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Kurzzusammenfassung
Diese Dissertation beschäftigt sich mit einem auf oszillierenden Magnetfeldern basierenden
Lokalisierungssystem und der zugrunde liegenden Verarbeitungsstruktur. Das System besteht
aus mehreren stationären Ankerpunkten (Sender), die oszillierende Magnetfelder erzeugen, und
tragbaren Magnetfeldmesseinheiten (Empfänger), deren Positionen bestimmt werden sollen. Das
System wird in verschiedenen Umgebungen und Anwendungsgebieten evaluiert. Desweiteren
werden verschiedene Einsatzmöglichkeiten des Lokalisierungssystems in den Bereichen Ubiquitous
und Pervasive Computing sowie Ambient Assisted Living diskutiert und bewertet. Zuletzt wird
die Kombination von magnetfeldbasierten Abstandsinformationen und Positionsinformationen
aus LIDAR Abstandsmessungen beschrieben und evaluiert.
Die Systemarchitektur besteht aus drei Schichten: einer physikalischen Schicht, einer Schicht,
die für die Positions- und Abstandsbestimmung zwischen einem Magnetfeldtransmitter und
einem Empfänger verantwortlich ist und einer Schicht, die Abstands- und Positionsinformationen
zu verschiedenen Ankerpunkten betrachtet, um daraus die absolute Position der tragbaren
Messeinheit zu bestimmen.
Jede der Schichten beleuchtet dabei verschiedene Aspekte, die bei der Verarbeitung der Magnetfeldinformationen beachtet werden müssen. Insbesondere die Eigenschaften der erzeugten
Magnetfelder fließen in die Verarbeitungsalgorithmen ein. Die physikalische Schicht deckt dabei
Magnetfelderzeugung, magnetfeldbasierte Informationsübertragung, Synchronisation von Magnetfeldtransmittern und Empfänger sowie die Abbildung des Verhaltens der Magnetfelder ab.
Nachdem diese Information dann an einen zentralen Verarbeitungsrechner übertragen wurde,
werden die hardwarespezfischen Signallevel auf das Niveau des theoretischen Magnetfeldmodelles
gehoben, und dann mittels des physikalischen Modelles in Kandidatenpositionen und Abstandsinformationen umgewandelt. Bedingt durch Magnetfeldsymmetrien können die Messdaten auf
nur acht Punkte (ein Punkt pro Koordinatensystemoktant) reduziert werden. Die ermittelten
Positionen haben einen durchschnittlichen Fehler von 108 cm, der ermittelte Abstand einen
durchschnittlichen Fehler von 40 cm.
Abschließend werden die Abstands- und Positionsdaten verschiedener Transmitter- ankerpunkte
zusammengeführt. Hierbei spielen sowohl die zeitliche Synchronisation der Transmitter untereinander und die Reihenfolge der Auslösung der Transmitter als auch die abstands- und
punktbasierten Lokalisierungs- und Trackingalgorithmen eine Rolle.
Das Lokalisierungssystem wird in verschiedenen Anwendungen und Umgebungen evaluiert, die
Position kann vom magnetfeldbasierten Lokalisierungssystem abhängig von der Umgebung mit
einem durchschnittlichen Fehler von 60 cm - 70 cm ermittelt werden. Ein Vergleich mit einem
funkbasierten Innenraumlokalisierungssystem zeigt die Robustheit des Magnetfeldes auch in
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Bereichen mit Funk-Abschattungen wie zum Beispiel unter großen metallischen Gegenständen.
Wir zeigen Algorithmen zur Bereichserkennung (Regions of Interest, ROIs), die sowohl auf den
Magnetfeldrohdaten als auch auf den transformierten Positions- und Abstandsinformationen
arbeiten. Eingesetzt in größeren Räumen, können Bereiche unterschieden werden, die mindestens
50cm voneinander entfernt liegen, kleine Spulenaufbauten (3 Spulen in 2m3 ) ermöglichen eine
Auflösung von unter 20 cm.
Abschließend zeigen wir die Kombination eines tragbaren, auf 4 LIDAR Abstandssensoren
basierenden Lokalisierungssystems mit dem magnetfeldbasierten Lokalisierungssystem. Das
Magnetfeldlokalisierungssystem stellt dabei Abstandsinformationen zur Verfügung, um mehrdeutige Sensorinformationen des LIDAR Systems zu unterscheiden. Hier ist in einem Raum mit
8m ⇥ 10m Fläche eine durchschnittlicher Positionsfehler von 8 cm zu erwarten.
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Abstract
This dissertation describes an indoor localization system based on oscillating magnetic fields
and the underlying processing architecture. The system consists of several fixed anchor points,
generating the magnetic fields (transmitter), and wearable magnetic field measurement units,
whose position should be determined (receiver). The system is evaluated in di↵erent environments
and application areas. Additionally, various fields of application are discussed and assessed
in ubiquitous and pervasive computing and Ambient Assisted Living. The fusion of magnetic
field-based distance information and positions derived from LIDAR distance measurements is
described and evaluated.
The system architecture consists of three layers, a physical layer, a layer for position and
distance estimation between a magnetic field transmitter and a receiver, and a layer which uses
several measurements to di↵erent transmitters to estimate the overall position of a wearable
measurement unit.
Each layer covers di↵erent aspects which have to be taken care of when magnetic field information
is processed. Especially the properties of the generated magnetic field information are considered
in the processing algorithms.
The physical layer covers the magnetic field generation and magnetic Field-Based information
transfer, synchronization of a transmitter and the receivers and the description of the locally
measured magnetic fields on the receiver side. After a transfer of this information to a central
processing unit, the hardware specific signal levels are transformed to the levels of the theoretical
magnetic field models. The values are then used to estimate candidate positions and distances.
Due to symmetrical e↵ects of the magnetic fields, it is only possible to reduce the receiver
position to 8 points around the transmitter (one position in each of the octants of the coordinate
system). The determined positions have a mean error of 108 cm, the average error of the
distance is 40 cm.
On top of this, the distance and position information against di↵erent transmitters are fused,
this covers clock synchronization of transmitters, triggering and scheduling sequences and
distance and position based localization and tracking algorithms. The magnetic-field-based
indoor localization system has been evaluated in di↵erent applications and environments; the
mean position error is 60 cm to 70 cm depending on the environment. A comparison against
an RF-based indoor localization system shows the robustness of magnetic fields against RF
shadows caused by big metal objects.
We additionally present algorithms for regions of interest detection, working on raw magnetic
field information and transformed position and distance information. Setups in larger areas can

5

distinguish regions which are further than 50 cm apart, small scale coil setups (3 transmitters
in 2m3 ) allow to resolve regions below 20 cm.
In the end, we describe a fusion algorithm for a wearable localization system based on 4 LIDAR
distance measurement units and magnetic field-based distance estimation. The magnetic field
indoor localization system provides distance proximity information which is used to resolve
ambiguous position estimates of the LIDAR system. In a room (8m ⇥ 10m), we achieve a mean
error of 8 cm.
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1 Introduction
Mobile devices provide voice-controlled information access (for example Apple Siri), which also
takes the current position of the device into account. It is possible to retrieve information about
restaurants nearby, get the route to the nearest gas station or to provide information about
the next train reachable when walking. All these examples have one thing in common: the
underlying source of information is location. To estimate the position, mobile phones rely on a
global navigation satellite system (GNSS). The accuracy of these systems in outdoor applications
is below 5m; additionally fusion algorithms combine WIFI and inertial navigation information
to the position information to improve the accuracy. A drawback of GNSSs is that the used RF
signals do not permeate concrete structures in most cases and therefore are hardly suitable for
indoor applications.
In contrast to outdoor environments, which typically provide direct line-of-sight between the
system components, indoor environments are usually self-contained volumes. Scientists have
researched this field for many years and have found specific approaches for indoor localization.
Although many localization systems are available and a variety of applications relying on location
and position information can be found, mobile phone producers have not integrated specialized
indoor localization technics due to their high costs and the high installation and maintenance
e↵orts to be considered.
Taking the covered or the served area into account, di↵erent classes of indoor applications can
be distinguished.
Large scale environments are typically found in industrial places. For example, the indoor
localization system has to provide information about the current position of a particular
product (storage system) or the positions of autonomous transport devices in a warehouse.
They also provide information about the shortest path between the current location of a
worker and the aimed machine.
Medium scale applications are for example found in shopping environments: location-based
services are broadly used to adjust the presented information depending on the context
of the person. Detecting RF anchor points, using Bluetooth LE or similar techniques, is
used to detect proximity and show information about a product in a mobile app.
Small scale applications usually cover a very limited area (a room or even less). Particular
tasks are considered in these environments, such as motion capturing, surveillance of
persons (Ambient Assisted Living, AAL) or scientific tasks such as ground truth information
for later data evaluation.
In addition to requirements of the broad field of applications, the researched and developed
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localization systems have to concern more complex environmental conditions compared to GNSS.
Buildings typically consist of a variety of materials. Depending on the used localization system,
the underlying physical source of information is influenced/ altered or even completely blocked
by the components of the building. A possible way of reducing these e↵ects is to combine
dynamic signal influences, such as humans or autonomous vehicles with the environmental
model. Therefore dynamic influences are the second object in the development of indoor
localization systems, to reduce the e↵ects of for instance humans living and working within the
environment. Their dynamic influence is not only caused by their simple presence but persons
also interact with the environment, furniture is opened, moved around, added or removed.
Electrical devices can be turned on automatically or by the humans. All these impacts either
have to be considered, modeled, or reduced when choosing and implementing a localization
system. Still, although models for these e↵ects exist, a robust physical measurement principle
with no or little environmental dependencies is preferable.
There is a huge variety of localization techniques commercially available or currently under
development. This dissertation presents an indoor localization system using artificial oscillating
magnetic fields as an underlying measurement principle. Although being a well-known e↵ect
in physics, magnetic fields for position estimation have only been used in small scale and
niche applications. The magnetic fields provide, compared to principles based on RF or IR, a
higher robustness against influences and do not require line of sight. Magnetic fields permeate
non-ferromagnetic materials, are not influenced by humans and are comparably easy to generate.
This property allows modeling the field behavior accurately. Although impacts of ferromagnetic
materials are locally visible, the overall magnetic field behavior is not changing.
In contrast to optical- or RF-based localization systems, magnetic field-based localization
systems are more reliable in industrial environments without the e↵ort of additional heavy
filtering to reduce outliers. On the downside, magnetic fields have a high dynamic range due to
its significant distance dependent nature. Particularly in great distances, noise dominates the
signal. Hard- and software components (amplification, filtering and signal adaption) have to be
developed and applied to deal with this e↵ect.
In this dissertation, we present and evaluate a processing architecture which is being implemented
to the well-known principles of oscillating magnetic fields to design and build a localization system
in ubiquitous indoor environments. Similar to the ISO/OSI model in network communication,
we aggregate approaches to di↵erent layers: on the hardware level, we evaluate signal gathering
and signal representation methods which take the physical behavior of oscillating magnetic fields
and the high dynamic range of the signal into account. Additionally, this layer includes di↵erent
well-known synchronization and scheduling algorithms which are adapted and applied to the
magnetic field localization system. On top of the hardware part, a hardware abstraction layer
integrated into a centralized processing unit collects the sampled magnetic field information
from di↵erent transmitter anchor points at the wearable receiver side and abstracts from the
hardware dependent influences by applying polynomial calibration functions. The described
approaches consider both, the calibration e↵ort and the accuracy of the position estimation.
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A specific transmitter coil architecture with three perpendicular transmitter axes provides
sufficient information to restrict the position of a receiver to a point in each of the eight octants
around the transmitter coordinate system. We describe a magnetic field model for distance and
(rough) position estimation using information from a single transmitter coil. The mean distance
error is 40 cm within the sphere (radius 4.5m )of coverage. Combining distance information
to several transmitters allows estimating the position of a receiver with a mean error of 60cm
in a 8 ⇥ 10m big area. The system is evaluated in di↵erent scenarios, determining regions of
interest in large-scale environments (the minimum space between parts has to be 50cm) and
small scale industrial environments to support maintenance applications (the minimum distances
between areas is below 20cm). Additionally, a fusion algorithm for a LIDAR supported helmet
is described and evaluated. In this application, the magnetic field information is used to dissolve
ambiguous locations derived from the LIDAR localization system. We achieve an accuracy of
8cm in an 8m ⇥ 6m room. Additionally, we describe an algorithm for transmitter coil position
estimation using the fusion algorithm.

Contribution
The following contributions have been achieved:
• Research, development, and evaluation of a signal processing architecture for a
magnetic field-based localization system (physical layer, single coil position, and distance
estimation layer, multi-coil position estimation layer)
– Physical Layer
⇤ Micro-controller-based signal gathering, amplification control and magnetic field representation to compensate the high dynamic range of the
magnetic field and to reduce the e↵ects of noise to maximize the range of the
system (4.5m range)
⇤ Evaluation of di↵erent synchronization schemes regarding robustness in
di↵erent environments and sampling rates. (Cable-based, RF-based and magnetic
field-based synchronization and information transfer).
– Single coil position and distance estimation layer
⇤ Hardware Abstraction Layer to compensate hardware related e↵ects (hardware tolerances and production inaccuracies), evaluation of di↵erent calibration
approaches to align the signal levels of various transmitter-receiver pairs with
the theoretical signal level
⇤ Theoretical magnetic field model for distance and position estimation
· Evaluation of di↵erent single coil position estimation approaches resulting in 8 candidate positions around the transmitter. The methods rely on
the three axes emitter coil setup (Magnetic field magnitude shells and cube
shaped division of the volume around an emitter coil) (mean error below 117
cm in the covered area of 4.5m radius)
· Distance estimation on top of the candidate position estimation (mean
distance error below 40 cm)
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· Description of a fast model to estimate the position and distance
in O(log(n)) using O(n) space where n is the number of possible model
elements.
– Multi coil position estimation layer
⇤ Evaluation of di↵erent Scheduling and synchronization approaches between
multiple transmitters.
⇤ Fusion of localization algorithms relying on distance and candidate positions
derived from the magnetic field model.
⇤ Evaluation of the magnetic field-based localization system in di↵erent
environments including tracking and filtering with a mean error of below 77cm.
Comparison against an RF-based localization systems (mean error 67cm $
77cm)
• Evaluation in di↵erent application environments including regions of interest in
large scale environments (at least 50cm apart) and small scale industrial applications (at
least 20cm apart)
• Sensor fusion of LIDAR- and magnetic field-based localization, including the
LIDAR-based position estimation (mean position error below 8 cm in a 8 times 10m big
area)
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2 Available Localization Systems
Many applications are using or requiring position information. Therefore indoor localization has
been a broad field of research over the last decades. A wide-reaching spectrum of localization
techniques tries to estimate the location of persons in office environments, their living rooms or
Ambient Assisted Living (AAL) applications, devices (as robots or products in manufacturing
environments) and other elements of interest. Although location itself is only one possible source
of context (as discussed in [SBG99]), position information limits the set of possible activities in
activity recognition tasks. Reliability, robustness, and accuracy of such systems have been the
primary goal of the regarded research, but an entirely satisfying solution still has not been found.
This chapter will present an overview of possible localization systems as they can be consulted in
the literature. We will discuss available localization techniques concerning localization accuracy
and robustness. As the field of localization supported applications is broad, only selected work,
influencing mainly ubiquitous and pervasive applications, will be included in this chapter. This
chapter gives a general overview of indoor localization systems and approaches, magnetic field
related scientific research is presented in section ?? after the general discussion and presentation
of our localization system.

2.1 Classification
In literature di↵erent ways of organizing indoor localization systems are available. In most
cases, the underlying physical modality like RF, infrared or ultrasound is used to categorize the
systems, other texts use the developed and applied algorithms.
A combination of both, the algorithmic-based categories and examples of technical approaches
for indoor localization are presented. Well known overviews of localization systems in ubiquitous
environments have been given in [HB01] and [LDBL07]. In [Mau12] Mautz presents a list of user
requirements and a detailed list of indoor localization systems. An overview of passive indoor
localization systems not requiring any wearable devices is given in [KVPV14]. We present the
categories as discussed by Hightower ( [HB01]) or the authors of [FNI13]:
triangulation, proximity and scene analysis
Figure ?? shows the di↵erent categories more detailed.
Later we present and describe these categories and di↵erent physical approaches of indoor
localization systems.
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2 Available Localization Systems
Indoor Localization

Proximity

Triangulation

Multi Lateration
Timebased

Scene Analysis

Angulation
Signal Property

Figure 2.1: Overview of the di↵erent indoor localization categories, adapted from [FNI13]

2.1.1 Scene Analysis
Scene Analysis is a localization method which compares the sensor information of the current
position against the data of pre-recorded positions. The sensor information is compared to
the data set, and the most similar reference point is typically used. In most cases, a scene
analysis-based positioning approach consists of two steps:
The first step maps/records position information and the corresponding sensor reading. In the
second phase, the online phase, the position estimation takes place. The data recording step also
involves the creation of a suitable lookup data structure for fast data comparison and position
estimation. Therefore a feature extraction mechanism has to provide meaningful feature tuples
to avoid misclassification. To achieve the aimed accuracy, the number of measurement points
have to be carefully chosen. Changes in the environment can lead to di↵erent sensor readings
and therefore misclassification / di↵erent position estimations.
Typical scene analysis-based approaches are RF fingerprinting-based localization systems as
RADAR [BP00] or visual / camera-based systems as for example described in [LCCVG07].
Camera-based scene analysis systems have to match the images of a scene to the (3D) model of
the environment. Microsoft research groups have worked on the 3D Model generation using
mobile phone photographs of city parts [ASS+ 09]. This approach is called structure from motion
and has additionally been examined in [COSH11], [FFGG+ 10] and [HTP10].
Many research groups work on the localization of pedestrians ( [IZFB09], [RC04], [CBK+ 11],
[ZK06]) using image information and scene analysis approaches. Also robot groups estimate the
positions of their robots using Simultaneous Loclization and Mapping (SLAM) approaches with
support of image processing and scene analysis ( [CN08], [ED06], [WIB11]).
A broad market in consumer electronics has been reached with the occurrence of cleaning robots
using indoor localization algorithms and techniques. A vision-based localization system has
been integrated into these systems: The Miele vacuum cleaning robot Scout RX1 utilizes a
camera pointing towards the ceiling. The system matches previously recorded features of the
ceiling against the current picture and therefore can limit positioning errors which occur from
using the odometrical information derived from motor steps and environmental sensors.
WIFI fingerprinting-based approaches as the RADAR [BP00] system rely on a database of
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measured RSSI (Received Signal Strength Indicator) values relative to multiple WIFI access
points. In urban areas and office environments, usually, various numbers of access points can be
found. The access points can be distinguished using unique MAC addresses. A mobile phone
or a wearable device collects for a discrete set of coordinates the visible access points and the
signal strength of received packets of the individual base stations. A database aggregates for
each measurement point the corresponding access point ids and RSSI values. The localization
step surveils the visible access points and the corresponding RSSI values, a mapping algorithm
retrieves the best coordinate for the id and RSSI tuples. Changes in the environment after the
mapping step influence the visibility and signal strength of the base stations and therefore reduce
the accuracy of the localization systems. The human body also attenuates the signal when the
receiver and the base station is shielded by the body. This influence is reduced by collecting RSSI
values at di↵erent receiver orientations so that human bodies attenuate the signals. This approach
has a high calibration/data collection overhead. To compensate RSS fluctuations, propagation
models and statistical models have been researched in [CLZ+ 13], [ZZXL14] (Definition of lookup
metrics to detect and deal with fluctuations), a review of probabilistic localization methods
is given in [MMWKH14]. The accuracy of WIFI fingerprinting-based approaches is typically
only on room level granularity. A combination of di↵erent sensing modalities allows increasing
accuracy.
The authors of [BK12] use a more adequate and accurate RF propagation model and deal
with falsified or missing RSSI measurements. In a competition1 the system achieved a mean
localization error of 1.6m.

2.1.2 Proximity
In a proximity-based indoor localization approach, the system provides information when a user
to be localized is close to an anchor point whose position is known. In most cases, the term
”close” is linked to the coverage of a single device.
Typical examples are RFID-based systems ( [JLP06] or [BSM07]) or infrared-based systems.
Near field communication (NFC) has also been proposed for proximity-based localization as
described in [HHZN12] and in [BJRGN11]. When the reader detects an id in the used physical
phenomenon, a lookup mechanism retrieves the related 3D position or semantic information
(for example, the person is close to a kitchen appliance). Current state mobile phone devices
are equipped with NFC readers, so it is possible to detect NFC tags in the environment and
limit the mobile phone position to the known position of the NFC tag. Notice that there is a
need to identify these reference points correctly. RFID-based systems, therefore, use unique
identifiers, infrared-based systems encode these unique identifiers in their pulses. We discuss
these techniques in later sections of this chapter.
In cell phone environments, a tuple of visible cell towers allows limiting the position of the cell
phone to the intersection of the transmission ranges around the cell towers. In most cases, the
system assumes that the coverage is circular. In the context of sensor networks this approach is
1

ISPN 2014, M. Klepal, Wifi-based Localization system
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A

R

B

C

Figure 2.2: Using the transmission range of several base stations allows to limit the position of a
receiver to the intersection of the transmission areas.

also called connectivity. By using a bounding box intersection algorithm, the position of sensor
nodes can be deduced from this information.
The iBeacon approach specified by Apple Inc. provides a Bluetooth low energy (BLE)-based
localization service for cell phones. The modules consist of a chip emitting their unique id using
the BLE standard. Applications include shop navigation, location-based services (”Alert the
user if the phone is close to a specific position”) or when several beacons are combined, indoor
localization based on BLE beacons. An advantage compared to other systems is that iBeacons
allow distinguishing between several proximities (”close”, ”medium distance”, ”far”).

Figure 2.3: Estimote iBeacon. The beacon allows a proximity-based localization approach which also
supports multilevel proximities like (”close”, ”medium distance”, ”far”).

As in RF-based localization systems, the proximity-based approach has weaknesses. Environmental e↵ects like signal attenuation or signal scattering deforms the circular transmission range,
which leads to positions where anchor points are either visible (although not visible with regard
to the model) or they are not visible (although they should). A more detailed discussion of
these RF problems is given in the latter. One must also keep in mind that installation and
maintenance of this localization approach can be complex. Changes in the anchor point positions
also need to be updated in the anchor point database. Additionally, RF-based systems require
power supplies, either based on batteries or cables.
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2.1.3 Triangulation
This approach uses distance (Lateration) or angle (Angulation) estimations between fixed
base stations (anchors) and the position to estimate. These algorithms derive the necessary
information from time-based approaches or extract it from the signal behavior by applying models
to the sensor data. Mathematical algorithms then process the distance or angle information
and return the position in 2D or 3D space. Typically these algorithms include least square
minimization for hyperboloids or spheres.
Multilateration
A multilateration approach uses distance estimations between the position of the mobile receiver
and multiple anchor points. Each distance reduces the number of possible positions to a sphere
around the corresponding anchor point with the radius of the estimated distance. Distances can
be estimated with di↵erent techniques such as light, sound, magnetic fields or time di↵erence of
arrival techniques as in UWB Systems (’Ubisense’) or ultrasound-based systems.

d1
b1
d3

R

b3

d2
b2

Figure 2.4: Multilateration approach. The base stations bi act as anchor points against which the
distances di are estimated. Using spherical intersections, it is possible to determine the
position of the receiver R.

The estimation of a 3D coordinate with four distances against four signal receptions base stations
is complex as the distance from a base station describes the possible point of residence in a
nonlinear manner. Therefore in literature, least square optimizations (for example nonlinear least
square estimators Gauss-Newton or Levenberg Marquardt) or closed form position estimation
algorithms are used to solve this problem. The minimization approach also works with error
prone distance estimations which typically result in an ”intersection” volume instead of a single
point.
We described this approach in [PL13]. Let bi be the position of the anchor point i. The basic
idea is to find a coordinate p = (x, y, z) in 3D space minimizing the di↵erence i between the

19

2 Available Localization Systems
distances dti = kbi

pk and the estimated distances dei :
i

= |dti

dei |

(2.1)

With this approach it is also possible to favor lower distance estimations, typically involving
lower errors, by drawing the point closer to the corresponding and more accurate base stations.
Notice that for an n-dimensional position estimation, at least n + 1 measurements to di↵erent
anchors are required.
Multilateration algorithms are present in literature: In addition to the field of ubiquitous
computing, position estimation also plays a great role in aviation as described in [MLG08]. The
authors formulate a closed form description of multilateration-based on hyperbolic intersections.
Comparable approaches for this can be found in [UR04].
As presented in [LDBL07] possible lateration techniques are for example based on time of arrival,
time of flight (US), time di↵erence of arrival, received signal phase, received signal strength
(conversion to distances) and round trip time of arrival. All these techniques allow determining
the distance between the anchor points and the point of interest. The time di↵erence of arrival
approaches (also part of multilateration algorithms) are based on the intersection of hyperboloids
defined by the time di↵erences between the base stations.

Time-based Approaches
Time of arrival or time of flight -based approaches use the absolute time di↵erence between
transmission and reception of the signal on the receiver side. Using the time di↵erence and the
known propagation speed of the physical signal allows estimating the distance between the two
components. This approach either requires a strict clock synchronization, a trigger signal with
a much higher propagation speed than the used measurement signal or a compensation of the
clock phase di↵erences.
Ultrasound-based systems use this approach and are discussed later. Examples of time of
arrival -based approaches are WIFI-based time of flight ranging and IMU fusion ( [SBA14]),
ultrasound-based localization ( [MSDlT13], [Pri05] or [TNNL02]) or time of flight cameras
as presented in [Li], [BMB+ 13] and [HLCH12]. These cameras provide, in addition to the
recorded 2D scene, distance information between obstacles and the camera. A special form of
time of arrival is round trip time of arrival which uses the time measurements for forward and
backward signal transfer. This approach is described in [PAY07] and [GH05].

Time di↵erence of arrival approaches correlate the signals of several anchor points to estimate
the di↵erences in the arrival of the signal. In ultrasound / sound-based localization systems the
time di↵erences describe hyperboloids of possible positions around the anchor points. Intersecting
these geometrical entities results in the position. Examples of time di↵erence of arrival -based
localization systems use a microphone array to estimate the position of sounds ( [PSP13], [GG03]
or in robotics [VMRL03]).
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Phase of arrival and phase di↵erence of arrival [PS11] use the phase or phase shift between
two receiver nodes to estimate their spatial relationship. It is also possible to estimate the angle of
arrival. A clear di↵erentiation whether these approaches are multilateration- or angulation-based
is therefore often not possible.
Most commonly this technique is found in wave-based technologies. Deriving distance information
from phase of arrival is presented in [PS10], [SPM+ 13] and in [NMR+ 10]. Phase di↵erence of
arrival -based RFID position estimation is presented in [PS11] and [QHZ+ ].
Signal Property-based Approaches
The wave nature of RF signals introduces a reduction of the amplitude with rising distance.
This phenomenon is used to estimate distances between the receiver and transmitter unit. We
use this approach in our work. Artificial magnetic fields have a similar behavior. The field
strength drops with 1.0
, where d is the distance in m. There are also articles ( [XTL+ 14]) which
d6
use an energy measure derived from artificial light sources to accurately measure the distances
and angles between a photodiode and a led.
RF-based distance estimations have been performed in [AFD07], [XLL+ 10] and in [BMPC08],
due to signal reflections and signal attenuation the RSSI-based distance estimation is of poor
quality. A discussion of these problems can be found in subsection 2.3.1.
Angulation
According to [LDBL07], angulation approaches rely on the estimation of angles instead of
distances for finding the position. Possible techniques for this are RF, ultrasound, light or
UWB. RF requires directional antennas to estimate the angle of arrival. Multiple antennas and
therefore the di↵erences in the arrival times of the signals also allow estimating the angle of
arrival.
a

R

c
b

Figure 2.5: In angulation approaches, the used technique has to determine the angles of multiple
base stations against the corresponding position. The angles are then used to determine
the position.

Typical techniques for finding angles are the usage of phases and phase di↵erences as already
mentioned in the lateration section. Angle of arrival or phase di↵erence of arrival information is
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used to estimate the angle of arrival in [QHZ+ ] and [ACD+ 11]. Models for spatial and angular
behavior in indoor environments for UWB-based systems of the in [SJJ+ 00].
A basic model for the angulation positioning is described in [Xio98]:
Let Di be the distances from the mobile position (xm , ym ) to the transmitter ti = (Xi , Yi ) and
✓i the corresponding estimated angle:
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2.2 Indoor Localization Systems and their underlying
Physical Phenomenon
2.2.1 Radio Frequency-based Systems
Many research groups have conducted research on radio frequency (RF)-based localization
systems. RF is a well-known technique with a broad spectrum of applications. Additionally,
RF supports high data throughput. Integrated circuits for standard frequencies allow reducing
the size of the hardware. Mobile phones have several radio modules for body area and great
distance communication, therefore, RF has been a broad field of research.
The authors of [LDBL07], [SCGL05] and [GLN09] give an overview for RF-based indoor
localization systems. Applications of these indoor localization systems cover sensor networks
(for example [HHB+ 03], [PAK+ 05], [HE04]), location-based services ( [BP00], [HWB00], [BJ09])
and applications in ambient assisted living (AAL) as presented by Stelios et al. in [SNE+ 08].
RF localization systems rely on di↵erent physical phenomenons: Amongst others, measurements
of the amplitude of the received RF signal, an angle of arrival (using a set of antennas), time
di↵erence of arrival (multiple receiver stations) or RF phase shift estimation. The di↵erent
approaches have been described on page 19 and page 21. Additionally WIFI-based fingerprinting
is a scene-based approach and has been researched excessively (e.g. [BP00], [BK12], [RS01],
[CLZ+ 13], [ZZXL14], [MMWKH14]). In most cases WIFI-based localization is used as anchor
information for inertial measurement units, this requires strong fusion algorithms as we showed
in [PMF+ 12].
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Ultra Wide Band-based Systems
A particular form of radio-based localization is ultra wide band (UWB)-based localization.
According to [SKCB02], a radio signal should be called ultra wide band ”when the 3dB
bandwidth of a radio signal becomes 25% or more of the signal’s center frequency”. The WiMedia
Alliance specifies the UWB Spectrum between 3100MHz and 10600MHz. The output level has
a maximum of –41.3dBm/MHz.
Compared to other RF communications, the output level is very low, as visible in figure 2.6.
UWB-based localization systems use both time di↵erence of arrival and angle of arrival (system
as in [TDM11]). The high frequencies allow estimating the distances very accurately. Compared
to e.g. radar, material penetration is better as stated in [SWH+ 00]. Due to the high bandwidth
of the pulse, information such as transmitter Ids, are encoded in the pulse. Additionally, this
can be used as a synchronization mechanism.
Correlating the input signals of the receiver antennas at di↵erent positions in 3D space results
in time di↵erence of arrival estimations. Multiple receiver antennas at the base stations allow
angulation approaches. Therefore both (hyperbolic) angulation algorithms and lateration
algorithms are used to determine the position of the pulse emitter.
The sampling rate of UWB systems is comparably high, and the accuracy is lower than 30 cm
in laboratory environments. Metal objects strongly influence the measurement accuracy due to
common RF problems like signal reflection or scattering.
mean central
power density

Bandwidth of UWB

802.11a/h/j/n/ac

UWB
3.1GHz

5GHz

10.6GHz

Frequency in
MHz

Figure 2.6: Spectrum and signal energy of WIFI 802.11a/h/j/n/ac 5GHz RF systems and ultra wide
band pulse.

A good UWB overview can be found in [SGG08]. UWB related research has to deal with multi
path environments (for example [TSH05]) resulting in echoes, signal attenuations or fading, and
has to compete with other narrow band data communications such as 204.11a which uses parts
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of the UWB spectrum. To limit the power output of the transceivers, the antenna design is
complex. Solutions for these problems and examples for UWB localization systems are described
in [IHQ04], [ZSHZ12], [KZM+ 08] or [YRL10]. Applications of UWB localization systems can be
tracking of persons in hospitals ( [HGRL08], [WMP+ 12]) or robotics( [GBG+ 09], [SHSM10])

2.2.2 Sound-based Systems
Ultra Sound
Ultrasound-based localization systems typically consist of two components: an ultrasound
transducer which emits an ultrasound pulse at frequencies above 20 kHz and a receiving unit
(basically a microphone) sensing for the ultrasound pulses. They require the installation of
transducer/receiver units at the room elements. A wearable device measures the distances to
several ultrasound emitters and multilaterates its positions.
In literature two approaches are presented: time of flight and time di↵erence of arrival. In the
first the distance between the emitter and the receiver can be calculated using the propagation
speed of sound in air, in the latter, multiple transducers are used to correlate angle and time
information derived from the signal to apply hyperbolic localization approaches. Notice that the
speed of ultrasound waves depends on the air pressure and temperature, therefore the receiver
units are typically equipped with at least a temperature sensor to compensate the temperature’s
influence.
Ultrasound-based systems rely on a strict time synchronization and are prone to noise and sound
reflections caused by walls or furniture. A direct line-of-sight is preferable since multi-path
e↵ects reduce the accuracy of the system. As described in [BK88] ultrasound signals can also
be used to detect obstacles, and in the automotive industry, these systems support parking
procedures. They are also used in robotics to either estimate obstacles (reflected ultrasound
pulses are used) or estimate the distance between two robots (one emitting the pulse, the other
one measuring the distance).
time diﬀerence = propagation time
of the US pulse

t Receiver
rf trigger message received
start US measurement

US signal
is measured

Figure 2.7: The receiver measures the time until the ultrasound pulse is received. To trigger a
measurement, an RF packet can be used.

Well known systems in literature are the Cricket System [Pri05] or The Bat [WJH97]. In robotics,
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ultrasound signals are used in [LR12], [SSHH04] and [RBML08]. Ultra sound has influenced
the ubiquitous computing community [HW02], [TNNL02]. Gesture recognition during a bicycle
maintenance task has been supported with ultrasound beacons in [SOJ+ 06]. The authors fuse
the information of inertial measurement units and the ultrasound beacons to estimate the body
postures during the repair task.
Human Audible Sound
In robotics and other areas, researchers have surveilled localization using mapping hearable
audio information. Di↵erences in the times of arrival of some transmitter and determining
the position of a sound source using hyperbolic localization algorithms (multilateration-based
algorithms). The
authors of [VMRL03] use this approach to determine the origin of a sound
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information is recorded by the mobile phone microphones and distance information against the
anchor points is extracted using signal processing algorithms. The authors have to rely on the
mobile phone hardware limiting the accuracy of the localization system. The evaluation in an
office environment and a classroom shows an accuracy below 10 cm. Still, environmental noise,
echoes, the limited signal range and signal attenuation caused by human bodies or elements of
the environment have not been used to update the map.

2.2.3 Light-based Systems
Light-based systems rely on the availability of light and its behavior. These systems either try to
estimate the positions using active light elements (the elements actively emit light as for example
LEDs or light bulbs) or passive systems work with reflected light (markers or directly from
the object). Di↵erent algorithms for position estimation have been researched and presented;
the algorithms cover the search for known geometric formations (which can either be passive
illuminated or actively emit light), a search of corresponding points in pictures of two or more
cameras or algorithm describing the environment model. An overview of optical localization
systems is given in [MT11].
Light propagation and Information encoding
As the availability of controllable LED light systems rises, researchers (for example [LHP+ 14],
[KN04]) implemented methods to use visible light to support indoor localization. One or
multiple LED light sources modulate information (anchor information) and wearable devices
like tablets or mobile phones with ambient light sensors or cameras demodulate this information
to locate themselves with an accuracy below 1 meter. The simplest form of localization is
proximity (”close to lamp”). Light propagation models allow determining the distance towards
the light sources accurately. The authors present algorithms and models to derive angle and
distance information towards the light sources and estimate the position using multi- lateration
/ angulation.
A direct line-of-sight is necessary. Sunlight or artificial light sources strongly influence the
localization quality. Also, reflections result in a reduction of localization accuracy.
LIDAR, 3D Laser Scanner
Light Detection and Ranging (LIDAR) is a typical scene analysis-based localization approach.
A laser diode is constantly emitting laser pulses, which are reflected by obstacles. The reflected
light is used to estimate the phase shift dependent distance. A mapping algorithm estimates
the position of the scanner using a pre-recorded/generated model of the environment. It is
also possible to apply a SLAM algorithm to the distance and angle estimations to create the
environmental map. Deeper insights of LIDAR systems can be found in [MS11], evaluations of
systems are described in [Boe]. The authors of [SNH03] describe in their work how to use the
LIDAR information for robot positioning. LIDAR systems allow to localize users accurately,
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Laser beam
Laser
Obstacle
Rec.
Diode
reflected light

Figure 2.9: Schematic of LIDAR. A laser diode emits a beam, which is reflected by obstacles, the
phase shift of the signal (therefore the time di↵erence between emission and reception
of the laser pulse) is used to estimate the distance between the LIDAR scanner and the
obstacle.

although the systems require direct line-of-sight and an accurate model of the environment.
Additionally, the localization algorithms have to evaluate if the sensor measures against obstacles
part of the model or whether the system measures against dynamic obstacles which are not part
of the model.

Camera-based Localization

Camera-based localization requires either two or more cameras or a single camera and a
sensor which additionally provides depth information. In [IKH+ 11] the authors explain a 3D
reconstruction algorithm using depth information derived from a Microsoft Kinect. As explained
in [Zha12], the depth information stems from an infrared grid projected in the environment.
Obstacles and humans cause distortions which are used to calculate the distance to the Kinect
sensor. Multi-camera approaches derive the silhouettes of humans from their images and di↵erent
positions to estimate the motion of persons as described in [CKBH00]. The authors of [ACRC09]
developed a combination of mobile phone and webcams which distinguish between several
individuals in the picture and to estimate the current 3D coordinates of these persons using the
camera pictures.
Using landmark information derived from mobile phone cameras implement a camera-based
localization. The authors of [MWBS09] implemented this system and evaluated this in several
large scale setups. Ravi et al. compared cell phone images against images of locations to
estimate the position of mobile phones in [RSF+ 06]. To determine the position, this requires
a larger picture database of known locations. The authors of [HKH+ 10] used Kinect depth
information to generate an indoor model of the environment.
Using the known positions of LEDs in the environment for position estimation has been
researched in [VB12]. The authors attached di↵erent LEDs to the ceiling of the room and
recorded the scene with a single camera. Due to the known relative positions of the LEDs, the
position of the camera could be estimated.
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Infrared
Indoor localization and tracking systems relying on infrared light use either active or passive
tags to identify the position while at least two cameras cover an area. In the passive approach,
the cameras are also equipped with infrared light emitters. The markers reflect the infrared
light. Active tags emit infrared pulses; a synchronization approach allows to map the registered
light point in the picture with the position of the tag. In both methods, the tags occur as
white spots in the infrared picture of the scene. A combination of two or more camera pictures
allows to retrieve the position of the marker. The authors of [KL08] describe the challenges of
infrared-based localization systems.
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Several commercial tracking systems appeared using the passive or active approach. Amongst
others there are infrared-based localization systems from AR Tracking2 or OptiTrack3 . A special
motion tracking system for sports environment has been developed by Lukotronic4 .
Infrared beacons for position estimation as landmarks have been used in [YGA+ 14] and [HTU09].

1a)

2a)

1b)

2b)

Figure 2.10: The active infrared marker system Lukotronic (1a ) is used for on-body tracking. The
three cameras record the scene from di↵erent angles, the active infrared tags (1b)
periodically pulse, the infrared light dots of the tags are used to estimate the position of
the tag relatively to the camera system. 2a and 2b show passive infrared tags.

Typical camera-based problems occur in these approaches. Field of application is motion
tracking applications. Due to the high accuracy, even facial expressions can be recorded and
used for animations. Also, analysis of the movement sequences as in sports applications are
performed.

IR-based Room Ids
A proximity-based system providing room level accuracy is described by [WHFaG92]. The
authors of the so-called Active Badge system equipped workers in an office building with infrared
diodes. IR tags periodically transmit a unique id which is encoded in the infrared pulses.
Readers in all rooms of the building detect the presence of the tag and Additionally, location
2

http://www.ar-tracking.com
http://www.optitrack.com/
4
http://www.steinbichler.de/produkte/3d-bewegungsanalyse
3
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of the person in the location database. To reduce shadowing e↵ects, the readers have been
attached to the ceiling to reduce t
In robotics, di↵erent approaches are used: The authors of [LS07] attached infrared reflective
ids at ceilings. The robots record the ceiling with a camera during movement and can then
estimate their position whenever a reflective tag is found in the images. The encoded id is then
linked to a location. This approach is also commercially available5 .
A landmark-based approach has been presented in [OKL14], the authors equipped the environment with infrared reflective tags, lighted and filmed by a camera. The tag information is
decoded, and the position of the person carrying the camera is retrieved.
Problems
Light-based systems typically have problems with regard to obstacles and changing light
conditions. Camera-based systems generate a large data stream which requires strong, complex
and efficient algorithms for information processing. Due to this, mobile applications cannot
perform the processing because of their low resources. Sunlight negatively influences the
performance of the system, as it covers the infrared pulses. They also require direct line-of-sight,
and in the case of active tags on the (infrared) emitter side a power source. The synchronization
of multiple tags is also a difficult problem: Either a round-robin-based approach has to be
applied in which each active emitter is triggered alone, or tracking algorithms have to be applied
to link the positions of (passive tags) over multiple frames.

2.2.4 IMU, Pedestrian Dead Reckogning
Localization systems based on inertial methods for pedestrians have been surveyed in [Har13].
These systems use acceleration and bearing information derived from an inertial measurement
unit (IMU). This unit is equipped with acceleration, gyroscope, and earth magnetic field
sensors, allowing to detect steps and estimate the free acceleration. The IMUs fuse orientation
information derived from the acceleration, gyroscope and compass sensors to compensate errors
caused by environmental influences like metal objects or lifetime magnetic fields. The fusion
algorithm has been described in [MHV11].
To estimate the traveled distance between two measurement points, free acceleration and bearing
information derived from the unit is double integrated.
Let pi = (x, y, z) be the current position, pi 1 is the previous position estimation.
A = (ax , ay , az ) is the estimated free acceleration (this is the measured acceleration without the
superposition
RR of the gravitation vector), dt is the time di↵erence between measurement i and
i 1. di =
ai dt is the distance in axis i (i 2 x, y, z) since the last measurement
pi = pi

5

Hagisonic StarGazer Robot Localization System
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2.2 Indoor Localization Systems and their underlying Physical Phenomenon
P
pi
dy
pi-1

dx

Figure 2.11: The current position pi is derived from the previous position and the position di↵erence
calculated using the acceleration measurment. Measurement errors result in inaccurate
estimations (P is the exact position, pi the error prone position.)

A drawback of this approach is that the free acceleration estimation is error prone and therefore
introduces big position errors with increasing time. Two error sources are immanent: the
separation of gravitation vector and linear acceleration and the estimated bearing information
relying on these inaccurate measurements. Therefore it is necessary to stabilize and improve
the position:
Using additional information sources derived from proximity or lateration-based systems results
in sensor fusion algorithms and therefore increased positioning accuracies. Depending on the
aimed accuracy, proximity, landmark-based or multilateration-based techniques are fused. The
authors of [MVFB10] state that these algorithms achieve accuracies below 1.5m. These fusion
algorithms also included RF-based propagation models as presented in [Sey05], additional work
can be found in [GO02], [CCG], [MJF+ 08], [AV04], and [TSFC].

2.2.5 Smart Environments
Instead of equipping the humans with wearable devices, it is possible to integrate the sensors
in the environment. This can either be active (localization systems requiring the user to wear
tracking devices) or passive systems. Passive systems can either be camera-based systems
surveilling the environment, infrared thermal sensors (as we presented in [PHW+ 14]) or smart
floors ( [SL07], [VMV09] or [SL08]) providing binary or weight information whenever a person
steps on the floor. Also, the sound of the steps can be used for identification and localization
as presented in [DCR10]. By integrating RFID tags in the floor, the position estimation of
robots in smart environments can be achieved as shown in [SYS12]. Integrated RFID readers
constantly search for RFID tags and retrieve the corresponding tag location from a database.
An overview of smart environments and its localization possibilities is given for example
in [MLH05], [KVPV14] or in [DCPFP11].
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2.3 Environmental influences of underlying measurement
principle of indoor localization systems
As already mentioned, indoor environments strongly influence signals which makes it hard to
model the signal behavior of the systems. Due to edges and corners, the diversity of materials,
electronic appliances and humans themselves, the underlying physical technics are influenced,
and the quality of localization su↵ers. Additionally, the environment itself is altered, persons
interact with the environment, furniture is added, moved or removed. All these factors make a
model-based approach which tries to reduce the e↵ects mentioned above, very time-consuming or
even impossible. Complex algorithms try to reduce the influences on the signal or remove outliers
caused by environments by statistical/probabilistic weights( [TFBD01] in robotics). In the
following sections, we describe the problems which occur when di↵erent physical phenomenons
are used for indoor localization.

2.3.1 RF-based Approaches
RF-based approaches have several problems in indoor environments: The RF waves typically do
not have a line-of-sight propagation path between the transmitter and the receiver. Instead, the
waves interact with building elements, walls, corners, and furniture. Three main e↵ects occur and
lead to problems in RF-based position estimation: reflection, di↵raction and scattering( [Rap01]).
According to [Rap01, p.113] reflection occurs when a propagating electromagnetic wave impinges
upon an object which has vast dimensions when compared to the wavelength of the propagating
wave. [...] Di↵raction occurs when the radio path between the transmitter and receiver is
obstructed by a surface that has sharp irregularities(edges). The secondary waves resulting from
the obstructing surface are present throughout the space and even behind the obstacle, giving
rise to a bending of waves around the obstacle even when a the line-of-sight path does not exist
between transmitter and receiver. [...] Scattering occurs when the medium through which the
wave travels consists of objects with dimensions that are small compared to the wavelength, and
where the number of obstacles per unit volume is large.
In addition to these three problems, a so-called multi path e↵ect is noticeable at the receiver
side: Multi-path e↵ects arise when multiple versions of the same wave (reflected and di↵racted
for example from a wall) arrive at di↵erent times at the receiver antenna. This e↵ect causes
fluctuations in the signal strength (amplitude) and the phase. The behavior of the RF wave
is influenced by longer period environmental e↵ects as presented above but also include
e↵ects caused by dynamic elements as persons wandering in the transmission area, changes of
the environment, other electro magnetic sources which are superposing the initial RF wave.
Figure 2.12 depicts the result of an RF simulation of the RF signal propagation in an indoor
environment. RF signals are attenuated by the di↵erent building materials, refraction and
reflections cause multipath e↵ects and signal receptions at points which do not have direct
line-of-sight to the access points.
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Figure 2.12: Signal strength of WIFI transmissions from three access points in an office environment.
Signal refraction, multipath e↵ects, and reflections lead to problems in the localization
process. Permission granted from [LUV+ 11]

Several RF-based position estimation algorithms try to use the signal attenuation to calculate
the rough distance between the transmitter and the receiver. The simplest way to describe the
attenuation is an RSSI distance estimation. Taken from [MVFB10]:
P r = Pt (

4⇡d

) n Gt Gr

(2.3)

Pt is the transmitter power, Pr is the measured signal strength on the receiver side, the
wavelength, Gt and Gr gains of the transmitter and receiver antennas, d is the distance between
transmitter and receiver and n is the path loss coefficient.
To model the longer period e↵ects, the impact of materials on the signal attenuation has been
surveilled in [SRF+ 92]. The authors present tables of attenuation factors (n). Notice that
various materials can be found in indoor environments and therefore the signal propagation
and attenuation is hard to model. More complex propagation models have been evaluated and
described in the literature but are not part of this work.
Solutions for the complex description of indoor environments are based on statistics ( [SRJJ97]
and [Has93]). The authors of the RADAR WIFI fingerprinting( [BP00]) approach do not model
the RF signal behavior by hand but record the signal propagation at multiple points. Dynamic
e↵ects arising from humans are neglected.
As modern buildings are typically built in such a way that there are metal or concrete parts
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which are hardly altered during the Additionally, of a building and drywall components which
allow flexible, cheap and fast changes in the floor plan, RF propagation models have to be
maintained from time to time.

2.3.2 Optical Approaches
Image or video-based approaches rely on video equipment installed in the area of interest. The
algorithms either require continuous recordings or use movement information (infrared sensor
or vision-based) to trigger processing to detect persons and their movement path. In addition
to privacy concerns, the camera-based approaches require a high installation e↵ort, high data
rates, and energy consumption for recording and light require cable bound links. As the cameras
produce a huge information stream, processing of the gathered information requires massive
computing power. Since the image-based systems require line-of-sight, persons or objects in
the field of view can obscure activities or movements of other individuals. Another issue is
the problem of changing light conditions resulting in more complex algorithms or hardware
equipment as infrared filters and infrared spotlights to brighten the field of view. Also, the
identification of multiple users in passive localization systems are problematic, therefore tracking
algorithms need to be researched which can track persons who cross each others path.

2.3.3 Sound-based Approaches
As previously described, sound-based approaches rely on the time di↵erences between several
microphones. The time di↵erence between multiple microphones is then calculated in distance
di↵erences using the propagation speed csonic of (ultra) sonic waves in the air with air temperature
✓:
✓ m
csonic = (331.6 + 0.6 ⇤
)
(2.4)
C s
Sound-based systems rely in contrast to RF-based systems, on the environmental temperature.
A more complex measuring setup including a thermometer needs to be applied. Additionally,
ultrasound waves su↵er from similar influences as RF signals like signal reflections, shattering
or shadowing. Sound attenuation caused by fabrics has to be taken into account. Also, echoes
of the signal are typically present.
A superposition of environmental noises, especially in the measurement sound frequency spectrum,
is more easily to achieve, for example by home appliances or even keys.

2.3.4 IMU-based Systems
As PDR-based approaches rely on the combination of multiple sensor modalities as acceleration,
compass and RF localization, the set of problems is bigger:
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Earth Magnetic Field-based Heading
The estimation of the person’s heading depends on the earth magnetic field sensor/compass
sensor. As human-built objects typically consist of steel or concrete, the earth magnetic
field is highly non-conform in buildings (in contrast to outdoor magnetic field measurements).
Electromagnetic fields also negatively influence the heading estimation based on magnetic field
readings. To remove these influences, IMU producers provide sensor fusion algorithms using
acceleration and gyroscope information to filter the heading information.
Magnetic Field Fingerprints
As in other fingerprinting-based approaches, earth magnetic field-based fingerprinting relies
on the local changes of the field. These magnetic field anomalies in buildings are used for
self-localization as in [HK09]. They use a particle filter to support the localization. Authors
of [CDS+ 11] state that they achieve an accuracy of 45 cm if outliers of the measurements are
removed. [WSE+ 12] provide a self-learning algorithm which automatically records the Wifi
and earth magnetic field information in the environment. Changes in the environment such as
placements of metal objects or interaction of humans with the environments (opening/closing
fridge doors) result in (local) changes of the maps which therefore need maintenance operations
to reset the map.
Acceleration-based Inertial Tracking
Acceleration information is often used for step detection, where simple approaches assume a fixed
step length. Other approaches estimate the step length by double integration of the acceleration
information. As all measurements are a sum of error readings (due to the complex separation of
gravitation and linear acceleration based on the fusion algorithms) and physical sensor readings,
the double integration of the measurements lead to errors in the step length. Without continuous
correction of the position, commutative errors in step and position estimation arise. Depending
on the walked distance the accuracy can be below 2 m (see e.g. [PWH12]) for longer paths. The
separation of linear acceleration and gravitation strongly depends on the used filter algorithm.
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2.4 Conclusion
In this chapter, we presented a variety of di↵erent localization approaches. The algorithms cover
proximity, triangulation and scene analysis. The systems often rely on radio frequency pulses,
sound, optical or inertial measurement units.
Problems in indoor environments arise due to the complexity and inhomogeneity of the di↵erent
materials which are found in apartments, office or industrial environments. Static influences,
causing signal di↵raction or attenuation, are modeled or compensated using fingerprinting
approaches or signal attenuation lookup tables. Dynamic situations often require a combination
of several sensor systems. If the dynamic e↵ects are neglected, this results in higher positioning
errors. Also, electromagnetic sources, either unintentionally or used on purpose, lead to di↵erent
signal behavior. Direct line-of-sight is always a preferable option to improve the signal quality
and therefore the position estimation accuracy, but this unobstructed signal path is not always
achievable. A large number of approaches and techniques have been proposed in literature trying
to reduce these influences on the signals. On the side of the underlying physical phenomenon,
systems based on waves such as RF or ultrasound has been researched. Sensor fusion algorithms
try to limit the influence of dynamic and static e↵ects in the indoor environment by statistically
judging the signal input information. Although the accuracy of most systems lies within room
level or below, the installation e↵ort including setup and calibration varies. Most of the problems
mentioned in this chapter arise as the used physical phenomenon is not able to permeate obstacles
found in the environment which results in unpredictable or inaccurate signal behavior.
To overcome problems caused by shielding or attenuation, a physical phenomenon should be used
which is hardly influenced by humans and the materials being found in indoor environments. We,
therefore, present a localization system based on magnetic fields which solve most of the issues
mentioned above. Magnetic fields permeate nonferromagnetic objects and are hardly influenced
by persons. The field emitters can be used in a non-intrusive way, do not need line-of-sight and
can therefore even be stored in cupboards.
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Our indoor localization system is based on magneto-inductance: stationary magnetic field
emitters sequentially generate oscillating magnetic fields, and wearable receivers measure the
corresponding induced voltage at their current position. In the following sections, we describe
the system architecture and its components. As there are also other researchers and companies
work on magnetic field-based localization systems, a clear di↵erentiation from these systems is
given.

3.1 Advantages of Magnetic Fields over other Physical
Modalities

Figure 3.1: Evaluation of di↵erent materials’ influence on the magnetic field.

The quantity of di↵erent available indoor localization methods presented in the related work
chapter in addition to the problems illustrated in the previous chapter shows that an indoor
environment is very challenging for localization systems. Signal attenuation, shadowing, scattering and di↵raction lead to di↵erences between the measured signal and the theoretical model
and therefore to positioning errors. Reasons for this are the variety of di↵erent materials and
shapes, humans who enter and leave the environment or interact with furniture and other indoor
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elements. This interaction with the environment results in measurable changes, for example
in the RF signal strength (RSSI value) of mobile phones. Researchers used this principle to
perform activity recognition (Sigg et al. in [SBT14]). Another issue of the a↵ected signal is that
the range of the systems is restricted as the materials reduce the propagation range.

Figure 3.2: Estimated influence of di↵erent objects and persons on the estimated distance.

We argue that magnetic fields allow overcoming most of these negative influences on position
estimation. Initial experiments with magnetic fields showed that the presence of human bodies
in the magnetic field between a transmitter and a receiver coil hardly change the measured
signals. To prove this, we place persons, furniture, and computers with metal cases between the
magnetic field transmitter coil and a receiver coil. The e↵ects on the estimated distance between
the transmitter and the emitter vary in the magnitude of several percents (1 to 4 percent)
depending on the distance and the relative position of the obstacle in the magnetic field.
A significant advantage of magnetic fields is that they permeate walls, which allows to reduce the
number of necessary anchor points as multiple rooms can be covered by a single transmitter coil.
Compared to ultrasound emitters or camera-based systems which require direct line-of-sight,
this reduces the installation e↵ort.
Thus, we investigate and present the magnetic field-based localization system and evaluate
di↵erent applications.
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3.2 Magnetic Field-based Localization System
Our localization system based on oscillating magnetic fields consists of two main components:
magnetic field emitters, and wearable magnetic field sensing units.

Figure 3.3: Transmitter coil with attached driver circuit and wearable receiver with 3d receiver coil.

For position estimation, several processing layers (overview presented in figure 3.4) have to
be addressed to retrieve this information from the magnetic field. We, therefore, define and
introduce the processing architecture. This architecture consists of three layers:
• a physical layer, responsible for synchronization and raw signal gathering which also
takes the physical behavior of magnetic fields into account,
• a single coil position and distance estimation layer, which covers the transformation
of the measured signal to a position and distance estimation relative to the corresponding
transmitter and which abstracts from hardware related parameters, and
• a layer which performs multi coil position estimation using the position and distance
information from several transmitters.
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3.2 Magnetic Field-based Localization System
Physical Layer The physical layer manages the low-level functionalities of our localization
system. The layer includes the control of the magnetic field generation on the transmitter side
(frequency and correct time slot), whereas the receiver side performs signal detection, signal
amplification, signal encoding and transfer to a central processing computer. Transmitters and
receivers both have to be time synchronized to link the measurements to the correct Emitter
coil axes.
Single Coil Positioning Layer On top of the physical layer, situated on a central processing
computer, the single coil positioning layer performs a hardware abstraction step which shifts the
di↵erent hardware related signal levels of the measurements to a standard level. The adjusted
values are compared against theoretical magnetic field magnitude values to estimate position
and distance. The model takes the three axes transmitter coil architecture into account which
enables the system to calculate the position of a single receiver to a single point in each of the
eight octants around a transmitter.
Multi Coil Position Layer The magnetic fields of a single transmitter do not provide sufficient
information for unambiguous position estimations. To estimate the position of the receiver
without ambiguity, measurements to several transmitters have to be performed and combined.
This layer, therefore, consists of a scheduling algorithm which determines the trigger sequence of
the emitter and a fusion algorithm which merges distance and position information to measured
anchor points.
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3.3 Available Magnetic Field-based Localization Systems

Figure 3.5: Overview of the di↵erent magnetic field sensing possibilities.
Taken from [CBSS98]. Our localisation system is a search coil-based approach.

Applications of magnetic fields are wide-spread, starting from measuring the power consumption
of a device, over contact-less switches to accurate distance estimation. More demanding magnetic
field applications can be found in aerospace, other parts of the industry, home entertainment
and hospital environments mainly focusing on position or location estimation. A possible
categorization of magnetic field based localization is either the usage of quasi-static or alternating/oscillating magnetic fields. It is also possible to distinguish between these systems whether
they rely on the natural earth magnetic field and its fluctuations caused by environmental
anomalies or on the usage of artificial magnetic fields. Another possibility covers the magnetic
field detection mechanisms, the document [CBSS98] gives an overview of possible magnetic
field sensing systems, their frequency bandwidth and the detectable magnetic field strengths.
Figure 3.5 depicts the possible physical sensing modalities.
Our system is a search coil / magneto inductance based localization system using
artificial alternating / oscillating magnetic fields for position estimation.
We now present di↵erent magnetic field based tracking systems. We also provide information
about overlapping parts in the used techniques and algorithms but also go into the di↵erences.
The field of application covers medical areas, motion tracking environments and industrial and
home entertainment applications which are presented in the next paragraphs. To reduce the
size of the search coil, medical systems typically use single axis coils only, home entertainment,

42

3.3 Available Magnetic Field-based Localization Systems
Magnetic Fields

Sensing modality

static magnetic fields

oscillating magnetic fields

Magneto Resistance

Hall Eﬀect

natural earth magnetic field

artificial magnetic fields

magneto inductance
(search coil)

…

Figure 3.6: The magnetic field-based systems can be categorized by the type of magnetic fields the
systems use to estimate the position of the receiver. The sensing modality is also a
possible way to categorize the systems.

industrial and military applications require three axes receiver coils.

3.3.1 Medical Systems
Medical tracking systems often rely on magnetic fields due to their property to permeate the
human body and therefore not requiring direct line-of-sight. Compared to optical marker systems,
the search coils can be built smaller than the markers, reducing the weight and dimensions of
the tracking device. Due to this, these medical systems support both, in-vitro and ex-vitro
tracking applications. In contrast to our system, these systems are typically developed to work
in specialized applications with highly accurate position estimations. All systems presented in
this section are cable bound, a central signal acquisition and processing board is available for
position estimation.
Several devices have been established in the medical market:
Polhemus Fastrack, Patriot This system uses low-frequency alternating magnetic fields to
track up to 16 receiver coils. The range of the system is up to 3 meters. Only a single coil setup
is possible; sub-mm accuracy is achievable. The system informs the user if there are interferences
in the field. The main field of application is EEG Localization and neuroscience. The price of
the device is above 2500 Euro. No information about the proprietary system concerning the
synchronization is presented by the producer.
NDI Aurora System NDI Aurora is based on alternating magnetic fields, the tracking device
achieves sub-mm accuracies and sub-degree orientation resolution. Up to 16 receiver devices
can be tracked. The transmitter coils are either placed below the human body to track medical
tools or placed next to the body to guide other sensors. Receiver coils can be located within the
human body. The range is 50cm with a maximum update rate of 40 Hz. This system is mainly
used in medical areas to support operations.
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Ascension Trak Star Ascension Trak Star is based on quasi-static magnetic fields emitted by
one or more transmitter cubes. Depending on the necessary range, the cubes have a volume of
5cm3 or 10cm3 depending on the aimed measurement range. The accuracy lies below 1 mm.
The orientation can be estimated with an accuracy below 1 degree. The sampling rate is 420 Hz
for four receiver coils which are directly connected to the processing unit. The receiver probes
are cable-bound.

Figure 3.7: Ascension Trakstar System with transmitter and receiver. The search coil is directly
connected to the processing unit.

3.3.2 Motion Tracking
Motion tracking has become very popular in many situations in life: Scientists use magnetic
field based systems as reference systems, airplane cockpits are equipped with magnetic field
emitters to track the head position and bearing to adjust the virtual reality environment( [G.11,
p.56pp], [RBSJ79b]). Also entertainment products rely on motion tracking systems:
Ascension Flock of Birds Although being found in medical applications, Ascension provides
a magnetic field based localization system suitable for motion tracking. The system has similar
coverage, is cheaper than the medical system but is less accurate. The system is a single coil
system [GLN09]. In contrast to our system, ”Flock of Birds” is not suitable to cover larger
areas and does not support multiple transmitters.
Sixsens Stem, motion tracking in entertainment Sixsens Stem is used as game input device
(for example to control arm movements of virtual characters or monitor the skeleton of the
character). The technique is comparable to our system. It uses alternating current to generate
an artificial magnetic field. According to their website, the Stem system covers a living room.
The accuracy is within several millimeters. To estimate the orientation of the input device a
three axes receiver coil is used. The system has neither been developed to be used in di↵erent
environments as industrial tracking approaches nor can it cover larger areas or supports multiple
transmitters.
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The sampling rate of the Stem system is around 20 Hz. The frequency of the generated oscillating
magnetic field and its synchronization method is unknown.

3.3.3 Industrial Indoor Localization Systems and Tracking in Science
Particularly in demanding environments requiring stable and drift-less position and heading
information, magnetic fields are often used for information extraction:
Helmet Tracking in airplanes In military and industrial applications it is necessary to provide
information about the direction in which the person is looking. Particularly for head-up displays,
head position and viewing direction are two important sources. Among other technologies like
vision or IMU-based approaches, magnetic field systems are used to estimate this information.
According to to [G.11] these systems typically use oscillating magnetic fields at a frequency of
around 10kHz, the mathematical background has already been described in 1979 by [RBSJ79a].
This system uses a single transmitter coil with three transmitter axes to estimate position and
orientation.
Large scale industrial tracking of objects and vehicles in production lines Prigge ( [PH04])
describes in his thesis a large scale tracking setup which can be used in industrial environments.
In contrast to our system he uses a CDMA-based scheduling approach and describes in his work
how to separate di↵erent magnetic field emitters and their magnetic fields in the measurements.
Although relying on the artificial magnetic field, he uses extreme low-frequency magnetic fields
to estimate the position of receivers. The coils are bigger than ours (diameter of 1 m), and
100W power is applied to the coils. Accuracy is within several cms.
Temperature distribution in fluid containers Temperature control is another application of
magnetic field based localization: To achieve an even temperature distribution in the major fluid
containers the location of floating sensor nodes with temperature sensors have to be estimated.
To retrieve the position of the sensor nodes, Koenig et al. implemented a magnetic field based
localization system [GTKKxn14]. Comparable to Prigge, they use quasi-static magnetic fields
applied to circular coils to estimate the position. They also implement a calibration algorithm
in [GTKKxn14] in which they compensate distance errors which arise due to model errors and
environmental e↵ects. They achieve an accuracy of several cms. The authors also rely on the
so-called anisotropic magneto-resistive e↵ect; the sensor material changes its resistance when
magnetic fields are applied to the material. The change in resistance is measurable.
Tracking and Localization in science based on magnetic fields. In the biological research
area, Markham et al. implemented in [MTEM10] a magnetic field based localization system.
They track the life of underground animals. In addition to technical details they describe and
evaluate the performance of their system when it is used to monitor animals living on the
ground. The magnetic field, therefore, has to permeate the soil. In a test setup the coils where
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20cm times 30cm, the range was 4m, the position estimation achieves an accuracy of 40cm
at the given resonant frequency of 130kHz. The transmitters are scheduled in a round-robin
approach. In contrast to our system, the authors do not have to deal with dynamic influences
of indoor environments and therefore can increase the resonance frequency of their coils. This
also explains the higher accuracy.
Localization based on earth magnetic field measurements
Several researchers have developed and researched methods for indoor localization relying on
the natural earth magnetic field and disturbances caused by indoor environments (see for
example [GSDM11], [CDS+ 11] or Indoor Atlas1 ). The systems use mobile phone sensors and
the integrated electronic compasses to measure the field density of the earth magnetic field. As
in WIFI based fingerprinting methods, the approaches need an excessive calibration step. In
contrast to our system these methods do not generate static or oscillating artificial magnetic
fields. According to indooratlas, the accuracy the system can achieve is below 2m2 without any
additional anchor points.

3.4 Conclusion
We discuss in the following sections the di↵erent layers of our magnetic field-based indoor
localization system. The chapters cover signal related processing algorithms for signal gathering,
synchronization of a single transmitter and receivers, hardware abstraction and single coil
position and distance estimation and on top of this multi-transmitter position estimate including
scheduling and distance / position fusion for localization and tracking. The system is evaluated
in di↵erent environments and against an RF-based localization system to gather information
about its repeatability and robustness in specific locations. Also, regions of interest and fusion
with other sensor systems are discussed.

1
2

www.indooratlas.com
https://www.indooratlas.com/static/magnetic_positioning_opus_jun2014.pdf, page 5, figure 3, last
visited 6.3.2016
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The physical dependencies of oscillating magnetic fields and their influence on coils in the areas
are well understood. The implementation of a localization system based on these e↵ects still
requires algorithms specifically designed for the generation and acquisition of magnetic fields and
their physical nature. The combination of hardware implemented oscillating circuits reduces the
e↵ects of EM crosstalk on the receiver side and magnifies the power output of the transmitter
coils when excitement voltages with the given resonant frequency are applied. These driver
signals have to be carefully controlled about their rates as o↵sets lower the power output and
thus reduce the maximum achievable range. On the receiver side, the sampling rates have to
be adjusted correspondingly to achieve an accurate digital signal replicate. The magnetic field
induced voltage comes with a high dynamic range: Close to the transmitter coil, the induced
voltage is up to 3V, at the far end of the covered distance, the induced voltage only adds up to
2 to 3 mV.
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Figure 4.1: Schematic overview of the modules and tasks involved in low level signal gathering.

This e↵ect results in a low signal-to-noise ratio at high distances which is additionally reduced
by the inhomogeneity of the magnetic field: Depending on the position around the coil at a
fixed distance, di↵erent voltage levels are induced depending on the angle. Therefore, especially
in high distances, the receiver side signal detection mechanism has to be chosen carefully to
maximize the covered area.

47

4 Physical Layer
The transmitter coil consists of three perpendicular coils which are sequentially excited. This
approach provides magnetic field information which is then processed in the upper localization
layers. This multi-axis approach introduces another topic: the synchronization of transmitter and receiver, as the receiver has to link the measurement to the correct emitter axis for
further processing.
The physical layer addresses the low level functions of the localization system. It has to
control the magnetic field generation on the transmitter side, the square shaped excitement
signal on the coils and its frequency, and manages the signal amplification, signal digitalization and representation of the induced voltage on the receiver side. For both system
components a strict time synchronization has to be established to correctly link the magnetic
field measurements on the receiver side to the corresponding transmitter axes. The layer is
the foundation for the position estimation. Estimation- and encoding errors and also noise
caused by hardware or asynchronous sampling result in signal behavior which does not match
the predicted magnetic field behavior at the receiver position. These errors strongly influence
the position estimation accuracy.

4.1 Contribution
This chapter describes and evaluates methods which are integrated into the physical layer to
provide a stable representation of the induced voltage. On the transmitter side, methods
for a steady oscillating magnetic field generation with a given frequency are implemented
and evaluated. In addition to RF-based synchronization between the transmitter and the
receiver, the transmitter also implements a uni-directional information transfer in the
magnetic field to provide a robust synchronization mechanism without RF data transfer.
The signal gathering considers the underlying physical laws of magnetic field generation
and induction. Due to the high dynamic range and the cheap sampling hardware, the signal
acquisition consists of a software controlled amplification step and a DMA supported
signal digitalization. The receiver side oversamples the induced voltage trajectory and
compares two successive sampling windows. Due to the repeating nature of the oscillating
magnetic field, the signals result in a high correlation value even at a distance of 4.5m and a
corresponding induced voltage level of below 4mV. Di↵erent synchronization methods, RF
trigger messages, and magnetic field-based information transfer in combination with magnetic
field detection have been implemented and evaluated in di↵erent scenarios about accuracy,
power consumption, and position estimation rates. All these elements have been adapted and
applied to work on microcontrollers with limited resources including the usage of digital signal
processing supported commands.
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4.2 Physical Background
In this section, we discuss the physical background upon which our localization system is built.
This includes the magnetic field generation, the magnetic field behavior and the field density
which is described by the law of Biot Savart. On the receiver side, the measured signal depends
on the magnetic flux density. The law of Faraday relates the induced voltage depending on the
receiver coil area and the magnetic field.
The magnetic flux density / magnetic field B(x0 ) is a vector with given length at position x0 ,
0)
the magnetic field strength H(x0 ) = B(x
defines the direction and the length / strength of the
µ
magnetic field at the position. µ is the so called magnetic permeability.

4.2.1 Law of Biot Savart
The Law of Biot-Savart ( [Hen04, p. 45, formular 2.21]) describes the magnetic field (or often
also magnetic flux density) b(x0 ) at 3D postion x0 which is generated by an infinitesimal small
wire dl through which a current I flows:
bdl (x0 ) =

µ0
x
Idl ⇥
4⇡
| (x

x0
x0 )3 |

(4.1)

The used transmitter setup is a combination of frame-shaped coils. As depicted in figure 4.2 the
current runs in the directions of the arrows around the wires of the frame.

Figure 4.2: Left: Direction of the current along the frame, center: wire segment points used to
approximate the magnetic field, right: model of a transmitter coil axis centered around
the origin of the coordinate system.

To estimate the magnetic flux density Bi (x0 ) we apply a finite element method: The coil is
represented by f frame coils (Fig. 4.2 right side, the coil axis itself is centered around the origin
of the coordinate system), each frame consists of p infinitesimal small wire pieces (points) equally
distributed on the frame coils (Fig 4.2 center). To reduce the processing complexity, the term
µ0
m = 4⇡
I is set to 1, in the calibration process, the term is then calculated. The direction of
the wire segment is carefully evaluated as it strongly influences the direction of the resulting
magnetic field vector.
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Let L = {dlj | j 2 1, ..., f ⇤ p} be the set of the infinitesimal small wire pieces approximating
the coil, the field strength Bi (x0 ) at the position x0 is then:
Bi (x0 ) = ⌃dlj 2L bdlj (x0 )

(4.2)

Hereafter, the theoretical magnetic flux density has been calculated with the following values:
As the transmitter coils consist of 300 windings, 300 frames are used (f = 300). Each side of the
wire frame is approximated by 300 points, resulting in p = 1200 points per frame. We calculate
the magnetic field around the coil in 5 cm steps between 450cm and 450cm, all positions closer
than 30 cm are discarded. These values reflect the maximum covered distance of the system
and the accuracy.
The field strength values of axis y and axis z orientation and, as the two axes are perpendicular
to the x-axis, the coordinates are rotated around the corresponding axes, and the resulting field
strength values are then used.
The data set contains 5929741 (181 ⇥ 181 ⇥ 181) (Bx (x0 ), By (x0 )), Bz (x0 ))) tuples, which are
later used for the position estimation model.
Notice that there are e↵ects that have not been modeled: self inductance of the perpendicular
coils (this e↵ect reduces the magnetic field strength at the positions) and cross talks between
the perpendicular coils.
We do not consider the oscillation of the magnetic field which follows
Bosc (x’) ⇠ sin(!t)
(Law of Faraday, see section 4.2.2), as mentioned, the crosstalk between the axes and the self
induction of the coils have not been modeled.
Since we also implemented a sphere shaped transmitter coil with three transmitter axes, we
performed similar steps to generate a theoretical magnetic field model for the sphere as well.

4.2.2 Law of Faraday
In the previous section, we calculated the magnetic field vectors Bi (x0 ) of the three transmitter
axes in a 5 cm grid around the magnetic field emitter. The receiver measures the magnetic flux
density using the induced voltage in 3 perpendicular receiver coils. The oscillating magnetic
field, following a sinusoidal current, induces on the receiver side a voltage. This voltage can be
described by the law of Faraday (see [KMR08, p. 391, Formula 27.27]:
Uind =

N⇤

d
dt

(4.3)

where N is the number of turns of the receiver coil, and = B(x0 ) ⇤ A, where B(x0 ) is the
magnetic flux density at position x0 and A is the area of the coil which is perpendicular to the
magnetic field vectors at the position of the receiver coil. is called magnetic flux.
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As the applied current follows a cosine / sinusoidal trajectory, we describe Uind as:
Let ! = 20kHz ⇤ 2⇡
Uind =

N⇤

d
=
dt

N ⇥ B(x0 ) ⇥ A ⇥ ((cos(!t))

d
)
dt

(4.4)

Therefore
Uind = N ⇥ B(x0 ) ⇥ A ⇥ ! ⇥ sin(!t)

(4.5)

Applying the hardware calibration values of 20 kHz for the oscillating magnetic field this results
in:
Uind = N ⇥ B(x0 ) ⇥ A ⇥ 20kHz ⇥ 2⇡ ⇥ sin(20kHz ⇥ t ⇥ !)
(4.6)
We assume that the receiver coils are calibrated in such a way that the induced voltage of the 3
axes receiver coil is comparably of the same value as a theoretical point shaped receiver coil. As
the receiver coils are in prototype state, the coils have di↵erent sensitivities which also have to
be taken into account and estimated in the calibration process:
i
Uind
=

N ⇤ B(x0 ) ⇤ A ⇤ ! ⇤ sin(!t) ⇤ si

where si is a sensitivity factor of the receiver axis i.
Figure 4.5 and figure 4.9 depict the sinusoidal trajectory of the driving voltage on the transmitter
coil and the induced voltage on the receiver side. The receiver side voltage follows Uind =
N ⇤ B(x0 ) ⇤ A ⇤ 20kHz ⇤ 2⇡ ⇤ |sin(20kHz ⇤ t ⇤ !)|. The absolute value of Uind is caused by the
used receiver amplification circuit. The calibration process has to take
N ⇤ A ⇤ 20kHz ⇤ 2⇡ ⇤ |sin(20kHz ⇤ t ⇤ !)|
into account.
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4.3 Magnetic Field Generation
A transmitter consists of a micro-controller which is supervising three transmitter channels.
Each of these circuits is responsible for a single transmitter axis and the generated magnetic
field. The hardware consists of an H-bridge which continuously applies a cube-shaped signal to
the transmitter coil. The Law of Biot Savart determines for each point around the transmitter
coil the corresponding field density.

4.3.1 Hardware for Field Generation
The hardware is controlled by a DSPIC micro-controller whose main task is to supervise the
magnetic field generation.
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Figure 4.4: Di↵erent transmitter and receiver coil architectures left and center: cube shaped transmitter coils with three transmitter axes, right: circular transmitter coil with three transmitter
axes and reduced crosstalk. Center front: 3D receiver coil with six conical axes, two coils
are di↵erentially amplified and sensed.

Although being more complex than a simple air coil, the three axes transmitter coil setup
provides additional information: As each axis is perpendicular to the other two axes, the
resulting magnetic field vectors of the transmitter coils are also perpendicular to each other.
The magnetic field of a single coil is highly inhomogeneous but has ambiguous positions with
comparable magnetic field magnitude values, a combination of three transmitter axes adds more
information for a stable distance estimation and provides enough information to retrieve the
position of the receiver in the octants around a single transmitter.
In contrast to quasi-static magnetic field systems, our system applies an alternating current to
the transmitter coils. The result is a field following the excitement current. This can be thought
of as expansion and retraction of the magnetic field according to the alternating current.
The underlying oscillation frequency is 20 kHz, 22 V peak to peak square shaped voltage and a
0.17 A current generate the magnetic field. The reason for choosing such a low frequency is that
environmental e↵ects (counter induction / magnetic fields) caused by the oscillating magnetic
field strongly depend on the used frequency (see Law of Faraday, chapter 4.2.2), applying a
lower frequency oscillation results in lower noisy e↵ects.
An H-bridge circuit is used to generate a positive and negative energy flow at the transmitter coil.
Each of the half bridges of this driver circuits is managed by a microcontroller pin separately.
This control mechanism has been chosen to flexibly adjust the duty cycle of an emitter coil.
This enables us, for example, to reduce the magnetic field strength if the receiver is very close to
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Figure 4.5: Voltage measured across the oscillating circuit at the transmitter side of a transmitter
axis. Clearly visible is the crosstalk of the two other axis when an axis is emitting the
magnetic field.

the transmitter coil. The low distance between the transmitter and the receiver causes a high
induced voltage, possibly resulting in an overdriven amplification circuit on the receiver side.
Reducing the duty cycle of the transmitter side bridge reduces the magnetic field and allows
to measure the magnetic fields also at close distances. The period of each voltage direction is
supervised in the micro-controller program.
The voltage trajectory of an excited transmitter coil, measured across the oscillating circuit, is
depicted in figure 4.5. The magnetic field follows the current / voltage applied to the coil, the
signal response of the transmitter coil is a sinusoidal shaped signal. A closer look at the signal
shows that the circuit design with two micro-controller pins managing the square signals has a
drawback: there is a short period where the states of the two micro-controller switches result
in a high current peak. Because of the sequential processing of the transmitter program, the
short circuit occurs when one output pin’s state is switched, and the other control pin stays
unchanged for one processor cycle. As the peak is not part of the 20 kHz spectrum, it will be
filtered out or reduced on the receiver side’s oscillating circuit.
As visible in figure 4.5, there is a crosstalk of the two muted axes. If an axis is excited, the
other two coil axes act as capacitor plates also generating magnetic fields and therefore the
generated magnetic field is reduced.
Instead of using a cube-shaped coil, we implemented a sphere shaped coil which will be discussed
in section 4.3.2.

4.3.2 Behavior of di↵erent Transmitter Coil Architectures
For this evaluation, we measure the voltage across the L-C filter of the z-axis of both the
cube-shaped coil and the spherical coil. In both coil variants, the y-axis is between the x and
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Figure 4.6: Excitement and crosstalk signal trajectories measured at a cube-shaped and a spherical
transmitter coil. The crosstalk signal is measured at a perpendicular axis. The spherical
transmitter coil has a lower crosstalk than the cube shaped one.

z-axis of the coil. The excitement voltage is in each measurement 2V peak to peak with an
oscillating frequency of 20kHz. Both coil types are tuned to match this resonance frequency.
The excitement signal and the crosstalk signal is measured simultaneously using an oscilloscope.
Figure 4.6 shows the raw signal of the cube-shaped coil and the spherical coil. It contains the
crosstalk signal of the coils. The crosstalk voltage (peak to peak) of the cube-shaped coil is
sphere
ucube
cross = 26V , the spherical cube has a crosstalk of ucross = 10V . For an excitement voltage
of 20V peak to peak (the voltage used during typical operation), the crosstalk voltages are
sphere
ucube
cross = 124V and ucross = 48V .
The crosstalk on the non-active axis results in a counter magnetic field which reduces the
magnetic field strength of the excited magnetic field axis. As the theoretical field model does
not take this e↵ect into account, the crosstalk negatively influences the position estimation
using a single coil and the cube-shaped transmitter. The spherical cube has a reduced e↵ect
and therefore a better magnetic flux density representation. Due to the reduced crosstalk on the
spherical coils, the calibration process of the spherical coil is less complex than the cube-shaped
transmitter.
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4.4 Hardware Calibration
In the hardware calibration step, the oscillating circuits are tuned to 20kHz. The frequency
has been chosen because the frequency can be controlled by low-performance micro-controllers
and the influence of environmental eddy magnetic fields generated by the artificial magnetic
field is comparably low. Also, the tuning process of oscillating circuits is comparably easy, and
the used capacitors are cheap. The reason for this filter approach is to reduce the e↵ects of
the environmental influences on the receiver side and to focus the output energy to the aimed
frequency on the transmitter side.
The frequency of an oscillating circuit f0 is defined by the inductivity L of the coil and the
capacitance C:
1
f0 = p
(4.7)
2⇡ L ⇤ C
The inductance of the transmitter coils lies in the magnitude of 20mH, the receiver coils of
12mH.
Transmitter Coil The driving voltage of the square shaped input signal can be adjusted using
a voltage divider on the transmitter side board. We carefully tune the resistance ratio to reach
the desired output voltage of 22 V. The oscillating circuit requires an adjustment of capacitors
as the inductance of the transmitter coil is fixed. An oscilloscope measures the voltage across the
capacitor; a signal generator excites the coil with a square-shaped signal at a specific frequency.
The measured voltage across the capacitors depends on the excitement voltage and its frequency.
If the resonance frequency of the oscillating circuit is applied, this results in a maximization of
the measured voltage across the capacitors. We carefully estimate the L-C combinations of the
transmitter axes to maximize the power output of the coil at 20 kHz.
Receiver Coil In contrast to the transmitter, the receiver coil is a serial oscillating circuit.
Tuning the receiver coil requires a di↵erent calibration process: A transmitter coil, tuned to
20kHz, is placed at a fixed orientation and fixed distance relatively to the receiver axis. We
measure the induced voltage across the receiver axis. The current resonance frequency of the
receiver coil axis is defined by the frequency of the maximum induced voltage, the adjustment
of the capacitor values is then comparable to the transmitter calibration process.
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4.5 Receiver Side Magnetic Field Density Acquisition and
Magnetic Field Representation

Differential
Amplifier

Programmable
Amplifier

Microcontroller

Adjust Amplifier Level
Figure 4.7: Schematic representation of the used receiver side processing circuit.

4.5.1 Sampling and Amplification Control
The wearable receiver device is measuring the oscillating magnetic field with a 3-axes coil. The
dimension is 2cm ⇥ 2cm ⇥ 2cm, each axis consists of two conical coils, which are connected
to a di↵erential amplifier. This chip amplifies the voltages of the two receiver coil parts in
comparison to the center tap. A serial oscillating circuit is strictly tuned to 20kHz, which filters
out signals generated by house installation and devices. Operational amplifiers and rectifiers
pre-amplify the induced voltage. Programmable amplifiers regulate the signal level to overcome
the high dynamic range of the magnetic field induced voltage. This also avoids overdriving the
ADCs of the micro-controller. The absolute value of the voltage is implemented on the hardware
side To cover the complete ADC range between 0V and 3.3V.
Similar to the transmitter side, a Microchip DSPIC33FJ128 microcontroller manages the
functions of the boards. It is responsible for magnetic field detection, acquiring the raw magnetic
field induced voltage signal, transmitter synchronization, amplification gain control and preprocessing of the measured induced voltage trajectory. An inertial measurement unit (IMU,
Ivensense IMU 9150) is connected to the I2C bus. The IMU is periodically sampled between the
magnetic field measurements and gathers information about the current acceleration, rotation
rate and earth magnetic field. The compass integrated into the IMU is based on the Hall e↵ect
measurement principle and is not influenced by the oscillating magnetic field due to di↵erent
frequency sensitivities. A low power ZigBee module provides either a peer to peer or star-shaped
communication architecture between the transmitters to transfer the refined data to the location
estimation computer. The Zigbee communication is bi-directional, information about the current
scheduling and timing is exchanged between transmitters, processing computer and the receivers.
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Figure 4.8: Receiver module of the magnetic field localization system. The three axes receiver coil
measures the magnetic flux at the current location of the receiver.

Figure 4.9: Raw voltage trajectory measured on the receiver side when a transmitter excites the
three axis. Notice the di↵erent maximum amplitudes of the induced voltages of the three
perpendicular transmitter axes.

Figure 4.9 depicts the signal trajectory measured on one channel on the receiver side. Three
transmitter axes sequentially generate the magnetic field, the induced voltage of the magnetic
fields are rectified and amplified on the receiver axes. Due to hardware tolerances of the receiver
coils and the oscillating circuits, the maximum amplitudes of the three magnetic fields typically
di↵er. Each receiver axis channel holds information about one component of the 3D magnetic
field vector.
In this section, we explain the details of the signal gathering process on the receiver side, which
includes triggering, amplification, digitalization, signal encoding and signal transfer for position
estimation.
It is necessary to sample the induced voltage trajectory and process the information on the
receiver side to provide accurate magnetic field position estimation. Although there is an RF
transmission system attached to the receiver board, the transmission data rate is too low to
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completely transfer the information to the computer for signal processing. Additionally, constant
RF-based data streams create higher power consumption than the pre-processing step on the
micro-controller. The calculated magnetic field induced voltage representation encoding is
transferred to a central position estimation server for further processing (distance and position
estimation). In the following parts we describe the di↵erent steps to ensure the most accurate
signal acquisition and processing which is possible on the various components and the given
hardware. The receiver board is equipped with a microcontroller to reduce the power with the
goal to support at least 4 hours of continuous data recording and transfer. Due to the limited
processing power of this device, including processor commands per second and available memory,
the algorithms executed on the micro-controller are adjusted to work with the supported data
types and their accuracies.
All steps described here are performed for all three receiver axes channels.

4.5.2 Receiverside Magnetic Field Representation
During the magnetic field generation, the receiver is recording the induced voltage trajectory of
the magnetic field. The analog circuit contains a band-pass filter implemented in hardware and
tuned to 20kHz and a two-step amplification part. The first step of the amplification sequence
is a static di↵erential amplifier, amplifying the induced voltage with a factor of 10. The second
amplifier is a controllable amplifier. The amplification value is chosen in such a way that a
maximum accuracy is achieved without overdriving the ADC. No hardware peak detector or
envelop circuit is available.
The DSPIC micro-controller has a 12 bit onboard ADC which samples the trajectory with a
sampling rate of 256kHz. As the device does not support the simultaneous recording of the
three axes, each channel is recorded sequentially. The necessary sampling time for each signal
has been adapted correspondingly. A DMA-based information transfer between the ADC and
the memory is implemented to achieve this sampling rate. An interrupt-based processing step is
performed after the digitalization of a full 20 kHz oscillation cycle is completed. This results in
a trajectory of the magnetic field induced voltage which is then transfered to the processing
computer. We adjusted the length of the transmitter axis pulse to both compensate the clock
o↵sets on the transmitter and the receiver side and to be able to sample and process the induced
voltage trajectory on the receiver. Including the time for excitement and settling of the coils,
the minimum pulse interval is 4ms (1.3ms for digitalization of the signal of 3 axes and the
additional time values).
The following part discusses di↵erent approaches representing the magnetic field induced voltage
trajectory and therefore the magnetic field at the receiver’s position. The signal trajectory
of the induced voltage on the receiver side follows a rough sinusoidal trajectory, therefore the
representation has to reflect this behavior.
The goal is to find a field representation which can deal with the high dynamic range of the
induced voltage to support a range between 40 cm and 400 cm. The calculation of the representation has to be performed on a DSPIC micro-controller with 40 MHz clock rate without a
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floating point unit. This limits the possible magnetic flux density representations, as floating
point operations take too long to support a good speed. The available onboard memory of the
micro-controller is not sufficient to allow excessive use of lookup tables.
During the discussion of the approaches, we describe the transfer function T (si ) ! bi which
transforms the signal representation si into the theoretical magnetic field component bi . The
transfer function gives information about the calibration process and the relation between the
theoretical values and the measured values. Also, the maximum range of the field representation
approach is given.
We start with the recording of raw induced voltage values on the receiver side. A magnetic
field transmitter constantly excites one axis of the transmitter cube coils. The induced voltage
values of the three receiver coil axes are recorded at di↵erent distances. We carefully place
the receiver to avoid changes in its orientation. The receiver side micro-controller samples the
three channels with a bit depth of 12 bit at a sampling rate of 170kHz. To achieve this, the
direct memory access module is used which stores the values in three DMA bu↵ers for further
processing. The sampling rate has been chosen to gather two 20kHz signal oscillations with 128
values. After the three channels have been sampled, each sampling window wi is transferred to
the computer using a serial connection. The computer stores the data for later processing. In a
mobile application, this approach is not usable, as the data rate of the sensor is too high to
support wireless data transfer to the computer.
Because we record the induced voltage on the receiver side at di↵erent distances, the high
dynamic range of the induced voltage is noticeable. Without relying on an amplification
algorithm, the micro-controller sequentially steps through all amplification levels of each receiver
channel and adds this amplification information to the window. In the analysis step, we choose
for each distance the maximum amplification which does not overdrive the signal. Figure 4.10
depicts the signal trajectory of a single magnetic field oscillation which was induced on the
receiver side at di↵erent distances.
Hereafter we discuss several possible signal representation:
•
•
•
•

maximum value of the sampling window bu↵er
mean value of the sampling window bu↵er
amplitude of a sinusoidal fitting function
correlation value of two successive sampling windows

Max Value
A simple and fast signal representation is the usage of the maximum value of a sampling window.
This algorithm is in O(n) and consumes O(n) memory (the DMA bu↵ers) where n is the
sampling window bu↵er size. The approach can already be applied during the sampling phase.
A drawback of this method is that the maximum value is prone to noise, electromagnetic sources
like motors, power lines or on-board interferences strongly influence the signal especially when
the receiver is far away from the transmitter coil and the magnetic field magnitude is low. The
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measured noise has two sources, external EM sources, and the onboard amplification circuit. To
reduce the onboard noise component, we increased the bit resolution of the ADC from 10 bit to
12 bit and reduced the amplification rate of the controllable amplifier by factor 4. This allowed
us to distinguish the signal from noise up to a distance of 3.2 m.
smax = max{W}

(4.8)

Mean Value
A signal representation consuming more processing time (as it introduces multiplications and a
higher value domain) is the mean value of the sampling windows. The average value has the
advantage that it is less prone to noise outliers.
smean =

1
|w |
⌃ i wi [i]
| wi | i=0

(4.9)

The multiplication and accumulation (MAC) has been implemented in DSP-based Assembly
commands (MAC, Multiply Accumulate Commands), resulting in an execution time of 200µs
(compared to 5ms with standard processor commands) for a 128 word broad sampling window.
The maximum range which still allows to distinguish the magnetic field induced voltage from
the noise, lies between 3.5m and 3.8m depending on the orientation of the transmitter.
Let n be the sampling bu↵er window size.
M ean(t) =

X Uind (t)
n

M ean(t) =

=

X N ⇤ Bi (x) ⇤ A ⇤ 20kHz ⇤ 2⇡ ⇤ sin(20kHz ⇤ t ⇤ ⇡)
n
t

Bi (x) X
⇤
N ⇤ A ⇤ 20kHz ⇤ 2⇡ ⇤ sin(20kHz ⇤ t ⇤ ⇡)
n
t

(4.10)

(4.11)

This representation method therefore holds the information about the field strength at its
position.
Sinusoidal Fitting Function
Taking the theoretical considerations of section 4.2.2 into account, the induced voltage follows a
sinusoidal shaped trajectory. The harmonic function describing the voltage trajectory uses the
amplitude , the frequency f ; the phase shift ' and the o↵set ⌧ :
s(t) = ⇤ | sin(f ⇤ t ⇤ 2⇡ + ') | +⌧

(4.12)

The absolute value of the sinusoidal function has to be applied as the hardware circuit rectifies
the induced voltage value.
To determine the variables , ' and ⌧ , we minimized the function (t) = s(t) Wt using the

61

4 Physical Layer

Figure 4.10: Sinusoidal-based approximation of the sampled magnetic field induced voltage. The
Levenberg Marquardt algorithm has been used to minimize the di↵erence between the
measured signal and the approximated signal. Notice that the noise component of the
signal rises with increased distance.

Levenberg Marquardt least square approach.  is then the approximation of the field strength
Bi (x).
This algorithm gives an approximation of the sampled signal. The amplitude  can be used
as a field descriptor. A drawback of the Levenberg Marquardt least square fitting algorithm
is its excessive use of float and multiplication operations which cannot be implemented in
an performant way on the receiver DSPIC micro-controller. Due to hardware limitations, a
complete transfer of the DMA bu↵er to the processing computer is not possible.
This approach would allow to both approximate the field strength and hardware related issues
as knowledge about the frequency is used and hardware o↵set values are included to minimize
the voltage di↵erences. The maximum distance achieved with this approach is 4.3m.
Correlation Value of two successive Sampling Windows
The basic idea behind the correlation value approach is that two successive sinusoidal shaped
signals have a higher correlation value (similarity) than two sampling windows of white noise.
Two sampling windows W1 and W2 are derived from the analog signal at the given sampling
rate and bit depth. Let n =| Wi | be the bu↵er size of both windows.
K⌧ = ⌃ni=0 W1 [i] ⇤ W2 [i + ⌧ ]

(4.13)

K = max K⌧

(4.14)

Equation 4.13 calculates the correlation value with a given phase shift ⌧ , equation 4.14 describes
the field representation which is the maximum value of all K⌧ .
The transfer function reflects the magnetic field nature: As K = max K⌧ is the maximum
value of all correlation values K(⌧ ) both sampling windows W1 and W2 are best synchronized. Both sinusoidal trajectories have equal values which is comparable to the mean root
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Figure 4.11: Applying a correlation algorithm to a sinusoidal shaped signal (left hand side) and noise
signal (right hand side) results in a higher correlation value of the sinusoidal signal
bu↵ers compared to the noise signal.

square of a single sampling window. (Surface below the magnetic field induced voltage trajectory)
Although the calculation of K⌧ have been implemented using DSP-based MAC commands, the
overall calculation of the K value takes 1.4 ms for one channel on the DSP. The processing time
of three transmitter axes and three receiver axes therefore is at least 12.6ms
In the test setup, we achieved a maximum range clearly above 4.5m.

4.5.3 Discussion
Field repr.
Max
Mean
least square
Cor. value

Max. range
3.2m
3.8m
4.3m
4.5m

Processing time
0.1ms per axis
0.2ms per axis
N.A.
4.5ms per axis

Adv.
Fast
easy to implement
reflects harmonic function
High range

Disadv.
prone to noise
no hardware information
not suitable f. real time application
long processing time

Table 4.1: Overview of the magnetic flux density representation on the receiver side.

As discussed earlier, the limited resources of the receiver side DSPIC do not allow to use the
least square approach which would be the most accurate approach for the field representation.
Depicted in table 4.1, the correlation approach provides high accuracy and high range. A
disadvantage is its high processing overhead as the algorithm lies in O(n2 ) compared to the
mean value field representation which lies in O(n). To still provide a sampling rate of 30 Hz, we
suggest the following approaches:
• RF-based trigger synchronization or clock synchronization: mean value representation for
three receivers and three transmitter axis resulting in a slot length of below 20 ms.
• threshold-based correlation signal detection for one transmitter axis and three receiver
axes, magnetic field-based data transfer for transmitter id detection and mean value field
representation with a slot length of 150 ms
The synchronization approaches are described later.
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4.6 Amplification Control
The signal gathering sequence includes an amplification chain (a di↵erential amplifier with a fixed
rate of 10 and a dynamically adjustable amplifier between 1 and 128 times) and a 12 bit ADC
with a reference voltage of 3.3V. The amplification level is controlled by the micro-controller.
Particularly in positions with low signal levels, this improves the accuracy of the signal detection.
A threshold-based algorithm evaluates the currently estimated ADC value to achieve the highest
accuracy for a given position without overdriving the circuits. If the signal level is above the
”high” threshold, the amplification gain is reduced by two, if the signal level is below the ”min”
threshold, the amplification gain is increased by two. The threshold values have to be chosen
in such a way to avoid oscillations (periodically increasing and reduction of the amplification
gain.). After the adjustment, the new amplification value is locally stored to be used in the
next measurement cycle.

Figure 4.12: Increase of the accuracy of the 12 bit ADC when eight decades (1...128 times) programmable amplifier is used.

Figure 4.12 depicts the signal trajectory of a 12 bit ADC without additional amplification
and with an eight decades programmable amplifier as integrated into our receiver circuit.
Particularly in the low signal range, signal di↵erences can be gathered. The figure also indicates
the amplification intervals.
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4.7 Transmitter-Receiver Synchronization
A strong synchronization between the magnetic field generator and the measurement unit has to
be achieved to link the measured values with the three magnetic fields of the three transmitter
coils. A cable bound would be the most accurate approach, but it is only acceptable if the system
is used in a limited area and typically comes with reduced mobility. Therefore synchronization
methods based on RF or magnetic fields are of better use.

4.7.1 RF Trigger Messages
RF communication typically involves transmission protocols to avoid packet collisions in the
shared medium. Therefore RF network modules store packets in transmission bu↵ers until
the sending is possible and acknowledged. The storage time depends on the utilization of the
channel and the number of nodes transmitting messages. In addition to the time in the bu↵er,
propagation and processing delays on both the receiver and transmitter sides have to be taken
into account. Especially in our system in which micro-controllers have to process multiple tasks
(ADC sampling, I2C data transfer, data processing, magnetic field generation and RF stack
service) the reduced resources introduce a processing delay of up to 2ms if the micro-controller
is not able to immediately serve the RF module.
Transmitter

Processing
time

Transmission
Propagation
time

Receiver
Receiption

Packet
processed

t

t

Figure 4.13: The accuracy of RF-based synchronization approaches rely on three components, the
estimation of the packet bu↵er storage times, the propagation delay and the processing
delays on the transmitter and receiver sides.

To keep these delays at a minimum level, we implemented interrupt callback functions being
executed whenever a packet is transmitted or received. The callback functions then trigger
the measurement cycle on the transmitter and receiver side. Interrupt priorities avoid error
measurements during the ADC conversion cycle if the RF interrupt has a lower priority than
the ADC DMA part. For information exchange and distributed algorithms, we implemented
an RPC-based message processing chain. This chain is called on transmission and reception of
packets to perform a specific task for the di↵erent packet types.
RF Timing Delays To estimate the timing delays of an RF trigger message we conduct the
following experiment: a transmitter node periodically broadcasts a specific message type. On
transmission and reception of the packets, the nodes perform a transition on a digital IO pin.
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Using an oscilloscope, we measure the combination of propagation and processing time on the
receiver side.
In our test setup, the time di↵erence between the trigger sender and the magnetic receiver board
varied between 300µs and 450µs, on the transmitter side the time values were between 200µs
and 330µs. The di↵erences in the standard deviations of transmitter and receiver are related to
the used Remote Procedure Call (RPC) mechanism implemented on top of the Zigbee RF stack
and the other tasks to be served which are more complex on the receiver side.
The Zigbee information transfer supports up to 200 packets per seconds (60-byte payload) and
introduces a packet loss rate of 4 to 5 percent depending on the environment. When several
receivers are used for position estimation, and when acknowledged packets have been requested,
it is possible that the number of packets which should be transferred in one second exceeds the
maximum number of packets per second. Therefore di↵erent synchronization approaches have
been considered trying to reduce the burden on the RF stack. Additionally, if the system is
used in industrial environments, RF communication is error prone because of the EM emissions
and disturbances (signal scattering). The result of the packet loss is that either the transmitter
or the receiver is not aware of a measurement. If the transmitter misses the trigger packet, the
magnetic field is not generated and therefore the receiver measures only the noise on the three
channels. If the receiver misses the trigger event, a measurement is completely lost.
An additional message type is introduced to solve this problem: the trigger node sends a request
to the corresponding transmitter which then broadcasts the trigger message informing the other
nodes about its current magnetic field transmission.
start
measurement

trigger
bridge

trigger
request
transmitter

trigger

measurement
result

receiver

unicast
broadcast

Figure 4.14: In order to remove measurements where the transmitter did not receive the trigger
measurement resulting in ”empty measurements”, the triggering bridge requests a trigger
message from the transmitter. If the transmitter does not receive this message, the
receiver is not measuring.

If the transmitter does not receive the trigger request message, no measurement cycle is triggered
on the receiver side as the transmitter itself does not send out the trigger message. This removes
”outlier” messages containing only measurements of the receiver side noise level leading to
position falsifications.
The drawback of this two-step triggering approach is that it puts additional burden on the
RF channel. Twice as many packets have to be sent compared to the single step triggering
approach.
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An approach with a lower packet rate is, therefore, preferable.

4.7.2 Magnetic Field-based Synchronization
In this section, we propose a robust magnetic field synchronization method which does not rely
on RF triggering messages and therefore reduce the amount of packets per measurement cycle.
This includes the detection of oscillating magnetic fields with low magnetic field strength values,
information modulation and demodulation in oscillating magnetic fields, synchronization of
transmitter and receiver and measurements of the magnetic flux density by the receiver. As
a side path, we apply the presented concepts to the field of smartwatches to detect regions of
interests.

Synchronization and Data Transfer in Oscillating Magnetic Fields
As previously described, RF-based trigger messages can lead to packet loss and therefore to
inconsistencies in the signal gathering process. The reason for these data corruptions is the
possible packet loss in the localization RF networks which either results in measurements of
the noise or missing measurements. In this section, we evaluate the possibility of using the
oscillating magnetic fields to trigger measurements and how to transfer information between the
transmitter and the receivers without the usage of RF communication modules. Particularly in
industrial environments, the RF communication can be restricted by changing EM influences.

Influences of the receiver coil on the measured signal To obtain a stable, reliable and
repeatable information representation, the physical properties of the coil types with regard to
signal sensitivity (signal rise and range) and signal fall o↵ have to be determined.

Figure 4.15: Signal behavior with and without a ferromagnetic core. The ferromagnetic core ”magnifies” the magnetic field, therefore the coil is able to detect fields with lower magnetic
field magnitude values.
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The induced voltage strongly depends on the distance between the transmitter and the receiver.
To determine the minimum oscillation time of the transmitter, we measure the settling and
fallo↵ time on the receiver side coil. This evaluation should show that the signal fallo↵ time
varies with distance (the ferromagnetic core is ”magnifying” the current magnetic field, and
therefore the receiver side should be able to measure lower magnetic field magnitudes than the
air coil. Additionally, ferromagnetic coils should also have a higher counter inductance.) and
that ferromagnetic cores also extend the oscillation times on the receiver side. For comparison,
we measure the signal trajectory on a transmitter coil (airframe coil with 300 windings) in the
same manner as we do with the receiver coil. Both coil types have been tuned to a 20 kHz
frequency band using oscillating circuits.
We recorded for both coils several oscillations of a transmitter coil at 20kHz with an amplitude
of 22V peak to peak at 40cm and 250cm. Both coil types have been attached to receiver boards.
We record the amplified induced voltage after the first amplification part. All signals have been
digitalized at one mega sample per second using an oscilloscope. To estimate the fall o↵ times
of the di↵erent coil types, we record both coils, the transmitter and receiver coil. The oscillating
magnetic field is generated by a transmitter board. Every 100 ms a transmitter axis is turned
on for 30ms.
To reduce noise caused by other EM fields (in particular on the air coil), we apply an FFT-based
bandpass filter on the raw voltage samples and remove all frequencies outside the interval
of [19500, 20500]kHz. After this we normalize transmitter and the receiver voltage for easier
U
comparability (Unorm = Usample
).
max
Figure ?? depicts the di↵erent signal fall o↵ times: The ferromagnetic receiver coil takes twice
as long as the nonferromagnetic coil, but has a more stable signal structure and is more sensitive
to corresponding magnetic fields (which corresponds to higher ranges). When the excitement
Transmitter Axis X
Excitement

Measurement

Fall Off
Transmitter Axis Y
Excitement

Measurement

Fall Off
Transmitter Axis Z
Excitement

Measurement

Fall Off

Figure 4.16: Schematic representation of a measurement slot on the receiver side

starts, the receiver signal nearly immediately follows the excitement voltage / magnetic field.
The time until the maximum voltage is reached is 300µs for both coil types. The fall o↵ time of
the coil layouts di↵er, at 40cm the air coil has an approximately 50 percent lower fall o↵ time
of 600µs compared to the ferromagnetic coil which has a fall o↵ time of 1100µs . We saw in
previous sections that the cube-shaped coil layout results in high crosstalk signals between the
transmitter axes. A large fraction of the ”fallo↵ signal oscillations” are caused by the crosstalk
of the coils. Also at 250cm the ferromagnetic coil has longer settlement times which is 900µs
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for the ferromagnetic coil and 500µ for the air coil. This e↵ect is caused by the energy which is
stored in the ferromagnetic material.
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The minimum excitement time depends on the used signal representation and its processing
complexity, an excitement time of 10ms for each transmitter axis should be the goal.
Two successive measurement cycles should, therefore, be at least 0.9 ms apart (900µs for signal
fall o↵ of the old signal and 300µs for excitement of the new signal) to achieve a clear reading
of the induced voltage of a magnetic field transmitter axis on the receiver side. To reduce this
time it is also possible to overlap the fall o↵ time and the excitement time.

Correlation-based magnetic field detection In the previous section, we evaluated the excitement and fall o↵ periods of the used receiver coils. This is necessary to define the minimum
excitement times to detect information encoded in the magnetic fields. We implemented the
magnetic field detection using the correlation approach as presented in chapter 4.5.2. The
magnetic field is assumed to be sensed if this correlation value is above a given threshold.
To evaluate this approach, we implemented the correlation of two successive sampling windows in
Assembly using MAC (multiply accumulate command) to reduce the processing of 3 receiver axes
to below 1.5ms each (12ms with common non-DSP commands). We refer to the chapter 4.5.2
for deeper insights and its detailed definition of .
A transmitter constantly excites one of its transmitter axes to estimate the maximum range of
the correlation approach. The receiver samples two continuous magnetic field oscillations and
calculates the corresponding correlation value of two bu↵ers on the axis parallel to the emitter
coil. We move the receiver along the major axis of the magnetic field and record for a set of
discrete points the correlation values. Additionally, a measurement without magnetic field is
performed to retrieve information about the noise behavior of the correlation approach. Because
the transmitter is constantly generating the magnetic field, a synchronization algorithm is not
used.
Figure 4.11 depicts the concept behind this: The correlation value of two sinusoidal-shaped
signals is higher than the correlation value of two (white) noise trajectories.
As shown in figure 4.17 for the measurement positions, the estimated correlation value on
the major receiver axis shows a higher correlation value than the noise signal. The signals
measured at 86cm and 160cm di↵er from the typical magnetic field behavior, the fallo↵ of the
signals show a saturation e↵ect: As no amplification adjustment algorithm is used in this data
recording, the induced voltage overdrives the analog circuit and results in the saturation of
the sampling window. After these two measurement points, the signal fallo↵ is conforming to
the magnetic field behavior,  / d13 . Additionally with rising distance the signal’s standard
deviation increases. The explanation for this e↵ect is that the reduced signal-to-noise ratio
and the induced voltage are directly linked to the falling magnetic field magnitude values, and
environmental influences which are overlapped by the magnetic field close to the transmitter
but the e↵ect weakens with growing distance.
Using this approach, we implemented a magnetic field detection mechanism which uses thresholds
without any requirement of external trigger information: the receiver is constantly evaluating
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Figure 4.17: Correlation value of two successive sampling windows at di↵erent distances compared
to the correlation value of the noise. With rising distance the correlation value drops
but is still higher than the value of the noise. Especially at distances 80cm and 160cm
the saturation e↵ect of the induced voltage is visible, it is necessary to implement an
amplification control protocol.

the correlation values of two successive sampling windows. If  is above the threshold, the
measurement of the magnetic field is started.
Correlation-based Signal Detection The signal detection mechanism evaluates two successive
sampling bu↵ers and shows a good performance with regard to coverage and range. We evaluate
the signal detection mechanisms in several environments. The influence of electromagnetic field
sources, for example, motor drivers, electric valves in industrial settings, microwaves, co↵ee
machines or printers in office environments are to be evaluated. The interferences of this devices
could trigger false measurements.
We initially record the correlation value of the analog circuit including the noise gathered by
the coil, amplifiers, and rectifiers. Therefore the receiver collects 2000 samples of the correlation
value. This signal is depicted in figure 4.18 on the left-hand side. The three receiver axes have
di↵erent correlation noise levels, interesting is that one coil has a much higher basic correlation
value (noise level) than the other two axes. This behavior is found on all prototype boards, and
all receiver coils combinations.
For further evaluation, we recorded the noise correlation level in di↵erent environments. Figure 4.19 depicts the temporal progress of the various devices found in households. Another issue
which is not addressed by a threshold-based triggering approach is that the temporal component
of an EM influence is not covered by the approach.
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Figure 4.18: Correlation signal of the noise and electromagnetic disturbances (distance between
receiver and motor driver 10cm), the disturbances are high enough to trigger false frame
start events.

Figure 4.20 summarizes the di↵erent correlation values gathered in di↵erent environments.
Compared to the noise correlation value of no electromagnetic sources, the values are much
higher. A triggering approach solely using thresholds is only possible if the level is set to
a correlation value thresh which is higher than the values generated by the environments.
Doing so also reduces the maximum range of the detection mechanism for magnetic field-based
triggering. Therefore a more complex approach has to be applied and evaluated. In network
communication, header and trailers enable the hardware to detect the start and end of packets
on several transmission channels. Because of this, we implemented a transmission protocol for
magnetic fields which encapsulates the id of the current transmitter provides a synchronization
mechanism for the transmitters and receivers. The synchronization mechanism is be used in
di↵erent applications such as AAL, offices or industrial production lines.
Figure 4.19 supports the header-based approach: Although generating higher correlation
values on the receiver side, the artificial device signals can be distinguished from the magnetic
field-based signals using a time-dependent sequence encoded in the magnetic field generation
step.
Frame Layout A signal detection approach relying solely on thresholds is very error prone
as di↵erent environments result in di↵erent threshold levels and therefore a reduced maximum
distance. To support environments with high electromagnetic emissions (for example in industrial production environments) without reducing the maximum distance, a frame-based
synchronization protocol is implemented. We present in the following part the requirements
for such a protocol and how it can be implemented on top of the oscillating magnetic field to
support synchronization and information transfer.
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Figure 4.19: Spectrogram of the recorded correlation values of di↵erent environments including noise,
oscillating magnetic fields, water boiler, co↵ee maker, microwave and hot plate of an
oven.

Requirements The used protocol should be on the one hand robust against (periodic) electromagnetic interferences and signal changes, on the other hand simple enough to be implemented
on the 40MHz microcontroller of the receiver board and support the high dynamics of the
magnetic field along the transmission range. The signal encoding must support signal changes
caused by movements (the signal level rises if the distance to the transmitter is reduced, the
signal level drops if the distance to the transmitter is reduced.). Also, timing plays a role to
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Figure 4.20: Correlation value distribution of di↵erent appliances.

support at least one position update per second in an eight transmitter setup.
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Figure 4.21: Frame layout for magnetic field-based data transfer. A header allows distinguishing the
artificial magnetic field signal of the currently active transmitter from environmental
signals. A data part encapsulates the transmitter id to link the measurement part with
the currently active transmitter.

We, therefore, implemented a frame consisting of three parts: the header, the transmitter id
encoded in the magnetic field, and the measurement part.
Header The header has to provide timing and synchronization information. Environmental
EM emissions inducing voltages above the given start threshold have to be discarded to avoid
false measurements. To achieve this, the header consists of a sequence of ”magnetic field
available” and ”not available” intervals with di↵erent lengths: the first sequence part is used
to detect the magnetic field using the correlation threshold and to adjust the amplification
level to achieve optimum signal-to-noise ratio. As we are dealing with a time critical part, only
three amplification levels are used (1, 16, 128), the amplification value is initially set to 128 and
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automatically reduced if the signal is overdriven.
The header sequence is 40ms long, consisting of a 20ms long ”start magnetic field”, 10ms
break where no magnetic field is generated and another 10 ms long oscillating magnetic field.
The length of this header sequence components provide enough information to filter out false
measurements. The header signal sequence does not appear in the other frame parts to achieve
time synchronization of the transmitter and the receiver. Even if the receiver starts sampling
during a frame (e.g. after start-up), a frame is only recognized if the header sequence has been
found. Therefore the receiver only needs to locate the header to be able to synchronize itself with
the transmitter. The time interval is also long enough to measure the header sequence and to
adjust the amplification level even if the receiver and transmitter are completely asynchronous.

Figure 4.22: Manchester encoding of the transmitter id and measured on the receiver side, the receiver
indicates the detection of a signal change by pulling a pin to logical high. The raw
signal contains the encoded transmitter id and the magnetic field measurements of the
transmitter axes (last three signal levels) which are simultaneously measured on the
three receiver axes.

Transmitter id As already mentioned, in addition to the synchronization possibility, the
protocol should provide information about the currently active transmitter. To achieve this,
a 4-bit transmitter id is modulated in the magnetic field using Manchester encoding. After
evaluating several encoding schemes (PWM, AM, Manchester), Manchester encoding was most
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stable with regard to movements (Movements increase or decrease the magnetic field induced
voltage. Therefore PWM is prone to movements). Additionally, a 4 / 3 Hamming code is
applied to detect bit errors and to be able to correct these errors.
Measurement After decoding and checking the transmitter id, the receiver starts the measurement of three receiver axes. The measurement cycle results in 9 correlation values representing
the magnetic field vectors Bx , By , Bz generated by the transmitter axes x, y, z. The length of
the measurement cycle is 60ms for all three transmitter axes. Additionally, each transmitter
axis measurement includes the adjustment of the amplification level.
Figure 4.22 depicts a raw magnetic field frame measured on the receiver side using an oscilloscope.
The raw induced voltage shows the signal trajectory of the magnetic field data encoding for
frame, transmitter id, and measurement. The sampling times for transmitter id detection and
magnetic field measurements are included in the signal plot. Notice that the overall length of
the frame is 180ms, the signal periods have been chosen to provide time bu↵ers for inaccuracies
caused by sampling and processing.
Evaluation, Range, Bit rate errors We tested the data transfer statically at discrete points
at di↵erent distances. The analyses include the ratio of missed frames, the possible range and
the bit error rates for di↵erent distances. We show that the bit error rate and frame detection
rate depends on the distance between transmitter and receiver.
The transmitter is placed in the center of the measurement environment, a free area without
any visible ferromagnetic materials or electromagnetic sources has been used.
The receiver is put in discrete positions along one transmitter axis between 40cm and 450cm,
ten di↵erent positions have been recorded, 300 samples per measurement position have been
evaluated. The transmitter modulates the numbers from 0 to 15 with a 200 ms delay between
the modulations. We record for each demodulated value the time. Therefore it is possible to
determine the packet loss of the system. Below 200 cm, the bit error rate of the system is 0
percent, also no packets are missed, we therefore exclude these values in the data plots. The
overall packetloss rate in the measurement area is 5.2% (156 / 3000 packets have been missed)
which is comparable to the packet loss rates of RF-based triggering. Visible in figure 4.23 on the
right hand side, the packet loss rate increases with rising distance. The reason for this is that
the signal-to-noise ratio is strongly influenced by the magnetic field which drops with d16 . The
bit rate of correctly received values is 87.58%, the left hand signal plot of figure 4.23 depicts for
each value the fraction of the di↵erent bit errors.
More of concern is the increasing number of lost packets, wrongly detected transmitter ids could
be changed on the processing side which has knowledge about the triggering sequence.
Technical connectivity details The reason for the magnetic field-based synchronization and
transmitter information encoding is to provide an accurate synchronization and information

76

4.7 Transmitter-Receiver Synchronization

Figure 4.23: Combined Distance error rates for distances between 40cm to 451cm. Measurements have
been stationary performed. 87.58 percent of the values have been correctly recognized.
The packet loss rate increases with rising distance.

distribution mechanism. Until now we have not addressed the underlying transmitter control
mechanism: For larger-scale setups, especially in industrial environments, RF communication
needs additional measures to work and to reduce the packet loss rates (for example acknowledgment messages). Also making the system more reliable, these measures introduce extra timeand bandwidth burden. To avoid this, we trigger the transmitters using an Ethernet-based
UDP1 communication. Each transmitter is equipped with an Ethernet module and receives
UDP trigger messages. After reception of a trigger message, the node begins with the magnetic
field-based synchronization and data transfer as previously described.
Improvements of the signal-to-noise ratio During the synchronization and data transfer
using the magnetic field, the receiver has to detect signal transitions and the lengths of the
pulses. The coil architecture influences the overall magnetic field layout and therefore, the
magnetic flux density is not evenly distributed. The data transfer using a single coil is therefore
in some positions around the transmitter not always supported in its best way:
Depicted in figure 4.24 is the signal trajectory of two perpendicular cube shaped transmitter axes.
The signals follow a sinusoidal trajectory and hold a phase shift. If a single transmitter axis is
used for data transmission, the signal-to-noise ratio during data transfer strongly depends on the
position around the transmitter. In order to reduce this e↵ect, the header of the measurement
frame is modulated on the transmitter axis which bears the highest magnetic field magnitude at
the receiver side position. To achieve this, the estimated receiver position is taken into account
to determine the relative angle against the transmitter. This angle is then used to determine
the axis with the highest possible magnetic field at the receiver position. If several receivers
1

UDP has been chosen because compared to TCP UDP requires fewer resources and processing time to maintain
communication. For real-time applications typically UDP is chosen.
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Figure 4.24: Magnetic field magnitudes of two perpendicular transmitter axes with regard around
the transmitter coil. Clearly visible is a sinusoidal signal trajectory and a phase shift
when comparing the two transmitter axes.

are within the transmitter’s range, the receiver with the highest distance is considered as the
magnetic flux density is lowest for this receiver.

4.7.3 Data Transfer in a quasi-static Magnetic Field
The magnetic field as information carrier has been proposed in [JFY+ 14]. The authors use
a magnetic field to transfer data at short range between a transmitter coil and an IC-based
magnetometer of a mobile phone. The magnetometer of cell phones usually supports a sampling
rate below 100 Hz and is based on the so-called Hall e↵ect. Hall e↵ect-based sensors tend to
be sensitive to strong magnetic fields with a low oscillation frequency. For higher frequencies,
AMR-based sensors or magneto-inductive coils are typically used. In this chapter we show how
to use low-frequency magnetic fields to detect regions of interests with a mobile phone or a
wearable smartwatch, using their compasses over a longer range than 1cm (as in [JFY+ 14]).
Additionally, data transmission and encoding in the magnetic field at higher frequencies (e.g.
around 20kHz) with coil-based sensors are evaluated and combined with our magnetic field
localization system to support a logistics scenario. The following part has been presented at the
Body area networks conference 2015 ( [PHCL15]).
Introduction
Many localization tasks do not require absolute coordinates; it is sufficient to gather proximity
information. Regarding context and ubiquitous computing, proximity can be seen as part of the
standard data vector. Due to the high availability of smart devices, for example, smartphones
or smartwatches, we want to evaluate possibilities to detect proximity with these items. For a
mobile consumer device and their users, location can in most cases be an identification of a room
part such as a table, a drawer, a position in a shelve or a specific table, absolute coordinates
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are typically not used which reduces the complexity of the localization system. Broadly used
are in current days Bluetooth 4.0 (BLE) Beacons which can be seen as current state of the art
in proximity detection. While the detailed accuracy of such systems depends on the specific
setup and the environment, it is in general well above 1 m and thus unsuitable for higher
precision applications as distinguishing between neighboring desks or doors, detecting which
shelve someone is reaching for, or tracing hand positions when browsing through a rack of
clothes.
We saw in the previous sections that magnetic fields could also be the information carrier. The
magnetic field in this application has a much lower frequency (0 to 10 Hz) compared to the
frequency of the oscillating magnetic field localization system as the fields are detected with
the integrated IC-based earth magnetic field sensors of the smart devices. The described approach allows a generation of a spatially limited magnetic field with a maximum
detectable range of 30 to 50 cm. Due to the simplicity of the hardware, proximity information
can be easily integrated in the environment and therefore can be broadly used due to the high
availability of smart devices with integrated magnetometers..
We discuss di↵erent physical modalities in section 2.3 about their deficiencies in indoor environment. Especially Bluetooth beacons, using RF waves, have a limited spatial resolution.
Considering the behavior of RF waves - especially in the 2.5 GHz frequency spectrum - has
several disadvantages:
• The RF signal is strongly influenced by human bodies; the signal amplitude is attenuated
because the energy is absorbed by the flesh.
• Signal scattering resulting in a defraction of the RF signal.
Low-frequency magnetic fields in contrast to RF waves, permeate the human body almost
without any influence, furniture and other appliances have either no or hardly any e↵ect. Metal
objects locally a↵ect the magnetic field, but the influence of this eddy fields are locally limited
and are distance dependent: the higher the distance, the lower the influence of the metal object.
The density of the magnetic field is easily controllable by the current applied to the transmitter
coil.
We want to examine how magnetic fields perform in typical close to reality applications. The
goal is to benchmark the estimation of the system in di↵erent environments, see the limits
of the system with regard to the limited range and how to apply well-known principles of
magnetic field-based information transfer as we described them in the previous parts in the field
of proximity detection.
Related Work
In this section, we want to give an overview of smart devices related influences in this research
field. We already gave an overview of indoor localization system in section 2. Regarding the
current chapter, smart devices with integrated sensor systems related works are of main concern
(for example [DCC12]). Mainly WIFI-based systems [RS01], Bluetooth beacons [ZXM+ 14] and

79

4 Physical Layer
inertial sensors [LZD+ 12] are considered. Also, the fusion of these systems has been broadly
examined [EM06]. Yet, these approaches are currently not able to achieve a proximity resolution
of 30 to 50cm. The main problem is the inhomogeneity of the environment with the influence of
furniture and persons on the RF signal propagation.
Considering magnetic field-based work, several approaches have been presented in research.
The works cover magnetic field-based object tracking, positioning and proximity detection.
Still, most of this work can hardly be applied to smartwatches and smartphones. Among
others, passive tags are considered in [PHB01], di↵erent research topics cover passive RFID
tags (currently no mobile phone comes with built-in RFID tag readers, not mentioning the
smartwatch market) for example in [BDS08], [PFKP05], or position estimation system based
on quasi-static magnetic fields [PH04] or oscillating magnetic fields as ours. In contrast to our
magnetic field localization system (which uses 20kHz oscillations and therefore the smart devices
cannot sense these fields), we apply an ultra low frequency to the transmitter coil and focus
mainly on the data transmission part here. Additionally, using of-the-shelve hardware (both on
the receiver and the transmitter side) reduce the costs of the systems.
For example in [JLC+ 12] a 125kHz oscillating magnetic field is used to detect proximities to given
beacon emitters using magneto-inductive coils. The Location-log system described in [ZCC+ 12]
is also based on 125kHz magnetic fields. The authors use a special purpose NFC hardware
at 125kHz to measure the induced voltage in a receiver coil which is attached to the mobile
phone. The external coil allows to measure magnetic fields with lower field strength values but
requires more space and is not IC-based. Therefore inductance based techniques are not as
widespread as electronic compass sensors which are basically in every smartphone. To retrieve
information about objects persons currently interact with, a sensor modality attached to the
hand or close to it is necessary. Gloves with integrated sensors (survey of this technology can be
found for example in [DSD08]) or skeleton models [MBSS13] allow to gather this information; the
additional hardware typically reduces social acceptance of these approaches. Sensor integrated
into watch-like devices as in activity trackers or smartwatches are more and more common and
therefore a good starting point.
In [PTA06] the fields generated by power lines embedded in walls are used for proximity
estimation with special purpose sensors.
Closest to our work are approaches that rely on ambient magnetic flux density distributions
for indoor localization as presented in [HK09]. The authors use the magnetic compass sensor
attached to a robot to generate a map of the ambient magnetic field. In contrast to our proposed
system the authors use the ambient magnetic field and the magnetic field anomalies arose due
to disturbances: the accuracy was around 30 cm. The authors of [CDS+ 11] also use the ambient
magnetic field to achieve a localization accuracy below 1 m.
Both approaches require elaborate fingerprinting and assume a static magnetic environment,
which is a significant practical di↵erence to our system.
On a technical level similar to our approach is the work by Jiang described in [JFY+ 14]. The
authors use magnetic fields to transfer data between a computer and a mobile phone using the
onboard compass sensor. The system covers data transfer in close range below 1 cm with a data
rate of 44 bits per second. Similar range limitation applies to NFC technology included in many
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modern smartphones. By contrast, we consider proximity detection on the range of 50 cm.

System Design and Implementation
Our system consists of three components:
an RF-based iBeacon for rough proximity detection to reduce the overall power consumption
of the magnetic field coils,
a magnetic field coil with attached driving hardware to modulate the id of the region
of interest, and,
a mobile device (either smartwatch or mobile phone equipped with a magnetic field sensor)
sampling the environmental magnetic field to enable the demodulation of the id of the region of
interest embedded in the artificial magnetic field. The iBeacon is not necessary for the overall
functionality, the mobile phone app senses for the iBecons, and starts the modulation state
whenever the iBeacon is within close distance. Using iBeacons to distinguish the mBeacon cells
helps to reduce the number of bits necessary to address di↵erent mBeacon coils which increase
the data transfer rates.

Basic Principle The basic idea behind our approach is to mark the important regions of
interest with magnetic beacons that are modulated with a region specific ID-code. An iBeacon
scanner module in the app periodically checks the environment for known iBeacon ids; the
measured RF signal strength triggers the initialization of the magnetic field generator. Using this
approach also lowers the energy consumption on the mobile device side because the magnetic
field compass has to be sampled only when the mBeacon is possibly in range. Whenever the
user’s phone or smartwatch comes within range of the magnetic field, it receives and recognizes
the code. The range is determined by the peak density of the magnetic field B(d) and its density
drops as the distance to the coil drops. (See section 5.4 for the overall physical background,
the magnetic flux density follows the law of Biot Savart).
The design space of our system is given by the limitations of the magnetic field sensors incorporated in mobile consumer devices such as smartphones and smartwatches (e.g. compass sensor
AKM AK8963). Typically, such sensors have a sampling rate of 10-20Hz and a measurement
range between ±1mT and ±5mT . The base signal that they continuously detect is the earth
magnetic field (30µT at the equator, 49µT in Europe).
To investigate the magnetic field behavior, we implemented a magnetic field FEM model as
presented in the later chapters. We do so to determine the number of windings, the applied
current, and the shape of the transmitter coil. This allows determining the maximum range
with a given coil structure.

Hardware From the above considerations, the magnetic beacon utilizes a rectangular 40cm ⇥
30cm coil with 20 windings, which can be easily integrated into the environment. As magnetic
fields permeate most materials, the coils can be hidden for example under a table, behind a
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cupboard or within a door frame. The coil is driven by a current limited power supply which
can deliver a peak current of about 4A at 15V.
Figure 4.27 depicts the field strength trajectory of a frame-shaped coil with 40 ⇥ 30cm area
to which a current of I=4A is applied2 . Using this approach also assures that the generated
magnetic field is not overdriving the compass sensors.

Relay
VCC

D1
R1

Controller Pin

Coil

Q1
R2

Figure 4.25: Schematics of the used coil driving circuit.

The current is modulated by a simple relay (or an appropriate transistor) controlled by a microcontroller. In our experiments, we use an o↵ the shelf power supply (Grauppner 6458), a Songle
SRD-05vdc relay and an Arduino micro-controller board. The total cost of the components as
we bought them is 75 Euro. We also implemented a four channel opto-relay-based system which
ranges in the price interval of 20 euros. Note that although the peak power consumption is
60W since the system is not transmitting the whole time, the average value is close to 20W. To
further reduce the power consumption we use Bluetooth beacons to determine when the user is
in the rough proximity and only then switch on the magnetic beacon.
Mobile Device Detection Method The ID-code is modulated in the magnetic field using
pulse width modulation (PWM). Taking the sampling rate of compass sensors of smartwatches
and mobile phones into account, the minimum length of a magnetic field pulse should be around
150 ms. Notice that this interval also covers the transient oscillation of the coil. The modulated
values are a multiple of the minimum pulse length (l = n ⇥ 150ms).
The magnetic flux density is sampled using the on board Hall e↵ect-based compass sensors
of mobile phones and smartwatches. In our case, these were the Nexus 5 and One Plus One
cell phone (compass sensor AKM AK8963) running under Android 5.0.1 and 4.4. Both phones
supported a sampling rate of 17 Hz, for initial test the measurement vector B(x) = (mx , my , mz )
was transferred to a computer using Wifi communication. The used smartwatch was the LG
Watch R with similar performance. For the experiments, the processing sequence (as described
in figure 4.28) was implemented on the watch and the phones.
We transform the measurement vectors Bi into squared vector magnitudes, which automatically
weights measurements with higher axis field strength (compared to the earth magnetic field
2

Due to the temperature rise, the resistance of the coil increases, the applied current drops from 3.6A to 3.3A
depending on the used coil at a voltage of 15 V.

82

4.7 Transmitter-Receiver Synchronization

Figure 4.26: Theoretical field strength trajectory along the norm vector of the coil plain perpendicular
to the diagonal intersection with distance d to the plain. Notice the logarithmic scale. It
also includes the level of the earth magnetic field strength in Europe. The intersection
of earth field strength level and the trajectory is seen as maximum range. (Model values:
N=20, a = 0.3m,b=0.4m, I = 5A, frame shaped coil)

Figure 4.27: Left: Squared magnetic flux density with modulated coil id. The green peaks indicate
the edges of the artificial magnetic fields. Right: Superposition of earth magnetic field
and artificial magnetic field measured with a mobile phone.

vectors). The first order derivate of this parameter gives a good indication of the presence of
artificial magnetic sources as the activation and deactivation process of the coil results in sharp
edges. To suppress signal changes of the environmental magnetic field caused by movements, a
median sliding window is applied to the sensor values. A peak detector finds the exact time
when the coil is turned on and o↵. After detecting the length of the applied artificial field, we
can use the direction change of the magnetic field vector to determine which side of the coil the
sensor is. Therefore we compute at first the median environmental magnetic field density before
the signal was applied. Then the di↵erence of these two vectors is calculated. The sign of the
largest component of the di↵erence vector defines the side of the coil. The entire detection runs
on the mobile device.
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Figure 4.28: Processing sequence on the mobile device (smartwatch or cell phone).

Experiments
We evaluated our system in 5 di↵erent use cases in semi-naturalistic lab experiments inspired by
di↵erent application domains (Figure 4.30). The first two (Figure 4.30 B) and D)) are motivated
by a task tracking scenario where the top level task is determined by the table region at which
a student is sitting while the individual steps involve interaction with devices placed at di↵erent
regions on the table. The third use case (Figure 4.30 A)) is devoted to recognizing with a
smartwatch from which shelve of a cabinet an object is taken. It is relevant for a variety of
applications, from task tracking through shopping to the recognition of various activities of
daily life. Along the same lines, the fourth use case (Figure 4.30 E)) deals with tracking user’s
hands when browsing through clothes hanging on a clothing rail. Finally, the fifth use case
((Figure 4.30 C)) shows that with the magnetic beacon embedded in the door or the door frame
we can detect which door the user is opening with a key, even if the doors are just next to each
other.

Workbench Sitting Location We attached four magnetic beacons below two workbenches
(Figure 4.30 D)) to identify four di↵erent places next to each other where students can work or
perform experiments. Each workbench has the dimension of 220 cm ⇥ 120 cm. We split each
workbench into two workplaces (each of size 110 ⇥ 120 cm). The experiment is motivated by a
task tracking scenario where the top level task is determined by the table region at which a
student is sitting. While the individual steps involve interaction with devices placed at di↵erent
regions on the table. Notice that it is a typical hardware workplace which includes machines,
metal tools, power supplies and a large anti-static work mat. These influence the AC magnetic
field either by reflection, absorption or generate electromagnetic field by itself.
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Figure 4.29: Upper left picture: Transmitter coil attached and coiling frame to easily create a coil.
Lower left picture: transmitter coil attached to metal door, right picture: Rack with
four transmitter coils, the current of each coil has been tuned so that the magnetic fields
do not influence each other.
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Figure 4.30: Di↵erent experimental setups. A) Picking equipment from di↵erent shelves B) A
soldering task with di↵erent areas on the desk. C) Distinguishing between di↵erent
doors. D) Estimating the position of a person at desks E) Finding a specific winter
jacket at a cloth rail.

The experiments involved five student volunteers. Each subject was asked to sit down at one
of the locations and perform a task of their choice for 10 seconds. This was repeated 15 times
with a random selection of the four locations.

Interaction with Workbench Regions in a Soldering Task The workbench (Figure 4.30 B))
has been equipped with four coils, each coil covering a specific object or region which is used in
a soldering task. The subjects were asked to solder a surface mounted device (SMD) resistor to
a printed circuit board (PCB). This involves 1) placing a PCB on the workbench at location
2, 2) finding a specific resistor in the resistor set placed at position 3, 3) reaching for the
soldering iron and changing the tip from big tip to small tip at location 1, and 4) adjust the
multimeter to check the resistor value and test if the two contacts are connected at location
(taking place at location 4). Five students volunteers wearing an LG Watch R smartwatch each
performed the above tasks five times with no constraints except the above-described positions.
The activities/positions were labeled manually by an observer. For the recognition algorithm,
the wrist-worn smartwatch is of high importance as it retrieves the magnetic field information
close to the hand. A drawback is that the hand typically moves fast from one location to the
other and therefore either magnetic field information is missed or the magnitude the trajectory
is mutilated resulting in invalid information.
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Id
1
2
3
4

Locations
FbF Event
99.64 100
95.22 100
94.12 95.45
92.25 100

Cabinet Shelves
FbF Event
99.6
100
99.8
100
100
100
99.37 100

Cloth Rail
FbF Event
76.3 82.7
94.5 100
96.3 100
72.3 84.2

Opening Doors
FbF Event
98.9 100
99.5 100

FbF
99.09
72.4
83.3
41.33

Event
100
75
85
43

Work Bench, Soldering
Events longer than 3 Seconds
100
100
100
100

missed Events
0 of 12
3 of 12
1 of 7
4 of 7

Table 4.2: Results of the di↵erent experiments. FbF - Frame by Frame. Notice that in the location
experiment, there is one event in id 3 where a bluetooth burst disturbed the timing
and therefore the length of the artificial magnetic field readings couldn’t be correctly be
determined.

Taking Objects from Cabinet Shelves A cabinet with four metal shelves (Figure 4.30 A))
was equipped with four magnetic beacons (one for each shelve). Initially, we planned to attach
the coils below the metal shelves of the cabinet but the magnetic field was misshaped, and
measurements were hardly possible. We, therefore, moved the coils to the back side of the
shelves, superposition of the magnetic fields were reduced by lowering the applied current of the
di↵erent shelves. This scenario also shows the advantage of magnetic fields; it is possible to
adjust the applied current so that the magnetic field of a single coil only covers the corresponding
bookshelf and does not influence the neighboring compartments. We randomly chose the shelf
number and 4 subjects wearing an LG Watch R smartwatch were asked to reach for it. Each
person reached 20 times for a randomly chosen shelf.
Cloth Rail We attached two coils to a 120 cm cloth rail (Figure 4.30 E)) and thus segmented
the rail into four sections (on the left end right sides of the coils). 11 winter jackets were
distributed randomly between the four sections. 5 participants were then asked to browse
through the jackets checking the price (attached to the inner side of the jacket). An observer
manually annotated when which participant was browsing through which section of the rail.
Opening doors In this scenario (Figure 4.30 C)) we attach two coils at two opposing doors
that are 1.0 m apart. Within such a tight spacing, standard indoor location algorithms have
very often problems in deciding in front of which door a person is standing. In the experiment
one door is surrounded by a metal frame, another door opens into a meeting room which is
surrounded by metal frames (Resulting in anomalies of the natural environmental earth magnetic
field). Two subjects were asked to open a door 20 times. In each instance, the door is randomly
chosen.
Health Considerations
As the system can be used in real-world applications, we also consider the influence of the
magnetic field on the environment. According to measurements with the mobile phone, the maximum field density is 0.0012 T (1.2mT). The guidelines for electromagnetic fields (see [ABB+ 98]
for details) limit the magnetic field strength to 800µT for a frequency of 7Hz (the duty cycle is
150 ms for a bit, therefore less than 7Hz is assumed for the field frequency) for general public
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exposure, occupational exposure is at 4081µT . The magnetic field drops with d13 , therefore it is
sufficient to place the coil in a box to prevent persons from touching the coil but still support
magnetic field measurements. Figure 4.27 (right) depicts the influence of the generated artificial
magnetic field of the transmitter coil at a distance of around 30 cm. The superposition results
in a field strength of roughly 75µT which is in the safe field strength interval.
Results
All of the experiments were evaluated on frame by frame and event basis. Frame by frame
evaluation refers to every single cycle in which the mobile device tries to decode an ID. Event
evaluation was based on the majority of IDs recognized within the window labeled as belonging
to a certain location.
As it can be seen in table 4.2 with three exceptions the frame by frame results are well over 90%
and the event-based results are 100% correct. The first exception is the areas 2,3, and 4 of the
workbench soldering experiment. The errors concern instances where the hand quickly reaches
for an object without remaining in the area long enough for the ID to be correctly recognized. If
we constrain the evaluation to events that are longer the 3 s then 100% are correct. The second
exception is the first and last region in the clothes rail experiment. The errors occur when the
user’s hand is closer to the massive metal vertical tail than to the mBeacon. In those cases
the ID is correctly recognized, however, the algorithm for recognizing which side of the coil the
hand is on fails and returns the wrong side. Further improvements in the orientation algorithm
are needed to address this problem. The third exception is class 3 in the workbench sitting
experiment. Here the error is due to timing problems resulting caused by the task manager on
the phone; the magnetic sensor readout is randomly interrupted by the mobile phone scheduler
resulting in missing sensor values.
Conclusion
In this paper, we have shown that inexpensive and unobtrusive magnetic beacons allow mobile
consumer devices such as smartwatches and smartphone to detect proximity to predefined
regions of interest within a range that lies between Bluetooth beacons (in general more than
1m2 range) and standard NFC (a few centimeters). Key limitations are the temporal resolution
and the power consumption of the beacons. Both are related to limits of the sampling frequency
of the smartphone magnetic sensors (with higher temporal resolution shorter pulses are possible
resulting in a lower power consumption). Future work needs to address intelligent power
management of the mBeacons (e.g. synchronization with motion sensors of the mobile devices),
more elaborate analysis of the orientation algorithms and investigation of more drivers coil
setups (e.g. using more windings to reduce the current).
We developed a four channel mBeacon system, controlled by a microcontroller with integrated
mBeacon system.
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Figure 4.31: mBeacon base board with attached magnetic field coil. The micro-controller manages
the information encoding in the magnetic field.

4.8 Conclusion
We presented in this chapter methods, algorithms, and approaches which utilize knowledge about
the physical behavior of magnetic fields to provide a stable signal encoding of the generated
magnetic field at the receiver side the position even at high distances. This part covers the
synchronization of the components, transmitter, and receivers, either using RF communication
or by encoding synchronization and transmitter id information in the generated magnetic field.
Additionally, the signal gathering sequence on the receiver side has been described, and di↵erent
signal encoding approaches have been evaluated with regard to signal stability, range (up to
4.5m) and the possibilities of implementation of a microcontroller with limited resources. The
signal encoding uses the repeating nature of oscillating magnetic fields to distinguish artificial
magnetic field signals from noises by applying a correlation approach. The result of this layer is
signal encoding of the induced voltages of the three transmitter coils on the three receiver coil
axes. This information is the input for the single coil position and distance estimation layer
presented in the next chapter.
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The previous chapter presented a low-level architecture for a stable magnetic field representation
up to a distance of 4.5m. Transferring the encoded magnetic field values of the three transmitter
axes to a central processing unit allows more sophisticated transformation approaches than would
be possible on the micro-controller side. Compared to ultrasound or other signal-runtime-based
time-of-flight systems which solely rely on a linear signal dependency, magnetic field signal
behavior-based localization or even just distance estimations between the transmitter and the
receiver are more complicated to calculate: According to the law of Biot Savart, a wire generates
a magnetic field if a current is applied. Multiple wires, as in coils, thus result in superposed
magnetic fields, each of the wire components creates a fraction of the field. Typically, there
is no analytic form for the generated magnetic field in the space around the coil. The reverse
approach of estimating the exact position of a magnetic field value is even more complicated: In
most coil setups the generated magnetic field is inhomogeneous; this means that if a receiver
coil is rotated around a transmitter coil with fixed distance, the induced voltage trajectory
follows a close-to-sinusoidal shaped function (We neglect that due to the movements additional
voltage is induced). So for a single transmitter coil, multiple positions are possible solutions
for a given magnetic field magnitude. A combination of three perpendicular transmitter coils,
as implemented by our localization system reduces the possible points of residence to the
points around the emitter coil which is equal to the measured field strength values of all three
transmitter coils. Several issues have to be considered to retrieve the set of candidate positions
defined by the measured voltage value tuples:
• , A magnetic field model, which allows retrieving the corresponding candidate set for
a given measurement tuple by using information derived from magnetic fields of the three
axes coil architecture.
• A method of how to overcome hardware related tolerances on transmitter and
receiver sides to reduce the overall memory consumption and to avoid approaches
comparable to fingerprinting. This relates to an approach which scales and shifts the
signal intervals of the transmitters to a common theoretical signal level.
• An efficient data structure for position and distance estimation of multiple receivers against an emitter coil which can be used in di↵erent environments without the
need for additional calibration.
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Figure 5.1: Sequence diagram of the position estimation using two di↵erent magnetic field model
approaches.

5.1 Contributions
We describe in this chapter the position estimation sequence to transform the raw
magnetic field measurements into positions and distances relative to the transmitter
coil. Fundamental for the single coil position estimation is the availability of a magnetic field
model describing the field behavior of di↵erent transmitter coil architectures, for example,
the cube-shaped transmitter coil or the spherical shaped coil structure. Due to the high
processing complexity and the lack of an analytical model describing the magnetic field, a
pre-calculated FEM model has been implemented. Transmitter precise calibration- and
transfer-functions scale and shift the raw signals to the signal level of the magnetic field model.
The variables and parameters are determined in a calibration step by comparing the raw signal
values of the receiver’s 3D coordinates to corresponding positions in the theoretical field model.
Another issue addressed in this chapter is the organization of the magnetic field model
to support a robust and fast position and distance estimation. Di↵erent approaches
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have been evaluated concerning accuracy. This covers the intersection of magnetic field
magnitude shells and the 3D space division by cubes. The position estimation approaches
are evaluated for both transmitter coil architectures. The mean position error for the cube
shaped transmitter in a sphere with radius 4.5m is 117 cm, the average distance error is -2.3cm,
for the spherical transmitters it is 70cm and 4cm.

5.2 Reference Measurements for the Magnetic Field Model
and Calibration
As described, the shape of the magnetic field and specifically the field strength density values at
their positions vary due to the manufacturing process and hardware related tolerances. Also, the
receiver sensitivities sharply di↵er from coil to coil. We, therefore, perform a calibration process
to scale and shift measured magnetic field values to the levels of the corresponding theoretical
field values. The calibration process uses the camera-based OptiTrack motion tracking system
to estimate the position and bearing of both transmitter and the receiver. Therefore infrared
reflective markers are attached to the transmitter and the receiver. Eight cameras capture
di↵erent sections of the calibration area. We carefully orient the various cameras of the system
to cover each point of the calibration area by at least two cameras. This is necessary to estimate
the 3D position of the markers.
After the required calibration process of the system, OptiTrack provides an accuracy below one
centimeter and a sampling rate of 120 Hz in the monitored measurement area. The estimated
raw positions of the markers are sent to the magnetic field system to be merged with the
magnetic field measurements during the calibration process.
Data Recording Due to the limited visual range of the tracking system and to improve the
stability of the optical position estimation, the calibration does not cover the complete magnetic
field area, the transmitters are placed on a rotational table, and the data is gathered along
rectangular sectors around the transmitter coil (2 m ⇥ 5.5 m ⇥ 1.8 m). We slowly walk in the
specified recording area and record the corresponding coordinate / bearing information / magnetic
field information. Also, di↵erent heights are taken into account. After 800 measurements, the
transmitter coil is rotated around its z coordinate axis in 45-degree steps. This approach
records at least 6000 data points (for each transmitter/receiver pair) for further processing. The
schematic overview and an example of the recorded positions is given in figure 5.2.
Calibration Pre-processing
In a pre-processing step, the raw coordinates of the transmitter and receiver positions in the
OptiTrack coordinate system are transformed to coordinates relative to the transmitter. This
also takes the calibration sector into account. Figure 5.2 (right) depicts a complete point cloud
of a processed calibration sequence of a single coil. The result is a set of coordinate/field
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Figure 5.2: Schematic diagramm of the calibration process and the positions of the camera, the red
area indicates the tracking area covered by the optical tracking system. On the right
hand side is a picture of the recorded positions from bird eyes view.

strength representation tuples describing the magnetic field. This information is then used to
estimate transfer functions and to define values necessary for the magnetic field model and
on-line position estimation steps.
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5.3 Calibration and Common Signal Level
The first step of the position estimation is to shift and scale the measured raw voltages to
the theoretical model values. A magnetic field model which is accurately estimated, meaning
that all influences are modeled, allows transforming the measurement values with a low degree
polynomial function (ideally a linear influence).
The transfer function has to adapt model values which were not part of the theoretical magnetic
field model calculation, as the magnetic field permeability µ of the formula of Biot Savart or
the frequency dependency of the voltage or the area of the receiver side coils as it is defined by
the Law of Faraday. It also covers the sensitivities on the receiver side axes and the hardware
related power output values on the transmitter side.
For the cube-shaped transmitter the calibration process has been previously described,
figure 5.2 shows the positions which have been recorded with the cube shaped transmitter
coil at 5000 di↵erent positions around the transmitter coil. The recording has to provide a
set of measurement and 3D coordinate tuples. The 3D position is then used to retrieve the
corresponding theoretical magnetic field model values.
Derived from [MTEM10], we use a logarithmic transformation approach:
In an initial step, we transform both the real world measurements and the corresponding model values to vector magnitudes for each transmitter axis measurement: Let M =
((vx , vy , vz )tx , (vx , vy , vz )ty , (vx , vy , vz )tz ) be a measurement tuple
voltage represenpof 2the induced
2
2
tation vi of the receiver axes for transmitter axes ti . Let mi = (vx + vy + vz ) be the magnitude
value of a transmitter axes measurement. Let Mi be the maximum value measured for this
transmitter axes.
mi
li = log( )
(5.1)
Mi
The transfer function Pi , transforming the measurement (mx , my , mz ) of transmitter axis i into
the theoretical magnetic field magnitude, is a polynomial function:
ti = Pi3 (mi ) = a ⇤ li3 + b ⇤ li2 + c ⇤ li + d

(5.2)

The values of the polynomial function are estimated using a least square minimization approach
and the calibration data set. The mean error of the scaled and shifted measurement values
and the corresponding model magnitude values lie between -2.03 and +1.66 percent with a
standard deviation between 8.15 and 11.06 percent points. These high variations occur due to
the crosstalk between the excited transmitter axis and the two muted ones. This e↵ect has not
been modeled. Thus the created magnetic field shows a di↵erent behavior than modeled.
We also examined the distance error distributions. The results are given in picture ?? The
approximation error is in most measurement points within a 10 percent interval; the mean error
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Figure 5.3: Distribution of the approximation error of the transfer function with regard to distance
intervals.

is for all transmitters centered around 0.0, with a standard deviation between 4.2 to 4.6 percent
points.
Cross talk model In chapter 4.3.2 we discussed the behavior of di↵erent coil architectures
with regard to crosstalk and induced voltage on nonactive transmitter coils. The cross talk
between the axes influences the generated magnetic field, as the two non-active coils produce
noisy magnetic fields, superposing the desired magnetic field. This results in big di↵erences of
the modeled values with the measured values of the three transmitter axes.
We want to evaluate the possibility to describe the e↵ects of the crosstalks by a linear combination
of the axes’ theoretical magnetic field magnitude values (tx , ty , tz ) at the estimated position:
The theoretical magnetic field magnitude value derived from the linear combination is called t0i :
t0i = ri ⇥ tx + pi ⇥ ty + qi ⇥ tz

(5.3)

Using again the Levenberg Marquardt least square minimization approach, we aim to evaluate
for the calibration data set the polynomial coefficients and the ”mixing values” (ri , pi , qi ) to be
able to calculate the equation:
Pi3 (li ) = a ⇤ li3 + b ⇤ li2 + c ⇤ li + d = t0i

(5.4)

The drawback of this approach is, that for each transmitter a separate model has to be calculated
as the crosstalk of the transmitters di↵ers and yet the results are still not satisfying.
The estimated transfer functions for the cube shaped coil (eq. 5.2) are used to adjust the raw
measurement values of the receiver side coil to the signal level of the theoretical magnetic field
model. As the mixing approach does not improve the approximation results (comparable error
distribution and standard deviations), we neglect this and calculate for each transmitter-receiver
combination the three transfer functions (Pz3 , Py3 , Pz3 ) as previously described.
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Calibration and Signal Adaption of a Spherical Coil
In contrast to the cube-shaped transmitter coil, the spherical coil architecture showed a crosstalk
twice as low as the cube coil. The sphere shaped coil body allows to lower the width of each
transmitter axis and therefore the contact surface between the emitter coils. Doing so, the
sphere
crosstalk is reduced from ucube
cross = 124V to ucross = 48V . This also reduces the influence of
magnetic fields of these axes.

receiver is moved along
perpendicular trajectory
at discrete positions
transmitter
axis

Figure 5.4: For all three transmitter axes, the receiver is moved along the norm vector of the coil
plain. For a discrete set of positions, the measured magnetic field induced voltages are
recorded and processed.

In contrast to the cube-shaped coil, which has corners resulting in magnetic flux density dents and
therefore the uneven distribution of the density around the transmitter (Figure 5.9), the density
of the spherical coil is evenly distributed around the coil axis (Figure 5.6). Thus the calibration
process of this sphere is less complex as the angle around the coil can be neglected. For each
transmitter axis, we record ten positions and the corresponding magnetic field measurements
related to the spherical coil along a line. After data recording we estimate the values of the
transfer function Pi3 (mi ) as described for equation 5.2. Figure 5.5 shows the results of the data
recording, the raw value is scaled to overlay the theoretical values.
Due to the lower crosstalk, the magnetic field values are better approximated by the magnetic
field model. This results in reduced noise and error on the approximation function side. The
coil architecture has to be examined deeper, to reduce the position error in the future, but this
is not part of this work.
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Figure 5.5: Calibration transfer functions for transmitter 8. The measured raw voltages are scaled
and shifted to the signal level of the theoretical field model for the corresponding 3D
positions.

Figure 5.6: Signal distribution at z=20cm for the spherical shaped coil and spherical shaped coil,
both along the z-axis, not involving edges which influence the field density of the coil.
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5.4 Theoretical Magnetic Field Model for Position and
Distance Estimation
The behavior of magnetic fields is as in contrast to other sources such as ultra sonic-based
position estimation approaches, highly nonlinear. The measured induced voltage on the receiver
side follows d13 , it is therefore strongly dependent on the distance. Additionally, the transmitter
coil architecture determines the shape of the generated magnetic field. This leads to the problem
of inhomogeneity: rotating the receiver around the transmitter with a fixed distance results in
di↵erent induced voltages as the magnetic field density (field lines) varies.
Thus the magnetic field model has to consider both the linearization of the signal and the inhomogeneity of the magnetic field. Additionally, the field approximation has to be resilient against
magnetic field disturbances caused by the environment and measurement noise. Particularly in
high distances, noise negatively influences the performance of the system. As we aim to support
real-time applications, the model has to provide a fast position and distance estimation with a
small memory consumption.
Due to the three axes transmitter coil setup, we describe a magnetic field model which provides
position information of the receiver using a single transmitter within the eight octants around
the transmitter with a standard deviation of the distance error below 32 cm and a mean position
error below 120 cm. Using a spherical shaped coil architecture (and the corresponding magnetic
field model), the standard deviation of the distance error is 27cm.
For most positions around the transmitter coil, the magnetic field strength cannot be calculated
using analytic methods. A finite element method is applied to estimate the magnetic field
generated by the three axes coil of the transmitter at discrete points. As the resulting data set
for a 4.5m ⇥ 4.5m ⇥ 4.5m cube results in 729000 data points if the magnetic field values are
calculated in a 10 cm grid around the coil, it is necessary to organize this data set to reduce the
memory needed (For a 5 cm grid the number of tuples rises to above 5 million points). Also, a
fast position lookup and an efficient calibration process, which does not require finger printing
methods such as in WIFI-based approaches, has to be considered and evaluated. To reduce
the magnetic field complexity caused by the number of positions/tuples, positions with similar
magnetic field density magnitudes are aggregated. This reduces the sensitivity to measurement
noise and variances from the theoretical magnetic field model. Additionally, two di↵erent coil
architectures have been implemented and evaluated thus the magnetic field model should also
support di↵erent coils models. Additionally the distance between the transmitter and the
receiver can be derived from these candidate positions.
The positions with similar magnetic flux density values of a single coil form a cylindric geometrical
volume around the transmitter coil. A transmitter axis magnetic field measurement of the
receiver, therefore, is part of a corresponding volume. Taking into account that the receiver
measures three emitter coils, this results in 3 volumes which are perpendicular to each other
(because the generating magnetic field transmitter axes are also orthogonal to each other). Due to
the missing direction of the magnetic field (the receiver circuit implements an absolute function)
in combination with the magnitude of the vectors, the measurement of the receiver describes 8
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points around the transmitter coil, each point in a di↵erent octant. Due to symmetrical e↵ects,
all candidate positions ci lie on a sphere with radius d = kci k.
The estimated distance is therefore the distance between the candidate points and
the transmitter coil.

5.4.1 Nearest Neighbor Lookup
Initially, we implemented a nearest neighbor lookup mechanism: For each theoretical field model
position, we store the magnitude tuples (tx , ty , tz ) and its corresponding position in a KD-tree
lookup data structure. After applying the calibration function to the raw measurements of
the evaluation data set, the transformed magnitude tuple is used to retrieve the corresponding
coordinate from the lookup tree. The results of this approach are depicted in figure 5.8. The
distance estimation results in a mean error of -2.2 cm with a standard deviation of 35.76, the
position error is 321.6 cm with a standard deviation of 184.7. Reducing the number of possible
data points in the lookup tree (for example by changing the grid size of the theoretical field
model coordinates) does not significantly reduce the position and distance error. Examining

Figure 5.7: Result of naive magnitude lookup approach. Distance- and position errors of 4 di↵erent
distance intervals around the transmitter. The distance estimation is less prone to errors
than positions, although both have higher standard deviation values with rising distances.

the error distribution separated in distance intervals also shows a clear trend: the further away
from a measurement point, the higher its position and distance error. The noise of the analog
circuit is the main reason for this behavior.
The high error of the position estimation can be explained with the missing model for the
transmitter coils crosstalk. The distance estimation takes three values magnitude values into
account, outliers in the axes’ values of the position estimation result in large coordinate o↵sets
and errors. Figure 5.15 and latter sections discuss this problem more detailed.

5.4.2 Intersection of Equipotential Magnetic Field Shells
A possible way of retrieving the lateration and coordinate information can rely on the magnitude
of the measured magnetic field vector at the position of the receiver. The (theoretical) magnitude
kB(x0 )k relies on the relative distance and orientation. The inhomogeneity of the field is clearly
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Figure 5.8: kd tree-based magnitude lookup, distance error: (µ = 2.26cm, = 34.77) the position
error is (µ = 321.60cm, = 184.74). 75 percent of the distance estimation errors lie
within an interval of [ 20cm, 20cm].

visible: keeping the distance constant and rotating the receiver around the transmitter results in
a signal trajectory which is comparable to sinusoidal functions (see figure 4.24). A homogeneous
behavior would result in a constant (or close to constant) signal value which is independent of
the orientation.
To model this behavior, we combine positions around the transmitter coil which have comparable
(theoretical) magnitudes. We, therefore, introduce the so called equi potential shells:
Let
Sij = {(x, y, z) | kBj (x, y, z)k 2 Ii }

(5.5)

be the i-th equipotential shell, a set of 3D positions around the magnetic field transmitter for
axis j whose magnetic field density magnitude lies within the i th magnitude interval. Notice
that the shells describing the magnitude of the positions di↵er from magnetic field lines as field
lines include the direction of the magnetic field and therefore have started at a pole and enter
the coil at the opposite pole, the shells are an abstraction of the magnetic field density around
the magnetic field coil.
The transmitter coil consists of three transmitter axes, thus a receiver side measurement
describes the magnetic field density of Bx (x0 ), By (x0 ), Bz (x0 ). Thus the measured tupple
(Bx (x0 ), By (x0 ), Bz (x0 )) is an example of the intersection of three equi potential shells (Sxk , Syl , Szm )
where
Bx (x0 ) 2 Sxk ^ By (x0 ) 2 Syl ^ Bz (x0 ) 2 Szm
Figure 5.9 depicts an example of a magnetic equipotential field density shell. The shell is in
most intervals hollow. The higher the distance between the shell and the transmitter, the more
positions are part of the shell. Each shell can be described by its minimum and maximum
magnitude value which allows a low memory consumption.
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Figure 5.9: Example of an equi potential shell around the transmitter.

As we previously described, a measurement (kBx (x0 )k, kBy (x0 )k, kBz (x0 )k) can be linked to the
three corresponding equi potential shells. The candidate positions lie in the intersection of
Sxk \ Syl \ Szm

(5.6)

Typically, the intersection of three shells (point sets) derived from the theoretical magnetic field
model does not result in a single 3D position but is described by a volume. We calculate the
center of this volume as an intersection representative. The sizes of the shells influence the
granularity and position distribution of the intersections. We evaluate di↵erent possibilities how
to organize the magnetic field model and how to choose the boundaries of the shells.

Magnetic field strength devision We presented the concept of equipotential shells Si which
combines a set of 3D positions with similar magnetic flux magnitude values. The field strength
magnitude intervals have to be chosen in such a way to separate the 3D positions with regard
to the signal fallo↵. Also, the sensitivity of the receiver circuit should be taken into account.
As neighboring 3D positions have comparable magnetic flux magnitudes, we sort the magnetic
flux magnitudes of one axis in ascending order and removed those values occurring multiple
times (symmetrical e↵ects of the coils). As the simulation of the transmitter axes has a similar
configuration (except the spatial orientation), the assumption drawn for this example are also
valid for the other two axes.
Figure 5.11 depicts the signal path of the sorted data set. Positions with a low distance to
the transmitter coil result in a very high magnitude value. Also visible is that the interval
[ 14.3dB, 10.2dB] holds 90 percent of the regarded positions around the transmitter. This
means, to accurately separate the positions, the interval aggregation strategy has to establish
the interval boundaries mostly in these magnitude intervals for the equipotential shells Si .
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Figure 5.10: Equi potential shells of a transmitter axis. 20 di↵erent shells are displayed in this picture.
Notice that the dimension of the shell shrinks the closer it gets to the coil.

We examine in the following part the di↵erent strategies for choosing the interval boundaries of
the shells. For each evaluation, we apply the interval strategies to the theoretical magnetic field
model and store the generated signal boundaries and magnitude shells. We estimate the three
shell ids of the each 3D position by comparing the corresponding magnetic field magnitudes
with the interval boundaries. If the magnitude is in the signal boundary, the corresponding shell
is found and stored.

Position estimation sequence To evaluate the accuracy of the approaches, the data set of
the calibration process is used. The data set consists of 9 transmitters and at least 5000
measurement points around the transmitter coils. To transform the raw field measurements into
theoretical model values, we apply the calibration function Pi of the corresponding transmitter
axis from section 5.3. The resulting theoretical field value ti is then used to determine (Sx , Sy , Sz )
where ti 2 Ii , i 2 x, y, z. Because of measurement inaccuracies, errors in the transfer function
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Figure 5.11: Magnitude distribution of the theoretical magnetic field data set of transmitter axis x.
The trajectories main signal interval is [ 14.3dB, 10.2dB]. The separation algorithm
has to take this into account.

approximation, natural / environmental magnetic field disturbances, it is possible that the
estimated tuple (Sx , Sy , Sz ) does not result in an intersection. To solve this problem, we use the
intersection which is closest to the estimated tuple. Using a Kd-Tree for fast nearest neighbor
lookup allows retrieving the corresponding model coordinate xm which relates to (Sx , Sy , Sz ).
After this, the position linked to the shell tuple is used as estimated position xm . As the
magnetic field is symmetrical about the center of the coils, the magnetic field model only
stores the coordinates of the first coordinates system octant. This helps to reduce the memory
consumption. After position lookup, the eight positions of the di↵erent octants are returned as
candidate positions.
We compare the estimated position xm to the reference position derived from the optical tracking
system to calculate the absolute position and distance error. Also, notice that xm is a candidate
position in the first octant of the transmitter coordinate system. For simplification, and without
influencing the position estimation quality, the reference position is transferred in the first octant
of the emitter coil coordinate system by applying the absolute function to the coordinate values.
Intervals based on a number of elements Initially we implemented this approach which
subdivides the ordered magnitude set in intervals with a fixed number of items. This method
favors the parts of the magnitude trajectory with a high number of features. In our case, this
means that most signal intervals lie within [ 14.3dB, 10.2dB], which is a preferable result.
It does not take the magnetic field behavior into account. As expected, the transmitters have
di↵erent accuracies, the overall performance varies within 10 cm accuracy. The number of interval
elements does influence the distance and position accuracy. Also visible is that the distance
performance is more robust against calibration and modeling errors than the position estimation.
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Figure 5.12: Error distribution of di↵erent distance intervals, the magnitude interval size is 30000
elements per interval. The position error is(µ = 168.2, = 92.7), the distance error is
(µ = 33.2, = 37.33)

The position errors can be up to 900cm, which means that two coordinates are switched. We
evaluated this approach with di↵erent interval sizes, the best results for the position estimation
have been achieved if the interval size was 60k interval elements (µ = 168.2, = 92.7), the
distance estimation performs best with an interval size of 45k (µ = 33.3cm, = 37.33) (see
figure 5.12, figure 5.13).

Figure 5.13: 45k elements per interval, distance error: (µ = 5.83cm,
159.50cm, = 84.17)

= 40.12), position (µ =

Intervals based on the signal span In this approach the interval boundaries of Si are chosen
in such a way that the span (max min) of the magnitudes is below the gradient value. This
means that the minimum value and the maximum value of the signal interval are at most the
gradient value apart. Using this approach, it is possible to choose the intervals in such a way to
guarantee the resolution of positions at high distances. Also, the signal to noise ratio and the
noise resulting from the analog circuit can be taken into account. The best position results can
be achieved with a gradient value of 0.08 dB( = 149.02, µ = 90.38) , the lowest distance errors
are obtained with gradient value 0.11dB ( = 2.58, µ = 34.9) (see figure 5.14).
The shell-based approach shows several drawbacks about robustness against measurement and
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Figure 5.14: Distance and positioning error of the gradient approach, gradient 0.1 dB. Distance error:
(µ = 5.60cm, = 37.86),
position error (µ = 168.71cm, = 102.28)

modeling errors. Especially the position estimation using a single coil introduces large positioning
errors. Also higher distances between the transmitter and the receiver strongly influence the error.
Figure 5.15 depicts and explains one problem arising from the shell approach: depending on the
distance and the signal strength at the position, errors in the models (either the theoretical or
the calibration functions) result in wrong shells. If a neighboring shell is chosen, this leads to
an o↵set in the corresponding direction (a di↵erent shell intersection area is estimated) which
can result in high position o↵sets. Choosing a wrong shell could also lead to a shell tuple which
does not intersect at all. By returning the nearest tuple, this can result in error-prone position
estimation which still yields good distance estimates.
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d

T

correct equipotential
combination is chosen

T

wrong equipotential surface
combination is chosen

Figure 5.15: Schematic figure of the shell-based localization approach. The quality of position
estimation drops when a wrong shell is chosen, as this results in wrong intersection
values. Left: Correctly chosen shells result in a good approximation of the position
(red points) and distance. Right: Due to measurement errors, errors in calibration or
the model, a wrong shell is chosen. This results in a di↵erent intersection position and
therefore a bigger position error. Estimation errors have lower influence on the distance
estimation as the distance depends on three coordinates.

In contrast to the position errors (where a 3D position vector is determined by a 3D magnetic
field magnitude vector), the distance errors are less prone to model and environmental e↵ects,
resulting in a better distance estimation with a mean error around 2 cm and a standard deviation
of 37 as the distance is described by three values instead of one value.

Figure 5.16: Two di↵erent intersection types of three shells. The left intersection set is approximated
by the usage of the point center. The right intersection set is also mapped to the mean
center of the set resulting in a high o↵set.

In addition to a more geometrical explanation approach, we also show another drawback of
this shell-based approach: depicted in figure 5.16, the intersection of three shells does not
always result in a small connected area of several cm3 but can result in larger volumes which
are not accurately mapped in the center of the intersection set. Returning the center of this
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”sickle-shaped” volume can lead to huge o↵sets and therefore errors.

5.4.3 Cube-shaped 3D Division of Theoretical Magnetic Field
Transmitter Space
In this approach, the volume around the transmitter coil is divided into cubes with given
edge length. For each cube, we determine all positions of the magnetic field model which are
included in this volume. The corresponding model magnitude values (kBx k, kBy k, kBz k) for
the transmitter axes are then used to determine the signal range in this cube. This results in
minimum and maximum values describing the magnetic field at the area around the center
position of the volume.
Figure 5.17 depicts the centers of the sub-cubes of the evaluated magnetic field model. We
also consider the sensor resolution and the calibration errors by adjusting the sub-cube edge
length. In closer areas around the transmitter coil, a denser sub-cube placement with smaller
cube edge lengths are used, starting from 20cm between 0 and 1m, to 30cm between 1m and
3m and 50cm above 3m. Considering the magnetic field symmetries, 814 volumes are found
around the transmitter coil in one octant.
By using this kind of spatial separation, this approach also takes the signal-to-noise ratio of
the circuit and the magnetic field behavior into account: The circuit can resolve more points
in closer areas around the transmitters (high magnetic field density). Therefore the cubes are
smaller than those in the outer regions.
Position and Distance Estimation The measurement evaluation consists of the usual raw
value to theoretic value transformation and the magnitude calculation of the three transmitter
axes magnetic fields. For the position estimation either an interval search data structure can be
used or an O(n) comparison of the magnitudes and the signal intervals of the cubes. If no cube
is found whose, signal intervals contain all three magnitude values, the nearest signal neighbor
approach is applied. Both approaches result in a single cube and therefore a single estimated
position.
Discussion We evaluated this approach with the given data sets. This approach results in
position estimation errors below 120cm with a standard deviation of 88. The distance estimation
has a mean error of -2.71cm with a standard deviation of 32.3.

5.4.4 Comparison
In this section, we give a comparison of the four di↵erent approaches. We look at distance
and position estimation errors. Figure 5.19 depict the distance performances of the methods
evaluated against di↵erent distance intervals. All methods present the results of the best
parameters. Running the algorithms on a Intel corei7 with 2.8GHz shows that the approaches
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Figure 5.17: Centers of the cubes in x,y plane (z=0). The 450 ⇥ 450 ⇥ 450cm cube in which the
theoretical magnetic field values are evaluated is discredizaed in 814 di↵erent volumes.
Depending on the distance between the transmitter and the cube center, the sub-cube
edge length is for 1m 20cm, between 1m and 3m 30cm and above 3m 50cm.

have similar complexity. The evaluation of a single magnetic field measurement takes around 5
ms.
In all cases, the distance performs better than the position estimation with a single coil. As
already described in section 5.4.2, the distance estimation depends on the combination of three
parameters, the 3D position vector also depends on three parameters, which makes it prone
against disturbances. A better approximation of the magnetic field also helps to reduce the e↵ect
of intrinsic and extrinsic parameters as modeling and calibration errors or environmental e↵ects.
A more complex mapping of the magnetic field as we described in section 5.4.3 reduces both
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Figure 5.18: Results of the cube division-based position estimation. Position and error distribution of
Transmitter 1. The position and distances are estimated using a cube shaped aggregation
of model values.

Approach
nearest neighbor
shell intersection interval
shell intersection gradient
cube-based

position error
µ = 321.6 cm,
µ = 168.2 cm,
µ = 149.02 cm,
µ = 117.33 cm,

= 187.4
= 92.7
= 90.38
= 87.45

distance error
µ = 2.26 cm,
µ = 33.2 cm,
µ = 2.58 cm,
µ = 2.71 cm,

= 34.77
= 37.33
= 34.9
= 32.3

Table 5.1: Distance and position estimation errors of a cube-shaped coil.

Figure 5.19: Distance performance evaluation of the four di↵erent approaches
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Figure 5.20: Position performance evaluation of the four di↵erent approaches

e↵ects and also narrow the standard deviation of the measurement error and the related position
estimation. Although being able to reduce the estimation errors, the position estimation relying
on a single coil is not satisfactory. In most of the distance estimation intervals, the sub-cube
approach outperforms the other approaches (the standard deviation is lower than the variation
of the other algorithms), although it has a higher standard deviation in the interval between
200cm and 300cm.

As described in section 5.3 the cross talk of the transmitter coils influence the magnetic field
on the physical level, an approximation or removal of the influence could not be achieved. A
di↵erent three axes coil architecture with narrow coil axes reduces the crosstalk. In the following
subsection, we evaluate the circular coil-shaped architecture as we did with the cube shaped
coil.
Circular Coil Evaluation
The circular coil set up consists of 3 transmitter axes which are perpendicularly placed on a
sphere. The coils are 1.5cm broad, the diameter of each axes circle is 12cm. Compared to the
cube-shaped coil, the area of the coil is 0.011m2 against 0.032m2 which will result in a reduce
range. 300 windings of 0.5mm copper wire have been attached to the coil body. After tuning
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the axes to 20kHz by adjusting capacitors of the LC circuit, transfer functions for each axis are
calculated from 15 reference measurements along the axes. In this section, we want to show
that a reduced crosstalk between the axes, and therefore a more accurate approximation of the
magnetic field by the magnetic field model, leads to lower positioning and distance estimation
errors. The transmitter coil design can still be improved by reducing the crosstalk furthermore
but is not part of this work.
After estimating the transfer functions for the transmitter axes, we placed the transmitter
coil in the same area. We randomly chose positions around the transmitter and measured
the coordinates in the transmitter side coordinate system. For each measurement position
we record at least 500 magnetic field measurements, RF-based synchronization is used. The
cube-based approach was determined to be the most accurate approach for position estimation;
we, therefore, apply this method to the recorded data.

Figure 5.21: Reference positions and estimated positions of the spherical coil evaluation. points along
the center of an axis result in poor position estimations.

Two issues are visible in the position and distance estimation:
1. The range of the coil is as expected reduced, the coverage of this setup is approximately
350cm. Using all positions results for the position estimation in (µ = 97.4cm, = 54.07) an
for the distance estimation (µ = 15.4cm, = 52.07). Restricting the maximum range to
300cm (filtering out all reference positions further away) results in ( = 83.18, µ = 43.66)
for the position error and ( = 4.67, µ = 39.00) for the distance error.
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2. Looking at the error distribution of the restricted data set shows a second property of the
system: positions on the main axes of the transmitter coordinate system (x + ✏, 0, 0), (0, y +
✏, 0), (0, 0, z + ✏) have an higher position and distance error. They are confused with points
at around 10 to 15 degree of the axis being closer to the transmitter. If these positions
are filtered out, the position error falls to (µ = 70.8cm, = 33.38)and the distance error
to (µ = 4.67cm, µ = 27.85).
The reduction of the crosstalk of this coil type increases the quality of the position estimation.
The distance estimation stays nearly at the same level compared to the cube shaped transmitter
coils
Method
cube shaped coil
all positions
max distance 300cm
300cm without points on axes

mean error in cm
117cm
97.4
83.18
70.8

std deviation
87.45
54.07
43.66
33.38

Table 5.2: Position estimation errors of spherical coil

Method
cube shaped coil
all positions
max distance 300cm
300cm without points on axes

mean error in cm
-2.71
-15.4
4.67
4.67

std deviation
32.3
52.07
39.00
27.85

Table 5.3: Distance estimation errors of spherical coil

5.5 Conclusion
In this chapter, we evaluated the di↵erent methodic approaches of estimating the candidate sets
and the distances. The magnetic field generated by the transmitter coils is described by the
law of Biot-Savart, we estimated the magnetic field density around a theoretical magnetic field
transmitter as data set to build a magnetic field model for position and distance estimation.
We implemented two di↵erent transmitter coil architectures with a three axes transmitter coil
setup. This setup allows retrieving position information from the field density values of the
three transmitter axes in addition to the relative distance. A cube-shaped transmitter coil is
easier to produce, but has a higher coil crosstalk and therefore a bigger error for position and
distance estimation. The spherical coil is more complex to produce but has a lower crosstalk
and therefore a higher accuracy.
We described the processing sequence of how to deduce position and distance information from
the magnetic field information. In addition to low memory consumption and lookup speed,
di↵erent coil architectures should be easily integrated into the model.
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Using this physical knowledge allows us to implement a calibration process for various magnetic
field transmitter coils taking the magnetic field behaviors of these coils into account. The
calibration abstracts on the receiver side the di↵erent sensitivity factors of the receiver coils and
compensates hardware related tolerances on transmitter and receiver side. After converting the
measured signal to the signal level of the theoretical magnetic field model, we presented three
di↵erent approaches how to organize the magnetic field information.
The magnetic field model supports, on the one hand, an information (position and distance)
retrieval in O(log(n)) (where n is the number of model elements) with a memory consumption of
O(n), on the other hand an organization scheme taking the non-linear behavior of the magnetic
field and the falling sensitivity of the analog receiver side circuit with rising distance into account.
The magnetic field model also retrieves the receiver position with a single transmitter coil by
evaluating the magnetic field density of the three perpendicular magnetic transmitter coils.
The best position and distance results have been achieved if the magnetic field volume of a
transmitter is subdivided into cubes. Depending on the distance between the cube and the
transmitter, the edge length can be adjusted to represent the sensitivity of the receiver circuit
and the magnetic field density which fall both with rising distance. Therefore the edge length
have to be increased. Doing so, we achieve a position accuracy of (µ = 117cm, = 87.45) and a
distance accuracy of (µ = 2.71cm, = 32.3).
The position estimation quality rises if a di↵erent coil architecture is used as we showed by using
a spherical shaped coil setup. The position error drops to 70cm with a standard deviation of 33.
The distance estimation accuracy stays nearly unchanged. This shows that the stability of the
distance is less error prone than the position estimation about model and calibration errors.

114

6 Multi Coil Position Estimation
The previous chapter gave insights of how to determine the position of a receiver relatively to a
transmitter. Due to the underlying measurement principle and the receiver side hardware circuit,
the approach results in symmetrical ambiguous positions around the transmitter. Additionally,
the position estimation is error prone as the 3D coordinate relies on three magnetic field
measurements. Small o↵sets in the highly dynamic induced voltage signal result in high outliers.
Thus the distance estimation performs better. This chapter covers the combination of several
transmitters to estimate the receiver position. As the system now relies on several
transmitters, it is possible that two or more transmitters have intersecting magnetic field areas.
Uncontrolled generation of two or more transmitters, therefore, results in a superposition of the
magnetic fields, which would falsify the measurements to each of the transmitters. Thus it is
necessary to determine a schedule of transmitters to manage the generation of magnetic
fields. Also, a common time or synchronization between the transmitters is required to
determine the start of the transmitter measurement slots.
After this, a fusion algorithm which takes both, the stable distance estimation and the
error-prone candidate position estimations into account, has to be established. Especially
measurement cycles with only one or two valid transmitters can benefit from this fusion algorithm
as the candidate positions provide (rough) direction information. Also, questions about tracking
and statistical modeling of the error arise. The performance of the localization system with
regard to regions of interest detection and the evaluation in di↵erent areas has to be considered.
A comparison against commercially available systems shows the overall position estimation
accuracy and problems arising in indoor environments. Additionally, it is interesting to compare
our localization system against RF-based systems, especially in demanding environments.

6.1 Contribution
To avoid superposition of magnetic fields of di↵erent transmitters, we evaluated round robinbased scheduling algorithms and we transferred the problem of graph coloring to the
scheduling problem of transmitters. The scheduling algorithm based on graph coloring
reduces the number of triggering slots by simultaneously triggering transmitters which do not
influence each other.
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A common time has to be established to link the measurement slot to a specific time. Therefore
di↵erent centralized and distributed time synchronization and triggering algorithms
are presented and evaluated.
We evaluate localization fusion algorithms combining distance and position measurements
from di↵erent transmitters to estimate and track the absolute position of a receiver. The
distance measurements are applied to a circle intersection algorithm and a least square
error minimization algorithm, the candidate position sets are filtered in such a way to
choose the element from each set which is closest to the others. A particle filter for tracking
and position stabilization has been implemented which additionally weights the positions
statistically. We evaluate the localization in di↵erent environments with regard to
regions of interest. In large scale setups the system allows to determine regions which are
more than 50 cm apart, in small scale industrial setups (in which the coils are maximum 2 m
apart), the distance between the regions have to be above 20 cm. Compared to commercially
available Bluetooth-based localization systems with a mean position error of 67 cm, our
prototype system has a mean position error of 77 cm and provides in contrast to the RF system
in all measurement points a position estimation.
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6.2 Synchronization of the components
The oscillating magnetic field localization system applies a time division multiple access scheme
to measure the field strengths of the di↵erent transmitters.
To be able to link the measurements to the correct transmitter which is generating the magnetic
field, it is necessary for each sensor node to 1) know the pulsing sequence of the transmitters and
2) to know the exact start time of the magnetic field generation process. To achieve this, the
nodes have to be time synchronized or notified about the opening of a measurement slot. The
accuracy of the synchronization process strongly influences the noise level and the achievable
data rates. Asynchronous real time clocks caused by the process can only be compensated by
increasing the duty cycle of each axis. This, on the other hand, reduces the overall sampling
rate.
Synchronization in sensor networks have broadly been researched in literature: Examples
for synchronization algorithms can be found in [SV03], [GR03] or [Awe85]. Also ideas from
the network time protocol ( [Mil92]) or Cristian’s algorithm ( [Cri89]) can be used. Several
approaches for node synchronization, and centralized/decentralized information exchange for
sensor network maintenance will be presented in the following sections.

6.2.1 Trigger Messages
The simplest way of synchronizing the components of our localization system is the transmission
of trigger messages. In section 4.7 we already described the RF signal trigger. The trigger
can be a signal transition on a wire or RF messages transmitted by a central service. Each
of the transmitters is sequentially addressed; the receivers are also informed about the start
and the transmitter which is currently generating the magnetic field. Although this scheme
allows to implement a strict time synchronization (10µs for the cable synchronization and 340µs
for RF-based synchronization), the star shaped approach introduces a single point of failure.
Additionally, the cable-based synchronization setup is complex and obstructs the user. RF
trigger systems like Zigbee-based systems have a packet loss rate of 2% to 5% which results in
measuring errors or in missing measurement results. This has to be considered during algorithm
development.
Centralized vs. Decentralized Approach Depending on the field of application which has to
be covered moreover, the number of transmitter nodes, the triggering mechanism can either
be centralized (a single node broadcasts trigger messages to the nodes) or decentralized (the
transmitter nodes create a ring which defines the order of the trigger sequence). In the centralized
approach, a node holds the list of available transmitter nodes and sequentially broadcasts trigger
messages with the corresponding transmitter id. On reception, the selected transmitter and all
receivers start their measurement cycle.
In contrast to the centralized approach, the decentralized approach does not have a designated
trigger node, but the triggering algorithm is performed on each node of the sensor network: The
algorithm consists of 2 steps, the organization of the triggering ring (node discovery) and the

117

6 Multi Coil Position Estimation
triggering cycles. This is discussed in the next section. Although not a new field of research we
describe this approach for completeness.
Transmitter Node Discovery In a distributed network, information has to be exchanged
using messages; no shared memory is available. To discover all transmitters of our magnetic field
localization system, the transmitter nodes perform message exchanges to distribute information
about their local RF neighborhood. The receivers do not actively transmit discovery messages;
they only store the received information to hold the same data set and therefore the same
version of the transmitter ring.
This discovery algorithm is periodically called or when a new transmitter node enters the sensor
network.
A discovery message md = (snd , tstartT ime , {t1 , t2 , ...}) holds the discovery sequence number snd
and a list of transmitter ids ti found in the sensor network. Additionally a time stamp tstartT ime
indicates the time when the first trigger sequence should start. Whenever a transmitter receives
this broadcast message, it checks the local discovery sequence number snd , and tstartT ime . If snd
changed, it discards the local list of discovered transmitter ids and uses the latest list received.
Since it is possible in a distributed system to start the discovery mechanism from di↵erent times,
snd is also used to detect and merge multiple discovery processes.
If multiple discovery sequences exist, the nodes order the sequences in ascending starting time
order and use the sequence with the smallest start time. Additionally, the start time has to be
higher than the locally stored start time of the current transmitter discovery list.
On reception of a discovery message, the transmitter merges the local transmitter list with the
received transmitter list.
The discovery algorithm terminates when there are no changes in the received local discovery
list. The transmitters (and the receivers which also receive these discovery messages) sort the
transmitter id list in ascending order. When the start time is reached, the sequence list is used
to start the triggering cycle according to the local list. The message exchange can either be
done using RF-based Zigbee communication or Ethernet communication.
Assuming that all nodes have received the full set of transmitters in the sensor network, the
transmitter nodes can start the synchronization process:
The scheduling sequence is organized in a round-robin way, the length of each transmission slot
is known, transmitter ti therefore can estimate its own triggering time: ttrigger = tstartT ime +
i ⇥ tslotlength . When the transmitter starts a measurement, it broadcasts a trigger message. All
other nodes can, therefore, synchronize their local clocks and re-adjust their next measurement
start times.
Using this decentralized approach has several advantages: The number of transmitters can
dynamically be changed as the transmitter ring will automatically be re-adjusted. The system
has no single point of failure.
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Members:
T ransmitterList = {t0 , ..., ti }, initially empty
input : Empty Transmitter Id List
output : Each transmitter has list of transmitterIds
On reception of Transmitter List Message
bool transmitLocalList = False;
for i
0 to len(T ransmitterListRF ) do
if T ransmitterIdListlocal .notContains(ti ) then
T ransmitterIdListlocal .append(ti );
transmitLocalList = true;
end
end
if transmitLocalList then
RF Broadcast(T ransmitterIdListlocal );
end
Algorithm 1: Transmitter Node Discovery Algorithm
The ring requires additional organization messages which is a disadvantage as it introduces extra
burden to the transmission channel. Also packet loss and additional complexity for the detection
and triggering algorithm has to be taken into account (especially processing time, extra power
consumption for the packets and memory on the micro-controllers). The distributed version of
the triggering algorithm also introduces jitter to the triggering process. Longer measurement
slots are compensating the inaccuracies induced by transmission and processing delays.
Summarizing: a distributed algorithm for node discovery in combination with a trigger
algorithm implements a system which can be used in dynamic environments. It can automatically
integrate new transmitter upon startup. A request-response trigger mechanism provides accurate
synchronization of the transmitter and receiver nodes and can be implemented in such a way to
avoid ”noise” measurements (see figure 4.14). However, still, RF specific problems have to be
dealt with.

6.2.2 Distributed Algorithm for Clock Synchronization
We noticed an increase of packet loss and therefore an inaccurate synchronization when the
distributed approach is used in larger scale setups (10 transmitters in an area of 200m2 ), This
problem could only be solved by doubling the slot length of the measurement cycles and therefore
a reduction of the position estimation rate. Another possibility for stable measurements is to
synchronize the local clocks of the sensor network components.
The node discovery algorithm stays unchanged. The clock synchronization algorithm is a
combination of ideas of the NTP and Cristian’s Algorithm. This work has been part of the peer
reviewed Ubicomp 2012 submission [PL12].
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Local Time Server Estimation and Time Synchronization
In literature time synchronization can be achieved through message exchange. Many research
groups presented their work for (WIFI) network-based time synchronization: An overview
is given in [SY04] and [ASSC02], di↵erent approaches are described in [EGE02], [SBK05],
[LC10], [MKSL04], [VGR03], [GKS03], each of these protocols focus on sensor networks and
their limited resources and power requirements.
We use a combination of ideas described in Cristian’s algorithm [Cri89] and NTP [Mil92]. To
achieve a sufficient clock synchronization accuracy, the RF transmission, propagation and the
processing time on the time server side has to be estimated. The RF transmission/propagation
time in Zigbee sensor networks is constant, the processing time on the server side depends on
the workload of the micro-controller.

t_start

t_end

req

Client

a=(t_rec)
t_rec

b=(t_send)
Time server

t_send

Figure 6.1: Schematic description of the time synchronization message exchange sequence.

The client sends a time request to the time server and stores the local start time (tstart ) when
the message is transmitted. The server stores its local time (trec ) when the request is received
and returns trec as a response to the client. As the emission of the packet takes time (data
transfer from the micro-controller to the RF unit, processing, collision detection), there is a
time di↵erence between putting the response in the transmission bu↵er and the actual emission
time. When the response is sent, the server stores the local time tsend and transfers this message
to the requesting client. When the client receives the response message, it stores its local time
as tend , after receiving the tsend time, the time synchronization can be performed:
tprocServer = tsend

tRoundT ripT ime = tend

trec

(6.1)

tstart

tpropagationT ime = 0.5 ⇤ (tRoundT ripT ime

(6.2)

tprocServer )

tnewT ime = tsend + tpropagationT ime + (tcurrentT ime
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tend )

(6.3)

(6.4)

6.2 Synchronization of the components
With this approach, we achieve a clock synchronization between the client and the time server
of below 200µs, due to the clock drift, delayed RTC update calls (magnetic field generation and
sampling have higher interrupt priorities than the RTC), the synchronization process needs to
be triggered every 4 s.

Large scale Time synchronization In larger-scale setups, like offices, households or industrial
environments, it is not always possible to directly receive/transmit data from and to the time
server. We, therefore, implemented a distributed algorithm which automatically determines
the global connectivity graph and the node which allows achieving the most accurate time
synchronization.
A connectivity graph
Gc = {ek = (ti , tj ) | ti , tj 2 T , ti 2 rf Range(tj )}

(6.5)

is a graph structure representing the RF connections between the nodes of the sensor network.
An edge between two nodes indicates that messages between the nodes are directly sent and
received.
Similar to the discovery of transmitters, the nodes collect information about the local neighborhood:
In the first step, the transmitter nodes periodically search their local neighborhood to discover
their RF neighbors. The transmitter nodes then start adding this information to their local
connectivity graph which is then broadcasted and locally updated (procedure comparable to
the transmitter node discover algorithm previously presented).
After the exchange of this connectivity graph is finished, a tree structure is created:
The root of the tree is the node with the highest number of adjacent nodes and the smallest
transmitter id (center of the graph). Starting from the center of the graph, we apply the
breadth-first search algorithm resulting in a hierarchical tree with the minimum distance to the
center of the graph. A node synchronizes with the neighboring node which is closest (level in
the tree) to the center node/root of the tree. If several neighbors have the same distance to the
root, the transmitter node with the smallest id is used for synchronization.
We manually evaluated the time o↵set introduced by each level of the tree: We created a
synchronization tree which is comparable to a list.
After the time synchronization algorithm was performed, we measured the time di↵erence
between the root node and the node at level i of the list using an oscilloscope. Every second
both nodes changed the value of an output pin, and we measured the time di↵erence between
the two edges of the signal. Each level in the tree introduces a clock o↵set of approximately
60µs. Due to the limited range of the magnetic field, even larger time o↵sets would not influence
the measurements, as there is no superposition of magnetic fields. (The RF transmission range
is much higher than the magnetic field range).
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Figure 6.2: Real world position of sensor network nodes with their RF transmission range on the left
hand side, in the center the corresponding connectivity graph, the estimated synchronization tree on the right hand side.

After the time synchronization algorithm has been finished, the measurement cycle is performed
on the nodes. The transmitters estimate the start times of their measurement slots using the
transmitter list derived from the transmitter node discovery algorithm. The receiver estimates
the start times of all transmitters. All nodes start the sampling as calculated and corresponding
to their local clocks.
In [PL12] we explained and evaluated this synchronization approach, in larger scale setups or
hazardous environments (RF signals are attenuated by walls alternatively, persons), the message
exchange of the distributed algorithms are hindered or distorted resulting in packet losses.
This leads to inconsistencies in the time server related data structures and the local transmitter
sequence data structures. Due to this, the local clocks are not correctly set, and nonvalid

Center

T1

T2

T3

t4

Figure 6.3: Deformed tree to estimate the timing o↵set introduced by using a hierarchical synchronization approach. The nodes ti synchronize their clocks with ti 1 , t1 with tCenter .
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Synchronization
Accuracy
Slot
Tx

Slot
Ty

Tz

Tx

Transmitter 1
Ty

Tz

Slot
Tx

Slot

Transmitter 2
Ty

Tz

Slot

Slot

Receiver

sampling samplingsampling

sampling samplingsampling

sampling samplingsampling

Transmitter 1

Transmitter 2

Transmitter 1

Figure 6.4: Sampling procedure for two transmitters and one receiver. The nodes have synchronized
their real time clocks and achieved the synchronization accuracy as shown by the green
area. The nodes estimate their start times of the measurement slots and generate the
magnetic fields correspondingly. The receiver also estimates the start times and links the
sampled values to the transmitter using the information derived from the node discovery
algorithm.

Figure 6.5: Due to information inconsistencies in the information exchange caused by missing or
delayed messages, the local clocks of the nodes are not correctely synchronized and cause
signal interruptions(lower signal plot). Using the first derivate (upper signal plot) of the
signals allows to detect the peaks and then discard the measurements.

magnetic measurements are performed. Looking at the trajectories of successive measurements
to certain transmitters show that there are signal interruptions which can be detected in the
first signal derivate. An example of this problem is presented in figure 6.5.
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asynchronous receiver samples
signal when no magnetic field is available

wrong axes are sampled

Transmitter
Axis X

sample axis

sample axis

sample axis

Transmitter
Axis Y

Transmitter
Axis Z

sample axis

sample axis

sample axis

asynchronous
receiver

synchronous receiver

Synchronized receiver links measurements of each axis to the correct transmitter axes.

Figure 6.6: If a receiver is asynchronous to the transmitter, this results in timing o↵sets of the
sampling times. In extreme cases, it is possible that one or more sampling bu↵ers cover
areas outside the correct transmitter axes and therefore result in wrong measurements.

Although achieving good results in the estimation of regions of interest (see publication [PL12]),
inaccuracies in the signal detection and synchronization mechanisms arise from these problems:

Information Inconsistencies The message exchange is based on data collection (node discovery),
if transmitters cannot estimate the correct set of transmitters T which are currently in
the sensor network, they will start their magnetic field generation at the wrong time slots.
The same e↵ect is achieved on the receiver side, the receiver links measurements to wrong
transmitters and therefore return incorrect measurements.
Time Synchronization The system requires a synchronization of the nodes’ real time clocks
to about 200µs to 300µs. Although additional safety values have been added to the
measurement cycles, the overall slot length of 20ms is not long enough to suppress
the e↵ects of asynchronous clocks. If the RTC of transmitters are asynchronous, the
transmitters generate magnetic fields at wrong times. This results in superposition of
neighboring transmitters.’ Magnetic fields. It is also possible that the sampling time at
the receiver side is not within the artificial magnetic field time interval as depicted in
figure 6.6.
Scalability Due to the high number of broadcast messages, the RF channel will be overloaded
if a large scale setup is used. The Zigbee module allows transmitting around 200 messages
(when no other task is run on the microcontroller). If additional tasks have to be executed
in addition to the RF module service, the number of messages transmitted drops to 100.
This means, that the micro-controller of the time-server can handle up to around 15 nodes
assuming six packets per time synchronization sequence. Also, the request response-based
time synchronization mechanism is prone to this. Also, the memory consumption on the
transmitter side increases as the connectivity graph and the sampling sequence has to be
maintained.
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6.2.3 Conclusion
We discussed in this section and chapter 4.7 di↵erent synchronization approaches to achieve a
clean separation of di↵erent transmitter measurement slots. The synchronization approaches
are required to determine the correct transmitter axis signal link on the receiver side. We
presented RF-based and magnetic field-based approaches. All approaches have to deal with
similar packet loss rates of up to 5 percent, the central RF-based trigger approach can achieve
the highest position estimation rate but introduces a single point of failure. Decentralized /
distributed algorithms for triggering and clock synchronization have been described; they can
reach similar position estimation rates than the centralized RF trigger algorithm, but they put
the extra burden on the transmission channel as the distributed approaches have to maintain
local information about the sensor sets.
A di↵erent approach, solely relying on magnetic fields, encodes synchronization and transmitter
id information in the magnetic field and therefore does not require any RF communication
between the transmitters and the receivers. A drawback is that the measurement slots have to
be widened as the information and synchronization approach require more time.
For small scale setups (several rooms) with low RF influences, the centralized RF trigger approach
is preferable, in larger setups like in industrial environments introducing many unpredictable
influences, the magnetic field-based synchronization moreover, triggering approach is more
reliable but reduces the position estimation rate.
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6.3 Transmitter Scheduling
Using magnetic fields for position estimation requires dedicated measurement slots for information
modulation and data consistency. A key requirement in ubiquitous and pervasive applications is
a minimum position update rate of 1 Hz. To avoid superposition of magnetic fields from di↵erent
transmitters, scheduling algorithms have to organize the access to the medium. The used
scheduling algorithm has, as already mentioned in the previous chapters, to take the reduced
memory, processing power and bandwidth of the sensor nodes into account. Additionally, the
algorithms influence the provided sampling rates.

6.3.1 Round Robin
In our eyes, the simplest scheduling algorithm in sensor networks which avoids the superposition
of magnetic fields is the round robin algorithm (see for example [Tan07]). It exclusively
allocates the time slot for a single transmitter and can be implemented using a token passing
approach. The round robin scheduling does neither use any information about the spatial
setup nor magnetic field coverage of the magnetic field localization system; it only requires
the number of transmitters and their ids to relate the sampling slots to the corresponding
transmitters. A measurement cycle consists of the sequence of m measurement slots (with m
Cycle 1

T1

T2

Cycle 2

T3

T4

T1

T2

T3

T4

Figure 6.7: An example of two measurement cycles for a round robin-based schedule. In each slot a
single transmitter is triggered.

unique transmitters), each of the slots is exclussively and explicitely assigned to a transmitter.
A cycle therefore takes m ⇥ tslot . The position update rate of the round-robin-based schedul1s
ing approach is m⇥t
Hz where m is the number of active transmitters in the localization system.
slot
In applications with a small number of transmitters, this approach is preferable as the application
room is covered by multiple transmitters which require separate measurements slots.
Increasing the number of transmitters and the covered area leads to lower position update rates
as the position estimation frequency is directly linked to the number of transmitters. Thus
for larger setups, it is not possible to ensure a minimum position estimation rate of 1 Hz, as
the cycle time linearly rises with the number of transmitters used in the setup. Both memory
and processing resources are low. This algorithm has been implemented on the transmitter
micro-controllers In a distributed way, the algorithm detects new transmitter nodes and the
disappearance of nodes as presented in the previous chapter. Messages collecting information
about currently available nodes are passed between the nodes, the transmitters build up a token
ring, the scheduling order can, for example, be sorted according to rising transmitter ids.
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Figure 6.8: Round robin-based scheduling. Left: a decentralized token ring. The nodes pass a
message to the neighbor, the node currently holding the message is allowed to generate
the magnetic field. Right: centralized round robin approach, a trigger node holds a list of
the transmitters and sends a message to the current transmitter.

To reduce the communication e↵ort, we also implemented a centralized round-robin scheme in
which a central node holds a list of the active transmitters and triggers the transmitter nodes
according to the scheduling sequence.

6.3.2 Graph Coloring-based Scheduling
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Figure 6.9: Example of a real world setup, the corresponding Superposition graph and its colored
version. Compared to the round-robin approach (8 measurement slots), the graph coloring
scheduling only uses four measurement slots in a cycle to perform the position estimation.

The round robin approach showed limitations with regard to the position estimation rate.
To solve these limitations, the limited range of magnetic fields and spatial arrangement of
transmitters are taken into account. The magnetic field emitters support a maximum range of 4
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- 4.5m. The basic idea of the following algorithm is to simultaneously trigger transmitters if
their generated magnetic fields do not superpose. To avoid this, the transmission ranges of the
transmitters must not overlap each other.
In the first step the spatial setup (positions of the transmitters) are considered and used to
calculate the so called Superposition Graph S. The Superposition Graph S = (N , E) consists
of the transmitters (Nodes) N = {ti | ti 2 T } and edges between the nodes if these nodes share
overlapping transmission areas E = {(ti , tj ) || pti ptj |< 2 ⇥ dmax }, where pti is the position
of the transmitter ti .
The Superposition Graph is then used to generate a schedule of the transmitters: We transfer
the scheduling problem of magnetic field emitters to the issue of graph coloring. The graph
coloring problem is an N P hard problem which tries to efficiently color the nodes in such a way
that all neighboring nodes of a node have other colors than the currently chosen node. Among
other properties of the coloring problem, the number of di↵erent colors (chromatic number) is
limited by the maximum numbers of neighbors of a node. As the problem is N P hard, only
heuristics are available to solve the coloring problem (for example [Klo02]).
Even for our small scaled setups with only up to 20 nodes, it is not possible to use the brute
force approach to color the node. Therefore we apply the following algorithm, which is faster
but is not returning in all cases an optimal coloring of the graph:
The center of a graph is the node which has the highest number of neighbors.

Figure 6.10: Comparison of round-robin-based scheduling and Superposition graph coloring-based
scheduling. Especially in large setup, the graph coloring-based approach requires a low
number of measurement slot and therefore allows higher position estimation rates than
the round-robin-based scheduling.

Nodes with the same color are then simultaneously triggered, therefore a speedup in the position
estimation due to the reduction of the number of measurement slots in the cycle can be achieved
in most real world cases.

128

6.3 Transmitter Scheduling
Members:
S = (N , E), Superposition Graph
N = {ti | ti 2 T } Transmitters in the setup
E = {(ti , tj ) || pti ptj |< 2 ⇥ dmax } Edges between transmitters
CN = {c0 , ...cn } colors of the transmitters. nodesT oColor List of nodes which are currently in
the coloring process
input : C
,initially each color set to -1
output : C
,a correct color list, each neighbor node is di↵erently colored.
for each strongly connected subgraph
for each strongly connected subgraph do
estimate the center C of the graph and the number of neighbors of the center C
C.color = 0
add all neighbor nodes to the nodesT oColor list
while len(nodesToColor) ¿ 0 do
n = pop(nodesToColor); // remove the first element get the smallest color cs which is
not used in the n.neighbor
n.color = cs
add all uncolored neighbors of n to the nodesT oColor
end
end
Algorithm 2: Graph Coloring-based Scheduling, (comparable to Sequential Coloring [Klo02],chapter 3)
Figure 6.9 provides an example of a schedule generated using the graph coloring approach.
Notice that in a graph with eight nodes two or more nodes can simultaneously be pulsed.
A simulation has been implemented to compare the performance of the round-robin-based
approach with the graph coloring scheduling approach. We define a measurement area Ae . Each
transmitter has a circular transmission area defined as At = d2maxRange ⇤ ⇡. To uniquely estimate
the position of the receiver, three transmitters are necessary. The number of transmitters for
e
the simulation area is therefore given by T = 3 ⇥ d A
e. The transmitters are then randomly
At
positions in the measurement area. Setups which make no sense (high number of transmitters
close to each other...) are filtered out, the positions of the transmitters have to be at least 80
percent of the maximum transmission range apart and within the transmission range of the
transmitter a maximum of 2 other nodes are allowed. If these restrictions cannot be fulfilled a
new measurement area is generated and transmitters are again randomly spread over the area.
After this, the Superposition Graph of this environment is generated as previously described.
We apply the coloring heuristic and compare the results against the round-robin-based approach.
The measurement area is a cube-shaped area, with edge length between 5m and 35m, which is
increased in 1m steps.
Figure 6.10 shows the result of the simulation. The number of triggering slots for a round-robin-

129

6 Multi Coil Position Estimation
based schedule linearly rises with the number of transmitters in the environment. For larger
environments, the graph coloring-based scheduler returns schedules are much faster than the
round-robin-based approach.

6.4 Multi Coil Localization Approaches
In chapter 2.1.3 we saw di↵erent larger scale localization approaches suitable for multilateration
systems. These systems depend either on lateration or angulation algorithms. To stabilize the
position estimation, di↵erent filter methods such as Kalman filters or Monte Carlo methods are
applied.
Our localization system also depends on magnetic field derived distance information to di↵erent
magnetic field transmitter anchor points. We describe and evaluate in this di↵erent chapter
approaches which are suitable for position estimation. This covers fingerprinting on raw signal
values (without the need for generating a magnetic field model), multilateration and candidate
algorithms for position estimation and regions of interest estimation based on distance and
positions. The fusion of the di↵erent position estimation algorithms achieves a mean position
error of 62.7cm.
The estimation of regions of interest provides semantic proximity information; the laterationbased localization algorithms give higher resolution without the setup and calibration complexity
of fingerprinting approaches. In contrast to regions of interest where a discrete number of ROIs
are defined and usable, the Cartesian positions are not only linked to the semantic regions but
are available in the complete covered area.

6.4.1 Data Set for Position Accuracy Evaluation
For qualitative position error estimation using multilateration and candidate algorithms, we
recorded a data set in the ambient assisted living lab BAALL. 6 magnetic field transmitters
(cube coils) have been placed in the apartment at the corners of the simulation environment.
The positions of the transmitters have been chosen in such a way to guarantee at least two
transmitters visible during a measurement.
We place the receiver at 20 di↵erent, randomly chosen positions in the 12m ⇥ 8m area. The
heights of the reference positions are also varied. The exact coordinates are measured using a
laser meter. At least 300 measurement rounds (all six transmitters are triggered) are recorded
at each measurement position. The system is RF triggered and centrally controlled. After data
recording, the measured induced voltages are transformed into candidate position information
and distances as presented in the previous chapter. The data set is then applied to the di↵erent
position estimation algorithms. Evaluation against the reference positions allows to determine
mean position error and standard deviation of the di↵erent approaches.
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Figure 6.11: Room layout out and position of the transmitters in the assisted living lab in Bremen.
The positions of the transmitters should support in each point of the environment at
least two visible transmitters.

6.4.2 Candidate Points
The architecture of the transmitter coils restrict the position to 8 points around the transmitter
coil in the eight octants each. Although the accuracy is restricted ((µ = 117cm, = 87.45) for
the cube-based approach), we want to evaluate if the candidate sets can be used for position
estimation. Especially when only a low number of magnetic field measurements in a measurement
cycle is available, the usage of candidate positions is interesting although being inaccurate.
Geometrical Approach
The candidate sets have an advantage compared to the distance or angle-based localization
approaches: The relative position against a transmitter coil is already available. Combining
the candidate sets from di↵erent transmitters can therefore be implemented more efficiently
compared to for example lateration approaches. The basic idea of the geometrical approach
is to find a candidate position from each transmitter measurement set which is closest to the
receiver position. This means, that the chosen candidates themselves have minimum distance to
each other.
Let T = {ti } be the set of transmitters where valid measurements are available. Let
Ct = {ci | i 2 1...8 ^ t 2 T } be the candidate set of transmitter t in the world coordinate system.
C = {Cj | j 2 T } is the set of valid candidate sets of the current measurement round. Let
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Figure 6.12: Position estimation using candidate and distance information.

I = {a, b, c, ..., n | n = |C|} be the indexes of the currently chosen candidate positions of each
candidate set cta 2 Ct of the current measurement. Let
Pn
ci
zI = i=0
|C|
be the center of the currently chosen candidates. The measure for choosing the best candidates
is
n
X
dsum =
kzI ci k
i=0

By evaluating each combination of the elements of the di↵erent candidate sets, we find the
combination of candidates of the di↵erent transmitters which have the minimum distance to
their center zI and therefore to each other. The center z is also the estimated position using
the candidate localization.
Figure 6.12 depicts an example of this approach, the estimated candidates are situated around
their transmitters, the gray circle indicates the position of the receiver. The three candidates
close to the receiver would be chosen by our algorithm.
Evaluating the data set presented in section 6.4.1 results in a poor localization quality:
the mean error µ = 186.07cm with a standard deviation of = 90.93.
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Figure 6.13: The candidate position estimation has a mean error of µ = 186.07cm,

= 90.93

The high position errors are the results of two issues:
In a cycle with a single valid transmitter measurement, the wrong candidate is chosen.
If we choose the closest candidate to the reference position this reduces the position error to
µ = 176.86cm, = 87.95.
The high candidate position error strongly influences the position of the center of the
chosen candidates. Angular o↵sets (when the position is described by spherical coordinates
relatively to the transmitter) are not considered. A function which favors smaller distances is
d0 = (1 Pddi )⇤d. This still does not significantly reduce the error rate: µ = 180.12cm, = 84.33.
Probabilistic Approach
Another possibility of estimating the receiver position is the usage of statistical methods. In the
model evaluation we estimated the position error distribution of the candidates. We assume
that the error is normally distributed N (µ = 117cm, = 87.45).
Let x be a 3D coordinate in the measurement environment,
p(x) =

n
Y
i=0

N (kx

ci k, µ, )
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Figure 6.14: Example of a probability distribution of candidate sets. Position error 41.1cm.

describes the probability of the position being the position of the receiver. The position of the
receiver is then the maximum probability pmax :
pmax = max(p(x)), x 2 Environment
The evaluation of this mixture of Gaussians for a large environment is time-consuming as the
maximum probability has to be found. A brute force algorithm has been used to estimate
the positions of the test data set. The accuracy of the position estimation was slightly better
than the geometrical approach: (µ = 170.2cm, = 84.3). Due to the high processing e↵ort, we
favored the geometrical approach.
The evaluation of the data set with the described algorithm showed that the position estimation
accuracy depending on candidate sets is not that accurate as the estimation using multilateration
algorithms. Neither distance weighting nor information derived from statistical evaluation helps
to reduce the positioning error.
Still, there is a field of application: The multilateration algorithm requires measurements from
two or more transmitters, a measurement round with a single measurement therefore only reduces
the position to a sphere around the transmitter. The candidate approach, in combination with
a tracking algorithm, can, therefore, provide more information in a single coil measurement
cycle than the pure distance-based approach.
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6.4.3 Multilateration
Chapter 5.4.3 describes the magnetic field-based distance estimation. In contrast to the candidate 3D positioning, the distance estimation is more stable and introduces less error in addition
to a lower standard deviation. Especially in an area with a dense transmitter placement, allowing
to determine the distance to at least two transmitters, distance-based localization o↵ers a robust
3D positioning and tracking of the wearable receivers.
In this section we describe three approaches, namely the least square minimization approach and a particle filter-based on distance estimations and an approach utilizing
circle intersections. In the case of the Monte Carlo method, we describe the weight function taking the statistical evaluation of the previous chapter into account. Additionally, the
algorithms are evaluated with regard to accuracy and repeatability.
Probabilistic Approach
A method often found in literature depends on probabilistic methods. We implemented a
Monte-Carlo method with 150 particles using the known error distribution of the distance
estimations derived from the calibration process. We combine the distance estimations of a
measurement round to estimate the receiver’s position.

Figure 6.15: Maximum likelihood estimation of 4 transmitters with given distances to the transmitters.
The used mean error of the distance estimation is 0, the standard deviation is 40. All
transmitters are equally favored.

The used particle filter P = {pi | i = 1...n} consists of a set of particles p = (x, y, z, v, ⇢)
describing the position (x, y, z) of the particle, its speed v and absolute heading ⇢ in the world’s
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coordinate system.
Initialization Initially, the positions and the heading of the particles are randomly chosen.
The positions of the particles lie within the boundary of the measurement environment; the
heading angle is in [0, 360] degree.
Particle Movement Before the particle evaluation can take place, the particles are moved
according to their internal speed and heading state. Both variables are also adapted using a
random Gaussian value distribution to represent measurement noise.
Distance Processing The set of magnetic field distance estimations
D = {di | kti rk = di , i 2 [0, n]} holds all distances derived from the receiver side position r
to the transmitters ti which are within the sensing range of the magnetic field receiver.
We evaluate all particles against the distance set D:
Let Wj be the provability of particle j for the given distance set D, where Wj is:
Wj =

n
Y
i=0

N (kpj

ti k

di , µi ,

i)

(6.6)

Equation 6.6 is the initial form of the particle probability function used in our particle filter. It
evaluates each particle whether its position and therefore its distance to the transmitter ti fits
the estimated distance di . The center µ of the Gaussian probability function N(µ, ) describes
the mean distance error of the transmitter ti .
As the distance estimation errors vary over die distances, we implemented a more complex
evaluation function, which represents the distance error functions of the transmitters more
accurately:
n
Y
Wj =
N (kpj ti k di , µi = 0.3 ⇥ di , i = 0.1 ⇥ di )
(6.7)
i=0

Wj =

n
Y
i=0

N (kpj

ti k

di , µi = 0.0,

i

= 0.1 ⇥ di )

(6.8)

Equations 6.7 favors particle positions which are further away than the estimated distance, this
probability function is applied if the estimated distance is below 1m, if the estimated distance
is above 1m, equation 6.8 is used, which broadens probability ring around the transmitter
depending on the distance. We intentionally do not normalize the probability of each distance
estimations in order to favor closer distance values which are more accurate than the ones
further away.
Figure 6.16 depicts the result of the two equations eq. 6.8 and eq. 6.8. The contour of the
probability function is shifted towards the transmitter with lower distance (which is more reliable
than the transmitter which is further away).
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Figure 6.16: More complex probability distribution of the scene. Transmitters with lower distance
values are favored for higher distance transmitters.

After the probability evaluation of all particles, the state of the particle filter is updated: the
current position is the weighted mean value of the 20 best particles.
Resampling In the resampling phase, the weighted particles are sorted in ascending order and
half of the particle set is randomly cloned. The 25 best particles are cloned as well. After this,
the particle set is again order according to the particle weights. Finally, the supernumerary
particles (the particles with low probability) are removed.
We create for each measurement point a new particle filter with randomly initialized particle
positions. The overall mean error of the lateration particle filter is (µ = 172.30cm, = 66.16).
The reasons for the error rate is:
If single distance measurement cycles are used, the distance results in a probability ring around
the corresponding transmitter. Particles which accidentally have the corresponding distance to
the transmitter are weighted with comparably high probability as the particles which correspond
to the real position of the receiver. Also, two distance estimations can result in a faulty positions
guess: The particle distribution can lead to cases in which the estimated position jumps between
the two intersections of the distance circles as one intersection is as likely as the other (pos.
7 and 14). Therefore a tracking algorithm should be used relying on the combination of all
available information (intersections + distance estimations) moreover, which converges faster
and therefore avoids the oscillation between the two intersections of two distance measurements.
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Figure 6.17: Error distribution of the lateration particle filter. The overall mean error and standard
deviation is (µ = 172.30cm, = 66.16),

Least Square Error Minimization Methods
Multilateration algorithms rely on distance estimations between anchor points and the measurement devices. In our approach, the magnetic field measurement is transformed into distance
estimations between the magnetic field transmitter and the magnetic field receiver. Each
distance estimation limits the possible position of the receiver to a circle (in 2D) or a sphere (in
3D) around the transmitter anchor point. Multiple distance estimations result then in a single
point if all distance restrictions are taken into account. Due to environmental e↵ects, model
inaccuracies, magnetic field distortions and hardware related false measurements, it is possible
that the estimated circles do not intersect in a single point, either because of distances being
too big or too small.
To overcome this problem we describe a least square optimization algorithm (Levenberg
Marquardt-based), which tries to find a point in space whose distance fits best to the distance estimations against the transmitters:
Let r = (x, y, z) be the position of the receiver, T = {ti = (x, y, z)i } be the set of transmitter
positions, M = {di | di = kr ti k, ti 2 T } the set of estimated (faulty) distances between the
magnetic field receiver and the transmitters. The residual function which should floor plans is
R(r)M =

X

di 2M

|kti

rk

di |

(6.9)

where r is a position which is evaluated against the measured distances.
As the least square minimazation algorithm itself does not support tracking, the start position
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of the algorithm is the result of the previous measurement cycle.

Figure 6.18: Example of the error distribution described by equation 6.9. The the three distance
estimations restrict the position of the receiver to the minimum of the error function.
In this example the position error is 33.52cm.

Compared to the candidate-based position estimation, both, the overall position error and
its standard deviation are reduced. Depicted in the figures 6.18 and figure 6.19, the model
evaluation showed a mean distance error of (µ = 140.14cm, = 164.82) when all measurement
rounds (including single distance measurement rounds) are considered. Filtering these positions
out results in a mean error of (µ = 98.56cm, = 80.97). Although using the position of the
previous measurement round as start point of the minimization algorithm, high position errors
are visible. Due to missing tracking abilities, the estimated position is not restricted to close
regions around the previous position estimation. Considering the intersection of the two circles
described by the distance estimations, it is possible that the wrong intersection point is chosen.
This is, for example, the reason for the high position error of reference positions 14 or 11.
Intersection of Circles
If two or more distance estimations to di↵erent transmitters are available, the position of the
receiver is limited to the position of one of the intersecting points. As previously mentioned,
false measurements, errors caused by environmental e↵ects or magnetic field model inaccuracies
lead to o↵sets in the distance estimation. Still calculations of the intersections (figure 6.20) are
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Figure 6.19: Results of the least square minimization algorithm. The mean error and the standard
deviation for 3D position estimation is (µ = 140.14cm, = 164.82) for all measurement
cycles including also those with a single distance measurement. Removing those single
distance measurement rounds reduces the error to (µ = 98.56cm, = 80.97). Single
transmitter measurements have been removed, therefore reference points are missing.

possible:
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Figure 6.20: Schematic view on the circle intersection problem. Comparable approaches are for
example described by Paul Bourke [Pou97]

Let t1 and t2 be the transmitters measured with corresponding distances d1 and d2 . Let
t1 = (x1 , y1 ) and t2 = (x2 , y2 ) be the coordinates of the transmitters, d = kt1 t2 k be the
distance between the transmitters.
d22 + d2
2d
2
h = d 1 a2

a=

d21

p = (x, y) = t1 +

(6.10)
(6.11)

a(t2

t1 )

(6.12)

d

The intersections of the two circles therefore are:
i1 = (x +
i2 = (x

h(y1

y0 )
d

h(y1

y0 )
d

,y +
,y

h(x1

x0 )
d

h(x1

x0 )
d

)

(6.13)

)

(6.14)

We consider for each measurement round the intersections il of two transmitter measurements
(di , dj ), j 6= i, where kxl ti k = di and kxl tj k = dj .
Three cases can occur: there is a single intersection if the two circles touch each other, no
intersection, if di + dj < kti tj k or two intersections otherwise.
When the two circles do not intersect, we add three additional positions (see figure 6.21) to the
intersection list instead of discarding this tuple:
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1

2

3

Figure 6.21: Di↵erent cases of the intersection of the circles around the corresponding transmitters.
The green positions are added when circles would not intersect.

Consider the connection of the two transmitters; two positions are defined by the intersection of
the two circle with the connection, the third one is the center of these two positions.

As previously defined, T = {ti = (x, y, z)i } is the set of transmitter positions, M = {di | di =
kr ti k, ti 2 T } is the magnetic field-based distance measurement set, | M |> 1.
For each transmitter pair (ti , tj ), i 6= j we define
S(i, j) = {sk | ksk
if di + dj > kti

142

tj k

ti k = di ^ ksk

S(i, j) = {si , sj , sm }

ti k = d j }
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where
si = ti + di ⇤ (tj ti ),
sj = tj dj ⇤ (tj ti ) and
sm = ti + 0.5 ⇤ (tj ti )
S = {S(i, j) | i 6= j, i, j 2 T }
For each transmitter pair, we, therefore, calculate at most three candidate positions for the
receiver position. As with the candidate sets retrieved from the magnetic field model, it would
be possible to calculate the combination of intersection points minimizing the distance to their
combined centers.

Figure 6.22: Probability distribution of the intersections in the surveilled area.

To provide tracking possibilities, we implemented a particle filter. Let po be the position of the
particle o. The weight function is defined as:
X
p(po ) =
max N (ksl po k, µ, )
(6.15)
Si 2S

sl 2Si

Figure 6.22 depicts the probability distribution of a three measurement estimation. The
maximum of this function is clearly visible close to the reference point. We also included the
estimated intersections. It is clearly visible that there are o↵sets in the intersects not resulting
in a single intersecting position.
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Figure 6.23: Results of the intersection of distance related circles around the corresponding transmitters. The position error is (µ = 119.13cm, = 234.97).

To avoid the e↵ects of ambiguous measurement cycles with two or one measurements, a particle
filter has been applied. The particle movement strategy and the resampling stay unchanged.
Unfortunately, this approach does not work for every situation: If the measurement cycle consists
of a single estimation, no intersection is provided. In this case, we skip the evaluation.
Figure 6.23 combines the position error results of the 19 reference positions. The reference
position 12 lies in an area covered only by a single magnetic field transmitter. The intersectionbased particle filter cannot estimate the position. The position error arises due to the overall
distance error noise on top of the signal. The mean position error is 119.13cm, the standard
deviation is, due to the reference position 12, 234.97. Although the position error is reduced,
this approach does not use the complete ”picture” described by the measurements because each
intersection set just use measurements to 2 transmitters. The least square approach would use
the ”whole picture” and should, therefore, be more accurate.
Due to random start conditions of the particle filter, it is possible that the wrong intersection
side of two intersections is chosen, in some reference positions, only single distance pairs are
available.
In the next section, we present a fusion of all these position estimation algorithms which use
lateration and candidate set information for position estimation.
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6.4.4 Fusion of Point- and Distance-based Algorithms
In the previous sections, we presented distance-based and candidate set-based algorithms for
position estimation of the receiver. Several issues have been found: The candidate-based
localization approach is inaccurate. Due to its ambiguous candidate positions around the
transmitters, a tracking algorithm is necessary to choose among the eight positions. This also
applies to the algorithms based on circle intersection or distance error functions: measurements
to 2 transmitters result in ambiguous positions which only can be determined by a tracking
algorithm. The distance-based algorithms show, in contrast to the candidate algorithms, a lower
positioning error. We, therefore, fused the approaches to achieve a mean position error below
65cm.
The fusion algorithm can be divided into a tracking part and a position estimation part.
Particle Filter-based Tracking
The tracking algorithm uses the Monte Carlo method. The particles define the state as the
possible position of the receiver pi = (x, y, z)i . Several input parameters can be applied to the
filter: Candidate sets of di↵erent transmitters, intersection sets of multiple distance estimations
or single positions (derived from the least square lateration localizer). Each position in the
applied list is evaluated against the probability function defined by equation 6.15. Resampling
and movement models stay unchanged and work as previously described.
Position estimation

Candidate Set
{c1,c2,…,c8}

Candidate
Positions

Particle Filter

Least Square
Minimization

Position
Estimation

Intersection
Sets
Distances
{d1,d2,d3,…}

Figure 6.24: Processing sequence of the fusion of the di↵erent position estimation algorithms. The
output of the particle filter is used as start position of the least square minimization
estimation.

The position estimation part of the fusion algorithm (figure 6.24) depends on the number of
available measurements. If a single measurement is found, the corresponding candidate positions
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are applied to the particle filter. If there are two or more measurements, the corresponding
distances are used to estimate the intersection points as described in section 6.4.3. The
intersection set S is then applied to the particle filter and evaluated against the particle set.
After resampling and state update, the particle filtered position is returned.
We already mentioned that the intersection approach only uses parts of the overall available
information, the least square lateration approach, using all measurements at once but strongly
relies on the start position in the error function and often terminates in local minima positions.
When a stable position estimation is presented to the least square localizing algorithm, the
position estimation is accurate. After the calculation, the estimated position; the to the particle
filter for processing.

Figure 6.25: Position error of the fusion algorithm. The mean position error is (µ = 62.73cm,
82.8).

=

The fusion of distance-based and candidate-based approaches results in a localization accuracy
of µ = 62.73cm, = 82.8, (details in figure 6.25). Compared to the lateration localization
approach, the fusion algorithm has both a reduced mean error and standard deviation. Although
applying sliding windows to filter out outliers in the raw signal, there are still reference positions
with high position fluctuations. This is a typical result when the receiver is far away, and the
signal is unstable.
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6.5 Comparison against an RF-based Localization System
We evaluated the particle filter localization algorithm in several environments. The magnetic
transmitters have been set up to achieve a corresponding coverage to support distance measurements from at least two transmitters in each point of the experiment area. In addition to
the magnetic field locations, we record Bluetooth-based location information from the Quupa
localization system which has been installed in the IRL (Innovative Retail Laboratory of the
DFKI in St. Wendel).
The IRL is located in an office complex built of concrete. The

Figure 6.26: Setup of the localization system in the IRL shopping environment.

laboratory is 10 ⇥ 14m, in the center area, lightweighted construction elements with metal
frames, metal moreover, wooden shelves. Additionally, sales related equipment like a vending
machine, a security antenna and RFID readers in the 100kHz frequency spectrum can be found.
We recorded 27 di↵erent reference positions with six transmitters. The positions have been
randomly chosen, the positions of the transmitters are on the ground, several reference positions
introduce disturbances by walls or metal cooling sales counters.
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6.5.1 Evaluation
Figure 6.26 depicts the position of the transmitters and the reference positions. Notice that
there are several positions which are only served by two transmitter coils. We record for Quupa
and the magnetic field localization system the raw values for post processing and accuracy
evaluation.
The magnetic field measurements are transformed into distance estimations. Each measurement
cycle (with the given distance set D is presented to the position fusion algorithm). The estimated
positions of both systems are stored and compared. As the environment is demanding, it is
possible that no position estimations were possible in a position. In this case, we add the
highest position estimation error of the corresponding localization system to the
evaluation data set.

Figure 6.27: Comparison of the Quupa bluetooth localization system and the magnetic field localization system in the IRL shopping environment. Mean error and standard deviation of the Quupa system is for 27 positions, for the magnetic field system this is
(µ = 77.20, = 45.83)is and (µ = 66.49, = 51.91) for Quupa.

In this environment the oscillating magnetic field indoor localization system achieves a mean
error of 77.2cm compared to 66.49cm of the Quupa system (Details see figure 6.27). Compared to
the Bluetooth system, our system performs less accurate, although we provide in each reference
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position measurements and locations. The Quupa system is commercially available; the system
consists of several combs covering only small parts of the surveilled area. The antennas are
attached to the ceiling to provide line-of-sight. Currently, nine persons are developing this
system, in contrast to a single researcher working on the magnetic field localization system.
Particularly in the reference positions 1 and 2, two positions below a metal cooling counter,
our system performs a position accuracy below 50cm, the RF system is not able to retrieve
any position information. The Quupa system used for this setup six antenna groups which
have been attached to the ceiling and cover defined areas. For these cells, line-of-sight signal
propagation was necessary and aimed. Our system, in contrast, has been placed next to the
room elements to cover both sides of the separating parts. Additionally, the Quupa locations
are IMU filtered (integrated into the Bluetooth beacon), our system only uses raw magnetic
field information for position estimation.

6.6 Detection of Regions of Interest
6.6.1 Large Scale Transmitter Setup in di↵erent Environments
The fusion of WIFI and the inertial-based system often rely on fingerprinting methods. These
approaches usually try to gather signal information from which a longer term signal behavior
in the immediate environment is derived. For RF-based systems, the disadvantages discussed
in 2.3.1 often require heavy signal filtering in combination with multiple data recordings. Finger
printing approaches to avoid the need for modeling the signal behavior, which can be complex
in indoor environments especially close to metal objects. Being not the main focus of this work,
our magnetic field localization system has been evaluated in several environments using region
of interest determination based on fingerprinting: Because the magnetic fields are only locally
influenced by obstacles and EM sources, the repeatability of the signal is extremely high. Thus
we want to evaluate in this section whether a fingerprinting / classification approach with raw
magnetic field derived signal information, and a simple one step data recording is sufficient
to distinguish a high number of regions. Also, the minimum distance between the ROIS is of
interest.
Location
Office
Apartment
Living Area
Cellar

Events with Synch errors
123
65
130
131

Events
292
186
427
424

Percent
42.12
34.94
30.44
30.90

Table 6.1: Statistics for Synchronization errors at di↵erent locations

A big advantage of magnetic fields compared to RF systems is that those dynamic indoor
elements have only limited influence on the magnetic field signal and therefore less maintenance
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is necessary.
Parts of this work have been submitted to Ubicomp 2013 ( [PL13]).
This evaluation has been conducted in the early stages of the development of our localization system. Therefore, synchronization approaches have not been researched. During the
experiments the disadvantages of RF-based clock synchronization have been visible: Due to
missing synchronization packets, the clocks have been asynchronous in some measurement cycles
resulting in signal ”gaps”.
We applied a detection algorithm which marked those signal intervals as not usable (example
signal trajectory in figure 6.5). Table 6.1 holds information about the synchronization problems
in the di↵erent environments.
We evaluate the quality of regions of interest detection in di↵erent larger scale environments.
This includes an apartment (70m2 with six transmitter coils), a living area in a house (95m2 ,
seven transmitters), a cellar in the same building (95m2 , seven transmitters) moreover, an
office environment with 245m2 and eight transmitters. Three persons sequentially were told to
randomly enter the defined regions of interests.
Figure 6.28 and figure 6.29 depict the floor plans of the di↵erent environments and the defined
regions of interest. In some cases, the neighboring regions of interest could not be separated
due to missing orientation information; we, therefore, aggregate those regions to bigger ones.
Notice that these environments include demanding sections which would strongly influence
the detection accuracy of RF systems as well: ROIs have been defined in metal bath tubes,
showers, around metal heating systems or in metal storage shelves.
Also keep in mind, that the transmitters have been placed next to walls. This means that the
generated magnetic field permeates the wall and therefore also provides position information to
regions in the room on the other side of the wall.
Data recording and evaluation
We record the raw magnetic field measurements of the sequentially triggered magnetic field
transmitters for o↵-line processing. The magnetic field receiver has been attached to a belt
at the hip and was pointing in the walking direction of the person. Three female and four
male subjects conducted the experiments; we told them to stay in the regions of interest in a
human understandable way (”stand next to the wardrobe”) instead of measuring their absolute
coordinates. The subjects were requested to stand for at least 20 seconds at these positions.
We extract from the gathered raw data the magnetic field magnitudes (mx , my , mz ) and the
mz
axes ratios tx = mx
, ty = my
and tz = mx
.
my
mz
rx =
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describe the relative orientation of the receiver in the magnetic
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Figure 6.28: Regions of interests defined in di↵erent everyday living environments in addition to
the position of the transmitters. Notice that the transmitters also permeate walls
and furniture and therefore a lower number of transmitters is necessary to cover the
environment.

fields of the transmitter. vij is the voltage measured by the receiver axis i when transmitter axis
j generated the magnetic field. The defined feature vector is:
(mx , my , mz , tx , ty , tz , rx , ry , rz )
Due to the early stage of development, we used these features to train a decision tree (CART)
containing the di↵erent regions of interests and their corresponding features.
mi , ti describe the relative position of the receiver to the transmitter (you can think of polar
coordinates with angle and distance), the bearing of the receiver is described by ri . We used
the data of one person to train the classifier, the data sets of the other persons
have been used to evaluate the classifier.
Discussion
We achieve in these environments a classification rate of 81.4% for the living area of the
house (full data set), 94.4% for the cellar and 92.17% for the office environment. The overall
classification rate is 88.2% for all regions of interest in the house.
A combination the regions of interests to a more realistic setup raises the classification rates to
87.2% for the house and 97.1% for the office.

151

6 Multi Coil Position Estimation
19,17 m

!
17,80
m

!
18,49
m

!
18,23
m

!

8

3

6

12,70 m

5

1
!7,05 m

!18,48 m

4

2

5,30 m

7
!10,81 m

!
18,51
m
3,70 m

!

Transmitter

!18,32 m

Location Subset

Location Additional

Figure 6.29: Definition of regions of interest in an office environment.

Figure 6.30 depicts the confusion matrix of the data recordings in the office environment. The
classification results for the other environment show similar behavior in the frame-by-frame
classification approach. Especially regions of interests being close (smaller than 50cm) are
confused with regions close to the class. Although adding the receiver axes ratios ri to the
feature set, which should describe the orientation of the receiver and therefore should provide
limited heading information, is not sufficient enough to separate those regions. We assume that
orientation information is less stable because it relies on 2 out of 9 measurement values instead
of 6 (compared to magnitudes mi ). Little changes in heading and position of the receiver in a
ROI strongly influences the induced axes voltage and therefore lead to di↵erent feature vector
values. To overcome this e↵ect, we merge neighboring regions of interest requiring heading
information to be distinguished.
In nearly all classes feature vectors are misclassified as null class elements. To some extent, this
happens because of synchronization e↵ects which have not been recognized by our detection
algorithm, some items are e↵ects by annotation errors, when the annotation value has been
assigned too early or too late.
The system also performs well in demanding areas with a lot of metal parts as being found in
heating systems or metal bath tubes. The true positive rate is also above 87 percent. Except
for the RF synchronization problems which are visible in all environments, influences caused
by small dynamic changes in the environment (for example opening of drawers, wardrobes or
changes of materials on the desktop) are not visible in the data sets. We performed the data
recording during a typical workday where workers were in their offices and worked on their
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Figure 6.30: Classification result of the frame-by-frame-based classification in the office environment.
Neighboring regions are often confused.

computers.

Although the number of transmitters varied in the di↵erent environments (from a relatively
dense transmitter setting in the 70 square meter apartment to a relatively sparse setting in
the office environment, the regions of interests could be determined when they were at least
50cm apart. The approach of the configuration of the regions of interest is limited to placing
the receiver in the specific area. Compared to for example the RADAR approach of Microsoft,
where influences by humans are recorded, the definition of a region of interest in our system is
only a data recording at this area.
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6.6.2 Small Scale Transmitter Setup for Industrial Maintenance Tasks
Maintenance in industrial environments is a demanding task: Besides localization of the machine
to maintain, the maintenance task usually has to follow specific workflow sequences and di↵erent
parts (and therefore locations) of the machine. The worker has to turn o↵ the power, often in
specific orders not to damage electronics or motors, close valves, adjust and configure the speed
of mixing devices or simply just change filters. In these modules, many di↵erent regions have to
be specified, identified and found. We saw in the beginning that regions of interest could be
addressed using the raw magnetic field estimations and a simple fingerprinting approach. This
has been evaluated in di↵erent larger scale setups.
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Figure 6.31: Small scale ROI evaluation in an industrial environment. The red and green areas
indicate the definitions of the regions of interest for transmitter 1 and 2. The ROIs
are in some cases less than 10cm apart. The transmitters are attached to the metal
frame, their positions are indicated by the green dashed rectangles. 22 di↵erent ROIs
are defined and should be di↵erentiated.

We performed a close to reality experiment in an industrial show production line at the
SmartFactory in Kaiserslautern. The module is 220cm ⇥ 80cm ⇥ 240cm big, we attached three
transmitters at di↵erent positions and levels. We defined 22 di↵erent regions of interests which
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would be part of a maintenance task. The main focus here was the possibility to interact
with the module (for example removing the filter or opening or closing a valve). Figure 6.31
depicts the defined regions of interest. We argue that, although the overall position error of our
system is above 60cm, the repeatability of the signal allows to define and recognize regions of
interests which are less than 20cm apart. For regions which should be less than 20 cm apart,
the quasi-static approach described in section 4.7.3 can be applied.
Data recording and evaluation Three transmitters have been attached to the metal frame
of the production module in such a way to not hinder the subjects in their grabbing tasks.
Secondary, the production module can easily be moved, a definition of the regions of interest in
the absolute world coordinate system is not useful. In contrast to the large scale setups, we use
an RF-based centralized triggering scheme which avoids the synchronization problems of the last
data recordings. One transmitter has been placed at 220cm height, another at 120cm and the
last one was put behind the element on the floor. All transmitters are fixed to the frame. The
goal of the evaluation is to estimate the recognition rate of our magnetic field localization system
concerning regions of interest based on distance and position estimation. Both, frame-by-frame
and event-based rates are of interest. After defining 22 regions of interest which are related
to actions being performed during production and maintenance, we record for each of the two
receivers coils the magnetic field readings at the di↵erent regions.
ROI detection algorithm In chapter ?? the accuracy evaluation showed that the position is
comparably stable. This e↵ect is even stronger if the distance between the transmitters and the
receiver is low moreover, therefore the magnetic field signal high.
The estimated positions and the corresponding errors, both caused by environmental and model
influences, are either repeatable or locally bound.
Using the recorded data from the setup-phase, we use the estimated distance tuples of a
measurement round and the estimated position to specify the closest region of interest.
(x, y, z, d1 , d2 , d3 )
If a measurement to a transmitter resulted in a nonvalid distance estimation, -1 was used to
indicate this. To eliminate outliers in distance measurements, a sliding window with bu↵er
size 5 has been used (the sliding window size corresponds to 1s). Each region of interest is
defined by the mean position and mean distances derived from the setup data recording. In the
experiment phase, a K-dim tree is used to retrieve the nearest region of interest of the estimated
position. If the distance between the estimated position and the center of the region of interest
is smaller than 15cm, the algorithm returns the id of the region of interest, the null class is
returned otherwise.
Experiment In the experiment, two persons carry the receivers and were randomly told to
interact with the corresponding regions of interests. 60 randomly chosen regions of interests
have been used. A second person annotates the time of entrance and leaving of the receiver as
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ground truth information. Notice that due to hardware and model tolerances, two setup steps
(for each receiver one) are necessary.

Discussion Figure 6.32 depicts the results of the frame-by-frame region of interest estimation.
We recorded in the data set over 8000 measurements against labeled regions of interest. 73.4% of
the frame-by-frame estimations have been correctly related to the regions of interest. Especially
the regions 3,4,5 perform badly; they are too close to each other and also close to regions 6 and
7. 3,4,5 have all three a recognition rate below 50 percent.
Also clearly visible are the incorrect regions 12 - 16 and 17 to 22, all of these are close to each
other.
Looking at the di↵erent distances of the regions to the transmitters, the classification rate
directly correlates with the proximity to the transmitter: If a region of interest is close to a
transmitter, the rate is high. As already discussed, low distances result in a very stable position
estimation (including stable and continuous readings) compared to distances at higher ranges,
which tend to be unstable and intermittent.
Region of Interest
3
4
5
13
14
17
18
21

overall count
3
2
1
2
3
3
3
3

correct
2
1
0
1
2
2
2
2

TP Rate
66%
50%
0%
50%
66%
66%
66%
66%

Table 6.2: Results of the majority decision. 8 events of 60 regions of interest have been misclassified.
86.7% have been correctly classified.

If we perform a majority decision on each event, 8 of 60 regions of interests are not correctly
detected:
Only regions 3,4,5 and 13,14 and 17,18,21 have recognition rates below 100 percent. In the cases
of the valve regions (3,4,5) the defined regions are too close together to be separated, the other
regions are in the electrical section of the production module where a lot of metal components,
wires and motor drivers are situated. The metal components generate eddy magnetic fields
influencing the induced voltage and therefore the classification results. Due to the inhomogeneous
distribution of both wanted and eddy magnetic fields the estimated positions and distances are
not as stable as wished.
A combination of regions 3,4,5 (which are only 7 to 10 cm apart each) increases the true positive
rate to 92%.
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Figure 6.32: Overall combined frame-by-frame detection rates of subject one and two. Regions of
interests, which are close to each other (distance lower than 15 cm) are often confused,
regions close to the transmitters perform better.

Conclusion The estimation of regions of interest has been evaluated in di↵erent environments,
starting from typical everyday life environments like apartments, living areas in houses, cellars
or office environments. The advantage of magnetic fields compared to light- or sound-based
systems are used to reduce the number of necessary anchor points. In contrast to other physical
modalities, magnetic fields are hardly influenced by walls, furniture or humans. Placed next
to walls allows a transmitter to serve in the nearby rooms. We presented a raw signal-based
classification approach to distinguish between regions of interest being at least 50cm apart. A
region of interest detection relying on distances and positions in a close-to-reality industrial
environment allows distinguishing areas which are more than 15 to 20cm apart. The stability of

157

6 Multi Coil Position Estimation
the magnetic field influences the minimum space between regions of interest. The closer the
region of interest is to a transmitter; the less space has to be considered.

6.6.3 Combination of Magnetic Field-based Localization and
mBeacon-based ROIs
In addition to the previous proof of concept evaluations, we also considered the combination
of quasistatic magnetic field beacons and our oscillating magnetic field localization system.
For industrial applications it is often necessary to retrieve information about the devices a
person is interacting with. Especially information about the hand is important (to for example
detect the interaction with material or with control panels.). Due to influences caused by
industrial installations as high voltage motors, driving circuits or bus systems, the magnetic
field localization system is a↵ected and cannot provide position information which is accurate
enough to distinguish between regions of interest which are closer than 20cm. The tracking and
large scale position estimation of workers is performed by the oscillating magnetic field system,
small scale interactions with significant objects are performed using the mBeacons. To achieve
this, we installed several coils as described in section 4.7.3.

Figure 6.33: mBeacon in industrial environments. Left: mBeacon system for storage management.
Right: mBeacon controller circuit and detector smart watch

In the scenario, the worker is using an IMU sensor attached to the wrist, as it provides a
higher update rate for acceleration, gyroscope, and magnetic field sensors than smartwatches.
Additionally, the fusion of this sensor information allows to retrieve bearing information of the
hand.
The industrial environment contains several devices which are equipped with the mBeacon
system: To detect interactions with control panels, mBeacon coils have been attached behind
control panels, whenever the worker interacts with the panel this can be detected. Placing the
mBeacon coils below storage boxes can be used to implement a stock holding system: If the
person reaches for an item stored in a box, the magnetic field encoded information is sensed by
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the IMU and is used to reduce the number of elements in the box. The recognition/detection
rates are comparable to the results presented in the previous chapter.

6.7 Conclusion
This chapter presented and evaluated approaches which are necessary to achieve a multi coil
position estimation. This covers, on the one hand, the synchronization of the transmitters and
receivers, the scheduling of the transmitters and on the other hand the fusion of the position
and distance information between the receiver and the di↵erent transmitters.
Several synchronization algorithms, either centralized or decentralized have been described,
implemented and evaluated with regard to stability and information exchange complexity.
Scheduling algorithms can either provide a naive round robin based schedule or if they take the
spatial relations of transmitters and the limited range of magnetic fields into account, which
then reduces the number of measurement slots.
Approach
Candidate-based

Subapproach

Mean error

Standard deviation

geometrical
probabilistic

186.07 cm
170.2 cm

90.93
84.3

probabilistic
least square
circle intersection

172.30 cm
140.14cm
119.13 cm
62.73cm

66.16
164.82
234.97
82.8

Distance-based

Fusion

We presented and evaluated in this chapter di↵erent localization approaches with regard to
position stability and accuracy. Two di↵erent algorithmic approaches have been introduced
working with di↵erent information sources: Derived from the three axes transmitter architecture,
candidate sets provide (rough) position information even if only a single transmitter is sensed. A
combination of candidate sets of di↵erent transmitters results in a position error of 180cm. The
errors rates in the single coil position estimation also dominates the accuracy in this approach.
The usage of distances as information carrier shows similar behavior as in the model section
compared to the candidate approach: all approaches show lower position errors. Especially when
only two measurements are available, the lateration approaches fluctuate between the two ambiguous positions (the two possible intersections of the circles defined by the measured distances).
A fusion algorithm, using a particle filter for tracking, the candidate-based approach for single
coil position estimation, the circle intersection approach for multi-coil measurements and the
least square minimization approach for overall position estimation reduces the position error to
62.7cm with a standard deviation of 82.8.
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Using raw magnetic field information for a fingerprinting approach can be applied to large
scale localization setups. We were able to distinguish up to 30 di↵erent regions of interest in
environments up to 200m2 using simply the raw magnetic field information.
Applying a similar approach to the estimated distance and position information derived from
the magnetic field model has been tested in a close to reality industrial environment. Here we
were able to separate regions which are at least 20 cm apart. In both cases, the errors caused
by the environment and in the later additionally by the model and localization algorithms are
stable and result in low feature vector variations leading to accurate detection results for regions
of interest.
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Industrial applications require highly accurate position estimation approaches to retrieve information about the environment for mapping and self-localization. Typically optical localization
systems based on cameras or Time-of-Flight cameras achieve the aimed accuracy. This position
estimation usually requires complex algorithms and introduces high data rates. Also, laser
scanners are often used to enable a mobile robot to perform self-localization. These systems
then rely on point clouds derived from a 3D 360-degree line scan at high sampling rates. These
approaches are not usable if wearable systems have to be supported as the algorithms require
high processing and memory resources which are typically not available in low power systems.
To solve this problem we propose four single beam laser distance measurement units (”LIDARLite”) with an accuracy of 2.5 cm. The units are attached to a helmet and point in each of
the four (local) cardinal points. Obstacles, like walls, reflect the light pulse and the distance
between the unit and the obstacle can be estimated. This system is interesting in the fields of
construction sights as the sensors can be attached to a helmet. In combination with an IMU,
the laser distance measurements provide sufficient information to perform a position estimation.
This chapter discusses the challenges of the system; several questions arise from this approach:
• How can a position be estimated from four single laser beams with a partially known
environmental map as it is found on construction sites? (Lidar Lite-based position
estimation)
• What is the accuracy of such a system? How do descrepancies in the map influence
the position accuracy (for example what happens if a wardrobe is not part of the map
model?) which results in higher or lower distance estimations? How do errors on the
heading signal influence the position estimation?
• How can a magnetic field-based anchor point be integrated into such a system? (Fusion
with magnetic field distance information)
• Is it possible to estimate the position of an anchor point on the fly by relying on the
previously estimated position and relative distance measurements to the anchor point?
(dynamic anchor point position estimation)
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7.1 Contribution
We present in this chapter a prototype helmet for indoor position estimation utilizing a
low number of lidar distance measurement beams in combination with an integrated IMU. An
algorithm for low resource position estimation in a known environment (a map of the
environment is available) is presented relying on geometrical considerations. Ambiguous position
estimations arise due to symmetrical e↵ects caused by parallel and perpendicular walls which
are cleared by combining distance measurements to sparsely placed magnetic field
transmitters with the laser position estimations. The mean position error of the LIDARbased algorithm is below 8cm. The algorithm for position estimation runs on an Intel Edison
with 500 MHz; the overall architecture runs for more than 8 hours. Additionally, we propose an
algorithm for dynamical position estimation of a newly added magnetic field transmitter coil
with an accuracy of below 50cm.

7.2 Related Work
Light detection and ranging (LIDAR)-based sensors and robust and accurate algorithms for
processing have been developed in di↵erent fields of research. With ongoing developments in
autonomous driving, sensor costs need to be reduced and therefore cheap but still accurate
singled beam sensors cost around 140 Euros. LIDAR-based localization is described in many
research works, among others, [WE14] describe the estimation of the 3D position of vehicles using
complex LIDAR cloud point information. A comparable system has been used by [LCC+ 10]
to provide indoor localization; the scientists equipped a backpack with several laser scanners,
IMUs, and cameras to generate a floorplan of the environment. They achieve an accuracy of
below 30cm. The authors of [BZF12] implemented a handheld laser scanner IMU system which
is usable to generate an indoor map. Closest to this work is [PS16]. The authors describe
how IMU-based pedestrian dead reckoning can be stabilized using laser distance measurements
to nearby walls. They study the e↵ect of doors and obstacles but do not provide a separate
algorithm based on laser distance estimations.

7.3 LIDAR Helmet
The wearable sensor helmet consists of a processing unit (Intel Edison, two cores 500 MHz each),
4 to 6 LIDAR Lite sensors which are attached to an Atmel ATmega328P-AU micro-controller for
2D or 3D position estimation, and an LSM9DS0 9 degree of freedom IMU sensor for gathering
acceleration, gyroscope, and earth magnetic field Information for bearing estimation. The time
synchronized sensors sample at 45 Hz. The system is battery powered and runs with a LIPO
Battery pack for 8 hours.
A LIDAR Lite sensor provides distance information with a rate of 45Hz with a maximum
distance range of 60m. According to the producer, the distance accuracy is 2.5cm. For 2D
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Figure 7.1: Photograph of the LIDAR helmet. The four laser-based distance measurement units
point 4 di↵erent directions.

position estimation, we attached 4 LIDAR sensors at the helmet, pointing to north, south, west
and east. 3D position estimation requires at least one additional sensor pointing either to the
ceiling or the floor.
The IMU sensor is sampled at 100 Hz; a Kalman filter estimates the orientation of the helmet
in the world coordinate frame. The Kalman filter automatically discards earth-magnetic field
measurements which are not within a given magnetic field strength interval.
For 2D position estimation, we are interested in the heading information, 3D position estimation
also requires roll and pitch. We attached the IMU and the sensors in such a way that the north
sensor points correlates with 0-degree heading, the other sensors correspondingly point to the
other directions (90-degree steps).
Figure 7.1 and figure 7.2 depict the wearable helmet with attached LIDAR Lite sensors and the
basic idea of the data gathering: Each sensor is the start point of a vector/beam with given
direction and length (heading and relative sensor orientation, distance estimation).

7.4 LIDAR-based Localization
During the design phase, we carefully placed the LIDAR sensors on a plane, the relative
orientations of the LIDAR sensors are known. For easier understanding, the sensors are
addressed according to the cardinal points: north, south, west and east. A measurement cycle
consists of a distance estimation of each of the LIDAR measurement sensors di and an IMU

163

7 Fusion of Magnetic Field Distance Estimations and LIDAR-based Position Estimations
heading
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Figure 7.2: 4 LIDAR Lite distance measurement sensors are attached to a helmet pointing in 4
perpendicular directions. An obstacle in the path of the beam reflects the laser pulse, the
runtime between emission and reflection is used to estimate the absolute time of flight
and therefore the distance between the sensor and the obstacle. Using and IMU allows us
to estimate the heading of the helmet.

As we estimate the heading error with around 10 to 15 degrees, the position estimation of the
LIDAR helmet also considers the error prone heading. For easier explanation, we regard a
simple room layout, a rectangular room with 700cm ⇥ 1500cm length and breadth. If we now
look at a single LIDAR distance measurement, for simplification the north sensor corresponding
with the heading angle , the LIDAR sensor’s position is restricted:
As the LIDAR system measures the runtime of the laser pulse between the sensor and the
reflection of the laser pulse, the valid occupied area - or correctly a line - must fullfill two
restrictions: the distance d between the LIDAR helmet at position x = (x, y) and the reflected
point r = (rx , rY ) must be equal to the estimated distance di and 6 (r, x) 2 {
✏, + ✏}:
P = {(x, y) | k(x, y)

xk = di \ 6 ((x, y), x) 2 {

✏,

+ ✏}}

(7.1)

In the computational implementation, we regard each wall or obstacle of the room and estimate
the position of the LIDAR sensor relatively to these points:
Each wall is described by two points W = ((x1 , y1 ), (x2 , y2 )) defining the corners of the wall.
The LIDAR sensor provides distance information dn to the obstacle with the known heading .
The position of the helmet can be described by two points on the wall. Namely, the position
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of the reflection A (causing the distance) and the foot point D of the helmet’s position B, the
projection of the position on the wall.
Figure 7.3 contains two schematics, the left-hand side plot depicts the names and positions of the
base points and the helmet in addition to the angle and distance estimation, the right-hand side
figure shows the possible positions lying on parallel lines to the wall. Therefore it is sufficient to
look at the corners of the wall: In the following part, we refer the names of the variables to the
figure 7.3.

D3

A2

A3

A

D2
360° - h

B2

B3

d

b

D

h

a
B

A1
D1

B1

wall

Figure 7.3: Estimation of one base point Bi . Depending on the heading angle quadrant, D or A is
the corner of the wall.

Three cases have to be considered:
1. (A1 , B1 , D1 ) B1 is on the wall of the perpendicular wall, D1 is the base point of the triangle
which is also the corner of the walls.
2. (A2 , B2 , D2 ) A2 is the second corner of the wall, D2 lies on the wall between A1 and A2
3. (A3 , B3 , D3 ) A3 is the corner of the second wall, B3 is on the third wall.
Note that all three cases involve right angle triangles, therefore the distances can be calculated
using the theorem of Pythagoras.
b = cos (h) ⇤ d = cos ( ) ⇤ d
p
a = d 2 b2
Depending on the heading angle
d~90 = (a, b),
d~180 = (a, b),
d~270 = (a, b),

(7.2)
(7.3)

the vector d~ = (a, b) di↵eres:
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d~360 = (a, b).
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The positions of the LIDAR helmet for cases 1)-3) are:
B1 = D1 + (a, 0),
B2 = A2 + d~i ,
B3 = A3 + (0, b)
The resulting lines:
l1north = (B1 + k ⇤

(B2

B1 ))

(7.4)

l2north = (B2 + k ⇤

(B3

B2 ))

(7.5)

are used from now on.
Each of the LIDAR sensors attached to the helmet describes the position of the helmet from a
di↵erent point of view, resulting in 8 di↵erent lines:
l1north , l2north , l1south , l2south , l1west , l2west , l1east , l2east
The heading angles for the di↵erent sensor orientations have been considered and adapted
correspondingly. The position of the helmet lies on the intersection of one of the two lines of
each sensor. We, therefore, intersect each line lij with the other lines of the other sensors:
l
m
pl,m
i,j = {(x, y) | (x, y) 2 li ^ (x, y) 2 lj , l 6= m, i 6= j}

(7.6)

moreover, store the results. The position of the helmet is the intersection point which
occurs the most times in the list of intersection points.
c1
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de
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dn
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D
width

Figure 7.4: If the hypotenuses of the two opposite triangles lie on opposing walls, the ambiguous case
occurs: The lines of residence do not intersect but superpose, an ambiguous line is the
result for this case.
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Although providing 4 degrees of freedom in the 2D case, there are positions in which the actual
position cannot uniquely be derived from the measured distances:
Two neighboring distance beams form a right-angled triangle where the adjacent and the
opposite sides’ length are determined by the distance measurements. The absolute orientation in
space is ruled by the heading information. The position estimation is distinct when the corners
of the hypotenuse are on di↵erent walls. If the two corners are on the same wall (and on the
opposing side of the room is a parallel wall where also both points are on the same wall), the
position estimation results in an ambiguous case (figure 7.4):
Both hypotenuses are on opposing walls, the position of the LIDAR helmet cannot be reduced
to a single point in 2D space but deforms into an ambiguous line. The exact mathematical
description of the ambiguous line is: (referring to the variables of figure 7.4):
p
p
Let c1 = d2e + d2s and c2 = d2n + d2w be the length of the hypotenuses on the walls. The
dimensions of the room are determined by the height h and the breadth b. The length
~ of the ambiguous line is S
~=C
~ d~n , the end point E
~
lamb = b max c1 , c2 . The start point S
~
~
~
is defined as E = D dw .

Figure 7.5: Propability distribution in a 700 ⇥ 1500cm room. The position is (400,700), the heading is
45 degree. Clearly visible is the ambiguous line of the possible positions with comparable
distance.

To solve this problem, it is either necessary to attach more LIDAR Lite sensors with di↵erent
relative orientations or to use an additional sensor modality to provide additional proximity
information. Thus we use the magnetic field indoor localization system.
Figure ?? depicts the results when the distance estimations of the LIDAR sensors is compared
against a 5 cm grid in the room. The more equal the distance tuple is compared to the reference
position, the higher the probability. It is clearly visible that this position cannot be distinguished
solely from the LIDAR distance measurements. Adding a magnetic field transmitter reduces
the number of ambiguous positions to two intersections as depicted in figure 7.6.
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Figure 7.6: Same scene as in figure 7.5 but with single magnetic field transmitter and corresponding
distance measurement. This additional anchor point reduces the ambiguous line to two
possible positions, which could for example be determined by a particle filter and its
tracking possibilities.

7.5 Influence of Distance, Heading and Map Errors on
LIDAR Position Accuracy
In the previous section, we mathematically described the LIDAR Lite-based position estimation.
In contrast to expensive LIDAR scanners, which provide a full 360 degree scan of the environment,
we use an IMU to link the estimated distances and the angular information. As the IMU fuses
gyroscope, earth magnetic field information and acceleration data to estimate the bearing
information of the sensors, disturbances in the raw sensor data lead to errors in the angular
information. Especially anomalies in the earth magnetic fields result in heading errors. The
combination of distance and heading information in LIDAR position estimation therefore
propagates these errors in the self-localization part.
Obstacles in the environment which are not part of the map, typically the result in lower distance
measurements, as the laser pulse is reflected by the obstacle instead of the wall. On the other
hand, windows or glass installations lead to higher distances as the laser pulse permeates the
glass and the pulse is reflected by obstacles behind the glass.
To study the e↵ects of heading errors and changed distances, we simulate the e↵ects by adding
normally distributed error values to randomly chosen position moreover, heading values in a
15m ⇥ 7m big rectangular-shaped room for 1000 positions for each error value. Heading values
resulting in ambiguous cases (described in the previous section) have been discarded.
Figure 7.7 depicts the e↵ects of heading errors on the localization accuracy. Heading errors
have e↵ects on all 4 directions, and therefore the lines of residence are estimated wrong. With
growing heading error this e↵ect rises. Due to a number of outliers the mean error value is
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Figure 7.7: Mean and median LIDAR position error caused by heading errors. 8 degree heading error
result in a median error of 20cm.

significantly higher than the median error value.
Figure 7.8 depicts the error distribution with an heading error in the interval of ±15 degrees.
The median error of 1000 samples is 36.8cm. Also visible is the high number of outliers. A
fraction of outliers results due to ambiguity of the distances / heading tuple, the estimated lines
of residence intersect for at least two points in the same number of lines. Therefore it is not
possible to distinguish between these points without additional information. Supplemental, the
sample set also contains exotic positions where at least one coordinate component is very close to
the wall. The outcome of this is degraded lines of residence with multiple but indistinguishable
intersections.
The position estimation of the helmet is not only influenced by error-prone heading information
but by defective distance measurements. The producer estimated the distance accuracy of the
sensor to be around 2.5cm. Environments with unmodelled obstacles such as wardrobes, plants
or wall elements result in di↵erent distance estimations. The distances do not match the stored
map and therefore influencing the quality of the position estimation. We simulate these e↵ects
by randomly adding additional error values to the correct distances.
Although evaluating di↵erent error intervals, the most interesting error interval is around
40 cm as this is the typical size of furnitures like wardrobes. Figure 7.9 depicts the error
distribution of 1000 randomly chosen samples. Compared to erroronouse heading information,
the distance estimation errors have lower e↵ects on the position estimation quality than the
heading information.
Consequently, unmodelled environmental elements have a lower e↵ect on the position errors
than heading errors caused by metal objects.
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Figure 7.8: Median LIDAR position error, when the heading error lies within ±15 degree. Median
Error of 1000 randomly chosen position and heading tuples is 36.8 cm.

7.6 Fusion of Magnetic Field Distance Information and
LIDAR Positions
We discussed in the previous section the influence of heading- and the distance measurement
errors on the quality of the position estimation. Also the quality of the ”reflection map”, which
allows to derive the lines of residence and the intersection points, influence the estimation
quality. Additionally, depending on the orientation of the LIDAR sensor system, there are cases
where the orientation results in ambiguous lines. In these cases, it is not possible to retrieve the
unique position of the LIDAR sensor.

7.6.1 Experiment and Evaluation
To evaluate the sensor system we recorded 25 positions in a 6.46 ⇥ 8.7m rectangular shaped
room. The room has two panorama window sides; we used the installed blinds as reflecting
obstacles. The room dimensions have been adapted correspondingly. The helmet was placed
on a tripod for uninterrupted measurements. As also visible in figure 7.11 we placed magnetic
field transmitters in the environment. The magnetic field system allows to limit the positions of
the LIDAR helmet and remove ambiguous positions. At least 1000 measurements have been
recorded at each measurement point.
Due to obstacles like plants, storage cupboards or chairs, which have not been part of the
room model, in addition to error prone heading information, the estimated LIDAR position
derived from the LIDAR distance measurements, does not result in a single point but several
intersections. To choose the correct intersection, we fuse the magnetic field distance information
with the LIDAR positions.
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Figure 7.9: Error distribution with an heading error in the interval of ±5 degree and an distance
error in the interval of ±40cm. The distance error is interesting as wardrobes usually
range is this area, if the map does not indicate this obstacle, this errors can be found.

Figure 7.10: Position error dependency relatively to distance errors. Left hand side: Simulation with
no heading error, right hand side: Simulation with additional heading error ✏ ± 5degree.

The lower boxplot of figure 7.13 depicts the accuracy of the LIDAR-based position estimation
when the intersection closest to the reference position is chosen. The median error lies below
8cm.
As the magnetic field receiver and the LIDAR helmet are considered to be at the same point,
the distance between the helmet and the magnetic field transmitter is considered to be the same
as measured by the magnetic field receiver.
Let D = {di } be the set of magnetic field distance measurements to the transmitters ti . Let
I = {pi } be the set of possible LIDAR positions, the intersections derived from the LIDAR
algorithm.
We compare the distance
dint = kpintersection ti k
(7.7)
between the intersection k and the transmitter ti against the measured magnetic field distance
di :
✏(i,k) = dint di
(7.8)
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Figure 7.11: Room layout with positions of the transmitters and the measurement positions of the
test environment. The magnetic field transmitters have been placed close to the walls.

Using a normal distribution N (0 cm, 40) (accuracy value of the magnetic field distance evaluation)
allows to estimate the probability of an intersection representing the reference position with
corresponding magnetic distances:
p(i,k) = N (✏(i,k) , 0cm, 40)
If several magnetic field measurements are available, the probability pk is
Y
pk =
p(i,k)

(7.9)

(7.10)

i2D

The intersection with the highest propability is then chosen as result.
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Figure 7.12: Estimated lines of residence for a LIDAR-based helmet position estimation. The 4
LIDAR distance estimations determine 8 lines which intersect in several points in space.
The position of the helmet is determined by the highest count of intersections.

We use the weighting function of equation 7.10 to implement a particle filter, the movement, and
resampling algorithms are presented in the localization chapter 6.4.3. To allow the filter to settle,
we remove the first 20 measurement cycles after the first magnetic field distance measurement.
Figure 7.13 holds the result of the probabilistic LIDAR magnetic field distance fusion algorithm.
The median position error is 7.82cm, several outliers positions lead to a high standard deviation
of 72.87 and a mean position error of 36.98 cm. Without outliers, the median position error is
5.88cm and a standard deviation of 17.3. The figure also allows the comparison against the best
intersections: Using the best intersection results in a mean and median error below 4cm with a
very low standard deviation of 3.1.
The high variance of the position estimation error in several positions of the LIDAR test is an
e↵ect, where the magnetic field signal of a transmitter is unstable. This results in cases, where
di↵erent intersecting positions are chosen due to their higher probability. This is a drawback of
this approach, additional fusion with accelerometer information will reduce this e↵ect
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Figure 7.13: Top plot: Error distribution using maximum likelihood and magnetic field distance fusion
algorithm for position estimation. The position error distribution over all positions:
(µ = 36.98, = 72.87), median error is 7.82cm. Bottom plot: Intersection with minimum
distance to the reference position is chosen. (µ = 3.81, = 3.1).

7.7 LIDAR supported Estimation of Magnetic Field
Transmitter Positions
We already argued, that oscillating magnetic fields have advantages in indoor environments as
they permeate obstacles and walls. In [PMF+ 12] we describe algorithms and approaches to
support rescue teams in unknown indoor environments using RF and ultrasound information.
The rescue teams carry mobile anchor points with them, which are placed along the rescue
team’s path. The actual position of these anchor points is described and calculated on the fly
when the nodes are deployed.
We show in this section a similar approach which uses magnetic field distance estimations and
accurate LIDAR positions to describe the unknown position of a new magnetic field transmitter.
In contrast to ultra sound-based distance estimations, magnetic field transmitters can also be
used in wet/hot environments, they do not require direct line-of-sight and also work when
environmental noises (e.g. noises of a burning house) occur. As they permeate structures, a
lower number of transmitter positions needs to be deployed.
The following algorithm covers two problems: the first problem is the position estimation of
newly added magnetic field transmitters and the second problem is how to detect changes
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Figure 7.14: Result of the position estimation of reference point 9. Due to changing magnetic field
distance estimations, the best intersection point ”jumps” from the right intersection
cluster to the center cluster and back.

of magnetic transmitter positions. We argue that the second problem can be solved by
the first one: the algorithm can periodically run on the gathered information, estimating the
positions of the transmitters and compare the estimated position against the stored anchor point
position. If there is an o↵set which is outside a given boundary, the position of the transmitter
has been changed.
Keep in mind that we rely on two sources of information: the LIDAR-based position estimation of
the helmet (which uses the magnetic field distance information to restrict the possible positions)
and the magnetic field distance estimations to the newly added transmitter anchor point.
We use the data set of the previous section 7.6. To follow our argumentation, we only use LIDAR
positions which rely on at least two di↵erent magnetic field transmitters (one anchor point of
whom we assume that the position is known and a transmitter with an unknown position to be
estimated.).
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p1
d1

p2
d2
T

d3

p3

Figure 7.15: Estimation of the transmitter position using 3 position estimations and 3 distance
estimations relatively to this transmitter. The position of the transmitter T is derived
from the estimated LIDAR-based positions pi and the magnetic distances di measured
during the position estimation using the least square position estimation approach as
presented in the previous chapter.

Figure 7.15 depicts the idea of our approach: The magnetic-field-based distance estimations
from the di↵erent LIDAR positions around the magnetic field transmitter are considered to
be error prone with an error of up to 40 cm. Each of the LIDAR positions and magnetic field
tuples restrict the position of the unknown transmitter to a circular belt around the LIDAR
position. A combination of di↵erent LIDAR/magnetic distance tuples can, therefore, be used to
determine the position of the new transmitter.

Least Square minimization approach For initial tests, we used the same position estimation
approach as described in section 6.4.3. The algorithm tries to find a coordinate which minimizes
the di↵erence between its distances to the anchor points and the corresponding magnetic
field distance measurements. In the simulation, the performance was promising, applying this
approach to the real world data set showed its drawback: In most cases, the local minima of
the error function was not the absolute minimum. Typically the positions of transmitters are
in the corners of rooms. In the data set, the (filtered) LIDAR positions did not allow to fully
determine the position of the new, unknown transmitter resulting in inaccurate transmitter
positions. The more position distance tuples are available around the new transmitter coil, the
more accurately an anchor point can be estimated.
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Probabilisitic approach A more reliable approach is based on statistical evaluation of positions
against the LIDAR anchor point / magnetic distance measurements. As in the least square
minimization approach, the LIDAR anchor points and the magnetic field distance measurements
allow to statistically evaluate each coordinate about its fisability of being the transmitter
position.
Let L = {li | i = 0...n} be the set of LIDAR estimated positions, D = {di | i = 0...n} are the
corresponding magnetic field-based distance estimations. Let p = (x, y) be a possible position
of the magnetic field transmitter.
✏i (p) = kli

pk

di

The o↵set ✏i (p) is then statistically evaluated using a normal distribution:
Wp =

n
X
i=0

N (✏i (p), 0, 40)

In a brute force approach we evaluate each position on a 5cm grid in room and store the
probability of each position.
As depicted in figure 7.16 the probability function has its maximum within the room boundary
and close to real world position of the transmitter. The results of the position estimation is
presented in table 7.1.
reduced data set
all LIDAR positions

T1
121.4cm
26.4cm

T2
24.59cm
27.5cm

T3
113cm
68.9cm

mean error
86cm
40.9cm

Table 7.1: Position estimation error of an unknown magnetic field transmitter using a combination of
LIDAR and magnetic field distance information. The reduced data set requires at least
two magnetic field distance measurements (one to a known magnetic field transmitter
and one to the unknown magnetic field transmitter to restrict the LIDAR positions as
described in the previous section), in the second approach all LIDAR positions are used
assuming that the LIDAR position can be estimated using a tracking algorithm.

The position estimation of the newly added transmitter is strongly determined by the spatial
relative positions of the LIDAR positions, the measured magnetic field distances and the number
of measurements. Low distances restrict the position more than those further away. The variance
of the position estimations of t1 , t2 , t3 are directly linked to the distributions of the distances as
depicted in figure 7.17. The mean position error of the transmitter position estimation is 86cm;
the minimum error was 25cm. If we assume that we can determine the LIDAR intersections
using a tracking algorithm, we can use also those LIDAR positions which only have magnetic
field distance measurements to the unknown transmitter; the mean error drops to 40.9cm with
a minimum error of 26.4cm.
We saw that the estimation of transmitter positions could be performed by fusing information
from LIDAR and magnetic field sensors with an accuracy below 80 cm.
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Figure 7.16: Using the magnetic distance information and the LIDAR derived positions at di↵erent
locations allows to accurately estimate the position of unknown transmitters. The
accuracy of the transmitter position increases if distances between the LIDAR and the
magnetic transmitter is estimated from di↵erent positions around the position.

The approach can, for example, be used on a construction site, where due to the progress of the
construction, new anchor points have to be added and their positions have to be estimated.
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Figure 7.17: Distance distributions of the three transmitter position estimations.

7.8 Conclusion
This chapter described an LIDAR-based localization system. The system is integrated into
a helmet, so an application on a construction site is possible. The helmet includes the four
LIDAR distance measurement units, an IMU to determine the bearing of the helmet and
therefore the directions of the LIDAR beams and an Intel Edison processing unit. The overall
position estimation algorithm relies on four distance measurement beams and the heading
of the system. Each LIDAR measurement describes lines of residence parallel to the walls.
Intersections of these lines then result in the position of the helmet. Due to the comparably low
information, special cases can occur in which a distinct position estimation is not possible. Thus
we presented the mathematical problem describtion for these ambiguous cases and a magnetic
field distance-supported fusion algorithm to estimate the correct position. In a static evaluation,
the combination of magnetic field and LIDAR information used for positon estimation achieves a
mean position error of 36 cm; the median error is 7.82 applying a maximum likelihood approach.
The estimation of the position of magnetic field-based anchor points has been evaluated, the
position can be estimated with a mean error of 86 cm when measurements to two magnetic field
transmitters are requested, if also single measurements to the transmitter to be position are
used, the positioning error drops to 40.9 cm.
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In this dissertation, we described a localization system based on oscillating magnetic fields.
The system consists of two components, stationary magnetic field transmitters, and wearable
magnetic field receivers. Compared to other physical localization modalities, the magnetic field
signal interaction with the environment is either nonexistent or locally restricted. We presented
a processing architecture which utilizes the physical behavior of magnetic fields to provide a
stable, reliable and accurate position and distance estimation. The architecture covers the
physical layer, the position and distance estimation against a single transmitter and
the multi coil position estimation against all transmitters. The system has been evaluated
in di↵erent environments about accuracy and spatial resolution (detection of regions of interest).
The approaches also cover the repeatability of the signal. In environments with a high ratio
of metal devices, which strongly influences RF-based localization systems, the advantage of
magnetic fields is visible: RF systems are either not able to determine positions or are strongly
influenced, our approach still retrieves the location information.
Physical Layer The physical layer of the system deals with hardware related methods covering
magnetic field generation and information encoding on the transmitter side, transmitter-receiver
synchronization, signal gathering, amplification and signal encoding on the receiver side. The
tasks are implemented on a DSPIC micro-controller, utilize special digital signal processing
commands to speed up the tasks and also consider the magnetic field’s properties, as its high
dynamic range.
Single coil position and distance estimation This single coil position and distance estimation
layer implements a hardware abstraction layer to transform the hardware specific magnetic field
signals of the receivers to a common signal level of the magnetic field model to reduce memory
consumption. On top of this, a magnetic field model reflects the shape and behavior of the
magnetic field in the environment. It enables the system to retrieve a (rough) position (mean
error of 108cm) of the receiver using a three coil transmitter architecture; the distances have a
mean error of 40 cm within the maximum range of 4.5m.
Multi coil position estimation A combination of measurements to multiple transmitters
requires scheduling, time synchronization algorithms and a localization algorithm based on the
estimated candidate sets and the distances to the anchor points. Two scheduling algorithms have
been evaluated. A round-robin-based approach permeates furniture for small scale setups. For
a higher number of transmitters, we described a scheduling algorithm which includes the spatial
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distribution of the transmitters and simultaneously triggers transmitters whose magnetic fields
do not superpose. This problem has been transferred to graph theory, and by applying a graph
coloring approach, it was possible to determine a valid schedule without superposing magnetic
fields to speed up the scheduling process and therefore to increase the position estimation
rates. The localization fusion algorithm covers multilateration approaches using the distance
estimations (circle intersection, least square error minimization), the candidate sets are evaluated
by finding the candidates who are closest to each other. On top of these algorithms, a particle
filter performs tracking and filtering.
Evaluation and applications The described indoor localization system allows a position
estimation with a mean error of 65cm to 75cm (in an area of 8m ⇥ 10m) depending on the
evaluated environment. For comparison, a commercially available Bluetooth RF localization
system has been tested in a shopping environment (12m ⇥ 8m) with a mean position error of
67cm, our prototype system reached a mean position error of 77cm in the same environment.
Although performing worse than the RF system, the magnetic field-based localization system
was able to retrieve a position in each reference position, whereas the RF system was not able
to estimate a position below metal shopping counters.
Additionally di↵erent region of interest detection approaches have been evaluated in office, living
and industrial environments, all utilizing raw magnetic field information and distance/position
information derived from the magnetic field model. For large scale setups (8 coils in 20m ⇥ 10m)
the regions have to be at least 50cm apart, a small scale coil setup (3 coils in 2m ⇥ 3m ⇥ 0.8m)
requires at least 15 to 20cm proximity between the ROIs.
LIDAR / Magnetic field Distance Fusion The magnetic field localization system has also
been used to support a LIDAR localization system. We described the position estimation
based on four laser distance measurements against walls and possible constraints arising due
to the low number of information. A fusion algorithm of magnetic field derived distances, and
LIDAR-based positions have also been presented. It solves ambiguous positions and support
the overall position estimation. The mean position error of the fused LIDAR system is 8cm.
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Summary We presented in this dissertation an indoor localization system based on oscillating
magnetic fields. We specified the processing architecture, identified layer specific problems and
presented, researched, implemented and evaluated approaches solving these problems. Additionally, concepts, especially on the lower level layers of the processing architecture, take the
magnetic field behavior into account. The oscillating magnetic field localization system provides
distance estimations with a mean error of 40cm against the stationary magnetic field anchor
points; the overall position accuracy is between 60 and 70 cm depending on the environment.
The system has been evaluated in key environments about accuracy and the ability to separate
regions of interest. Comparing our prototype system against a commercially available RF-based
localization system showed the advantages of magnetic fields about obstacles: Our system estimated positions below metal objects, the RF-based system was not able to determine these
points. This shows that magnetic fields are a good alternative source of information in indoor
environments. Compared to other physical measurement principles, the magnetic field permeates
furniture, walls, persons and electronic devices and therefore the installation e↵ort is lowered
as no line-of-sight is required. Particularly in the field of ubiquitous computing and AAL, this
system allows a nonintrusive installation as it can be integrated into the environment, for
example within the raised floor or in a cupboard. Publications of this localization system have
been submitted and peer reviewed at well-known conferences and journals covering the fields
of indoor localization( [PHCL15], [PMF+ 12], [PKLF11]), wearable computing ( [PSKL08]),
ubiquitous computing( [PL12]) and Ambient assisted living ( [PBA+ 10], [PL13]) and was also
used to generate data sets for gesture recognition ( [PLB+ 10]).
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Future Work
The research on the localization system holds several topics which are either addressed in current
projects (for example ”HiMagiac” funded by Stiftung Rheinland-Pfalz) which can be addressed
in future works:
The underlying hardware can be improved; this covers the used coil architecture moreover, the
transmitter and receiver side circuits. We already showed that di↵erent coil shapes have di↵erent
crosstalk values and therefore di↵erent performances. As the crosstalk strongly influences the
generated magnetic field, a crosstalk reduction leads to a range extension on the one hand, and
an improvement in position estimation accuracy in the currently covered area on the other hand.
On the receiver side a reduction of the hardware noise level in combination with auto-logarithmical
amplifiers and 24bit ADCs can improve the sensitivity of the signal gathering approach.
Due to the fast signal decline (high distance dependency), this only works in combination with
stronger magnetic fields.
Not addressed in this work is the orientation estimation relying on magnetic fields. The
generated magnetic fields in addition to the receiver side three axis coil provide sufficient
information to describe the relative bearing of the receiver coil.
We described an initial calibration process to transform the hardware related signal levels to
a common theoretical magnetic field signal level. Magnetic field distortions caused by the
environment (for example metal objects) can and should be part of the calibration process when
the system is set up in a new environment. Therefore environmental models or fingerprintingbased lookup tables are suitable approaches and can improve the localization accuracy.
A fusion of the magnetic field positions with acceleration information is an option to
reduce the position noise when in a stationary state or to increase the accuracy of the tracking
algorithm when the receiver is moved. The integration of the acceleration information can be
part of the already described particle filter.
Several applications for this indoor localization system are of interest: Due to the permeating
nature of the magnetic fields, the system can be used in industrial production lines to provide
absolute position information for a transport robot. Applications in hospital environments
with a very dynamic and varying environment are also possible, the magnetic field-based
localization system can track movements of nurses and other groups to provide information
about cooperations and interactions.
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