarios suitable for magnetic
communication are pointed out. In these scenarios, the use of magnetic eld detectors
0 ers some advantages with respect to communication.

E cient Modulation Schemes for Magnetic Communication One of the key
contributions of this work is the development of e cient modulation schemes speci cally
designed for the proposed communication system. Data modulation play a crucial role
in enhancing data transmission rates and improving overall energy e ciency, thereby
improving the overall performance of the system.

In [HP* 21] an innovative data modulation technique motivated by our suggested mag-
netic communication setup is presented. The proposed mixed hardware/software scheme
supports data modulation by varying the resonant frequency of the transmitter resonant
circuit. Hence, the scheme is dubbed multi-resonant frequency-shift keying (MRFSK).
Theoretical and practical studies of MRFSK as an e cient data modulation scheme are
performed in conjunction with a broadband magnetic eld sensor as a receiver. Real-
ization of a MRFSK prototype communication system using four resonant frequencies,
based on a capacitor matrix. The mixed hardware/software multi-resonant frequency
shift keying scheme is developed, which comes with decisive advantages and overcomes
the limitation of long transition times using resonant circuits on the transmitter side.

With MRFSK, the resonant circuit bandwidth of the transmitter is no longer a limita-
tion of the maximum achievable bit rate, but the bandwidth of the receiver. Thus, if the
bandwidth of the receiver is larger than that of the transmitter, a gain can be obtained
with MRFSK compared to classical modulation methods. This allows a considerably
larger frequency deviation between adjacent symbols for the same quantity of symbols.
Due to the larger frequency spacing, the symbol rate can be increased while maintaining
a constant SNR. Whereas the maximum achievable bit rate with non-coherent demodu-
lation corresponds directly to the frequency deviation.

In [HP™ 22b], the hardware implementation of the modulation scheme is simpli ed. The
optimized MRFSK hardware design provides accurate switching between two con gurable
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resonant frequencies and features an easier and more robust operation. For this to succeed,
the circuit is upgraded with a high-speed zero-crossing detector, which ensures zero-
voltage switching (ZVS). Due to accurate ZVS, most of the energy of the resonant circuit
can be conserved in the magnetic eld of the coil during symbol changes. Thanks to
the e cient operation, the resonant circuit only needs to be driven by one of the data
symbol frequencies, which simpli es the signal generation for transmitter operation.

Further advancements are made in [HP22a]. The innovative self-driven transmitter
resonant circuit ensures a self-adapting, precisely timed excitation of the resonant circuit
at the current resonant frequency. Thus, changes in the resonant frequency due to
variations of the surroundings do not have to be considered for accurate excitation.
Optimal data symbol changes by means of zero-current switching (ZCS) are ensured by
the implementation of a zero-crossing detector.

These modulation schemes optimize data transfer rates and energy usage, further
enhancing the e ciency and performance of the magnetic underwater communication
systems.

Hybrid Underwater Communication In [HH™ 20], a hybrid communication system
for AUVs is introduced, using magnetic elds and visible light to enhance underwater
communication. By combining these two complementary transmission methods, the
system more robust data exchange in challenging underwater environments.

The hybrid system improves AUV operations by enabling reliable communication and
optimizing position estimation. Its performance is evaluated across various underwater
scenarios to assess its e ectiveness.

The magnetic channel provides stable low-frequency communication, una ected by
water turbidity, ensuring data transmission even under highly dynamic conditions. Mean-
while, the optical channel enables high-data-rate transmission over short distances, ben-
e ting from the low attenuation of visible light in clear water. This hybrid approach
allows AUVs to dynamically adapt to changing environmental conditions, enhancing
overall operational e ciency.
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Abstract : Multiple-input multiple-output (MIMO) radars o er increased angular
resolutions compared to conventional radars, based on a virtual enlargement of
the physical antenna array by means of digital signal processing. In this paper,
we show that the angular resolution of MIMO radars can be further increased
by combining MIMO processing with an array extrapolation method based on
Burg's algorithm. Moreover, we demonstrate that Burg's algorithm is also able to
interpolate missing virtual antenna elements caused by failure of physical receive
antennas. Measurements conducted with Hensoldt's compact 3D MIMO radar
demonstrator serve as a basis to validate our ndings.

M. Hott, P. A. Hoeher, and S. F. Reinecke, Magnetic Communication Using
High-Sensitivity Magnetic Field Detectors, Sensors vol. 19, p. 3415, 2019.
Abstract : In this article, an innovative approach for magnetic data communication

is presented. For this purpose, the receiver coil of a conventional magneto-inductive
communication system is replaced by a high-sensitivity wideband magnetic eld

sensor. The results show decisive advantages o ered by sensitive magnetic eld
sensors, including a higher communication range for small receiver units. This
approach supports numerous mobile applications where receiver size is limited,
possibly in conjunction with multiple detectors. Numerical results are supported

by a prototype implementation employing an anisotropic magneto-resistive sensor.

M. Hott, A. Harlakin, and P. A. Hoeher, Hybrid Communication and Local-
ization Underwater Network Nodes based on Magnetic Induction and Visible
Light for AUV Support, in International Conference on ICT Convergence
(ICTC '20) , Aug. 2020.

Abstract : Network nodes are receiving signi cant interest in RF-challenging
environments. Particularly, in underwater environments it is a current research
eld with upcoming importance. The use of network nodes promises an extension
of the communication range and an improvement of the position estimation for,
e.g. autonomous underwater vehicles (AUV). In this short paper, a new approach
for hybrid underwater communication nodes based on magnetic induction and
visible light is discussed and evaluated. Therefore, a prototype implementation is
developed and presented.

M. Hott and P. A. Hoeher, Channel Modeling and SNR Enhancement for
Coil to Magnetic Field Sensor Underwater Communication, irGlobal Oceans
202Q Aug. 2020.
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[HH20b]

[HP* 21]

Abstract : Conventional magneto-inductive communication systems use coils as a
sender and receiver. These coils are usually bulky, which makes them unsuitable
for use in mobile systems such as autonomous underwater vehicles. A proposed
way to overcome this limitation on the receiver side is to replace the coil with a
highly sensitive broadband magnetic eld sensor. This reduces the receiver size sig-
ni cantly and enable mobile applications. In the present work this communication
system approach is investigated with respect to underwater environments. In this
context the underwater channel is studied for a homogeneous water column as well
as for shallow water depths. Furthermore, it can be shown that an improvement
of the signal-to-noise ratio can be achieved by using several sensors working in
parallel. The results are veri ed by an experimental prototype.

M. Hott and P. A. Hoeher, Underwater Communication Employing High-
Sensitive Magnetic Field Detectors, IEEE Access vol. 8, pp. 177 385 177 394,
2020.

Abstract : Magnetic communication is receiving signi cant interest in RF-challenging
environments. Particularly in underwater environments and underground wireless
sensor networks, magnetic communication is an emerging research area. In this
paper, a new approach for magnetic underwater communication is presented and
evaluated. In this approach, the receiver coil of a conventional magnetic induction
communication system is replaced by a high-sensitive low-noise wideband magnetic
eld sensor. This concept enables a good detection sensitivity and, under certain
conditions, an extended communication range. Most magnetic eld sensors are
small compared to equivalent search coils and o er a high bandwidth. Hence, they
can be assembled in order to provide multiple-input multiple-output processing.
Based on suitable channel modeling, trade-o s between system parameters are
analyzed and the channel capacity is derived. Analytical results are supported by
a prototype implementation. Potential application scenarios are studied, where
emphasis is on mobile applications.

M. Hott, J. M. Placzek, and P. A. Hoeher, Multi-Resonant Frequency Shift
Keying: A Novel and E cient Modulation Scheme for Magnetic Communi-
cation, IEEE Access vol. 9, pp. 129431 129442, 2021.

Abstract : Magnetic communication is a promising technique in harsh environ-
ments, such as seawater. To enable e cient communication, transmitting and
receiving coils are conventionally operated as part of resonant circuits. However,
this results in narrow bandwidths and the associated disadvantages. Thus, most
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[HP™ 223]

12

digital modulation schemes cannot be used e ciently on these systems. In this con-
tribution, a mixed hardware/software approach for e cient frequency shift keying

is presented. With this energy-e cient modulation concept, the full available band-
width of a receiver can be utilized for data transmission, while all advantages of
using a resonant circuit on the transmitter side can be retained. Towards this goal,
a transmitter-side resonant circuit is designed, which supports discrete switching
between multiple resonant frequencies. The data symbols are mapped onto these
unique resonant frequencies. This prevents the parasitic amplitude modulation
associated with conventional frequency shift keying applied to narrow bandwidth
circuits, resulting in maximum transmitted magnitude and minimum symbol dis-
tortion without need for any further measures. Furthermore, the frequency spacing
and/or the cardinality of the symbol alphabet can be increased considerably. At the
receiver side, the classical pick-up coil is replaced by a high-sensitivity broadband
magnetic eld sensor. Numerical results of the mixed hardware/software scheme
are provided, and are veri ed by an experimental setup. This setup is constructed
using principles from the eld of power electronics and demonstrates, how this
modulation concept can be implemented with relatively simple and highly energy
e cient electronics and without the use of linear ampli ers in particular.

M. Hott, J. M. Placzek, and P. A. Hoeher, Self-Driven High-Q On-O
Keying: An E cient Modulation Scheme for Magnetic (Underwater) Com-
munication, in 2022 13th International Conference on Information and
Communication Technology Convergence (ICTC)Jeju Island, Korea, Re-
public of: IEEE, Oct. 2022, pp. 40 44,isbn: 978-1-66549-939-2. [Online].
Available: https://ieeexplore.ieee.org/document/9952916/ (visited on
08/01/2023).

Abstract : This paper presents a hardware-based fast-switching and e cient on-
o0 keying (OOK) modulation scheme for magnetic communications designed for
use in conjunction with high-Q resonant circuits. The principle overcomes the
shortcomings of long transient periods between data symbols and undesired ampli-
tude variations of conventionally implemented OOK. The self-driven transmitter
resonant circuit is designed to provide discrete and precise switching between the
on- and o -state, while the energy is conserved in the electric eld of the compen-
sation capacitor. This results in fast data symbol changes and a quasi-constant
coil current amplitude during the on-state. Since the transient response is dras-
tically shortened, the symbol rate can be signi cantly increased and intersymbol
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[HP* 22b]

[BW* 25]

interference can be avoided, if the proposed transmitter is used together with a
wideband receiver.

M. Hott, J. M. Placzek, and P. A. Hoeher, Single-Frequency-Driven Multi-
Resonant Fsk: An Easy-to-Operate Wideband Modulation Scheme for Mag-
netic (Underwater) Communication, in 2022 13th International Conference
on Information and Communication Technology Convergence (ICTC)eju
Island, Korea, Republic of: IEEE, Oct. 2022, pp. 354 356i,sbn: 978-1-66549-
939-2. [Online]. Available:https://ieeexplore.ieee.org/document/
9952626/ (visited on 08/01/2023).

Abstract : In this short paper, an innovative wideband hardware-based frequency
shift keying modulation technique for magnetic communication is presented. The
easy-to-operate transmitter circuit is designed to switch between two con gurable
resonant frequencies with precise timing, with data symbols mapped to those
frequencies. The implementation of a zero voltage crossing detector ensures precise
timing for ideal symbol changes, which retains most of the system's energy. This
largely eliminates the transient response and unwanted amplitude uctuations, so
that the symbol rate can be signi cantly increased in conjunction with a wideband
receiver. Due to the e cient operation, the resonant circuit needs to be driven by
just one of the data symbol frequencies, which simpli es the signal generation for
transmitter operation.

S. Badri-Hoeher, T. Wilts, L. Schaefer, J. Westphalen, J. Winkler, C. Isokeit,
A. Harlakin, M. Hott, J. M. Placzek, S. Marx, M. Volz, E. Maehle, and P. A.
Hoeher, Multiheterogeneous AUV Swarm Technology Exempli ed by the
MAUS Project: Cooperation, Mission Planning and Hybrid Communication,
IEEE Journal of Oceanic Engineering vol. 50, no. 1, pp. 228 251, 2025.
Abstract : The mobile autonomous underwater system (MAUS) aims to create
next-generation vehicles, focusing on improved intelligence, mission operations, and
application scenarios. Accordingly, two types of autonomous underwater vehicles
(AUVs) have been developed to operate and collaborate in various applications.
The rst AUV, named Hansel, has hovering capabilities and is tailored to tasks,
such as object inspection and detection. The second AUV, called Gretel, has
going capabilities and is suitable for tasks, such as sea oor mapping. The two
AUV types are equipped with di erent sensors, allowing them to perform distinct
tasks simultaneously as a team. The going AUV has a robust navigation system
that includes an inertial navigation system, an ultra-short baseline unit, and a
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Doppler velocity log for dead reckoning. In contrast, the hovering AUV only has
a low-cost micro-electro-mechanical system. Gretel's navigation unit improves
Hansel's navigation, along with data transfer between the vehicles. The AUVs rely
on a hybrid communication system that integrates acoustic, inductive, and optical
links to combine the strengths of each technology. To accomplish their individual
goals, the AUVs participate in joint mission planning, utilizing a variety of sensors
and tasks that are specic to each AUV. This approach is commonly referred to
as multiheterogeneous AUV swarm technology. The multiheterogeneous concept
developed in the MAUS project was experimentally validated in Kiel Fjord, located
in the southwest Baltic Sea, and in La Spezia, Mediterranean Sea.

1.4 Structure of the Work

The dissertation is organized as follows and is divided into two main parts:

Part | covers theoretical aspects, fundamentals, and experimental analysis. Chapter 2
provides an introduction to magnetic eld theory, magnetic eld generation, and magnetic
induction communication. Chapter 3 introduces the concept of a magnetic communica-
tion system utilizing high-sensitivity broadband magnetic eld detectors as receivers. It
includes a detailed derivation of the link budget, incorporating transmitter and receiver
modeling alongside channel modeling for both homogeneous and heterogeneous media.
The chapter also features comprehensive numerical analyses and experimental validation
to substantiate the proposed approach. Chapter 4 focuses on the design and development
of a prototype modem for magnetic communication. Chapter 5 introduces innovative
data modulation techniques motivated by our magnetic communication setup. These
techniques involve mixed hardware/software schemes based on varying the resonant
frequency of the transmitter resonant circuit. Chapter 6 concludes this part with an
overview of possible application scenarios.

Part Il explores the practical application of magnetic communication within the EU.SH
project Mobile Autonomous Underwater System (MAUS). Chapter 7 provides a compre-
hensive overview of the EU.SH project MAUS, detailing the general system architecture.
Additionally, it elaborates on the mechanical design and construction of the AUVs Hansel
and Gretel. The chapter also introduces a hybrid communication approach that combines
visible light and magnetic communication. Chapter 8 presents the underwater magnetic
wireless communication (UMWC) modem developed for the EU.SH Project MAUS, de-
tailing the transmitter and receiver hardware design. It focuses on the development of

14
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the UMWC modem, taking into account project-speci ¢ requirements. It is divided into
two main sections: system design, detailing the transmitter and receiver hardware design.
and the integration of the modem into the vehicle structure. The thesis concludes with
Chapter 9, which provides the conclusions and an outlook. The acronyms, mathematical
symbols, and other notations used throughout this dissertation are listed in Appendix A.
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Introduction to Magnetic
Communications

This chapter provides a brief introduction to the fundamental principles of magnetism.
These principles cover all the underlying principles of magnetic communication. First, a
short overview of the Earth's magnetic eld is presented. This is followed by a mathemat-
ical description of the magnetic elds and a description of the relevant parameters. The
subsequent section considers the generation of magnetic elds and presents theoretical
models for di erent coil types. Finally, the principle of classical magneto-inductive (Ml)
communication is explained.

2.1 The Earth's Magnetic Field

The Earth's magnetic eld acts as a shield against solar wind and cosmic radiation, thus
protecting the atmosphere and enabling life. The eld is generated primarily by the
motion of molten iron in the outer core. Central to understanding the magnetic eld of
Earth is the dynamo theory, which explains how the Earth's rotation and the convective
motions of its liquid iron core generate and sustain this magnetic eld. The mathematical
basis of this theory is rooted in uid dynamics and electromagnetism, particularly the
Navier-Stokes equations for uid motion and Maxwell's equations for electromagnetism.
The interaction between the velocity of the uid motionv and the magnetic eld B is
described by the magnetic induction equation:

@

o (v. B)+ r?%B; (2.1)
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Chapter 2 Introduction to Magnetic Communications

where is the magnetic di usivity of the uid.

The geomagnetic eld can be approximated by a dipole model, where the eld resembles
that of a bar magnet tilted approximately 11 degrees from the Earth's rotational axis.
The dipole momentm of the Earth gives rise to a magnetic ux density described by:

oHX(Mm x) mx?

B = ;
4 x°

(2.2)

in which x is the position vector relative to the center of the Earth and is its magnitude.

o is the permeability of the free space [LMO06]. At the equator, the Earth's magnetic
eld has a strength (magnetic ux density) of approximately 30 T (microtesla). At the
poles, the magnitude is roughly twice as large. In Central Europe, the eld strength is
about 48 T. Empirical models such as the International Geomagnetic Reference Field
(IGRF) and the World Magnetic Model (WMM) are based on extensive observational
data and contribute to our understanding of the variations in the magnetic eld. These
models are essential for navigation and are also used in studying Earth's climate and
atmospheric phenomena.

2.2 Maxwell's Equations and Electromagnetic Theory

Maxwell's equations are fundamental to the understanding of electromagnetic elds and
their interactions with matter. These equations, formulated by James Clerk Maxwell
in the mid-19th century, describe how electric and magnetic elds are generated and
altered by each other and by charges and currents [Max65]. They unify all previous laws
of electricity and magnetism and predict the existence of electromagnetic waves that
travel through vacuum at the speed of light.

The four Maxwell equations are:

Gauss's Law for Electric Fields:  This law quanti es the relationship between
electric charges and the electric eld they produce. It states that the total electric
ux out of a closed surface is equal to the charge enclosed divided by the permittivity
of free space. Mathematically, it is represented as:

r E=—; (2.3)

whereE is the electric eld, is the charge density, and is the permittivity of
free space.
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2.3 Magnetic Permeability

Gauss's Law for Magnetism:  This law states that magnetic monopoles do not
exist. Thus, the total magnetic ux through any closed surface is zero, re ecting
the non-existence of isolated north or south magnetic poles. It is expressed as:

r B =0: (2.4)

Faraday's Law of Induction:  This law explains how a changing magnetic eld
can induce an electric eld. This is the basic principle behind electric generators
and transformers. The equation is:

(2.5)

Ampere's Law with Maxwell's Addition: This law incorporates Maxwell's
correction to Ampére's original law, introducing the displacement current term,
which accounts for the changing electric eld in creating a magnetic eld, alongside
the conduction current. This is crucial for the formulation of electromagnetic waves
and is given by: |

&

@t

whereJ is the current density and  is the permeability of free space.

r B= o, J+ (2.6)

2.3 Magnetic Permeability

Magnetic permeability ( ) is a fundamental property of a material that describes its abil-
ity to support the formation of a magnetic eld within itself. It quanti es how a material
responds to an applied magnetic eld, speci cally how much it becomes magnetized in its
presence. The magnetic permeability is de ned for isotropic and homogeneous materials
as:

_ iBj.
T (2.7)
whereB is the magnetic ux density, andH is the magnetic eld strength. In vacuum,
permeability is constant, denoted as ,, and is approximately equal to4 10 ’ H/m
(henries per meter).
Depending on the relation of the material's permeability to the vacuum permeability

o, three fundamental types of magnetic behavior can be distinguished:
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Diamagnetic materials ( < ) exhibit a very weak, negative response to an
applied eld, slightly reducing the overall magnetic ux.

Paramagnetic materials (> , but close to o) show a weak, positive response
to an applied eld, slightly enhancing the magnetic ux.

Ferromagnetic materials ( o) exhibit a very strong response, can concen-
trate magnetic ux by several orders of magnitude, and are capable of retaining
magnetization even after the external eld is removed.

The concept of permeability is fundamental to understanding the interaction between
magnetic elds and materials. This understanding is of great importance in the design
of electromagnets, transformers, inductors, and many other elds of engineering.

2.4 Permittivity

Permittivity () is a measure of how an electric eld a ects, and is a ected by, a dielectric

medium. It is a measure of the ability of a material to store electrical energy in an electric
eld and also re ects the ease with which an electric eld can penetrate a material. In

isotropic and homogeneous linear materials, the relation is given by:

_iDj,
=g} (2.8)
whereD is the electric displacement eld andE is the electric eld strength. The per-
mittivity of free space ( (), also known as the vacuum permittivity, is a fundamental
physical constant that has a value approximately equal t8:854 10 2 F/m (farads
per meter). The relative permittivity ( ), or dielectric constant, of a material is a di-
mensionless quantity and is expressed as= —. This property is crucial in the study

of capacitors and various forms of dielectric materials used in electronic and electrical
systems, in uencing how electric elds interact with substances.

2.5 Magnetic Field Generation

Magnetic eld generation is a fundamental aspect of electromagnetism, arising from the
motion of electric charges. When an electric current ows through a caoll, it generates a
magnetic eld in and around the coil with a speci c orientation and strength that can
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2.5 Magnetic Field Generation

be manipulated by altering the current or the number of turns in the coil. This magnetic
eld of a coil is similar in shape to that of a bar magnet, having a distinct north and
south pole.

Several factors in uence the strength and con guration of the magnetic eld produced
by a coil:

Current : The intensity of the magnetic eld increases linearly with the current.
Doubling the current will double the magnetic eld strength.

Number of Turns : More turns in the coil will increase the magnetic eld strength,
as the eld contributions from each turn add up. If the number of turns is doubled,
the magnetic eld strength is also doubled.

Coil Geometry : The shape and size of the coil a ect the eld lines and strength.
A tighter coil (smaller radius) concentrates the eld lines and increases the eld
strength inside the coil.

Core Material : Inserting a material with high magnetic permeability inside the
coil (such as iron) can signi cantly increase the eld strength due to the material's
ability to concentrate magnetic ux.

2.5.1 Ideal Long Caoil

Inside an ideal long coil, the magnetic eldH is parallel to the coil axis and approximately
homogeneous. For a coil of length applying Ampére's Law yields:

H d=H I=N | (2.9)
@S

whereN is the number of turns.
From this, it follows that

H= (2.10)

The magnetic ux density B of an ideal long coil carrying a current can be determined
using the constitutive relation from Maxwell's equations (Eqn. 2.7), yielding:

NI

B:H:I

(2.11)
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2.5.2 Planar Coll

A planar coil consists of a at, spiral-shaped winding arranged on a single plane. Unlike
traditional solenoids, its geometry results in a distinct magnetic- eld distribution. The
magnetic eld lines exhibit a complex pattern due to the at structure, with the eld
being strongest at the center and gradually weakening toward the edges. The application
of Ampeére's law to planar coils is more intricate than in conventional solenoids due to
their geometry. Typically, analysis focuses on the central region, where the eld is most
uniform and exhibits the highest intensity.

When considering the magnetic eld at the center of the coil, a simpli ed approximation
can be used. The magnetic eld at the center of a planar coil can be approximated by:

N |
H center > ; (2.12)

whereN is the number of turns andr is the average radius of the coil.
The magnetic ux density B at the center of the planar coil is then given by:
_ I

= H center — ﬁ; (2-13)

B center

with = 4 ,, where , is the vacuum permeability and , the relative permeability of
the core material.

Compared to a long, cylindrical coil, the magnetic eld in a planar coil is less homo-
geneous and decreases from the center towards the edges. The formula derived above
for the magnetic ux density B at the center of the planar coil shows thaB is directly
proportional to the number of turns N and the current |, but inversely proportional to
the average radiug .

2.5.3 Magnetic Flux Density as a Function of Distance

Outside the coll, along the axis (perpendicular to the plane of the coil), the magnetic
ux density B decreases rapidly with the distance:

N | r?
B(z) -2 — _: 2.14
@ ez A (2.14)
For z r, the equation simpli es to:
N | r?
B(z 0 : 2.15
@) = (215)
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2.6 Electrical Resonant Circuits

The generation of an alternating magnetic eld, especially in mobile applications, has
to be as e cient as possible. Since coils have an inductive behavior, the impedance for
alternating current (AC) is given by: Z = R + jX , whereR is the Ohmic resistance
of the coil and X is the reactance de ned asX = 2 fL . This results in the fact that

an increased voltage must be applied to maintain a constant coil current at a higher
frequencyf or coil inductancelL.

Since the generation of high voltages is problematic, especially in mobile applications,
coils for magnetic eld generation are often operated in so-called resonant circuits. As a
result, the reactance is fully compensated for a speci ¢ frequency, leaving the coil current
limited solely by the coil's Ohmic resistance and the internal resistance of the source.

For an explanation of this principle, a charged capacitor is considered, which is con-
nected to a coil via an open switch. After closing the switch, an oscillation between the
capacitor and coil can be observed. In this process, the energy is periodically converted
between the electric eld of the capacitor and the magnetic eld of the coil. The frequency
of the oscillation corresponds to the resonance frequency, which is given by

f, = 4@1&; (2.16)
2 LC
where L is the coil inductance andC the capacitance of the capacitor. In an ideal
oscillating circuit, the oscillation is undamped and can be physically expressed as a
harmonic oscillator. However, in reality, losses occur in the circuit, causing the oscillation
to decay. Hence, a non-ideal electrical resonant circuit can be described as a damped,
harmonic oscillator.

If a resonant circuit is periodically excited near the resonant frequency, it performs a so-
called forced oscillation. Therefore, an external sinusoidal alternating voltage is applied
to the electrical resonant circuit, for example. Depending on the component arrangement,
a classi cation is made between a series resonant circuit and a parallel resonant circuit.
If a coil and a capacitor are connected in series relative to the excitation source, it is
referred as a series resonant circuit as shown in Fig. 2.1(a). When coil and capacitor
are connected in parallel, it is referred as a parallel resonant circuit (Fig. 2.1(b)). If the
excitation frequency matches exactly the resonance frequency of the resonant circuit,
then the reactances of the coil and capacitor cancel each other out, sin€g = X,
holds. In this case, the coil current in the resonant circuit is only limited by the Ohmic
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(a) Series resonant circuit. (b) Parallel resonant circuit.

Figure 2.1: Schematic representation of resonant circuits: (a) series and (b) parallel.

resistanceR:
\Y

RZ+ (X, Xc)?

(2.17)

a
- 9

whereV is the applied voltage. In this way, strong alternating magnetic elds can be
generated e ciently, even for high frequencies.

If we consider the coil current as a function of frequency, we see a peak with the
maximum at the resonance frequency, where the sharpness of the peak depends on the
so-calledQ-factor. The Q-factor can be expressed by the ratio between the reactance of
the coil X or the capacitor X and the Ohmic resistanceR at the resonant frequency

f,:
— XL _ 2f rL.
Q=R R "
Fig. 2.2 shows the normalized coil current as a function of frequency for di ere Q-
factors. It can be seen that the maximum coil current increases with th@-factor. This is

(2.18)

caused by the decreasing Ohmic resistance in the resonance circuit. However, the gure
illustrates that the high Q-factor is at the expense of bandwidth, which is de ned as

f
f =L 2.19
S (2.19)

The upperfy and lowerf, cut-o frequency is determined by the 3 dB limits of the
resonant circuit and can be calculated as follows:

f=f, ;f ,fH:fr+;f: (2.20)
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Figure 2.2: Normalized coil current as a function of frequency for di erentQ-
factors.

The equation emphasizes that a higlQ-factor is good from a power e ciency point of
view, but the small bandwidth causes a slow response of the circuit to signal changes. As
shown before, the amplitude of the oscillation depends on the resonance characteristic
of the oscillating circuit and becomes maximum at the resonance frequency. However,
it takes a certain rising time until the amplitude is maximized, and a steady state is
reached. After the excitation is switched o, the amplitude of the oscillation decreases
again. The decay time depends on the losses of the electric resonant circuit compared to
the stored energy.

How easily a system will oscillate and how long the system continues to oscillate after
the excitation is removed can be described by th@-factor. If we consider

E(t) = Eqe '°°; (2.21)

it can be seen that the amplitude of the oscillation energy decreases exponentially when
the driving voltage source is switched o . Based on the relationship between energy and
amplitude, the envelope of the decay can be derived. The duration characterizes how
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Figure 2.3: Normalized colil current as a function of time.

long the amplitude must decay until it reaches 1/e of the initial amplitude:

L -2Q_QT,

| (2.22)

0

whereT, is the oscillation period, de ned as, = ,2—0 It can be shown that approximately
the same time constant applies for the settle time after activation of the AC source
[Vis18]. An example is given in Fig. 2.3. The curve shows the evolution of the normalized
coil current over time for a series resonant circuit that is excited from time 0 t@890 s .

The rise and decay time in this example is approximatel§00 s .

2.7 Near-Field and Far-Field

For magnetic communication and localization within the frequency range from extremely
low frequency (ELF) to medium frequency (MF), it is crucial to recognize that the
commonly known wave solutions of Maxwell's equations do not universally describe
electromagnetic elds and radiation.

The standard homogeneous wave equations, which serve as the basis for plane wave
solutions [Vis18], are only valid beyond a certain minimum distance from the source. The
region beyond this threshold is referred to as the far- eld. In the far- eld, electromagnetic
waves propagate as coupled electric and magnetic elds that are perpendicular to each
other and maintain a xed ratio.

The region between the source and the start of the far- eld is called near- eld. In the
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2.7 Near-Field and Far-Field

Figure 2.4: Schematic of the spatial regions near- eld and far- eld.

near- eld region the electric and magnetic eld are not perpendicular and not have a
xed ratio to each other. Because most of the energy which is build up in the near of the
source retracts again to the source, it is not natural to use the word radiation. Here,
the word eld is more appropriate. Furthermore, the near- eld can be divided into
two subregions. The radiating near- eld, where the angular eld distribution depends
on the distance, and the reactive near- eld, where the energy is stored but not radiated
[NR*07].

In summary, the terms near- eld and far- eld describe distinct spatial regions sur-
rounding a radiator in antenna technology, each with unique properties. These regions
are illustrated schematically in Fig. 2.4, and their characteristics are summarized in the
following list:

The reactive near- eld is the area in the immediate vicinity of the radiator. In
this region, transmission is non-radiative. In the case of a coil, a magnetic eld is
obtained. Magnetic eld lines are closed.

The radiating near- eld is the transition eld, also referred to as the Fresnel region.

The far- eld , also called the Fraunhofer region, is the area in which an electromag-
netic wave propagates in space as a wave. In the far- eld, magnetic communication
su ers from multipath propagation and the associated fading at the receiver side.

The transition from the near- eld to the far- eld does not occur at a discrete distance
and is a continuous process. Hence, the near- eld far- eld boundary is de ned as a spatial
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region where the near- eld merges into the far- eld. Therefore, di erent equations exist in
the literature for determining the near- eld-far- eld boundary. In general, the boundaries
between the individual regions depend on the wavelengthand are radiator-dependent.

For a coil antenna, where the antenna size is much smaller than the wavelength, the
reactive near- eld is often de ned for distances up to= (2 ) around the radiator and the
far- eld is said to start at about 4 . The distanced at which the non-radiative near- eld
passes to the radiating near- eld is given as:

— Cmedium_
d= =2 (2.23)

wheref is the frequency of the transmitted signal and,cqium the speed of light in the medium
[NR* 07]

Note that the speed of light depends on the propagation medium. It can be determined

as follows: 1 L
Chedum = P—= p——— = 137(:0 ; (2.24)
rr

Oror

where ¢y describes the speed of light in vacuum, the absolute permeability, , the
relative permeability, o = 4 10 7 H/m the vacuum's absolute permeability,
the absolute permittivity, , the relative permittivity and , = 8:85 10 ** F/m the
vacuum's absolute permittivity. For example, the near- eld far- eld boundary in air for
Cir = 3 10° m/s and f = 100 kHz results ind,;  477m.

The relative permeability of water is approximately , = 1, which corresponds to that
of air. The relative permittivity in water is di erent from that of air and is a frequency,
temperature and salinity dependent parameter. For pure water with a temperature
of 10 C and a signal frequency between 0 Hz and 1 GHz, the permittivity is about

rwater  S4[AW90]. The relative permittivity for water decreases slightly with increasing
temperature and / or salinity (shielding e ect) [GP16]. However, this e ect is very small
for temperature and salinity variations of common water types, so it can be neglected
here. For example, given a signal frequency 6f = 100 kHz and a speed of light of
Coater = 3:27 10" m/s in pure water with , = 84 the maximum non-radiative near- eld
communication distance yields ird,; = 52 m. This value for the considered underwater
channel and transmission frequency is independent of the transmitter power and receiver
sensitivity.
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2.8 Introduction to Magneto-Inductive Communication

MI communication utilizes the magnetic eld component of electromagnetic waves, rather
than the electric eld component, which is commonly used in traditional radio frequency
(RF) communication technologies. This o ers several distinct advantages in environments
where conventional RF communication faces signi cant challenges. This includes under-
water, underground, and other environments where high attenuation or interference is
prevalent.

MI communication operates through magnetic elds generated by coils. When an
alternating current (AC) ows through a transmitter coll, it generates a magnetic eld
that induces a voltage in the receiver coil, thereby facilitating signal transmission. This
method provides several bene ts, including low propagation delay, resilience to environ-
mental noise, and the absence of multipath fading in near- eld conditions. However, its
primary limitation is the short communication range, as the magnetic eld strength
decays rapidly with distance.

The transmission range of this communication technique is determined by specifying a
minimum signal-to-noise ratio (SNR) required at the receiver. Here, the value is de ned
for the distance where the SNR on the receiver output is 0 dB. In conventional Ml
communication systems, the characteristics of the transmitting and receiving coils, as
well as the coupling between the coils, in uence the achievable transmission distance. The
Agbinya-Masihpour model is used here as the basis for calculating the communication
properties [Mas12].

The Ml link budget can be expressed by the following equation:

I'3
dgc 1+ ;f _ PrQrQr 1 T:)r,T r,Rr?r% 2; (2.25)
cc R

whered, is the transmission rangeP; the transmitter power, Pi the receiver sensitivity,
Qr = Zrer— the transmitter quality factor, Qg = 295 the receiver quality factor,

RILQ1+ Rg L2t RL
= s the transmitter coil e ciency, the receiver coil e ciency, r

T~ Rs+R_; R~ R|_+7Ih|_2
the relative permeability of the core material of the transmitter coil, g the relative
permeability of the core material of the receiver coil,; the transmitter coil radius, andrg
the receiver coil radius. Since distance depends @+ 1 andQgr g, WhereQ; +is
xed while Qr R is a function of load resistancdR, , in Table 3.2 we have optimized
R, in order to approach maximum distance. Equatior{2.25) can be partitioned into a

term with a signi cant in uence on the determination of the distance and a so-called
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correction term with a minor in uence ond.:

Oee= d° d; (2.26)
where v
ﬁ PrQrQr 1 R T Rr'?'rg 2
6
d°= PRF' - : (2.27)
and the correction term is 1
d = F—: (2.28)
1+ L

If the communication distance is large compared to the radius of the transmitter coil,
the following approximation holds:

1
——— 1, forry dg: (2.29)

1+

— N

3

cc

This simpli es the link budget, so that the transmission ranged,. can be approximated
asd,. d°
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Magnetic Communication Using
High-Sensitivity Magnetic Field
Detectors

The performance of commercially available magnetic eld sensors is constantly improving,
o ering high sensitivity and low noise. Some sensor designs also o er bandwidths up
to the megahertz (MHz) range. The receiver coil of a conventional magneto-inductive
(MI) system can be replaced by such high-sensitivity, low-noise, broadband magnetic
eld sensors. This chapter introduces and analyses the innovative approach to magnetic
communication that uses high-sensitivity, wideband magnetic eld detectors instead of
conventional receiver coils. This method increases detection sensitivity, extends com-
munication range and enables novel modulation schemes. This approach enables the
development of low-cost and compact receiver units for mobile applications, taking ad-
vantage of the relatively large bandwidth to achieve high data rates.

It is important to note that the measurement principle of most magnetic eld sensors is
not based on MI. As a result, the system performance and the trade-o s between relevant
system parameters for the magnetic communication approach under consideration are
di erent from those for Ml communication.

The chapter is structured as follows: First, the characteristics of magnetic eld sensors
and their applicability to underwater communication are discussed. Then a channel
model for magnetic communication is derived, including a link budget analysis for both
homogeneous and heterogeneous transmission media. Subsequently, an experimental
prototype design is presented and the in uence of key parameters such as signal-to-noise

35



Chapter 3 Magnetic Communication Using High-Sensitivity Magnetic Field Detectors

ratio (SNR), receiver bandwidth and coil radius on system performance is analyzed both
theoretically and experimentally.

3.1 Characteristics of Magnetic Field Sensors

A wide variety of magnetic sensors are commercially available. Most of these sensors mea-
sure the magnetic ux density of the magnetic eld based on di erent sensing principles.
Certain types of magnetic eld sensors have become established for speci c measure-
ment tasks. For instance, giant magneto-resistive (GMR) sensors are utilized in reading
heads of hard disks, whereas superconducting quantum interference devices (SQUIDSs)
are employed for measuring weak biomagnetic elds. This section characterizes the most
common sensors with respect to their suitability as a wideband receiver in a magnetic
communication system. The crucial characteristics for mobile communication purposes
are summarized in Table 3.1.

SQUIDs are ultra-sensitive magnetic eld sensors [RJ10]. The sensors can measure
magnetic ux densities on the order of fT (for example brain activity tracking by
magnetoencephalography). To maintain superconductivity, SQUIDs must operate
within a few degrees of absolute zero. This is achieved by continuously cooling the
devices with liquid helium, which is certainly not possible for mobile applications.

The optical pumping resonance method exhibits very high sensitivity at low frequen-
cies, but the sensor is large and is only able to detect the scalar value of a magnetic
eld. The major problem regarding communication purposes is that the sensitivity

of these magnetometers decreases rapidly for frequencies above 10 Hz [LEO6]. This
prevents communication at reasonable data rates.

Hall e ect sensors are among the most popular magnetic eld sensors. The sensors
are very cheap and are mainly used as proximity indicators. They cannot be used
for navigation purposes due to their low sensitivity [VR 15]. Most properties of
Hall e ect sensors are suitable for magnetic communication systems. However,
the high detection threshold results in very short communication ranges.

Fluxgate sensors can detect magnetic elds on the order of pT. Due to the small
size and battery power supply, uxgate magnetometers are quali ed for mobile
applications. The achievable data rate is limited by the upper frequency of a
uxgate sensor, which is about 10 kHz [LEO6].
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Another well-known type of detector is the GMRs. For example, these sensors are
implemented in almost every smartphone for compass functionality. Anisotropic
magnetoresistive (AMR) sensors are also used in smartphones. Both sensor types
require ultra-low power consumption and are cheap. The main advantage is a high
bandwidth of up to 1 MHz and beyond. Due to the lower detection limit of AMR
sensors, this sensor type is particularly suitable for communication systems.

In addition to the features mentioned in Table 3.1, depending on the application, other
characteristics should be addressed, such as linearity, demagnetization caused by high
eld strengths, and directivity of the magnetic eld.

Cy
Flip generator
Rs L1
Instrumen-
AMR tation Vout
i 1 R|_1 ampli er

Figure 3.1: Coil-to-AMR topology under investigation, presented as a simpli ed
schematic for conceptual understanding.

Based on its tting properties, the AMR sensor is chosen as an exemplary implementa-
tion for the proposed communication system topology, which is illustrated in Figure 3.1.
The AMR sensor is discussed in more detail in the following section.

3.2 AMR Sensors

The AMR e ect has been discovered by William Thomsen in Glasgow in 1857 [Tho56].
He found that single-domain ferromagnetic thin- Ims have a two percent higher resis-
tance in the direction of magnetization than in the orthogonal direction. Between these
orientations, the resistance of an AMR thin Imstrip in a magnetic eld can be described
as a function of angle.

This e ect is used in an AMR sensor for the detection and measurement of mag-
netic eld magnitudes and directions. Frequently, the single-domain thin Imstrip is
implemented in a Wheatstone bridge. The measured voltage di erence depends on the
magnitude and direction of the magnetic eld [RJ10]. In most AMR sensors a so-called ip
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Table 3.1: Comparison of magnetic sensors with regard to mobile communication.
SQUID Optical Hall Fluxgate GMR/TMR AMR Induction
Pumping
Detection limit fT pT T pT nT nT fT-T
Power supply Line Line Battery Battery Battery Battery Battery
Size Medium Medium Ultra Small Small Ultra Ultra small-large
small small
Measured value Vectorial Scalar Vectorial Vectorial Vectorial Vectorial Vectorial
Sensor noise Ultra-low Ultra-low High Low High Medium Low
Bandwidth Small Small Medium Medium Medium Large Small
Saturation by M_M:: S magnetic Yes Yes No No No No No
Operating temperature Ultra-low Normal Normal Normal Normal Normal Normal
Cost High High Low Medium Low Low Low
mc;mc___a.\ 81 mobile No No Yes Yes Yes Yes Only small coils
applications
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coil is integrated, which ensures the full sensitivity of the AMR sensor for the detection of
weak magnetic elds and can also be used for o set correction of the AMR sensor [NB].

If a su ciently high electrical current ows through the integrated ip coil for a short
time, a magnetic pulse is generated. In practice, pulses with alternating signs are gener-
ated. After every pulse the current direction changes, thus the generated magnetic eld
is directed opposite to the actual ferromagnetic thin- Im-magnetization. This bipolar
magnetic pulse ips the magnetization of the ferromagnetic thin Im between two stable
states. Every magnetic pulse forces a new alignment of the internal magnetic domains.

In Figure 3.2 an illustration of a common AMR sensor integrated in an SO8 housing is
shown. The ferromagnetic single-domain thin Imstrip is implemented in a Wheatstone
bridge. The signal can thus be measured as a di erential voltage between pin 2 and pin 5.
A ip coil is implemented between pin 1 and pin 8 for o set correction and detection of
weak magnetic elds.

AMR sensors o0 er many advantages compared to other sensor principles for use in
mobile communications. In addition to the small size, low power consumption, and room-
temperature operation that suit this type of sensor for mobile communications, the main
advantage is a reasonably low detection limit in the nanotesla range combined with a
bandwidth of more than 1 MHz. Sensor principles such as optically pumped sensors
o er a lower detection limit, but are extremely narrowband and therefore only suitable
for low-rate communications applications. In addition, AMR sensors are not saturated
by the Earth's magnetic eld and therefore can be used in unshielded environments.

However, AMR sensors o er a shorter communication range than optically pumped
and uxgate sensors due to their lower sensitivity. Additionally, the necessity for periodic
ipping to ensure maximum sensitivity is also a disadvantage that has to be considered
in circuit design.

In our prototype, for instance, a Sensitec AFF755 low noise AMR sensor (Figure 3.2)
[Senl17] low-noise AMR sensor is used to implement a magnetic eld detector as receiver.
The typical sensitivity is speci ed as 15';/1’/,\; . The noise level is given as 1@% for fre-
guencies above 108z up to the cuto frequency, which is about 1 MHz. For an assumed
bandwidth of 999.9 kHz, this corresponds to a noise amplitude spectral density35 VvV
without considering the noise of the instrumentation ampli er. The resulting detection
threshold of the magnetic ux density of this AMR sensor is given aB,, 93nT if

the full bandwidth is exploited. Accordingly, for 100 kHz bandwidthB,,;, 29nT.
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Magnetic eld direction

1 2 3 4

Figure 3.2: AMR sensor schema referring to [Senl17].

A ip coil is implemented between pin 1 and 8 for o set correction and detection of
weak magnetic elds [NB 17]. If a su ciently high electrical current ows through the
integrated ip coil for a short time, a magnetic pulse is generated. In practice, pulses with
alternating signs are generated. After every pulse the current direction changes, thus
the generated magnetic eld is directed opposite to the actual ferromagnetic thin- Im-
magnetization. This bipolar magnetic pulse ips the magnetization of the ferromagnetic
thin Im between two stable states. Every magnetic pulse forces a new alignment of the in-
ternal magnetic domains. This principle ensures the full sensitivity of the AMR sensor
for the detection of weak magnetic elds. The ipping of the magnetization direction
can also be used for o set correction of the AMR sensor.

For the theoretical investigation of a transmission system, it is a common practice
in communications engineering to describe its properties by a so-called channel model.
The channel model characterizes the entire transmission path from the transmitter to
the receiver. This includes the communication medium, but also describes the noise
characteristics of the transmitter and receiver, since noise is generated by the transmitter
output stage and the receiver input stage.

Based on the channel model, the SNR can be calculated, which is used for the calcu-
lation of bit error rates and channel capacity.

3.3 Channel Model / Link Budget

The path between transmitter and receiver is de ned as the channel. If the channel
characteristics are known, it is possible to create a theoretical model of the channel. The
channel model is used as a basis for selecting an e cient communication technique and
de ning the communication parameters. Depending on the transmission medium, the
characteristics of a channel can vary greatly.
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This thesis focuses primarily on the application of magnetic communication in wa-
ter and air. The remainder of this work will examine these communication media in
detail. In general, a distinction is made between homogeneous and heterogeneous me-
dia. The characteristics of homogeneous media are approximately constant, whereas
the characteristics of heterogeneous media are location-dependent. Conventional models
for calculating the performance of magnetic communication systems are based on the
assumption of a homogeneous, in nitely extended transmission medium. For underwater
scenarios, this assumption holds neither near the surface nor near the bottom. For this
case, a heterogeneous model is required to consider a multi-layer scenario.

3.3.1 Homogeneous Transmission Medium

In conventional Ml communication systems, both the characteristics of the transmitter
and receiver coils and the coupling between the coils a ect the transmission range.

Magnetic communication (MC) in Non-Conductive Media

If an AMR detector is used, the maximum transmission distance depends on the magnetic
ux density B which is present at the receiver side [Coel0]. According to Biot-Savart's
law, for a planar coil with N windings, excitation currentl, and azimuth angle with
respect to the main coil axis, at a distancel the magnetic ux density can be expressed
in non-conductive environments (like air) as

oNIr?cos( ).
2(r2+ d2)3=2 !

(3.1)

wherer = (r, + r;)=2 with r, being the outer andr; the inner radius of the coil. The
magnetic eld constant is given as o = 4 10 . Note that for d  r the magnetic
ux density is proportional to 1=c’.

MC in Conductive Media

Conductive media like seawater are a challenge for all known wireless communication
principles, as they are subject to high signal attenuation underwater, which makes com-
munication at reasonable data rates very di cult. For magnetic communication in con-
ductive media such as seawater, additional frequency-dependent signal attenuation is
caused by eddy currents. Eddy currents produce a negative moment that changes the
transmitted moment and the eld distribution. The signal attenuation is a function of
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the skin depth . For good conductors, the well-known approximation for the skin depth
applies:

= pif_; (3.2)

For bad conductors, e.g. seawater, a more general expression must be used [JB68]:

1
s : (3.3)
2
2f oo 1+7(2ff;2r2n 1

|
®

The equation shows that the signal frequency, the magnetic permeability ., the
permittivity ,, and the conductivity of the transmission medium ,, contribute to
the skin depth. For a homogeneous conductive transmission medium, the eddy-current-
related signal attenuation can be expressed by the term

2,2

p d
e : (3.4)

Altogether, (3.1) can be extended as

P—
oNIr2cos () d?er?
2(r2+ d2)3=2

(3.5)

This clearly demonstrates that the magnetic ux density decreases with increasing signal
transmission frequency and/or conductivity. The conductivity of water is mainly given
by the number of ions and increases with salt concentration, where the main types of
ions in seawater are chlorine and sodium. The salinity for di erent water types like tap
water, lake water, or seawater varies widely. In general, a categorization is made between
freshwater (0.1 %), brackish water (between 0.1% and 1 %), and saltwater (1 %).
The connection between salinity and electrical conductivity is studied in detail in [FM83].

To specify the loss of the strength of the magnetic eld between the transmitter and
receiver in the presence of a given homogeneous medium, the magnetic loss is derived
from (3.5) as

0 |
2 3—2 3
MLiom = 20log,, %Z(r d ) & 20log, 2rL
e
o © 1
2 + 2y 3=2
- 20l0g,, BA T L) e (3.6)

d2+r2

2r3e
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The value represents the loss of the magnetic eld amplitude in dB for a speci ¢ distance
from the transmitter, an optimal alignment ( = 0) depending on the transmitter coil
radius and the skin depth of the medium and is independent of the number of windings
and the coil current. The magnetic loss is normalized to the magnetic eld strength at
the physical center of the coil, constitutingd = 0. Fig. 3.3 displays the magnetic loss

Figure 3.3: Magnetic loss as a function of distance from the source for selected
homogeneous media.

for magnetic communication as a function of distance for the conductivity of air, tap
water, Kiel Fjord water, and Baltic Sea water. Here, the magnetic loss is plotted for
the signal frequencieslO kHz and 100 kHz. For d r in non-conductive media like
air the magnetic loss is proportional tod® and independent of the signal frequency. For
conductive media, i.e. > 0, the magnetic loss increases with increasing conductivity
and signal frequency. However, the plot demonstrates that the in uence of increasing
conductivity can be compensated by reducing the signal frequency.

As a measure of performance for the magnetic eld sensor the so-called sensibility
Bmin IS de ned here. The sensibility describes the sensitivity of the sensor in relation to
its inherent noise. It is de ned in this thesis by the magnetic ux density at which the
root mean square (RMS) signal level is equal to the RMS noise level (SNR = 0 dB).
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Figure 3.4: Communication range for an SNR of 0 dB as a function of the sensibility
Bmnin Of the magnetic eld detector for di erent water types.

Fig. 3.4 shows the dependency between communication range and sensibility for se-
lected water types. It is important to note that the communication range refers to an
SNR of 0 dB, which is not a general upper limit for the sensitivity of the sensor. If the
overall detector would be able to operate at an SNR of less than 0 dB, for example
by means of low-rate channel coding, the curves in Fig. 3.4 would move towards larger
ranges.

3.3.2 Heterogeneous Transmission Medium

In conventional models the performance of magnetic communication systems is calculated
based on the assumption of a homogeneous, in nitely extended transmission medium.
This assumption is not accurate near the water surface or near the seabed. In the
area of magneto-inductive underground communication are approaches, which model the
signal propagation in heterogeneous media, see for example [KI&]. However, frequently
only the distance-dependent variations of the medium between transmitter and receiver
are considered. In the case of underwater communication, the vertical variation of the
medium is important, with the interface between water and air representing the largest
change in the properties of the medium. If the transmitter or receiver is placed at a
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relatively shallow depth below the water surface and if the communication distance is
su ciently large, the magnetic eld lines will partially pass through the air.

Consequently, the magnetic eld strength is less attenuated, leading to an underesti-
mation of the communication range by most existing models. In [Wai54], a scenario is
examined in which a coil is placed exactly on the boundary between two media. However,
in the referenced publication the coil is simpli ed as a magnetic dipole. Consequently,
this approximation is valid for distances much larger than the coil radiusd r). Also,
only a 2-layer model is supported and it is not possible to consider a coil placed at
di erent depths below the sea surface. For this reason, an nite element method (FEM)
analysis using COMSOL Multiphysics is applied. In this context, a deep-water scenario
and a shallow-water scenario are modeled and investigated.

Deep Water Model

If the water is much deeper than the communication distance, the properties of the
seabed are negligible. In the so-named deep-water scenario, the modeling of a 2-layer
model is su cient. The scenario is illustrated in Fig. 3.5. In this model the main coll
axis is aligned in parallel to the sea surface and di erent coil depths are emulated by
a vertical shift of the coil. The conductivity of seawater is assumed to be=1:2 S/m

and the signal frequency is selected ds = 100 kHz. As a reference, the magnetic
loss for homogeneous in nitely extended air and seawater is shown. Fig. 3.6 shows the
corresponding results of the FEM calculation for various communication depths. The
results con rm the assumption that the magnetic loss gradually increases with depth
below the sea surface. First, it can be seen that all curves for the di erent water depths
initially follow the same function. Above a distance that is about twice the depth below
the sea surface, the magnetic loss curve converges to the distance ddwThese results
validate that the known homogeneous channel models underestimate the channel if the
depth is smaller than the transmission distance.

Shallow Water Model

In some scenarios, the communication distance is shorter than the water depth. Especially
in harbor areas or coastal regions, there are shallow water depths. In this case, the
properties of the seabed should be considered in the model to allow an accurate calculation
of the magnetic loss. Therefore, a 3-layer FEM model was developed that represents
the media of air, water, and the seabed. Fig. 3.7 shows the modeled scenario and the
selected magnetic and electrical parameters of air, water, and seabed. The main coil axis
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AII’( I'1:11 I'1:11 1:0 S/m))

Water( I’2:11 I’2:841 2=1:2 S/m))
depth

Tx Rx

Figure 3.5: Deep water 2-layer model for communication near the water surface.

Figure 3.6: Magnetic loss as a function of distancd in deep water for di erent
depths given the scenario in Fig. 3.5. The signal frequency is speci edfas 100 kHz
and the conductivity is =1:2 S/m.
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Air( 1=1, ;1=1, =0 S/m))
Water ( 2= 1, 2= 84, 2= 1:2 S/m))
depth
d
TX RX
depth
Seabed (,3=1, ,3=10, 3=0:05S/m)

Figure 3.7: Shallow water 3-layer communication model.

Figure 3.8: Magnetic loss as a function of distancd in shallow water for di erent
depths given the scenario in Fig. 3.7. The signal frequency is speci edfas 100 kHz

and the conductivity is

=1:2S/m.
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is aligned in parallel to the water surface and is located at half the water depth. The
signal frequency i§ = 100 kHz.

In Fig. 3.8 the calculated magnetic loss based on the FEM analysis is plotted as a
function of distance for di erent water depths. As expected, the magnetic loss increases
with communication depth. In direct comparison to the results of the deep-water 2-layer
model in Fig. 3.6, it can be seen that the seabed slightly reduces the magnetic loss
compared to seawater due to its greater skin depth. It is veri ed, that the use of a multi-
layer model can improve the accuracy of the results in both scenarios. Consequently, it
can be said that the assumption of a homogeneous, in nitely extended medium leads
to an underestimation of the channel at low communication depths and shallow-water
scenarios.

3.4 Transmitter Modeling

In magnetic communications, a modulated magnetic alternating eld is used for data
transmission. The transmitter generates the magnetic eld by a coil that is driven by
an electrical current. The properties of the coil and the current owing through the coil
indicate the strength of the magnetic eld generated, as shown before in section(2.5). By
substituting the number of turns, the current through the coil, and the coil radius from
Eqgn. 3.1, the magnetic moment is obtained. The magnetic moment is a measure of the
strength of a magnetic source and is equivalent to the electric dipole moment.

m= NIr % (3.7)

In order to maximize the magnetic moment generated by the coil, the number of turns,
the current, and/or the area enclosed by the coil can be increased. It is obvious that
additional power is required to increase the coil current. However, it should be noted
that additional power is also required to keep the current through the coil constant when
the length of the conductor and thus the electrical resistance increases, which is the case
when the number of turns or the radius of the coil is increased.

3.5 Receiver Modeling

The modulated magnetic eld is measured by a magnetic eld sensor on the receiver
side. The magnetic eld sensor converts the magnetic signal to an electrical signal. After
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ampli cation of the analog electrical signal, the signal is converted to a digital signal,
followed by a digital signal processing chain. To de ne the detection threshold of the
MC system setup, the sensitivity of the magnetic eld sensor and the noise level of the
receiver circuit are characterized. The resulting detection threshold is given for an SNR
=0 dB.

To obtain the SNR at the output of the analog-to-digital converter, the contributions
of all circuit components of the receiver circuit must be characterized and included in the
calculation. A major contributor to the noise are the AMR sensor and the instrumentation
ampli er. However, the other active and passive circuit components also contribute to
the noise oor. The receiver performance is determined by the ratio of the magnetic
eld sensor sensitivity and the total noise of the detector circuit, which is a bandwidth-
dependent value.

The noise voltage densityEy of active components is given in the data sheet and
has the unit p% From this, the RMS noise voltageEgys y can be calculated by using
theequivalent noise bandwidth (ENBW) f of the receiver:

q_
Ervs,n = Ex T (3.8)

The ENBW can be obtained by the Iter 3 dB frequencyf; 4z and the steepness of

the Iter type used, which compensates the characteristic of the Iter:f =s f34s.

For a brick wall Iter, f = f;4s applies. For example, if a pole Iter with one pole is
used, the value is de ned as = 1:57.

The RMS noise voltage at the receiver outpubrys, n is calculated by summing all
noise sources. For this purpose, all contributing circuit components must be considered.
For the proposed communication system, the AMR sensor and the instrumentation
ampli er are the main noise sources on the receiver side:

Urms, N = 9Erus, aMr + Erwms, avp ; (3.9)

whereg is the ampli er gain. Note that the noise of the AMR sensor is ampli ed by the
instrumentation ampli er.

The RMS voltage of the wanted signal at the detector output can be obtained by:

Urms, s = 9SBRrus; (3.10)

where Bgys is the RMS value of the magnetic ux density, which is present at the
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transmitter. Furthermore, the sensitivity S; of the magnetic eld sensor and the ampli er
gain g must be considered. Sinc&rys, s B applies, Ps B? holds. This clearly
demonstrates that the power decreases hy °. To obtain Brys at the receiver, the
magnetic ux density as a function of the link distance in di erent media must be
derived.

3.6 SNR

The SNR is given by the ratio of the average power of the wanted signal to the average
background noise power. For the characterization and performance of a communication
system, the SNR is calculated or measured at the receiver output. This includes the
in uence of the transmitter, channel, and receiver. In the following section, the SNR
is numerically calculated as a function of various relevant parameters of the communi-
cation system. This allows to describe and evaluate the theoretical performance of the
communication system. The SNR at the detector output is de ned as the ratio of the
measured voltage of the desired signal to the noise voltage at the receiver output:

PS UI%MS, S.

SNR= —= =

: (3.11)
Pv  Ulus n

3.6.1 SNR vs. Coil Radius

Fig. 3.9 shows the SNR at the receiver output as a function of the radius of the transmitter
coil and a varying distance between transmitter and receiver. The amplitude of the coll
current is set tol = 7 A and the number of windings toN = 100. The analysis is
performed for a non-conductive medium like air or pure water for a perfect alignment
( =0) and a bandwidth of f = 5:4 kHz. Note that the SNR initially drops with
increasing radius at small transmission distances. This is explained by the fact that
the distance from the coil axis to the current-carrying conductor increases. At larger
transmission distances q r), the enlargement of the radius has the e ect of an
increasing SNR.

3.6.2 SNR vs. Receiver Bandwidth

Fig. 3.10 shows the expected SNR on the receiver output as a function of communication
distance and bandwidth. As expected, the SNR decreases with increasing bandwidth and
distance. Consequently, the system design should consider bandwidth e ciency, which
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Figure 3.9: SNR at the receiver output as a function of the radius of the transmitter
coil and the transmission distance.

describes the rate of information that can be transmitted with a given bandwidth for
the communication system.

It should be considered that the frequency of the alternating eld in conductive mate-
rials also contributes to attenuation, this must also be taken into account in the system
design.

3.7 Channel Capacity

The maximum information rate (in b/s) at which information can be transmitted quasi
error-free over a channel is expressed by the channel capacity. The calculation of the
channel capacity depends on the type of transmission channel and can be simpli ed for
some channels. As seen before, for the magnetic communication between a coil and an
AMR based receiver, the channel distortions can be modeled by additive white Gaussian
noise (AWGN) in good approximation. For this characteristic with Gaussian-distributed
channel input symbols, the single-input single-output channel capacity can be calculated
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Figure 3.10: SNR at the receiver output as a function of the receiver bandwidth
and the transmission distance.

by using the Shannon Hartley theorem:

Ps+ Py .
Pn ’

Cwen = f log, 1+ Ei = f log, (3.12)
where f is the channel bandwidth,Ps the received signal power an®, the noise power.
The channel capacity for a given distance can be determined by knowing the total signal
which is a superposition of the useful signal plus noise (numerator) and the noise only
(denominator). In Fig. 3.11 the channel capacity is plotted as a function of SNR for
di erent bandwidths. The blue curve represents the channel capacity for a bandwidth
of 5.4 kHz and the red curve the channel capacity for a bandwidth of 1 MHz, which
corresponds to the maximum bandwidth of the AMR sensor used in the prototype. It
can be seen that the channel capacity for an SNR of 0 dB is equal to the bandwidth and
increases with SNR. With increasing SNRs both curves atten out. The channel capacity
for 1 MHz in approximately 185 times higher. At this point it should be remembered
that the receiver noise also increases with the bandwidth (see Fig. 3.10) and the SNR is
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Figure 3.11: Channel capacity as a function of SNR for a bandwidth of 5.4 kHz
and 1 MHz.

smaller for that reason.

3.8 SNR Enhancement through Spatial Averaging

As shown in Section 3.7 an improved SNR at the receiver increases the channel capacity
of the communication link. This is due to the fact that the probability of the occurrence

of transmission errors is reduced. To improve the SNR one option is to boost transmission
power. The counterpart is the reduction of the noise power of the system. Obviously,
the noise can be reduced by using a smaller bandwidth. However, this also reduces the
channel capacity. Another approach to minimize receiver noise is based on the statistical
independence of noise.

Due to statistical independence, the noise variances add incoherently, while the signal
amplitudes add coherently when averaging over sequences. Consequently, the signal
power increases proportional t;m?, whereas the noise power increases proportional o
This results in an improvement of the signal-to-noise ratio according to the central limit
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theorem by the factor

— = nNn.: (313)

If the channel noise is very low, approximately all noise contributions at the receiver
output are generated in the detector circuit.

In this case, spatial averaging of the measured signal is a preferable alternative to time
averaging. This can be realized by using > 1 magnetic eld sensors for signal detection.
In physical averaging, the symbol rate remains the same, while in time averaging, the
symbol rate decreases. Due to the small footprint of the AMR, many sensors can be
mounted on a mobile-friendly receiver circuit to produce an SNR improvement.

To investigate the in uence of the physical number of magnetic eld sensors working
jointly on the SNR practically, a detector circuit with four independently operating AMR
sensors was developed. This allows a separate measurement data acquisition for each
sensor. Afterwards, the measured signal can be digitally summed and evaluated for a
varying number of sensors. In the measurement setup, an alternating magnetic eld
of 100 kHz was generated by the transmitter coil. This signal was measured with the
detector array and digitally evaluated.

Figure 3.12: Power spectrum measured for sensor array with a maximum number
of four sensors working jointly.
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Fig. 3.12 presents the power spectrum as a result of the combination of the signals
from a di erent number of sensors. The spectrum shows that the signal power increases
by 6 dB when the number of sensors is doubled. The noise level, on the other hand, only
increases by 3 dB when doubling the number of sensors. This gives a total SNR gain
of 3 dB when doubling the number of sensors that work jointly. Since the measurement
results are in accordance with the central limit theorem, the magnetic channel noise can
be neglected in the considered frequency range. This shows that spatial averaging with
numerous sensors can be a useful method to improve SNR.

Derivation of the Coil-to-AMR Transmission Range

If an AMR detector is used, the maximum transmission distance depends on the magnetic
ux density B at the receiver side [Coel0]:

_ ouNIrg, (3.14)
2dgAMR ,

where , =4 10 7 is the magnetic eld constant,N the number of turns of the
transmitter coil, and | the electrical current through the transmitter coil. Accordingly,
the transmission ranged.aur IS

S

Nir%
doar = ——T—T r;B T (3.15)

If B is replaced by the detection threshold of the magnetic sens&,,, , the maximum
communication range is obtained for an SNR of 0 dB.

3.9 Sensitivity Analysis

In this section, theoretical investigations and the corresponding numerical results are
presented for coil-to-AMR communication and are compared with classical Ml commu-
nication that uses coils on both the transmitter and receiver side. These calculations are
supported by measurements from a prototype implementation.

In this context, the in uence of the adjustable system parameters on the proposed mag-
netic communication system is investigated. The adjustable parameters are investigated
separately for the transmitter and receiver side. The results of the analysis can serve
as a design guide for magnetic communication systems. The maximum communication
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distance considered is set to 50 m, which approximately corresponds to the non-radiative
near- eld boundary in water for a signal frequency of 100 kHz.

3.9.1 Transmission Range for Di erent Coil Radii

From Eqn. 2.26 and Eqn. 3.15 the direct in uence of the coil radii on the transmission
range is evident. In coil-to-coil transmission, both the radius of the transmitter and
receiver coils can be adjusted. For communication from the coil to the AMR, the receiver
coil is replaced by a magnetic eld detector. Consequently, only the coil radius on the
transmitter side is scalable.

In the following, the in uence of the transmitter and receiver coil radii on the coil-to-
coil communication and the transmitter radius on the coil-to-AMR communication is
compared. The analysis is done for air coils, i.e., 1

Figure 3.13 shows the transmission range as a function of the radius of the transmitter
coil ry for coil-to-coil and coil-to-AMR communications. As can be seen, the maximum
transmission distance increases strictly monotonically with the transmitter coil radius
for both communication techniques. It is remarkable that the e ect of the radius of the
transmitter colil is stronger for coil-to-AMR than for coil-to-coil communications. Further-
more, the gure indicates that the correction term(2.28) can be neglected (comparison
between Coil-to-coil with d and Coil-to-coil approx.).

In Figure 3.14 the receiver side of both communication techniques is compared. The
plot shows the communication range for coil-to-coil communication as a function of the
receiver colil radius, keeping all other parameters unchanged. As expected, the range
of the coil-to-coil system increases with the radius of the receiver coil. As a reference,
three detection thresholds for the coil-to-AMR are plotted. The thresholds represent
di erent noise levels and are determined by thé,,, of the magnetic eld detector. For
example, for the given system parameters, the range of coil-to-AMR communication with
Bmin = 5 NnT is better than coil-to-coil communication up to a receiver coil radius of
r 15cm.

This exempli es that the range for coil-to-coil communication is severely restricted
when small receiver coil radii are required. This is necessary for mobile applications such
as autonomous underwater vehicles (AUVs) and sensor networks. For these requirements,
coil-to-AMR communication can serve much longer distances.

The example shows that the range for coil-to-coil communication is severely limited
when small receiver coil radii are required, which is the case for mobile applications
such as AUVs and sensor networks. Taking into account this requirement, coil-to-AMR
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Figure 3.13: Transmission range for coil-to-coil and coil-to-AMR communication
as a function of the transmitter coil radius. Parameters are taken from Table 3.2.

communication can cover a larger communication distance.

3.9.2 Transmission Range for Di erent Detection Sensibilities

Figure 3.15 shows the transmission range for coil-to-detector communication as a function
of the sensor detection limitB,,. The communication range increases strictly mono-
tonically with increasing sensitivity. Thus, it is recommended to use the most sensitive
sensors available and applicable for the speci c communication scenario. This provides
signi cantly longer transmission distances while maintaining the same system parameters.
In the gure, the maximum communication distance for three bandwidths is marked.
For f = 1:47 kHz the maximum distance is 2 m, forf =100 kHz the maximum
distance is 1 m, and if the maximum bandwidthf = 999:9 kHz is exploited the range

is 0.65 m.
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Figure 3.14: Transmission range for coil-to-coil and coil-to-AMR communication
as a function of the receiver coil radius. Parameters are taken from Table 3.2.
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Figure 3.15: Transmission range as a function of the magnetic eld detection limit
of the detector. Parameters are taken from Table 3.2. The maximum transmission
distance based on the prototype implementation detection threshold is marked for
three di erent bandwidths. The transmission range can be increased by using a
more sensitive type of detector.
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3.10 Experimental Veri cation

To validate the theoretical analysis, a small-scale prototype setup for MC is built. This
section describes the system components, including the design of the transmitter and
receiver and their respective functionalities within the testbed environment. The small-
scale prototype setup is used to obtain measurement results, which are then analyzed
and compared to the numerical results. The technical speci cations of the prototype
con guration are presented in Table 3.2.

3.10.1 Transmitter Small-Scale Prototype

The prototype setup includes a planar transmitter coil with a radius of = 1:6 cm,

N =10 windings, and an inductance of 6.3 H, that operates in resonant mode and is
driven by the IXDN630YI [IXY24]. The IXDN630YI is a high-speed MOSFET driver
from IXYS Corporation, designed for applications requiring fast switching of power
MOSFETs and IGBTSs. It 0 ers a peak output current of around 30 A, operates within

a supply voltage range of 4.5 V to 35 V, and features low propagation delay. The driver
is implemented as a half-bridge inverter.

The resonant frequency of the resonant circuit is adjusted to a value of 100 kHz by
employing a series capacitance of 402 pF. The coil current amplitude is selected to be
| =3 A.

3.10.2 Receiver Small-Scale Prototype

The receiver is based on a single Sensitec AFF755 high-sensitive wideband low-noiseAMR
magnetic eld sensor with a size of about 25 mfnincluding packing [Sen17]. The typical
sensitivity of this sensor is speci ed as 1%, which allows measurements of weak
magnetic ux densities in the frequency range from 0 Hz up to 1 MHz. The sensor signal
is ampli ed by a wideband low-noise instrumentation ampli er AD8428 with a xed
gain-factor of 2000 [Dev12]. The developed small-scale prototype achieves an SNR of
12 dB at a distance of 80 cm between transmitter and receiver and the resonant frequency
(100 kHz). For an AWGN channel, this corresponds to a channel capacity of 21.64 kb/s.
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Figure 3.16: Small-scale magnetic communication experiment setup. The transmit-
ter circuit including the coil is shown on the left, the magnetic eld detector circuit
on the right. Transmitter and receiver are pressure-neutral encapsulated.

Table 3.2: Small-scale prototype parameters.

Meaning Parameter Value
Relative permeability of the core 1

Quality factor transmitter Qr 68
Quiality factor receiver Qr 35

E ciency transmitter T 2.4 %

E ciency receiver R 50 %
Bandwidth transmitter f 1.47 kHz
Coil radius rr, e 16 mm
Number of turns N 20
Inductance L 1435 H
Resonant frequency f, 100 kHz
Series resistance of power supplyRg 3.2m
Load resistance R. 129 m
Series resistance of coil Ri1, RL» 129 m @ 100 kHz
Transmitting power Pr 43.3 dBm
Receiver sensitivity Pr 42 dBm
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3.10.3 Determination of the Receiver Noise

The noise level of the receiver circuit is a critical parameter that in uences the detection
ability and the overall performance of a communication system. In our prototype, designed
to operate with magnetic eld sensors, the system supports frequencies ranging from
0 Hz up to 1 MHz.

The primary contributors to the total noise in our prototype include:

Anisotropic Magnetoresistive (AMR) Sensor : This sensor introduces a noise
density of 10 nV/' Hz. AMR sensors are known for their high sensitivity to magnetic
elds, but they also introduce inherent thermal and electrical noise, which must
be managed e ectively in the receiver design [Senl7].

Ampli er Noise : At frequencies above 100 Hz, the ampli er generates noise with
a density of 1.5 nV/ Hz. Ampli ers are crucial for boosting weak signals from the
sensor, but their noise characteristics, especially at di erent frequencies, must be
factored into the overall system performance [Dev12].

At frequencies below 100 Hz, both sensor and ampli er noise increase substantially,
leading to a much higher total noise voltage. This phenomenon is due to icker noise (or
1/f noise), which becomes more prominent at lower frequencies. Therefore, frequencies
below 100 Hz are generally avoided to ensure a lower detection threshold and to maintain
signal clarity in communication systems.

To further understand the noise characteristics, the total noise for di erent operating
bandwidths is investigated: 1.47 kHz, 100 kHz, and 999.9 kHz. These bandwidths were
selected on the basis of practical system considerations:

" 1.47 kHz : This bandwidth corresponds to the 3 dB bandwidth of the coil-to-coil
communication system in our prototype. It provides a direct comparison for evalu-
ating the noise behavior at the frequency range used in typical system operation.

" 100 kHz and 999.9 kHz : These higher bandwidths are chosen to study noise
performance across a wider frequency range, particularly as the communication
system may need to operate at higher frequencies depending on the application.
Higher bandwidths generally introduce more noise, but they also allow for faster
data rates and wider frequency response.

Figure 3.17 illustrates the noise voltage over a 10 ms period for each of the selected
bandwidths. As expected, the total noise increases with increasing bandwidth due to
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the fact that a wider bandwidth allows more noise from various frequency components
to contribute to the overall signal. This behavior aligns with the general principle that
noise power is proportional to bandwidth, according to the equation:

Npower = KTB; (3.16)

where:

Ppower IS the noise power,

k is Boltzmann's constant,

T is the absolute temperature, and
B is the bandwidth.

For the design and optimization of the receiver circuit, it is essential to balance the
trade-o between bandwidth and noise performance. A narrower bandwidth reduces the
noise level, but it also limits the system's ability to respond to rapid changes in the
signal or support higher data rates. On the other hand, a broader bandwidth enhances
system exibility, but at the cost of increased noise.

In this speci c case, operating within the 1.47 kHz bandwidth o ers an optimal balance
for our coil-to-coil communication system, minimizing noise while maintaining adequate
performance. However, if the application requires higher data rates, noise mitigation
techniques such as ltering or advanced signal processing may be necessary to maintain
signal integrity at wider bandwidths.

3.10.4 Determination of the Receiver Sensibility

To verify the given sensitivity of the AMR sensor, the receiver is positioned at a distance
of d = 10:1 cm along the boresight direction relative to the transmitter coil. The output
voltage of the receiver was then measured under varying magnetic ux densities. The
magnetic ux density experienced by the AMR sensor depends on the properties of
the transmitter coil, the current owing through the coil, and the distance between the
transmitter and receiver according to Equation. 2.15

Figure 3.18 a presents the receiver output voltage as a function of the current owing
through the transmitter coil, with the coil properties xed according to the speci cations
in Table 3.2. Measurement points are shown alongside a line of best t.
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Figure 3.17: Noise voltage over a period of 10 ms for the measured bandwidths.

To determine the sensitivity of the AMR sensor, the output voltage of the receiver was
normalized by dividing the measured voltage by the ampli er gain (G = 2000) and the
input voltage applied to the AMR sensor. The resulting calculated voltage as a function
of the magnetic eld at the AMR sensor is depicted in Figure 3.18b. The slope of this
function directly provides the sensitivity of the AMR sensor.

From the slope, an AMR sensitivity of 14.33% was obtained for the embedded
AMR sensor in the prototype receiver circuit. This result closely matches the datasheet
speci cation of 15 %, demonstrating the accuracy of the experimental setup and

con rming the performance of the receiver circuit.

3.10.5 Determination of the Detection Threshold

Based on the receiver sensitivity and noise voltages measured for di erent bandwidths,
the corresponding detection thresholds can be determined. The detection threshold is
de ned as the minimum magnetic ux density that can be measured for a signal-to-noise
ratio (SNR) of 0 dB. The experimental values were then compared with the theoretical
detection thresholds derived from the datasheet speci cations.

For the bandwidth of f = 1:47kHz, the experimentally obtained detection threshold
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Figure 3.18: Measured voltage at the receiver output for di erent current through
the transmitter coil (a) and the AMR sensor sensitivity curve b).

Voltage at the AMR-sensor output ifV/V

IS Bmin, 1471z~ D NT, which is close to the theoretical value of 4 nT. At a bandwidth
of f =100 kHz, the measured detection threshold iB i, 1001z 39 NT, while the
corresponding theoretical value is 35 nT. Similarly, for a bandwidth of =999:9 kHz,
the detection threshold was experimentally determined to bB i, 9909k ~ 155nNT,
compared to the theoretical prediction of 112 nT.

The experimentally derived detection thresholds, each evaluated for an SNR of 0 dB,
demonstrate consistency with the theoretical values, con rming their order-of-magnitude
agreement.
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Prototype Setup

This chapter describes the setup and con guration of a full-scale prototype designed for
magnetic communication experiments. It describes the system components, including the
transmitter and receiver design, and their respective functionalities within the testbed
environment. The discussion extends to the physical layout, circuit designs, and parameter
settings crucial for the operation of these prototypes, highlighting key technical aspects
such as resonant frequencies, coil con gurations, and sensor capabilities. The aim of this
chapter is to provide a comprehensive description of the experimental setup.

4.1 Transmitter

The transmitter hardware consists of two main components: A half-bridge inverter board
and the transmitting coil, which is operated within a series resonant circuit.

4.1.1 Transmitter Coll

The transmitter coil is depicted in Fig. 4.1 and is constructed of 20 turns &0 0.1 mm
high frequency litz wire wound on a printed coil frame with a diameter of 20 cm. The coil
is pressure-neutral encapsulated with resin for underwater experiments. The measured
inductance of the coil is 136 h. The self-resonant frequency is given with 1:4 MHz.
Figure 4.2 depicts the measured resistané®: and reactanceX - of the prototype trans-
mitter coil over a frequency range of up to 1 MHz. To compensate the reactance at
a target frequency of 100 kHz, a resonant circuit is implemented by connecting a ca-
pacitance of 18.49 nF in series with the coil. As a result, the reactance of the caoil,
Xceo0 kiz = 85:26 , is canceled by the capacitive reactance. In this con guration, the
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Figure 4.1: Transmitter coil made of 20 turns of 3000 0.1 mm high-frequency litz
wire wound on a printed coil frame with a diameter of 20 cm.
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Figure 4.2: Measured resistance and reactance of the prototype coil as a function
of frequency.

66



4.1 Transmitter

impedance of the coil is determined solely by its resistand@cgio0 ki = 0:23 . This
leads to aQ-factor given by:
IL 2 (100 10°)(136 10 °)

Q= R 023 = 371:53 (4.2)

4.1.2 Amplier

The ampli er is implemented as a half-bridge inverter that converts the constant input
voltage Vy of up to 24 V into a unipolar pulse train with a selected frequency. These
unipolar pulses are e ectively an addition of a direct current (DC) component and a
bipolar square wave at half the magnitude of the DC input each. The series capacitor of
the resonant circuit eliminates the DC voltage component, leaving only the alternating
current (AC) component of the square wave voltage. For AC circuit analysis, the square
wave voltage can then be represented by its spectral components according to the well-
known equation.

¥ (n) = ; 4an = 2;/‘1; n=1;357:: (4.2)
The coe cient 1=2 indicates the use of a half-bridge circuit is used, which results in
converting half of the input voltage into a DC o set and half into the desired AC signal,
while a full bridge circuit would convert the entireVy into an AC component. The high
Q-factor LC-circuit, consisting of a capacitor and the transmitter coil, permits signi cant
current ow only at the fundamental frequency ( = 1) of the square wave voltage. The
coil current can therefore be approximated with the symbol resonant frequenty and

the total equivalent DC + AC resistance of the circuitR;:

V(1)

0=

sin(2f 1) (4.3)

This demonstrates how the coil current, and therefore the signal amplitude of every sym-
bol, is frequency-independent and equal, as observed in both simulation and experiment.

Figure 4.3 shows the developed half-bridge inverter circuit. It uses two BSC014N04LS
ATMA1 MOSFETs ( Qi=,) driven by a single 2EDL23NO06PJXUMAL half-bridge driver
with dead-time insertion, which allows it to be controlled by any software-driven system
that can provide standard logic level signals without risk of damage [Inf24Db; Inf24a]. The
printed circuit board (PCB) is structured as typical for power electronics and minimizes
the stray inductance for all current loops that do not have a freewheeling path.
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Figure 4.3. Half-bridge inverter circuit designed as a driver for the transmitter
resonant circuit.

4.2 Receiver

The prototype receiver hardware is based on a magnetic eld detector implemented on a
PCB. The received signal is digitized using an Analog Discovery 2 laboratory instrument,
which is software controlled. Subsequently, the sampled signal is digitally processed.

4.2.1 4-AMR Wideband Magnetic Field Detector Realization

The magnetic eld detector shown in Fig. 4.4 is based on four Sensitec AFF755 high-
sensitivity wideband low-noise magnetic eld sensors. The sensibility of each anisotropic
magnetoresistive (AMR) sensor with a size of about 25 nfnincluding packing is speci ed
with 15 %, enabling measurements of weak magnetic ux densities in a frequency
range from 0 Hz up to 1 MHz [Senl7]. Each of the sensing signals is ampli ed by an
AD8428 low-noise instrumentation ampli er with a xed gain of 2000.

For signal-to-noise ratio (SNR) enhancement, spatial averaging is implemented on
the detector board by combining signals from up to four selected sensors. The board
is supplied with input voltages of 12V, and 0 V. The required voltage levels for the
ip circuit (5 V) and AMR sensors (9 V) are generated on-board, but external power
sources can also be connected if preferred.

The integrated ip circuit, which periodically reorients the magnetization direction of
the sensors for maximum resolution, is based on a laser diode driver and can be triggered

via a digital input signal.
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