
MASTER'S THESIS

Investigation of Magnetic Compass
Accuracy at Ground Level

Marcus Höij

Master of Science in Engineering Technology
Space Engineering

Luleå University of Technology
Department of Computer Science, Electrical and Space Engineering



 
 

 

Master’s Thesis 

 

Investigation of Magnetic Compass Accuracy at 

Ground Level 
 

Marcus Höij 
2011-06-06 

 

 

 

 

 

 

 

 

 

1 Abstract 
In this thesis the possible heading accuracy of a magnetic compass and the distortions to the 

earth’s magnetic field present in different environments at ground level is investigated. A 

three axial magnetometer is used to measure the magnetic field and derive the heading. 

Magnetometer readings are corrected for distortions generated by the measurement 

equipment and the derived heading is compared to that of an inertial navigation system. The 

magnetometer is maintained near horizontal at all times meaning that the z-component of 

the field has very little impact on the heading. The magnetic field is investigated in three 

different situations: Along a countryside road with no man made distortions present, around 

buildings in an urban environment and around a typical car. Results from measuring along 

the countryside road indicate that this environment may be suited for magnetic compassing 

as the heading error remained within 1 degree. In the urban environment, the level of 

distortion was high. Heading error could in the measurement here be kept to within 5 

degrees when measuring in the middle of roads in between buildings but the error quickly 

increased when approaching buildings. When larger open areas are present and the distance 

to buildings was over 10 m, the error reduced to within 2 degrees for some locations. These 

results suggest that heading in an urban environment may be very unreliable. The distortion 

caused by the car may influence heading by 1 degree out to a distance of 6-7 m depending 

on its orientation relative to the earth’s field. The cars field appears to be mainly generated 

by the car itself independently of the earth’s field. 
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4 Introduction 
The work for this thesis was performed at SAAB Dynamics at their Guidance, Navigation and 

Control section located in Linköping, Sweden, under supervision of Fredrik Neregård. 

4.1 Background 

Knowing the direction relative to geographical north or the “heading” of a system is crucial 

in many situations, either for navigation purposes or to simply determine the orientation of 

a system. For some time there have existed inertial navigation systems (INS) which are 

capable of delivering very accurate heading estimates for hours or even days without any 

reference input other than at start-up. Such navigation units are however relatively bulky, 

heavy and expensive making their use limited to platforms large enough to accommodate 

them. The performance of inertial sensors generally decreases as the size decreases and as 

such, smaller units become increasingly reliable on external references to maintain 

performance over time. 

 

At ground level the external references for heading are limited to a few sources of which the 

GPS and the earth’s magnetic field are most notable. But GPS cannot be used for heading 

unless special techniques where two antennas are separated by an impractical distance are 

used or if the system is in motion and then it can only tell the heading of the systems 

motion, not its orientation, and it is inaccurate. GPS signals may also be blocked by buildings 

and vegetation. Thus for a small system only the Earth’s magnetic field remain as a source of 

reference available at almost any location. 

 

The earth’s magnetic field can be measured by a magnetic sensors or “magnetometers” as 

they are commonly known. Magnetometers have a widespread use in attitude and heading 

reference systems (AHRS) in aircrafts, satellites, ships and underwater remotely operated 

vehicles where they provide a heading reference. They are also commonly used in hand held 

or vehicle mounted global positioning system (GPS) receivers to provide heading estimates. 

More recently, magnetometers have also found their way into mobile phones. 

Magnetometers in most AHRS are often combined with other reference systems such as the 

GPS and also with inertial sensors like gyroscopes and accelerometers for increased 

accuracy. 

 

In order to use a magnetometer to accurately determine a system’s heading, the magnetic 

field must have a relatively low level of distortion. When up in the air, out in space or at sea, 

that criteria is most often met. However, at ground level over land there are numerous 

potential sources for interference which include among other things: most manmade 

structures, vehicles, electric cables and natural deposits of iron ore. Knowledge about the 

magnitude of these distortions is required in order to determine if a magnetometer has any 

potential as a heading reference at ground level. This thesis investigates some of the 

possible distortions that can occur at ground level. 

4.2 Purpose and Aim 

This thesis goal is to provide information on where a magnetometer can be used to provide 

a reliable heading over land at ground level. It thus aims to show how the earth’s magnetic 
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field is distorted and the impact that this has on heading at a few selected environments to 

aid in future decisions on using a magnetometer. 

4.3 Outline of the Thesis 

The thesis begins in chapter 5 with a section on the theory behind magnetic fields, magnetic 

materials, the earth’s magnetic field and different sensors. After this in chapter 6 the 

measurement equipment used to measure magnetic fields is presented. Chapter 7 explains 

how the magnetometer measurements are corrected and how heading is derived. In chapter 

8 the measurements themselves are presented. First, the measurements done to test the 

magnetometer and at the same time measure the field of current carrying cables are 

presented. After this follows three chapters exploring the field in three different situations: 

at a countryside road (8.3), an urban setting (8.4) and around a car (8.5). The results are 

discussed separately in each subsection. In 8.3 the results of the calibration is also discussed. 

In chapter 9, some work that others have done to reduce distortions and improve the 

accuracy of the magnetometer derived heading is presented. Finally, the thesis is 

summarised in chapter 10 with a general conclusion. 

4.4 Assumptions 

Any disturbances caused by solar activity that occurs during measurements are not 

compensated for or taken into account. 

 

A “magnetometer” is in this thesis assumed to be a three-axis magnetometer unless 

otherwise stated. Some literature refers to one of the sensors as a magnetometer. 
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5 Theory 

5.1 Magnetic Fields 

Magnetic fields can be produced by electric currents, by rotating particles (orbital motions or 

particle spin) which give rise to magnetic dipole moments or by electric fields which change 

over time. Magnetic fields are vector fields with both a direction and a magnitude. Because 

of this, if two or more sources each producing a field are in the vicinity of each other, the 

total field can be achieved by simply adding the components of the two fields together. 

 

There are two magnetic fields with a close relationship to each other; the B-field and the H-

field. In vacuum they are indistinguishable from each other except for a constant 0µ  known 

as the magnetic permeability of free space: 

 

)(0 THB µ=  (1) 

 

)/(104 7

0 mH
−⋅= πµ  (2) 

 

The need for the H-field arises when a magnetic field passes through a material. It then 

becomes necessary to distinguish the field which drives the magnetization M  from the field 

which the material itself produces as a result of being magnetized. The H-field is thus 

defined as 

 

)/(
0

mAM
B

H −=
µ

 (3) 

 

and is seen as the driving field which causes the magnetization. For this reason it is 

sometimes known as “the magnetizing field”. The B-field is consequently the sum of the H-

field and the magnetization: 

 

( ) )(0 TMHB += µ  (4) 

 

The magnetization that the H-field causes can be expressed as 

 

 (5) 

 

where  is a dimensionless quantity known as the magnetic susceptibility and is a measure 

of the extent to which a medium is magnetized when placed in a magnetic field. The 

magnetization that occurs in a material is a result of the magnetic dipole moments of atomic 

particles which to some degree align with the applied H-field. The magnetization is thus the 

magnetic dipole moment per unit volume. 

 

Substituting eq. (5) into eq. (4) yields 

 

 (6) 
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where µ  is the absolute permeability or simply the permeability of the medium in (H/m) 

and rµ  is the relative permeability of the medium. Relative as it is the ratio between µ  and 

0µ  and has a value of 1 in free space. Susceptibility and relative permeability are different 

ways of expressing the same thing. A material exposed to a magnetic field will become 

magnetized differently depending on its susceptibility and they can be divided into three 

main classes: Diamagnetism ( mχ  < 0, rµ  < 1), Paramagnetism ( mχ  > 0, rµ  > 1), and 

Ferromagnetism ( mχ  >> 0, rµ  >> 1). 

5.2 Diamagnetic and Paramagnetic Materials 

Most diamagnetic and paramagnetic materials have a susceptibility very close to 0 as the 

magnetic dipoles within these materials are relatively weak. They thus only reach a very 

limited magnetization. They can for that reason be regarded as nonmagnetic in the scope of 

this thesis. A brief explanation is still given. 

5.2.1 Diamagnetic Materials 

Diamagnetic materials have a negative magnetic susceptibility and will therefore become 

magnetized in the opposite direction of an applied field. A diamagnetic material will 

therefore be repelled by an applied field. The material does not become permanently 

magnetized by the field and returns to its unmagnetized state when the external field is 

removed. Diamagnetism is present in all materials but becomes overshadowed by 

paramagnetic or ferromagnetic effects when those are present. Only materials which show 

no other magnetic property besides diamagnetism are called diamagnetic materials. 

Examples of such materials are the noble gases, water, silicon, copper, gold, lead and 

bismuth. A typical value for the susceptibility is around -10
-5

. 

5.2.2 Paramagnetic Materials 

Paramagnetic materials have a positive magnetic susceptibility and will therefore become 

magnetized in the same direction as an applied field. Paramagnets will be attracted to a 

magnetic source. The magnetization in these materials is limited by thermal vibrations and 

cannot reach any large magnitudes. The magnetization is lost once the external field is 

removed. Examples of paramagnetic materials are several gases (including air), carbon, 

aluminium, magnesium, palladium and titanium. Typical values for the susceptibility are 10
-5

 

to 10
-3

 [1][2]. 

5.3 Ferromagnetic Materials 

The magnetic moment in a ferromagnetic material is relatively large. In fact it is large 

enough for neighbouring atoms to influence each other and spontaneously align either 

parallel and in the same direction as with ferromagnetism and create a strong net magnetic 

moment or parallel and in the opposite direction as with anti-ferromagnetism and cancel 

each other completely. Ferrimagnetism is like anti-ferromagnetism in that the magnetic 

moments of neighbouring atoms are aligned parallel in opposite directions but in 

ferrimagnetism the magnitude between the atoms are not equal and a net magnetic 

moment exists. 
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5.3.1 Magnetic Domains 

Ferromagnetic materials are composed of many small magnetic domains. In these domains 

all the magnetic moments are aligned i.e. they are fully magnetized and exhibiting relatively 

strong magnetic fields. The size of the domains can range from a few micrometers to 1 mm 

(when the material is unmagnetized as a whole) and they are separated by walls with a 

thickness of a few hundred atoms. The magnetization of different domains is oriented into 

random directions and because of this the net magnetic field from a ferromagnetic material 

is zero when the material as a whole is in an unmagnetized state. 

 

When a ferromagnetic material is exposed to an external magnetic field, the domains that 

are in a similar orientation grow and replace areas where the domain is oriented differently. 

This causes the material as a whole to have a net magnetization and generate a magnetic 

field. The magnetization increases with field strength until it reaches a certain point where 

there is only a single domain aligned with the external field. The material is then said to have 

reached “saturation”. 

5.3.2 Magnetic Hysteresis 

While ( )MHB += 0µ
 
still holds for ferromagnetic materials there is no linear relationship 

between M and H. And as ferromagnetic materials retain some of their magnetization when 

the magnetizing field is removed, the relationship is further complicated. The relationship 

between B and H follows what is known as a hysteresis loop (depicted in Figure 5.1).  

Starting with an unmagnetized material and increasing H will make the value of B follow a 

curve known as the initial magnetization curve. If H is continuously increased, B will 

eventually reach saturation and a further increase in H will have no effect. If H is then 

reduced to zero, the material will retain some magnetization and still generate a B-field. The 

remaining field caused by the magnetization is called the remanence (denoted BR). The 

remanence after the material has been driven to saturation is sometimes called saturation 

remanence. The external field required to return the magnetization of a material which has 

been driven into saturation to zero is known as the coercivity denoted HC. If H decreased 

before reaching saturation then the hysteresis loop will be similar but smaller. Reducing a 

ferromagnetic materials magnetization to zero is possible and requires the use of an 

alternating field with a gradually decreasing magnitude. 

 

  
Figure 5.1: Hysteresis loop of a magnetic material. 
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Depending on the coercivity, ferromagnetic materials can be categorized into two 

subgroups: hard or soft magnetic materials [3]. 

5.3.3 Hard and Soft Magnetic Materials 

A material with a high coercivity (Hc > 30 kA/m) is known as a hard magnetic material. 

Because of the high coercivity, the hysteresis loop is wide and the material requires a 

stronger H-field to become magnetized or demagnetized. A hard material which has become 

magnetized usually stays that way and produces its own field independent of the variations 

in a weaker external field such as the earth’s. Permanent magnets are typical hard materials. 

A hard magnetic material located in a fixed position relative to a magnetometer would 

distort the measured field into one direction regardless of the external field’s direction. 

 

A soft magnetic material has a low coercivity (Hc < 1000 A/m) and is easily magnetized and 

demagnetized. As such the soft materials are not permanently magnetized as easily as the 

hard materials. Instead they generate a field on their own mainly as a response to an 

externally applied magnetic field. Its interaction depends on how the material is oriented 

relative to the magnetic field. A soft magnetic material located in a fixed position relative to 

a magnetometer would distort the measured field differently for different directions of the 

external field. However, the distortion is are opposite at opposite angles. There are also 

materials in the void between soft and hard aptly known as medium magnetic materials. 

 

Table 1 contains the magnetic properties for a few selected ferromagnetic materials. As can 

be seen for some of these materials, the susceptibility can vary to a large degree depending 

on the magnitude of the H-field. The lower values are initial values from when the material 

has no magnetization. 

 

Material Maximum susceptibility Coercivity (A/m) 

Neodynium magnet (NdFeB) 0.05 1’000’000 

Barrium ferrite  500’000 

Steel 50-100 5500 

Cobalt 70-250 800 

Iron 150-5000 80 

Nickel 110-600 60 

Permalloy 8000-100’000 4 

Supermalloy 100’000-1’000’000 0.16 
Table 1. Magnetic materials and their susceptibility and coercivity [4, pp. 30, 33]. 

5.3.4 Concentration of Field 

Magnetic fields prefer the path with the highest susceptibility. The field will thus concentrate 

into materials which have a higher susceptibility compared to the surrounding material and 

avoid the opposite. The higher the susceptibility of a material is, the larger the concentration 

of field will become [4, p. 337]. 

5.3.5 Things Affecting the Magnetization 

Temperature affects the magnetization in a material but most noticeably when approaching 

the materials Curie temperature. Above this temperature all magnetization is lost. The time 

a magnetic material is left within an external field will also affect the magnetization of the 
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material. A magnetized material remaining in a field, such as the earth’s, may after some 

period of time change its magnetization to become more in line with the external field [5]. 

5.4 Magnetic Fields from Conducting Currents 

Equation 7 is used to calculate the field from a straight conductor of finite length. 

 

ϕ
αα

ˆ
))cos()(cos(

10

21

7

−⋅

⋅
=

−

r

I
B  (7) 

 

In many smaller conductors carrying single phase current into and inside buildings the in 

current and the return current wires are kept close together resulting in the two wires 

generating opposite and equal magnetic fields which to a large degree cancel each other out 

at a sufficient distance. Depending on the grounding technique used in a building there may 

be large currents exiting in a conductor separated from the in current. At the location where 

such a ground conductor runs, there could possibly be a strong magnetic field. 

 

High voltage transmission lines carry large currents in one or more sets of three conductors 

where each conductor’s current is 120 deg. out of phase form the other two. If overhead 

conductors were located very close together and carried the same current the net magnetic 

field from the three conductors would equate to zero. But due to insulation requirements 

they have to remain separated and loads on each phase may vary which means that 

transmission lines will always generate a significant magnetic field. Underground power lines 

usually exhibit weaker fields due to cancellation as the conductors are placed closer 

together. 

 

Depending on the design of the towers or poles used the field can vary by a great deal. For 

the largest power lines carrying 1000 A, the field will be several hundreds of nT as far out as 

61 m as calculated in [6]. The more common type of power line carrying smaller currents will 

however generate much weaker fields but it is probably best to avoid power lines all 

together when accurate heading is important. 

5.5 The Earth’s Magnetic Field 

The earth’s field can be approximated as that of a dipole buried deep within the earth. The 

north magnetic pole corresponds to the south pole of a magnet which is why the north end 

of a compass needle points towards the north magnetic pole. The magnetic poles and the 

geographic poles are not located in the same position and the location of the magnetic poles 

changes slowly and independently of each other over time [7]. The angle between the 

geographic North Pole and magnetic north pole, as viewed by an observer anywhere on 

earth, is known as “declination”. Declination will vary depending on the location of the 

observer. The magnitude of the field at the earth’s surface is at its greatest at the magnetic 

poles with about 60 μT and weakens towards the equator to about 30 μT. The angle 

between the magnetic field and the horizontal plane is known as inclination. At the north 

magnetic pole the field has an inclination of 90 degrees and points straight down while it at 

the south magnetic pole is -90 degrees. Around the equator the inclination is close to 0 

degrees and the field runs parallel to the earth’s surface. 
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The main part of the earth's field known as the primary field is generated by electrical 

currents within the outer core. A smaller part is generated in the ionosphere as a result of 

the interaction between the solar wind and the primary field [8]. 

5.5.1 Magnetic Models 

There are several models of the earth’s magnetic field used in both navigation and research. 

Two of them which can be reached online are the World Magnetic Model (WMM) and the 

International Geomagnetic Reference Field (IGRF). The IGRF is used mainly for research 

purposes while the WMM is used mainly for attitude and heading reference systems by for 

example the U.S. Department of Defence and the North Atlantic Treaty Organization (NATO) 

[9][10]. The magnetic models do not include small scale variations caused by the earth’s 

crust. As such, the measured field may vary from the theoretical depending on the level of 

ferromagnetic materials present (mainly magnetite) in the earth’s crust [11]. 

 

In this thesis the WMM2010 is used to obtain information on the field and the declination 

from the WMM is used in every measurement. Table 2 shows the properties of the magnetic 

field in Linköping as predicted by the WMM for the 14th of February 2011 [12]. 

 
 Declination 

+East -West 

Inclination 

+Down -Up 

Horizontal 

Intensity 

Geo. North 

Component 

Geo. East 

Component 

Vertical 

Component 

Total Field 

14/2/2011 3° 53' 71° 56' 15,779.7 nT 15,743.6 nT 1067.3 nT 48,370.1 nT 50,878.9 nT 

Change 

per year 
8' 0' 5.6 nT 3.1 nT 36.9 nT 32.9 nT 33.1 nT 

Table 2. The magnetic field in Linköping according to the WMM2010. 

5.5.2 Solar Wind Induced Variations 

The solar wind interacts with the ionosphere creating electrical currents giving rise to 

changes in the field. There are small fluctuations of up to 10 nT occurring frequently. Larger 

daily changes of the order of 10 to 100 nT occur once per day with a peak at around 12:00 

local time when the sun is at its highest. The most sever effect is caused by geomagnetic 

storms giving rise to changes of hundreds of nT [4, p. 386]. A common change in heading 

during a storm is around 1 degree. On rare occasions the error may reach up towards 4 

degrees [13]. 

5.5.3 Distortions to the Earth’s Field and the Effect on Heading 

When a ferromagnetic material is exposed to the earth’s magnetic field it will become 

magnetized or change its previous magnetization and produce a field on its own as explained 

in chapter 5.3. The field in the vicinity of the material is then the sum of the earth’s and the 

material’s field. The heading distortion caused by this distorted field depends on the 

magnitude of the materials field as well as its direction relative to the earth’s field. If a 

material produces a magnetic field and the field at a point around this material is parallel to 

the magnetic north, then there will be an increase or decrease (depending on the direction) 

in the total magnetic field. But there will be no distortion to heading as the field maintains its 

direction. Unless of course the distorting field is so strong that it reverses the field. Apart 

from that, for a heading distortion to occur the distorting field has to not be parallel to the 

earth’s field. 
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In the worst case scenario when a distorting field is oriented 90 deg. to magnetic north, a 

field strength of only 275 nT will offset the heading by 1 degree. Horizontal field strength is 

assumed to be 15777 as it was in December of 2010 in Linköping according to the WMM. 

Any concentration of field into the material as a result of its higher permeability is not taken 

into account here. 

 

The distortion that a magnetic material causes to the field depends not only on its 

magnetization but also on its shape. In [14] S. Breiner describes how different shapes may 

distort the earth’s field and the rate at which the field decays from these basic shapes. 

5.6 Sensors 

To determine when a magnetometer can be used as a heading reference, some knowledge 

of the sensor itself and other possible supporting sensors is needed. 

5.6.1 Magnetometers 

A magnetometer is a sensor used to measure magnetic fields. It usually consists of three 

orthogonally aligned sensor elements which combined measures the magnetic field in three 

axes to establish the magnetic field vector. Other types with more or fewer sensors also 

exist, but when referring to a magnetometer in this thesis it is referred to a three-axis 

magnetometer. 

 

There are several different techniques on which a magnetometer sensor can be based. Only 

the principle behind Anisotropic Magnetoresistive (AMR) sensors will be discussed here as 

the sensor used for the measurements is an AMR sensor. Other types, among others, are 

induction sensors, fluxgate sensors, hall-effect magnetic sensors, magneto-optical sensors, 

resonance magnetometers and superconducting quantum interference devices (SQUIDs). 

5.6.1.1 Anisotropic Magnetoresistive Sensors 

AMR-sensors are small and can be manufactured with integrated circuit technology making 

them low cost. They are suited for measuring field strengths around that of the earth’s field. 

 

Anisotropic magnetoresistance is the property of a material to change its resistance 

depending on the angle between the materials magnetization vector M and the current flow 

of an applied potential. Typically in an AMR sensor a thin film of a ferromagnetic material 

with a high permeability such as a nickel-iron alloy (Permalloy) is used. When manufactured 

the Permalloy film is exposed to a strong magnetic field that fully magnetizes the material 

into one direction, a direction which is often referred to as the “easy axis” [15]. As the whole 

material is fully magnetized it is saturated and it is not possible to increase the 

magnetization in the easy axis any further. 
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Figure 5.2: Magnetization and current in a perm alloy [15]. 

 

Having the film saturated in one direction will make it behave differently for magnetic fields 

applied parallel or perpendicular to this axis. If a field H is applied parallel to the easy axis 

the magnetization in this direction will respond according to the rectangular hysteresis loop 

illustrated in Figure 5.3 a). The magnetization is either saturated positively or negatively for 

any applied field, and if the field is kept within a certain interval the sign would never 

change. If instead a field is applied perpendicular to the easy axis the response of the 

magnetization in that direction is illustrated by Figure 5.3 b). Here the magnetization follows 

a slope which saturates for a certain magnetizing field Hs. The result is that a Permalloy film 

with a saturated magnetization only changes its magnetization for magnetic fields applied 

perpendicular to the magnetization vector. 

 

 
Figure 5.3: Magnetization curve [16]. 

 

A current flowing through the film along the magnetization vector would encounter the 

maximum resistance. The resistance decreases as the angle between the current and the 

magnetization vector increases. Minimum resistance is reached for a current flow 

perpendicular to the magnetization vector. The change to the resistance is typically 2-3 % at 

the most. 

 

When an external magnetic field is applied to the film, the magnetization vector changes to 

some degree depending on the magnitude of the field’s perpendicular component. If the 

current is flowing in the same direction as before, the resistance of the film is altered. 

 

In an AMR sensor the voltage over the film is amplified and measured to indicate field 

strength. Typically four sensor elements are used to determine the magnitude and sign of 

the field along one axis. 
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The resistance of the Permalloy is not linear in its relation to the magnetization vector, 

especially not when the current is in the region of parallel or perpendicular to the 

magnetization. Figure 5.4 illustrates this. But there is a region at 45 degrees where the 

behaviour is almost linear and for this reason the resistors are made in such a way that the 

current flows at a 45 deg. angle to the magnetization vector when no external field is 

present. Under normal circumstances the magnetization stays within the linear region. Only 

when an exceptionally strong magnetic field is present does the magnetisation move into 

the nonlinear region. 

 

 
Figure 5.4: Magnetoresistance as it varies with the angle between the magnetization and current [15]. 

 

The way in which the current is made to flow at a 45 deg. angle in the film is referred to as 

“barber pole biasing”. Figure 5.5 illustrates how it is done. By placing low resistance bars 

(shorting bars) along the film perpendicular to the desired direction of current flow a barber 

pole pattern is achieved. The shortest distance between the bars is at a 45 deg. angle and 

since currents prefer to take the shortest path they will flow from bar to bar at a 45 deg. 

angle. 

 

 
Figure 5.5: Barber poles on a Permalloy film [15]. 

 

If the sensor is exposed to a large magnetic field (much larger than the specified measuring 

range) the alignment of the magnetic domains in the resistor can become disturbed and as a 

result permanently change the magnetization. For this reason some sensors have on-board 

methods of realigning the magnetization. One common way is to have a coil around the 

resistors and send a high current pulse through the coil to generate a strong field [15] [17]. 

 

The magnetization in the film responds very fast to an applied field. A complete reversal of 

the magnetization have been viewed at frequencies of up to 100 MHz. [4, p. 146] 
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5.6.2 Gyroscopes 

A gyroscope is a sensor which measures the angular rate of turn or angular velocity. For 

navigation purposes the angular rate itself is often not the wanted unit. Instead the desire is 

to know the rotation in degrees so that the systems orientation can be established. The 

rotation is found by integrating the angular rate. If the initial orientation is known the 

integrated angular rate can be added and sub sequentially the current orientation can be 

known at all times. Most high end navigation systems have a gyroscope as the main sensor 

and other sensors to support it. 

 

Gyroscopes come in either one of three main categories: spinning-mass, optical or vibratory. 

Besides these there are other types of less common gyroscopes such as nuclear magnetic 

resonance gyroscopes, fluidic sensors and electrostatically suspended gyroscopes. Typically a 

gyroscope only senses angular motion about one axis meaning that three of them are 

required to sense the rotation around all axes. Spinning mass gyroscopes were common in 

the past but have now largely been rendered obsolete by the mechanically simpler and 

smaller optical gyroscope. Optical gyroscopes use the Sagnac effect to detect angular 

velocities. Two different techniques, ring laser gyroscope (RLG) or interferometric fibre-optic 

gyroscope (IFOG) exists for detecting this phenomenon. Even thought the sizes of these 

gyroscopes continue to decrease they are still too large and expensive for smaller 

applications. Vibratory gyroscopes however, can be made very small and low cost using 

microelectromechanical structures (MEMS) which are manufactured on integrated circuits. 

Unfortunately their performance is poor. 

 

Because each new orientation estimate of a gyroscope is based on the previous one, errors 

will accumulate over time. Random errors such as noise would only influence the immediate 

accuracy and over time cancel each other out. An error which has a bias towards one 

direction would on the other hand grow each time making the gyro less and less accurate. It 

is this error that is known as “bias” or as “drift” sets the limit for how long a gyro can be used 

without any correction. The drift is usually expressed in terms of degrees per hour or 

degrees per second. 

 

High performance RLG’s can exhibit biases down to 0.001 deg/h while low-cost versions may 

reach up to 10 deg/hour. IFOG’s have somewhat worse top performance and span an 

interval of about 0.01 deg/h to 100 deg/h [18, p. 114]. MEMS gyros typically have biases of 

0.1 to several deg/s. But new research has shown that a combination of several MEMS gyros 

can achieve in-lab performance of down to 1 deg/h (or 0.5) [19]. Spinning-mass gyros can 

exhibit biases spanning all ranges. 

5.6.3 Accelerometers 

An accelerometer measures the acceleration of the body it’s attached to. The information 

can not only be used as is, but it can also be integrated once or twice to provide estimates of 

velocity or position. Accelerometers can be made using many different techniques, all with 

their respective advantage and disadvantages. MEMS accelerometers can reach accuracies 

of down to 1 µg while the accuracy of larger more expensive systems can be even better. 

Typical performance for MEMS sensors are in the mg range [18]. 
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5.6.4 Sensor Fusion 

Magnetometer measurements alone cannot provide heading unless its attitude is also 

known. A magnetometer provides the direction of the magnetic field relative to itself which 

can be used to estimate heading. But the magnetometer can be rotated 360 deg. around the 

magnetic field vector in a specific way such that all three components of the magnetometers 

readings remain constant. Because of this, the heading calculated directly from a 

magnetometer has the possibility of lying anywhere on a 360 deg. cone around the magnetic 

field vector. To deal with this issue most magnetometers are used in combination with 

accelerometers or some other device which establishes the direction of gravity and 

consequently the roll and pitch. Using both the gravity vector and the magnetic field vector 

makes it possible to attain an attitude or heading solution. 

 

Magnetometers, accelerometers, and gyroscopes are sometimes combined into what is 

known as an attitude and heading reference system (AHRS). An AHRS provides, as the name 

suggests, data on the attitude and heading. It is similar to an inertial navigation system (INS) 

but does for the most part, unlike the INS, not provide data on velocity and position because 

of its less accurate and less expensive sensors. 

 

In its simplest form an AHRS only needs a three-axial accelerometer and magnetometer. 

However, such a system would perform badly in a dynamic environment due to difficulties 

establishing roll and pitch from the gravity vector. Generally an AHRS consists of three 

orthogonally mounted gyroscopes and accelerometers respectively and a three-axis 

magnetometer. The attitude and heading is established by integrating the gyroscopes rate 

measurements. The gyroscope is updated with reference measurements from the 

magnetometer and the accelerometers to keep it from drifting. A Kalman filter is usually 

used to combine all the data and solve the attitude and heading [18]. 
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6 Measurement Equipment 
Figure 6.1 shows the schematic of the components used in the equipment to measure the 

magnetic field. The four main parts of the system are the magnetometer, the inertial 

navigation system (INS), the GPS receiver, and the laptop. Programs for storing and 

operating all sensors already existed at SAAB Dynamics although some modifications were 

made to the program receiving magnetometer data. Magnetometer, INS and GPS raw data is 

stored in .txt files and any operations such as calculating the heading is done when post 

processing. 

 

 
 

Figure 6.1: Schematic of the measurement system 

6.1 The Laptop 

An ordinary Tough Book running Ubuntu was used to store the data generated by the 

sensors. To be able to receive data from the INS, the laptop was equipped with a MIL-STD-

1553 bus card. 

 

6.2 The Magnetometer 

The magnetometer has three AMR sensors (see 5.6.1.1 for more on those) to measure the 

magnetic field in all three axes. It has a DSUB9 connection and cable which is converted to 

USB and connected to one of the USB ports on the laptop. A special cable connecting the 

magnetometer with the power supply and the DSUB9/USB converter had to be made as 

none existed since before. Readings are outputted in a binary format as 2 bytes per axis. One 

high signed byte and one low unsigned byte. These are combined and converted to a 

decimal value by the program running on the laptop before being stored. Sample frequency 

can be set to values between 10-153 samples per second (SPS) via commands sent from the 

computer. The magnetometer measures down to an accuracy of 7 nT. 
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6.3 The Reference System 

The magnetometer heading calculated during post processing will be compared to that of an 

inertial navigation system (INS) with very high accuracy. The INS is connected to the GPS via 

a 1553 bus converted and to the laptop straight via the 1553 bus as can be seen in Figure 

6.1. Once turned on by a command from the laptop, the INS receives an initial position from 

the GPS receiver and uses that information along with its own measurements of the earth’s 

rotation to, after a few minutes of calibration, establish the heading relative to geographic 

north. The INS provides heading to an accuracy of 0.003 degrees. In addition to this, the INS 

will provide the roll and pitch angles used to transform the magnetometer readings to the 

horizontal plane. The roll and pitch angles outputted by the INS are positive clockwise. The 

data from the INS is stored continuously. 

 

6.4 The GPS-Receiver 

The signals from the INS and the magnetometer need to be timestamped with the same 

time to make a comparison possible and for this reason, GPS time is fed to the laptop which 

timestamps all incoming data. The GPS is also used for positioning in two of the 

measurements. A program using carrier phase differential technique is used when post 

processing to increase the accuracy of the position estimate. 

 

6.5 Other Equipment 

All the equipment along with a battery and a transformer was placed on a utility cart. To 

separate the magnetometer from possible interference from the other equipment and the 

cart itself which was made of steel, the magnetometer was attached to the end of an 

aluminium boom. The boom placed the magnetometer about 1.3 m away from the cart. For 

an accurate comparison of INS and magnetometer heading, the boom had to be properly 

aligned to the INS. However, the attachment had room for misalignment and because of its 

length the boom had to be mounted and remounted every time the cart was taken out for a 

measurement. This meant that a constant offset of about ±2 degrees could be present 

throughout a measurement. 

 

6.6 Picture of the System 

Figure 6.2 shows the equipment when mounted onto the utility cart. Located to the right at 

the end of the boom is the magnetometer. The black box located to the left of the green GPS 

antenna is the INS and further left of that is a box carrying the battery and related 

equipment. The GPS receiver sits below. 
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Figure 6.2: The system used to measure magnetic fields. 
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7 Magnetometer Calibration 
The operations described below were all performed in MATLAB. 

7.1 Transformation to the Horizontal Plane 

The direction to magnetic north and sub sequentially the heading of a magnetometer is 

calculated from the horizontal part of the earth’s magnetic field. If a magnetometer is 

confined to the horizontal plane, only the readings from the x and y sensors are needed to 

determine heading. However, when the magnetometer is tilted, the readings from the x and 

y sensors will not only pick up the horizontal field but also part of the z field. The heading 

can thus no longer be calculated directly from these two components and the z-sensor then 

has to be taken into account. 

 

With the equipment used here, the magnetometer will not be confined to the horizontal 

plane or be levelled in any way and will as such experience some roll and pitch. To find the 

horizontal components of the field, the measured components have to be transformed to 

the horizontal plane. The INS outputs the roll and pitch directly and these angles are used to 

transform the coordinate system via a standard rotation matrix as the one in Equation 8. 

 

The transformation from the magnetometer frame to the horizontal frame is given by: 

  

















⋅

















−

−

=

















zm

ym

xm

z

y

x

B

B

B

B

B

B

)cos()cos()sin()cos()sin(

)sin()cos(0

)cos()sin()sin()sin()cos(

φθφθθ

φφ

φθφθθ

 (8) 

 

Where phi is the roll, theta the pitch, xB  is the magnetic field in the horizontal frame and xmB
 

is the magnetic field in the magnetometer frame 

7.2 Eliminating Hard and Soft Distortions 

The distortions caused by hard and soft magnetic material can be eliminated if they have a 

fixed position relative to the sensor and move with the sensor. The soft distortions vary with 

the relative angle towards the earth’s field. To correct the equipment for all variations of roll 

and pitch requires the equipment to be rotated around all three axes, something which is 

difficult to do. However, if the equipment will only experience small tilt angles then a 

correction which only holds for one plane can be made and applied with good results. These 

corrections are done after the measurement have been rotated to the horizontal plane. 

 

In an application where large values of roll and pitch are expected and correction is needed, 

the error correction is done in a similar way as described below. But instead of trying to 

reshape an ellipse into a circle (as with the horizontal correction), all three components are 

used at the same time to try and reshape an ellipsoid into a Sphere. Or fit the data onto a 

sphere as was done in [20]. 
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7.2.1 Horizontally 

By rotating the measurement equipment around the z-axis and taking measurements in all 

360 degrees and then plotting the x-component vs. the y-component the distortions can be 

visualized and with some work corrected. 

 

For an undisturbed measurement the plot should form a circle centred at the origin as the 

magnetic field is the same in all directions. A hard error would offset the centre of the circle 

(as the distortion is constant) while a soft error would change the shape of the circle into an 

ellipse as the distortion depends on the angle to the earth’s field but is equal at opposite 

angles. 

 

To determine the offset caused by the soft and hard distortions, first find the maximum and 

minimum values of the x and y components. Then calculate the difference between the 

maximum and minimum values and divide by two to get the midpoint: 

 

( ) 2/minmax xxxmid BBB −=

 
( ) 2/minmax yyymid BBB −=  

(9) 

 

The ellipsoid must be scaled into a circle to remove the soft distortion. The scale factors for 

the two components are determined by whichever of the two terms that are the greatest. 
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The distance from the centre of the ellipse to the origin is 

 

( ) sfxxmidoff xBBx ⋅−= max

 
( )

sfyymidoff yBBy ⋅−= max  
(11) 

 

Apply the scale factors and the offsets to every value to get the corrected values: 

 

offsfxxc xxBB +⋅=  

 
(12) 

 

The result of this correction is presented in Chapter 8.3.3.3. 

 

In many situations, the magnetometer cannot be placed far away from other ferromagnetic 

sources and the distortions are thus likely to be much worse and more difficult to correct. 

Likely a look-up able will be needed to correct the distortions in such a case [21]. 

7.2.2 Vertically 

The z-component of the field will also be distorted by the measurement platform. A rotation 

around the z-axis will reveal how the z-component varies with changing heading. By using 
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the z-values from a 360 deg. rotation and subtracting the supposed earth’s field, a vector of 

errors corresponding to a heading can be obtained. A polynomial can then be fitted to the 

error vs. heading data giving a function for the error behaviour. Correction of all z values are 

then done by feeding the heading to the polynomial and obtaining an error which is 

subtracted from the measured value. Figure 8.14 in Chapter 8.3.3.3 shows the result of this 

correction. 

 

As the correction is done after the transformation to the horizontal plane, is has no impact 

on the heading. It is merely done to view the vertical component with minimized distortions. 

When correcting the heading and accounting for different tilt angles there needs to be a 

different approach to the correction as the magnetometer samples need to be corrected 

prior to transforming the samples to the horizontal plane. 

7.3 Deriving the Heading 

After the transformation to horizontal coordinates and correction for hard and soft errors 

have been performed, the heading ψ  can be calculated. By using a four quadrant inverse 

tangent function such as atan2 in Matlab, the heading relative to magnetic north is 

calculated. The local declination d  and the magnetometer offset off  also need to be added. 
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= −1tanψ  (13) 

 

The magnetometer offset comes from the magnetometer not being perfectly aligned with 

the INS also has to be added or subtracted from the heading. This offset was determined by 

either selecting a section of the data where the measured horizontal magnitude came close 

to the expected (WMM) and using the heading error at that section as the offset, or, where 

that was not possible, the offset was taken at an area where the distortions appeared to be 

low. 
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8 Measurements 

8.1 General on Measurements 

Heading errors are calculated by subtracting the magnetometer heading from the reference 

heading. 

 

Sample rates of the GPS, INS and magnetometer were all different from each other and had 

to be interpolated in order to perform any analysis. During the measurements there was a 

small heading error which was only present when rotating the equipment. This error in 

heading was positive for clockwise rotations and negative for anticlockwise rotations. It 

appeared to be caused by a difference in the INS and magnetometer heading introduced 

when interpolating. Shifting the INS heading a few steps in time before interpolating did 

remove most of the error. The amount to correct with varied between measurements. 

 

The derived heading for the measurements are not affected by the vertical component of 

the earth’s field to any large degree due to mainly measuring on flat surfaces with small roll 

and tilt angles. The transformation to earth’s frame from the magnetometer frame then only 

uses fractions of the vertical component to build the new horizontal components. 

8.2 Magnetic Fields from Electric Conductors 

These measurements served as a test of the magnetometer as well as to get a sense of the 

field surrounding electric conductors. 

8.2.1 DC Current 

8.2.1.1 Single Conductor 

Current was conducted through a 150 cm long wire which was held parallel to the 

magnetometers y-axis. 5 different currents were measured at 11 distances ranging from 3.4 

to 100 cm at roughly 10 cm apart. The ends of the cable were left hanging down towards the 

floor. By using Equation (7) the theoretical field was calculated. The results can be seen in 

Figure 8.1. 
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Figure 8.1: Magnetic field vs. distance to the cable. The lines represent measurements and dots represent 

theoretical values. 

 

The earth’s field has been removed from the plot. At close distances every mm of separation 

has a large impact on the calculated magnetic field. Because the sensors location within the 

magnetometer is somewhat uncertain the distance to it had to be approximated. An error in 

this distance is likely the explanation to the difference seen at the closest distance. The field 

generated by the two cable sections hanging towards the floor are far away and opposite in 

magnitude and should be minimal. 

8.2.1.2 Parallel Conductors with Opposite Currents 

Parallel conductors which carry opposite but equal currents generate fields that cancel each 

other to a degree depending on the distance between them. To see this cancellation two 

parallel conductors are used in a similar setup as that of the single conductor. They are kept 

separated by a distance of about 3-5 mm. Figure 8.2 shows the magnetic field measured at 

several distances from the conductors. The small separation between the two cables means 

that the fields will not completely cancel which becomes noticeable at closer distances. 

Further away at 0.3 m the field is almost completely cancelled. Notice the difference in 

magnitude compared to that of the single conductor in Figure 8.1. 
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Figure 8.2: Magnetic field from two parallel conductors carrying 5 A in opposite directions. 

8.2.2 AC Current 

When the magnetometer is set to measure at 20 SPS there should be, according to the 

datasheet, a notch filter with centre frequencies at 50 and 60 Hz and at multiples of these 

frequencies. The magnetometer is low-pass filtered with a 3dB knee at 17 Hz at 20 SPS. To 

see how the magnetometer responds to various frequencies AC current was conducted 

through a 1.7 m long cable (similar to the DC test) and varied between 15 and 100 Hz in 

steps of 5 Hz. The lower limit was set due to limitations in the amplifier. Current was kept at 

1000 mA (±20 mA) RMS. The results are presented in Figure 8.3. 

 

The reason for the higher frequencies being filtered so completely instead of presenting 

aliasing is likely that the magnetometer does not sample instantaneously but samples during 

a longer period of time. A field with a higher frequency would then average out over the 

sample time. 

 

 
Figure 8.3: Field from a straight conductor at a constant distance. Frequency is increased from 15 to 100 Hz in 

steps of 5 Hz. 
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8.3 Countryside Road and General Performance 

8.3.1 Introduction 

The purpose of this measurement was to investigate the magnetic field when there are no 

man made sources of distortion present. Such an environment can be found in many places 

but due to the equipment requiring a flat surface to be transported on, the measurement 

had to take place on a road. 

 

As this measurement had low levels of distortion there will also be discussion about the 

error correction and its performance in this chapter. 

8.3.2 Method 

8.3.2.1 Measurement Setup 

Measurements were made continuously at 153 SPS while walking with the utility cart 

carrying the equipment on one side of the road out and the other back. Position was 

obtained with the GPS using a carrier phase differential technique when post processing for 

increased accuracy. 

 

The road selected is shown in Figure 8.4. 

 

 
Figure 8.4: Start (green), turning point (blue) and stop (red). Total distance approximately 1170 m. 

 

Rotations were performed at two locations to measure the field in all headings for correction 

purposes and to observe differences. 

8.3.2.2 Evaluation 

The transformation, error and heading calculations are done as described in Chapter 7 and 

the results of these are presented last in the results chapter. 

 

The variations in the magnetic field and the heading errors are investigated visually and 

statistically. As the measurement stretches back and forth along the road there are two 

samples with positions close to each other making it is possible to compare values between 

the two to see if distortions are bound to a location or caused by errors in measuring. This is 

also investigated. 
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The measurement is also compared to a magnetic anomaly map of the area to see if 

similarities exists and determine their usefulness as a correction aid. 

8.3.3 Results 

8.3.3.1 Magnitudes and Heading Error 

As this measurement was conducted with 153 SPS a lot of vibration noise was picked up. The 

heading error and other quantities were because of this average filtered to view the actual 

error better. The average was taken over 61 samples, equivalent to about 0.4 s. 

Figure 8.5 shows the horizontal, vertical and total magnitude for the measurement. The 

vertical magnitude is the square root of the z-component. At around 320 s there is a gap as 

the data was removed due to a car passing by and creating a distortion. Table 3 shows the 

mean, standard deviation (SD), max and min values of these magnitudes. Next to the mean 

are values taken from the WMM at one position of the route. Max and min values are 

influenced by the vibrations and are reduced when averaged. Noise caused by vibrations had 

larger amplitude horizontally than vertically. The vertical component is compensated for 

platform distortions by using a value from the WMM as reference. This means that the 

vertical component will have a mean close to the value from the WMM due to the way in 

which the compensation works. This value may or may not be close to the actual mean.  

 

 

Figure 8.6 shows the heading of the reference system and the magnetometer as well as the 

difference (the error of the magnetometer) between the two. A falling curve implies a right 

turn and a rising curve implies a left turn. 0 deg. corresponds to geographic north. Negative 

values are eastward and positive westward. There is a rollover when the heading exceeds 

±180 deg. to make the interpretation easier. 

 

RMS of the unfiltered error is 0.42 deg (0.39 SD) with a maximum of 1.80 deg. On the 

filtered:  RMS is 0.39 deg. (0.36 SD) and max 1.43 degrees. 

 

As can be seen in Figure 8.6 the resulting error stays within ±1 deg. for most of the time. 

Some symmetry can also be seen in the plot. 

 

 

 

 

 

 

 

Magnitudes Mean (WMM) Standard 

deviation 

Max (averaged) Min (averaged ) 

Horizontal [nT] 15556 (15780) 110 16076 (15819) 14943 (15301) 

Vertical [nT] 48212 (48344) 175 49072 (49023) 47450 (47483) 

Total [nT] 50659 (50879) 181 51483 (51467) 49996 (50008) 

Table 3: Statistics on the magnitudes of the open road measurement. 



28 

 

 
Figure 8.5: Total, horizontal and vertical magnitude 

throughout the measurement. The red line in the 

middle plot is an average over 61 samples. 

 
Figure 8.6: The heading during the country road 

measurement. The rapid up and down movements 

in the heading are caused by the cart being rotated 

more than 360 deg. 

8.3.3.2 Field and Heading vs. Position 

Data here is plotted against the position of the GPS-antenna meaning that the 

magnetometer is located somewhere on a circle with a radius of about 1.23 m from the 

antenna depending on the heading. As measurements were taken in opposite directions the 

position between both ways is off by about 2.46 m parallel to the road. Similarities between 

the two directions could be seen sufficiently with this error and position was not calculated 

more accurately. 

 

Figure 8.7 to Figure 8.10 shows various quantities plotted against the position. The black 

lines show average value against position to ease interpretation. There is a clear connection 

between the slow changing distortions and position while there are some faster changing 

distortions which do not appear on both sides of the road. The distortion seen at the very 

end (left furthermost part) is caused by the whole system being rolled to test performance 

at larger angels, more on this in Chapter 8.3.3.3. 

 

 
Figure 8.7: Heading error plotted against position. 

 
Figure 8.8: Average filtered horizontal magnitude 

plotted against position.
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Figure 8.9: Vertical magnitude plotted against 

position. 

 
Figure 8.10: Total magnitude plotted against 

position.

 

Figure 8.11 shows the magnetic anomaly over the area where the measurement took place. 

The section of road that was measured on is marked with two lines. The map is created by 

SGU and their map generator [22]. Data for the map is gathered by air at a height of 30-60 m 

in straight lines separated by 200m and samples are taken at 16 m apart [23]. 

 

According to the map there should be an increase in magnitude of about 200 nT for the first 

300-400 m of the road travelling north to south. After that the magnitude remains almost 

constant. It is difficult to tell if there is any correlation between the map and the 

measurement. This could be due to the poor resolution and the difference in height which 

would attenuate some spatially small distortions. 

 

 
Figure 8.11: Map of the field anomaly at the measurement site as measured by air. © Sveriges Geologiska 

Undersökning. 
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8.3.3.3 Calibration (correction) Performance 

Figure 8.12 shows the horizontal field components plotted against each other for a 720 deg. 

rotation. The red line is the uncompensated data which has been affected by the magnetic 

field generated by the measurement platform. The blue line shows the data after it has been 

corrected for these distortions. 

 

 
Figure 8.12: Horizontal components of a 720 deg rotation plotted against each other. In the ideal non-

distorted situation the magnitude is equal in all directions and a circle centred at the origin is formed. The 

red line which shows the uncompensated data that is made slightly elliptical and non-centred by the 

distortion. For the blue line these distortions have been compensated for by using the method in chapter 

7.2. 

 

Figure 8.13 shows the improvements made to heading by the compensation. All three plots 

have been adjusted for declination. The upper plot displays the heading error without 

transforming the measurement to the earth’s frame and without correcting for distortions. 

The heading is simply calculated of the raw x and y-components and even though the tilt 

angles are small (excluding the large tilts at the end. Roll: 3.21 RMS, 2.77 SD, 5.56 max. Pitch: 

0.47 RMS, 0.40 SD, 2.30 max) the heading from the magnetometer becomes very poor. In 

the middle plot the measurements have been transformed to the earth’s frame but have not 

been corrected for platform distortions. The distortions are most notable when the platform 

is rotated and all headings are covered as was done at around 730 s and 1330 s. In the lower 

plot the heading has undergone transformation and been compensated for the platform’s 

distortion. After compensating for platform inherent distortions there are still some 

distortions remaining resulting in a heading error which reaches about 0.6 deg. in some 

directions. A better view of the final error was found above in Figure 8.6. 

 

Towards the end of the measurement the platform was rolled 20.0 deg. and -13.7 deg. to 

test the performance at larger angles. Resulting heading errors were 0.45 deg. and 1.35 deg 

respectively. 
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Figure 8.13: Upper: the resulting heading error for no correction at all. Middle: heading error after 

transformation to the earth’s frame. Lower: heading error after both transformation and correction for 

distortions from the measurement platform. 

 

Figure 8.14 shows the compensation in z. It is based on the values collected during the first 

rotation at around 730 s and as can be seen it removes most of the distortions at that time. 

However at 1330 s when the equipment is rotated again, some heading dependant errors 

can be seen; an indication that the distortion has changed, perhaps due to an environmental 

source or due to a change in magnetization with the equipment. Tror det är osannolikt att 

det kan hända. Då är det troligare att det är något I miljön som orsakar störningarna. Kan ha 

varit så att det lutade mer/annorlunda vid andra rotationen. Kan ge ett annat fel eftersom z 

bara korrigeras i den lutning som var under den rotation som används. 

 

 
Figure 8.14: The vertical component for the measurement along the road. The black line shows the raw 

measured value while the blue has been corrected for the distortions cause by the measurement equipment. 

8.3.4 Discussion 

The measurement equipment does not cause any large distortions to the field and the 

distortions that exist are reduced to low levels by the correction. The remaining small errors 

seen in the horizontal and vertical field could perhaps be minimized even further if the 

distortion correction covered different tilt angles. 

 

Heading remains within 1 deg. for most of the measurement, an indication that a 

magnetometer may be suitable to derive heading in an area where human influence is 
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minimal. The horizontal distortions generated by the measurement equipment stayed 

similar for other measurements made on other sites and appeared to not change over time. 

 

The map of the anomalies presented here needs to have a higher resolution and perhaps be 

measured at a lower altitude to cover the small variations in the ground if they are to 

improve the heading further. The map also needs to cover all three components if it is to be 

of any use for heading correction or be a type of map which covers local declinations. A map 

with the current resolution may still be useful in areas with spatially larger disturbances than 

what was present here. 
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8.4 Urban Environment 

8.4.1 Introduction 

Buildings can potentially cause large distortions to the field and the magnetometer heading. 

To get a better understanding of these distortions, measurements were made among the 

buildings inside the SAAB area. 

8.4.2 Method 

8.4.2.1 Measurement Setup 

Two sets of measurements were made inside the SAAB area. Accurate position could not be 

achieved for these measurements due to signals being blocked by the buildings. The INS 

alone could neither be used for positioning as it drifts too fast. The distances from the walls 

are therefore approximate and variations occur due to not measuring in perfectly straight 

lines. The INS heading is still as accurate as always and was used as heading reference. 

Measurements were made at 20 SPS which filters any 50 Hz and higher frequency fields 

almost completely (see Chapter 8.2.2 p. 25). The speed at which the equipment travelled 

also varied. 

 

Measuring at Several Distances from a Wall 

In the first measurement the field at several distances from one side of a particular building 

was measured. Measurements were made at 6 distances three times in each direction 

(except at 0.25 and 0.7 m which were only measured three times in one direction) to view 

the consistency of the distortion and to see how it decayed with distance. The distances 

measured were 0.25, 0.7, 1.7, 3.0, 6.6, 11.5 m. The building was a two storey high concrete 

office building about 12 m by 46 m large. The measurement was done at an 18 m long 

segment of the wall as illustrated in Figure 8.15. Along the wall, above the magnetometer, 

were several windows which were equally spaced. 

 

 
Figure 8.15: The building at which the field was measured at several distances from. The pink lines mark the 

area where the field was measured. The furthest line is approximately 11.5 m from the building. 
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Position was not measured other than by measuring the distance to the wall at the two 

endpoints. The equipment was then brought in a line as straight as possible between these 

points. 

 

Measuring Over a Larger Area 

The equipment was brought along a route inside the SAAB area measuring the field at 

varying distances from different buildings (mainly office and factory buildings) and at more 

open areas. Figure 8.19 displays where the field was measured. 

 

The route contained stops of varying lengths to mark the beginning and end of a building or 

other feature. These stops meant that the magnetometer measured the same heading for a 

longer period of time which influenced the rms error of the whole measurement. However, 

as the stops were frequent and spread out over the entire route they should not have 

influenced the error towards any particular direction. 

8.4.2.2 Evaluation 

At the wall at which the field was measured at several distances, the heading errors in both 

directions at the same distance are compared by reversing one of the directions and viewing 

them side by side. Measurements made in the same direction are also compared to see if 

the errors are consistent each time. The errors at different distances are plotted and viewed 

together so that any correlation can be seen. 

 

The measurement over the larger area is evaluated by calculating the RMS heading error and 

computing a histogram which shows the distribution of errors. Interesting segments of the 

route are shown in separate figures and their locations are marked on a map. 

8.4.3 Results 

8.4.3.1 Measuring at Several Distances from a Wall 

The variations in magnitude that can be seen in the figures comparing heading errors are 

likely caused by not measuring at the exact same distance each time. Differences in lengths 

of the errors are caused by measurements done at varying speeds. The figures below display 

the distortion as it appears when measuring from left to right. 

 

Figure 8.16 displays the heading error while measuring in both directions along the wall. The 

upper plot has been reversed to show the error as if it was measured in the same direction. 

The shape of the two is very similar. 
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Figure 8.16: Comparison of heading errors while travelling in both directions along the side of a building at a 

distance of 1.7 m. 

 

Figure 8.17 displays the heading error for three consecutive measurements at a distance of 

0.25 m. The same pattern can be observed in all three cases even though large variations in 

the magnitude occur. The pattern does not appear to have any correlation with the number 

of windows present in the building. 

 

 
Figure 8.17: Heading error at a distance of about 0.25 m from the wall. 

 

Figure 8.18 displays the heading error at different distances from the same wall. The error 

becomes smoother and the magnitude decreases as the distance increases. This can be 

observed out to a distance of 6.6 m. At 11.5 m it appears as if some other distortion has 

been introduced as the error has increased and the pattern there is different. 
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Figure 8.18: Heading error at different distances from the same wall. 

8.4.3.2 Measuring Over a Larger Area 

The whole route took about 70 minutes to complete. Vehicles drove by during parts of the 

measurement and caused errors but those parts were removed. Most of the buildings have 

concrete walls and one had steel panels. Two larger segments of the measurement were 

removed as they were performed at a tilt angle which introduced errors not inherent to the 

surroundings. 

 

Figure 8.19 shows the route that was taken. Marked on the map with black arrows are 

segments which are shown in separate figures below. The colours of the line correspond to 

different heading errors. Green parts have errors less than 2 degrees, purple less than 5 

degrees and red have errors greater than 5 degrees. Only parts where the errors are 

consistently below 5 or 2 degrees have been marked accordingly. The errors for several of 

the red parts vary by a large amount and may have no error at all for some small segments. 
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Figure 8.19: Map of the route taken. Green segments have a distortion of less than 2 degrees. Purple, less 

than 5 and red has 5 or more. 

 

Figure 8.20 illustrates the total, horizontal and vertical (|z|) magnitudes for the entire 

measurement. Table 4 shows the statistics of these magnitudes. Correction of the distortions 

in the vertical field was based on an average value done during a rotation in a location which 

appeared to have very little distortion. The WMM value was off by a large margin at this site 

and was not used in the correction. 

 

 

 

 

 

 

 

 

Magnitudes Mean 
Standard 

deviation 
Max Min 

Horizontal [nT] 16410 1653 24454 7811 

Vertical |z| [nT] 44546 2722 57354 26907 

Total [nT] 47510 2622 58879 28798 

Table 4: Magnitudes of the total measurement. 
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Figure 8.20: Total, horizontal and vertical magnitude of the whole measurement. 

 

The heading error illustrated in Figure 8.21 had an RMS of 6.01 degrees (5.98 SD). The 

missing data at about 650 s and 1250 were removed as it was gathered while the 

magnetometer experienced tilt angles large enough to cause errors. The maximum error of 

the whole measurement occurred while passing a steel railing at a distance of about 20 cm. 

This segment is shown in Figure 8.27. 

 

 
Figure 8.21: Heading and heading error of the whole measurement. 

 

The histogram in Figure 8.22 shows the absolute value of all the heading errors from every 

sample. The bars have a width of 1 degree. 
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Figure 8.22: Absolute value of the heading errors from the entire measurement. 

 

Figure 8.23 to Figure 8.26 shows the heading and heading error at about 0.8 m from four 

different walls. The walls “E”, “F” and “G” all have the same angle towards north while “H” is 

opposite, as evident from the map in Figure 8.19. “E” has a metal door in the beginning, 

possibly leading to the large negative distortion at 5 s. Other than that the wall has neither 

windows nor doors.  “F” has several metal doors and windows but it is difficult to tell if they 

are the source of any of the distortions. “G” has 6 windows equally spaced along the whole 

wall. “H” has supporting columns extending 30 cm out at 17 locations as well as 8 metal 

drain pipes reaching down from the roof. The magnetometer passes in level with the bottom 

of the windows. 

 

  
Figure 8.23: About 0.8 m from the wall marked 

“E” on the map. 

 

 
Figure 8.24: About 0.8 m from the wall marked “F” 

on the map. 
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Figure 8.25: About 0.8 m from the wall marked 

“G” on the map. 

 

 
Figure 8.26: About 0.8 m from the wall marked “H” 

on the map.

Statistics on the four walls measured at a distance of about 0.8 m is presented in Table 5. 

The values for the last entry “Figure 8.18 (0.7 m)” is the average of the three measurements 

made at 0.7 m in Chapter 8.4.3.1. The heading errors observed here vary by a great deal 

even for the walls which have the same angle towards north (E, F and G). 

 

Wall RMS SD Max (deg.) 

Figure 8.23 E 8.65 8.65 -34.50 

Figure 8.24 F 13.74 12.05 -36.33 

Figure 8.25 G 12.90 5.73 23.06 

Figure 8.26 H 9.78 4.44 18.53 

Figure 8.18 (0.7 m) 5.45 4.88 10.12 
Table 5: Statistics on the walls measured at about the same distance. 

 

Figure 8.27 shows the error when the magnetometer was brought along wall D on the map 

at a distance of about 1.5 m. The wall in this case was made of steel panels. At around 20-23 

s in the magnetometer was brought past a steel railing about 1 m long running parallel to 

the wall. The distance to the railing was about 20 cm. The reduced errors at the last 7 

seconds are due to the steel building ending. Another railing there runs parallel to the wall at 

the same distance of 1.5 m. 

 

Figure 8.28 shows the error at the wall marked “A” on the map. The distance to the wall is 

approximately 3 meters for most of the samples except at the first and last 5-10 seconds 

when the distance is increased to over 10 m as the buildings shape changes. 
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Figure 8.27: Heading error at 1.5 m from the wall 

marked “D” on the map. At 20 s a steel railing comes 

near the magnetometer. 

 
Figure 8.28: Wall at approximately 3 meters. 

Marked as “A” on the map. 

 

Figure 8.29 shows a wall that had bicycles parked perpendicular to the wall along the first 

half. The field was measured at about 3.3 m from the wall and is marked as “C” on the map. 

 

Figure 8.30 shows the error while moving along the segment marked as “B” on the map. The 

route here went through a narrow alley with the distance to buildings on both sides varying 

between 2-5 meters. At the beginning at 10 s and towards the end at 128 s the equipment is 

brought underneath an overpass in the building. Buildings were 3 storeys high. 

 

 
Figure 8.29: Distortions at 3.3 m from a wall. Marked 

as “C” on the map. 

 
Figure 8.30: Narrow alley with overpass. Marked 

as “B” on the map. 

 

Figure 8.31 shows the heading error at a fence measured at a distance of around 65 cm. The 

location is marked “I” on the map. The small spikes in the heading error are likely caused by 
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the steel pillars holding the fence. The large error at 52 s is caused by passing a gate at a 

distance of about 20 cm. It is difficult to say how the fence net influences the field as it 

remained the same all the way. The building about 5 m from the fence most likely influences 

the field to a large degree making it difficult to discern distortions only caused by the fence. 

 

 
Figure 8.31: Heading and heading error measured along a fence. Marked as “I” on the map. 

 

Areas with Low Distortion 

Almost all the segments where the error was less than 2 or 5 degrees were measured at a 

location which had more than 5 meters to the nearest building. Presented below are 

segments from the whole measurement. 

 

Figure 8.32 shows the heading and heading error at the location marked as “J” on the map. 

The distance to any buildings is over 10 meters for all parts except near the end where the 

heading error increases. Figure 8.33 shows the heading and heading error while moving 

along the section marked “K” on the map. Large distortions become present as a building is 

approached. The sampling ends at a distance of 1.5 m from a building. 
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Figure 8.32: Marked "J" on the map. 

 
Figure 8.33: Moving along section marked as "K" on 

the map.

 

Figure 8.34 shows the heading and heading error while measuring along the section marked 

as “L” on the map. The equipment is rotated 720 degrees in both directions from 250 s and 

forward. The large distortions in the first 75 s are from passing a building at a distance. After 

this the measurement takes place in the middle of the road and the heading error remains 

within 5 deg. for most of the time. 

 

 
Figure 8.34: Section marked "L" on the map. 
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8.4.4 Discussion 

From these results it is evident that buildings cause significant distortions to the earth’s field. 

The distortions vary between buildings and appear to have no obvious pattern in common. 

The distortions are also difficult to attribute to features in the buildings. The heading error at 

a building can change by several degrees in less than 1 meter. At a few locations near 

buildings did the error remain under 5 degrees for a few meters, but for the most part the 

errors vary by more than 5 degrees when close to buildings. 

 

The wall whose field was measured at different distances suggested that a distance of 

around 6.6 m is sufficient to achieve heading to within 1 deg at that particular building and 

side. However, at some parts of the measurement conducted over the whole area, the 

distances to buildings were larger than this and the errors were still significant. Measuring in 

the middle between two buildings seemed to give the best heading, as might be expected. 

Errors there did at many locations remain below 5 degrees and at some points below 2 

degrees. The error did stay below 2 deg. for long segments when the distance to buildings 

were more than about 10 m. 

 

There is no guarantee that the distortions seen here are caused by the buildings themselves. 

Ferromagnetic objects inside the buildings also cause distortions which may reach outside 

the walls. Buried objects, if present, would also influence the field. 

 

The orientation of the walls relative to magnetic north also likely influence the magnitude of 

the distortion but no conclusion on that matter could be drawn here. The iron lids of 

manholes or materials in the hole itself did cause small distortions to the field (causing about 

a 1 deg. error) for a few of them. At others there was no measureable distortion. 

 

A detailed map covering the anomalies in an urban area has the theoretical possibility of 

correcting all most of the distortions. Such a map could be possible to make but the process 

would be time consuming and accurate knowledge of the position both when mapping and 

when using the map would be required. Position accurate enough may not be possible to 

achieve. Especially not in an urban setting where buildings block GPS signals. Knowledge of a 

magnetometers position becomes increasingly important the closer it is to an object causing 

a distortion. 
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8.5 Mapping the Field Surrounding a Vehicle 

8.5.1 Introduction 

Vehicles are to a large extent made by steel and should thus have some magnetization or 

become magnetized and distort the Earth’s field surrounding it as well as divert magnetic 

flux into itself. In this case a common car was selected and the field around it measured to 

get a sense of the magnitude, shape and behaviour of the distortion. 

8.5.2 Method 

8.5.2.1 Measurement Setup 

A car (in this case a Volvo V70 Estate) was placed in a parking lot. The ground was made up 

of compacted earth which at the time was covered in snow. Two other cars were located on 

opposite sides about 6-8 m from the furthest measured distance. Closest buildings were 

located over 75 m away but a high rising metal light post was situated about 15 m from 

where the car was parked. No foreign objects could be found on the ground. 

 

The field surrounding the car was measured at four distances at about the same height. 

Three measurements were made: Two with the car facing north and south and one without 

the car to measure distortions from the environment at the site. Data was collected by 

walking with the utility cart carrying the equipment in a square around the car at distances 

of roughly 1, 2, 3 and 4 meters from the body while measuring continuously at 20 SPS. 

Position was obtained thru the GPS using a carrier phase differential technique when post 

processing for increased accuracy. 

8.5.2.2 Evaluation 

Distortions from the measurement platform are compensated for in the way described 

under Chapter 7.2 (p. 20) by using data gathered during a complete rotation. 

  

The position obtained for the GPS-antenna had to be transformed to display the position of 

the magnetometer. Roll, pitch, heading and the relative position between the antenna and 

the magnetometer had to be considered. 

 

Displaying Field Direction 

The heading error calculations for this measurement were performed differently from 

previous ones in order to visualise both error and magnitude vs. location in a quiver plot. 

Previously, heading was calculated to an angle and the difference between that angle and 

that of the reference heading plus deviation was simply the error. Here instead, the 

measured vectors are preserved and transformed to a coordinate system aligned with 

magnetic north. This is done by using a rotation matrix which uses the INS heading with 

magnetic declination. The resulting vectors angle and size corresponds to heading and field 

magnitude. 

 

Preserving the vector components also makes it possible to subtract the earth’s field to 

achieve vectors with a direction and magnitude dependant only on the distortion caused by 

the car and the surroundings. The field of the surroundings are not removed as they have 

only a small visual impact on the direction. 
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Displaying Field Magnitude as a Surface 

Samples of the field around the car are only taken at lines spaced 1 m apart and while 

turning to measure along a new line. This means that there is a lack of data for most of the 

area around the car as illustrated in Figure 8.35. Drawing any conclusions from such a figure 

is difficult. To make interpretation easier the field at points between and outside of the 

sampled lines were estimated. For this some form of 2-D interpolating and extrapolating 

function that could form a surface had to be used. 

 

Before estimating the values of the empty cells, the earth’s field was subtracted from all 

three components separately by using knowledge of the heading at which the samples were 

taken. After that, the x, y and z components of the data from the three measurements were 

mapped separately onto spatial cell-grids. The cells of the grid had a size of 5x5 cm. Samples 

made within the same cell were averaged and empty cells were marked as “not a number” 

(NaN). Separating the components is necessary in order to subtract the environment’s field 

to exclusively show the distortion caused by the car. With the data in matrix form it became 

possible to estimate the missing data. 

 

 
Figure 8.35: Measured total field mapped onto a matrix where each element corresponds to a 5x5 cm area. 

 

A two-dimensional surface was then computed by applying a function called inpaint_nans 

[24] to the cell-grids. The function has several methods for filling the gaps or “inpainting” 

which all gave similar results when interpolating but one method (method 4) showed better 

results when extrapolating out towards the edges. The inpaint function does not modify any 

known values. 

 

It works by formulating a partial differential equation for the area to be inpainted. The 

perimeter of the area is used as boundary values for the equation. More information about 

the function can be found in the documents at its page on the MATLAB Central [24]. 
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Because the measurements were not taken in the same positions for all three cases, the 

matrices had to be inpainted before any subtraction of the environments field could be 

done. Once the inpainting was done, the measurements with the car facing north and south 

had the field from the environment removed by subtracting the environment from the x-,y- 

and z-matrices separately. The difference between the two cases with the car facing north 

and south was taken by subtracting the components of the south facing car from the north 

facing car separately after rotating the south car and cutting both plots to fit. This was done 

after the environment has been removed. 

8.5.3 Results 

Horizontal position for magnetometer measurements was resolved with an accuracy of 5 

cm. Height of the INS varied with a standard deviation of 7.1 cm and the magnetometer 

likely experienced larger changes. 

8.5.3.1 Rough Ground 

The site had some rough ground which made it difficult to move the equipment which in 

turn made the measurement noisy, particularly so when moving at a faster pace. Because of 

this, results when rotating the equipment to gather data in all directions for the horizontal 

error correction were poor and values from a previous measurement were instead used. 

Also because of the rough ground, averaging the data became necessary. Horizontal 

magnitude of the cars distortion (earth’s field, 15775 nT, subtracted) while moving along one 

of its sides at a distance of 4 m can be seen in Figure 8.36. For the red line the x and y 

components have been average over 21 samples (1.05 s) before the magnitude is calculated. 

The cart was stationary at the first and last few seconds. 

 

 
Figure 8.36: Noise in the horizontal magnitude of the cars distortion due to difficult ground conditions. 

Measured a long one side of the car at a distance of 4 m. 

 

When subtracting the earth’s field from the magnetometer’s x and y-components the 

heading, misalignment and declination must be known accurately. When the utility cart was 

pushed around the car it experienced rapid changes to pitch and roll which likely led to 

changes in the misalignment causing the field in a slightly different angle to be subtracted. 

The boom which the magnetometer was attached to may also have flexed up and down 

giving further errors. The tilting itself is also likely to have contributed. Especially the pitch as 

the field then changes but the position does not. All this is likely the explanation for the 

variations seen in Figure 8.36. 
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8.5.3.2 The Area Without the Car Present 

Judging by the field lines in Figure 8.44 it is possibly a small object or a longer object 

stretching downwards into the ground. Figure 8.37 displays the magnetic field caused by the 

environment at the site where the measurement was conducted. The earth’s field has been 

subtracted. There is a clear disturbance caused by some buried object present in the area. 

The total magnitude is altered at the most by 2404 nT, 1346 nT horizontally and -2272 nT 

vertically (z). The magnitude is about 20 times lower than that of the earth’s field. As the 

numbers are small compared to the earth’s and the car’s field (see 8.5.3.3) they should not 

affect the vehicles magnetization significantly. However the field may be stronger closer to 

the ground and could there magnetize lower parts of the car. The surrounding field is still 

subtracted from plots of the cars field to improve results. 

 

 
Figure 8.37: Total (left), horizontal (mid) and vertical (right) field from the environment at the measurement 

site. The earth’s field has been removed. There is a clear indication of a buried object underneath the site. 

 

The circle seen in Figure 8.37 is simply distortions present when rotating the equipment in 

that location. 

8.5.3.3 With the Car 

Figure 8.38 and Figure 8.39 shows the horizontal and vertical magnitude of the field 

generated by the car itself as it is facing north and south respectively. The earth’s and the 

surrounding’s field have been subtracted. The area inside the inner most measurements is 

blanked out from the figures as the inpainting function there uses values from opposite sides 

to estimate the field. In reality the field would continue to increase/decrease until the body 

of the car is reached. The car is located about 0.9 to 1 meter in from the edges of the white 

area. 

 

As has been mentioned in Chapter 5.5.3 an object with horizontal field strength of 275 nT 

has the possibility of offsetting the heading by up to 1 deg. given that the distorting field is 

perpendicular to the earth’s field. 2, 3 and 4 deg. errors can be caused by a minimum 

strength of 551, 827 and 1103 nT respectively. The first four levels in Figure 8.38 and Figure 

8.39 have been set to correspond to these four values. Levels following these have 1000 nT 

increments. The figure displaying the vertical fields has also, even though the values there 

do not correspond to a heading error, been set to the same four lower values for 

comparison purposes, the remaining have increments of 500 nT. An assumption is here 
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made for this to be valid, and that is that the cars field remains the same as it rotates in the 

earth’s field. 

 

As can be seen in the figures over the horizontal field the largest disturbances occur at the 

rear half of the car. Possibly due to the car being an estate version and reaching above the 

magnetometer at the back half compared to below for the front half. East and west of the 

car some artefacts of the extrapolation can be seen. The 275-551 level has been dragged out 

towards the edges in an unnatural way. When facing north the car’s field has maximums of 

12902 nT in total magnitude, 12895 nT in horizontal magnitude and -5213 vertically (z). 

When facing south the car’s field has maximums of 13891 nT in total magnitude, 13885 nT in 

horizontal magnitude and 5213 nT vertically. 

 

Judging from Figure 8.38 a distance of 6-7 m from the vehicle appears sufficient to make 

distortions cause less than 1 deg. error. To avoid a possible error of up to 2 deg. a distance of 

5 m is required and for a possible 3 deg. error, 4m would be necessary. Once again, note that 

only at a few locations surrounding the vehicle will the car’s field actually be aligned 90 

degrees to the earth’s field and cause the maximum heading error. For other locations it is 

possible to go closer without causing the same error. 

 

 
Figure 8.38: Horizontal fields of the car facing north (left) and facing south (right). 

 

The vertical fields in Figure 8.39 show a higher intensity on the west side for both cases even 

though they are facing opposite directions; evidence that the car has been magnetized. 
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Figure 8.39: Vertical magnitude of the cars field when facing north (left) and facing south (right). 

 

Figure 8.40 shows the field intensity at five locations on the right hand side of the car facing 

north as it decreases with increasing distance east. The back, front and mid lines are the 

fields at these positions on the car. The field decays in different manners depending on 

where the measurement is made relative to the car. The weaker fields appear to decay in a 

more linear fashion compared to the stronger ones. 

 

 
Figure 8.40: Horizontal field from different points at the cars side as it decays with distance. 

 

The magnitude can change significantly enough over small distances to alter heading by 

several degrees. At a few locations in the most intense area one meter from the car the 

horizontal field changes by around 1000nT in 5 cm in the direction away from the car. 2 m 

out the change in 5 cm is at the most about 300 nT for the north facing case and 150nT for 

the south facing case. 

8.5.3.4 Differences 

Investigating the differences between the two plots can reveal if the car is being magnetized 

by the earth’s field. Any significant differences seen are likely caused by the earth’s field. Any 
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concentration of the earth’s field into the car would likely give rise to similar distortions on 

both sides of the car and thus cancel when computing the difference. 

 

In Figure 8.41 the field from the south facing car has been rotated and subtracted from that 

of the north facing car to illustrate differences between the two. On the left is the difference 

in horizontal field and on the right the total. The contour levels have been set to the same as 

with the cars in 8.5.3.3. The levels would in this case not correspond to a direct error of 1,2,3 

or 4 degrees but instead to the worst case difference in heading between the two directions. 

The smaller differences stretching out diagonally are a result of errors introduced when 

turning and can be discarded. As can be seen the horizontal fields of the two are similar but 

with some differences at specific points closer to the car. Peak differences are 1562 nT and -

2896 nT in the horizontal field. 

 

The vertical fields in Figure 8.39 revealed that the car was generating a field along both sides 

but stronger and larger at the side facing west. This can also be seen in the total field in 

Figure 8.41 where large differences exist along the sides. The vertical magnetization is 

overall stronger and affects more of the car than the horizontal. This may be expected as the 

earth’s field is stronger vertically than horizontally at these latitudes. Peak differences in the 

total field are 2118 nT and -2879 nT. 

 

The peak values mentioned above and the differences in spatially small areas such as in one 

cell may have been influenced largely by the vibration errors. Also, as magnitudes closer to 

the car becomes significantly greater even small changes can give rise to large errors. The car 

was likely not positioned in exactly the same position in the two cases and this could explain 

some of the distortions seen. However, moving the matrices around (as if the car had 

moved) before computing the difference does only reduce the error in some cases and does 

not remove it. It is therefore likely that the differences seen are at least to some degree 

caused by the car being magnetized by the earth’s field. 

 

 
Figure 8.41: Differences in the horizontal (left) and total (right) field between the car facing north and south. 
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8.5.3.5 Field Direction 

Figure 8.42 displays the horizontal field direction in points around the car i.e. the direction 

that the magnetometer would give as magnetic north. In a non-disturbed environment the 

field should be uniform and point slightly to the right. 

 

 
Figure 8.42: Field direction around the car. The left figure shows the field around the car when it is facing 

north. The right - south. 

 

Figure 8.43 shows the remaining field when the earth’s field has been subtracted. What 

remains is made up of the cars magnetization, the cars diversion of field into itself and the 

environment. Quiver length has been set to correspond to field strength. The two cases have 

a very similar field surrounding them. The car is magnetized in a right to left fashion with its 

north pole on the right side. There is a point at the back right side to which most of the field 

converges. As this is true for both cases it is evident that the whole of the car has a 

magnetization that is largely independent of the earth’s field. But as displayed in the 

difference figure in 8.5.3.4 there appears to still be some magnetization caused by the 

earth’s field. The areas of high magnitude matches those displayed in Figure 8.38. 
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Figure 8.43: Direction of the distortion that the car causes. The earth's field has been removed. Left most 

figure shows the field of the car facing north. Right most - south. 

 

The magnitud of the fields generated by the surroundings is in generally low except for one 

at location where the field converges to a single point as can be seen in the right plot of 

Figure 8.44. 

 

 
Figure 8.44: The field direction at the site without the car present. Horizontal field (left) and horizontal field 

with earth's field subtracted (right). 

8.5.4 Discussion 

Because the magnetometer was mainly confined to the horizontal plane with only small roll 

and pitch angles, the vertical distortions had very little effect on the heading calculation. Had 
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the magnetometer experienced larger tilting the result would likely have been worse as the 

vertical field comes to play a larger role. 

 

As the distortions horizontally were so similar between the two directions it appears that 

they were mainly caused by the car having a magnetization independent of the earth’s field. 

Vertically the car seemed to be more affected by the earth’s field as the vertical distortion 

changed when the car was rotated. Because the car was parked parallel to the field in both 

cases it is difficult to draw a conclusion about the diversion of magnetic flux into the car 

from the figure displaying the differences. The distortion that a diversion would create is 

likely symmetrical about the car as the car itself is symmetrical. The field distortions in Figure 

8.43 seem to indicate that the dominant pattern is that of the cars magnetization as the two 

sides of the plot are anything but symmetrical. Presumably the diversion is of relatively small 

magnitude as the pattern of a material mainly diverting the field would have an entirely 

different shape. 

 

Figure 8.38 showed the horizontal field of the car with contour levels set to match a possible 

heading error. As the horizontal fields appear similar in the two cases this may be an 

accurate representation of the possible heading error. The cars diversion is, as discussed 

above, probably of small magnitude meaning that the horizontal field could stay similar if 

the car faces other directions than parallel to the earth’s field. 

 

Regarding using a map of the car to compensate the magnetometer readings while in the 

vicinity of the car; such a map would have to be of higher resolution than the ones made 

here with a 5 cm resolution if heading is to be obtained with an accuracy of ±1 degree within 

2 m of the car used here at all times. It must also be possible to resolve the position to 

within that resolution. Further out the requirements decrease until no correction is needed 

to obtain heading within 1 deg at a distance of 6-7 m. The distortions possibly generated by 

the earth’s field reach about 2 m out. Making a map that covers the field within this distance 

would also have to account for that distortion changing as the car itself changes heading. 

Another factor which has to be accounted for is the relative altitude between the vehicle 

and the magnetometer as the field will vary depending on the height. The car may also 

change its magnetization if left in the field for some period of time. All this makes it very 

difficult to use a map and also to create it. 

 

Whether the results found here holds true for more vehicles is unknown. Other vehicles 

likely exhibit completely different magnetic fields. A conclusion that can be made from this 

measurement is that this cars permanent magnetization causes a much larger distortion 

than the magnetization caused by the earth’s field and that other cars may also exhibit lower 

levels of external magnetization as they are largely made up of the same materials. As for 

their possible permanent magnetization, there are too many variables involved to draw any 

conclusion. The cars permanent magnetization may also change over time if left in the 

earth’s field for a longer period of time. 
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9 Work Done by Others 
Information on the magnetic fields and distortions around buildings and vehicles seems 

scarce. However, several papers have been published where small navigation units or 

motion tracking devices incorporating magnetometers have been developed. Some of these 

have investigated methods of compensating for magnetic distortions. There has also been 

research into using several magnetometers together to reduce distortions. This chapter 

mentions some of the more interesting papers found. 

 

In [25] E.R. Bachmann et al. investigates the deviations to heading caused by common 

objects such as a space heater, computer monitor, power supply, metal filing cabinet as well 

as a mobile robot. The conclusion drawn is that most of these objects do not cause 

distortions to the field if a distance of 1 m is maintained to the object. The metal filing 

cabinet was the only object showing distortions further out; as far as 1.5 m. 

 

In [26] Wei Dong et al. develops a multi sensor platform using tri-axial accelerometers, 

gyroscopes and magnetometers for low-g motion tracking. They reach an accuracy of less 

than ±1 degree in yaw in an area where the magnetic field remains near constant. This 

shows that accurate heading is possible to achieve with MEMS sensors and magnetometers 

when the conditions are good. 

 

In the field of human motion tracking MEMS inertial sensors and magnetometers seems to 

be a developing alternative to other systems using external sensors. In [27] E. R. Bachmann 

et al. describes a system suing these sensors and a quaternion filter to determine orientation 

of human limbs to within 1 degree. The sensors remain within a small volume while the test 

is performed and thus magnetic distortions are likely not present. 

 

In [28] D. Roetenberg estimates the orientation of a human limb using a three-axial MEMS 

gyroscope, MEMS accelerometer and a magnetometer fused with a Kalman filter capable of 

compensating for magnetic disturbances. Testing the system without any disturbances to 

the field resulted in an rms error in the orientation of 2.6 deg (0.5 SD). An optical system was 

used as reference. The system was also tested when the sensor module was moved in the 

vicinity of a ferromagnetic material for 45 seconds. With no magnetic compensation applied 

the rms error was 19.8 deg. (3.6 SD). With compensation the error was reduced to 3.6 deg. 

(0.6 SD). The magnitude of the field did at some points reach over 1.5 times the earth’s field. 

Disturbances in the magnetic field are detected by changes to the field’s inclination and/or 

the field magnitude. When a disturbance is detected the attitude estimation will be relying 

more on the gyroscopes and accelerometers and, as stated by the author, because the 

magnetometers are not taken into account, the systems heading could drift. However, this 

only applies when the disturbance is changing. The system was able to maintain heading in a 

constant disturbance. Another problem, also discussed by the author, could arise when a 

distortion is changing at a rate similar to the gyro heading drift. It would then become 

difficult to tell the two apart. 

 

Even if the magnetic field is so disturbed that any heading measurements become useless 

the magnetometer can still be of some use. If accurate smaller Gyroscopes were to be 

developed, their performance could be improved by using a magnetometer which senses 
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changes to the field rather than the heading. If a system is in a situation where the magnetic 

field is known to vary the magnetometer could be used to tell if the system is moving or not 

from measuring if there are any changes to the magnetic field and reduce sensor drift as 

proposed by D. Vissiére et al. [29]. This approach is perhaps more suitable for indoors 

navigation where the field changes more rapidly. Testing is done in a small area which limits 

real world transfer. But significant improvements in drift reduction were seen when 

remaining still. They are using four magnetometers positioned close to each other. 

Improvements are also seen while only using one magnetometer. It is possible that a similar 

approach could be applied to heading estimates.  

 

In [30] V. Renaudin et al. present a new method for calibrating a magnetometer. Based on 

this method and by using twelve three-axial magnetometers configured in a special 

geometric arrangement (displayed in Figure 9.1), they show significant improvement in 

heading estimation while a distortion is present compared to previous work. In their test 

magnetometer was brought over and past a strong magnet which introduced an error in 

heading of 16 deg. in a single magnetometer. The error was reduced to 4 deg. when all 12 

magnetometers were used. The field is assumed to decay linearly in the vicinity of the 

magnetometers. A distortion would affect some magnetometers more than others due to 

their decaying nature. By using a least square estimation technique, measurements of each 

component in each magnetometer are compared to a predicted value of the field. From this 

the required compensation for a component is estimated. Once the compensation has been 

applied to all components, 12 heading estimates, one from each magnetometer, are 

established and averaged to resolve the final heading. 

 

 
Figure 9.1: Configuration of six of the twelve magnetometers. 
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10 Conclusion 

10.1 Summary 

The result of the measurements presented in Chapter 8 suggests that a magnetometer can 

be useful as a heading reference when no manmade objects are present in the vicinity. In an 

urban environment however, the magnetic field is highly distorted and it seems as if this 

environment may be all together unsuited for heading determination by magnetometers. 

Measuring in the middle of roads between buildings did provide a better heading which for 

most parts stayed within 5 degrees. The car investigated here produced a field which was 

largely independent of the earth’s field. Maintaining a distance of 6-7 meters from the car 

may be sufficient to reduce the influence on heading to within 1 degree. 

10.2 Possible Future Work 

In a real application the magnetometer is likely to be attached closer to ferromagnetic 

materials than what it was here. The distortions inherent to these materials which need to 

be calibrated for would then likely be stronger and more difficult to deal with and 

compensating for these may require a different approach. 

 

Only the field of one particular car was measured in this thesis. Whether or not other 

vehicles have similar fields remains unknown and needs to be investigated further if a 

magnetometer is to be used in the vicinity of vehicles. 

 

The error reduction techniques developed by others and discussed in Chapter 9 are effective 

and some of them may be able to reduce the impact of distortions. If a magnetometer is to 

be used at ground level it is likely that some error reduction techniques needs to be 

implemented and further attention should be paid to reduction techniques. 
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