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Abstract: The presented work aims to give an overview of
different calibration methods for magnetic field sensors,
which are used for attitude determination. These methods
are applicable in the field without any additional equip-
ment. However, sometimes they require simplification as-
sumptions. The paper addresses the validity of these as-
sumptions, the accuracy and efficiency of the methods and
the influence of the calibration error on the orientation
estimation. Both simulations and measurements are used
for evaluation. The measurements are performed using a
GNSS multi-antenna system, providing an orientation ref-
erence (roll, pitch, yaw) without unknown external mag-
netic disturbances and with a sufficient accuracy (about
0.5 degrees). It is shown in simulations, that a full cali-
bration of the sensor (including soft and hard iron distur-
bances by nearby materials) is possible without any addi-
tional equipment. However, experiments show, that some
parts of the full calibration procedure are sensitive to an
accurate execution of the necessary movements, which
may lead to calibration errors in the same order of mag-
nitude as a simplified method, which ignores the presence
of soft iron disturbances.
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1 Introduction

Magnetic field sensors, when used as a compass, mea-
sure two or three spatial components of the earth magnetic
field and therefor enable the determination of the orienta-
tion of the sensor unit relative to the magnetic north pole.
They are often combined with an inertial measurement
unit (accelerometers and angular rate sensors) in order to
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determine the absolute orientation (regarding 'north’ and
’down’) of mobile objects. There are not many possibilities
to determined the north direction, one is the usage of a
gyroscope, which measures the angular rate vector of the
earth rotation. However, this is only possible with very ex-
pensive and heavy high accuracy gyroscopes and it is only
possible when the sensor unit is static. Another possibil-
ity is the combination of GNSS observations and inertial
sensor data. Here, the translational acceleration compo-
nent, measured with the inertial sensor unit is compared
with the derivatives of the velocity vectors, measured with
the GNSS receiver. Obviously, this requires an accelerated
motion. A third method is the usage of multiple GNSS an-
tennas, which is described later, as this option serves as an
orientation reference within the work for this article. Espe-
cially in the field of indoor navigation, magnetic field sen-
sors are very popular, since there are usually no GNSS ob-
servations available and therefore magnetic field sensors
are the only available north reference.

The main problem with magnetic field sensors is, that
they are very sensitive to local disturbances of the earth
magnetic field, which may be induced by ferromagnetic
material in the vicinity of the sensor. As described later,
this material may be part of the environment, leading to
disturbances which can not be compensated by calibra-
tion, or it is part of the sensor platform, where the mag-
netometers are attached to. In the latter case, a calibration
procedure is in theory capable of finding parameters, that
allow to reconstruct the earth magnetic field vector at the
position of the sensor.

This contribution does not aim to present a new cali-
bration method for magnetic field sensors, it summarizes
the general problem of magnetometer calibration, as al-
ready described before in various papers ([18, 23, 4, 11,
7, 2]). It shows, that a calibration, which corrects all sen-
sor errors and disturbing effects of the in-frame sensor en-
vironment, can be broken down into an ellipsoid fit and
an additional alignment step. The alignment step is nec-
essary, if no external reference data of the magnetic field
or the rotation of the sensor is available during calibra-
tion. It also presents a method to estimate the alignment
matrix, as already described in [10] and [23]. The contribu-
tion also does not aim to analyze various ellipsoid fitting
methods, as it is done in some of the literature mentioned
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above. It uses a Gauss-Helmert model based ellipsoid fit-
ting method, shows its functionality in a simulation, and
also presents and discusses an experimental validation of
the methods using a GNSS multi-antenna system as an ori-
entation reference.

It should be mentioned here, that the presented meth-
ods are also applicable to the calibration of accelerometer
triads, since the principle of observing a globally constant
vector (earth gravity in this case, the earth magnetic field
in the magnetometer case) in the local sensor frame is the
same. However, special precautions have to be taken, to
make sure that no motion induced translational accelera-
tion components are superimposing the gravity measure-
ment.

2 Sensor Model

The output of a triaxial earth magnetic field sensor is in-

fluenced by the following components:

— Theactual vector of the earth magnetic field in the sen-
sor frame, which is the variable of interest.

— Properties and imperfections of the sensing element,
of the read out electronics and of the mechanical as-
sembly.

— The influence of ferromagnetic materials in the vicin-
ity of the sensor, leading to the addition of perma-
nent magnetic field components (Chard iron effects’) or
the distortion of the earth magnetic field (’soft iron ef-
fects’).

The influence of ferromagnetic materials can be further
subdivided into effects coming from materials with a con-
stant position in the sensor frame and effects from an inter-
action with objects in the environment, such as walls, fur-
niture or vehicles. The latter is usually not part of the cal-
ibration procedure since these effects are in general loca-
tion and time variant. Especially in indoor environments,
these external disturbance sources are very prominent and
have a strong influence on the orientation estimation. Sev-
eral researchers try to address this issue, for example by
estimating the changing disturbance component within a
state estimation filter [19]. There are also approaches to
utilize the characteristic disturbances of certain objects as
landmarks in a localization algorithm (e.g. [8, 12]). We will
not consider these effects within this work by minimizing
them in the experimental setup. In the following we for-
mulate the various effects mathematically in order to form
a basis for any calibration algorithm.
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2.1 The earth Magnetic Field

The earth magnetic field is approximately a dipole field
(Figure 1, left) with an angle of 11 degrees relative to the ro-
tational axis of the earth. In the context of navigation the
field is constant over time, but the field vector hg varies
over the location on earth. In Germany, where the mea-
surements in this paper have been performed, the length
of the vector is 0.487 Gauss and the angle a between the
gravitation and the vector is 24 degrees.

Fig. 1. Left: Magnetic dipole field of the earth; Right: Using the hori-
zontal component of the earth magnetic field to calculate the head-
ing angle. The coordinate system is the sensor frame, assumed to
be leveled perpendicular to gravity.

In order to calculate the heading angle ¢, the horizon-
tal component of the magnetic field vector has to be used
(Figure 1, right):
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If the sensor is not leveled according to the local tan-
gential plane of the earth surface, which is the usual case
for mobile sensor systems, the roll and pitch values of
the system have to be known from other sensors, such
as inclinometers, to determine the horizontal components
of the magnetic field vector. In many sensor systems, us-
ing a combination of inertial and magnetic sensors to es-
timate the orientation, the full 3D magnetic field mea-
surement is used as an observation within some sort of
Kalman filtering algorithm (see e.g. [20]). In this case a di-
rect determination of the horizontal component is not nec-
essary. Although we use the calibrated magnetometer ex-
actly for this type of application, we refrained from using
the Kalman filtered full orientation output for evaluation
of the calibration methods, since there are many other pa-
rameters influencing the quality of the orientation estima-
tion and the influence of the magnetometer calibration can
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not be clearly seen anymore. therefore, we assume the roll
and pitch values to be known and compare only heading
values directly calculated from (1).

2.2 Triaxial Sensor Model

In an ideal sensor the relation between the applied phys-
ical quantity h;, and the sensor output hoy; is given by a
linear function hoyt = Ssh;, + bs + €, Where s; is the scale-
factor, bs the bias (offset) and € the noise of the sensor.
In the non-ideal or real sensor the scale factor and bias
values are in general time and temperature dependent.
We assume these values to be constant, because a one-
time calibration would not be possible otherwise. If nec-
essary, the varying parameters have to be continuously es-
timated in some sort of in-run estimation, where the pa-
rameters derived by the presented method can be used
as an initial value. In principle the scale factor depends
on the applied physical quantity itself, leading to sensor
non-nonlinearities, or even on the history of these quan-
tities, leading to hysteresis effects. According to the litera-
ture (e.g.[2]) We assume these effects to vanish as well. An-
other non-ideality is sensor noise originated in the sensing
element or the read out electronics. We assume the noise
here to be normally distributed and white (more details on
the noise characteristic can be found in [18]).

In a triaxial sensor setup three orthogonal single axis
sensors are combined in a single sensor unit, leading to
a scale-factor matrix Ss = diag(ss; Ss2 Ss3) and a bias
vector bs = [bs1 bs; bgs]T. In general there may be a
misalignment of the three axis and also of the whole triplet
within the sensor frame, which can be modeled by the Ma-
trix Cmq = [n1  n, n3]7!, where n; are the directions of
the sensor axis within the sensor frame. There may also
be a sensor specific cross coupling between the different
sensor axis, which can be modeled as a matrix C.c, which
is symmetrical in most cases. For example in single-die
MEMS accelerometers, where all three mechanical sensor
elements are implemented on a single silicon chip, this can
lead to cross axis sensitivities up to 5% [24].

In total the sensor model can be written as

hout = SsCecCmahiy +bs + €, (2)

where € is Gaussian wide-band noise. It is more convenient
to define a combined ’scale-factor matrix’ Cs = SsCccCma,
since the specific effects are usually not re-constructable
from any calibration procedure. In a simplified sensor
model, with orthogonal axis and without cross-axis sen-
sitivity Cs reduces to the diagonal matrix Ss.
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2.3 Disturbance Model

The sensor is exposed to the physical quantity h;,. In an
ideal sensor environment h;, is the earth magnetic field
h¥, measured in the coordinate frame of the sensor:

hj, = h; = Ryhy. €)

The upper index indicates the coordinate system in which
the vector is expressed (N’ for navigation frame, ’S’ for
body frame) and R} is the rotation from the navigation
frame to the sensor frame. However, ferromagnetic mate-
rials in the vicinity of the sensor may disturb the quantity
of interest, that is the earth magnetic field, in two ways,
known as ’hard iron’ and ’soft iron’ effects. Without going
into to details here (see [3]), those effects can be described
as follows.

Hard iron effects come from permanent magnets in the
sensor environment and simply add an additional compo-
nent to earth magnetic field. Assuming, that all disturbing
material is fixed within the sensor frame, the hard iron ef-
fect leads to a constant offset by; for all sensor readings.

Soft iron effects come from a more complex interaction
of the present earth magnetic field with ferromagnetic ma-
terial close to the sensor. This interaction leads to a dis-
tortion (bending, scaling) of the external field depending
on the relative orientation between the external field and
the material. The soft iron effect can be modeled as a gen-
eral matrix Cy; disturbing the earth magnetic field in the
sensor frame. Here a linear model is assumed, neglecting
non-linear and hysteresis effects [22].

Combining hard and soft iron effects, the sensor is ex-
posed to the field

hin = CsiRYNE + by, (4)

With (2) and (4) the complete sensor model including
sensor errors and magnetic disturbances becomes

hoi: = Chi+b+e, (5)

where
c = Ss Cccha Csi’ (6)
b = Schchabhi +bs. 7

Another disturbing effect one has to be aware, when
operating sensor systems with magnetic field sensors, is
the magnetic fields induced by current-carrying cables
and conductors. If these cables are located on fix posi-
tions within the sensor frame and the current is constant
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over time, they have the same effect as a hard iron distur-
bance, adding a constant magnetic field component to the
measurement. However, currents are often time varying in
electronic systems and these effects should be minimized
by the mechanical setup and the placement of the compo-
nents. We do not consider this within the presented work.

3 Calibration Algorithm

3.1 Problem Formulation

The goal of the calibration procedure is to determine C and
b for a specific sensor setup, in order to reconstruct the
undisturbed earth magnetic field in the sensor frame from
the sensor readings:

h = C"'(houe - b). 8

If it would be possible to measure a large number of
sensor readings h,,; for known earth magnetic field vec-
tors h} in the sensor frame, the matrix C and the offset b
could be determined directly using some sort of parame-
ter estimation algorithm. The problem in an field calibra-
tion is, that usually the input magnetic field h§ = RyhY,
which can be calculated from the known earth magnetic
field vector hY and the known rotation Ry, of the sensor
with regards to the earth frame, is not known. However,
we know that if we would rotate an ideal sensor arbitrar-
ily in an undisturbed environment, all magnetic field mea-
surements in the sensor frame would lie on the surface of
a sphere around the point of origin, since the earth mag-
netic field can be assumed to be homogeneous on the lo-
cal scale. As explained in the following, the matrix C and
the offset b, which come from all sensor imperfections and
external disturbances transform this sphere into a rotated
and shifted ellipsoid (see Figure 2).

From standard linear algebra we know, that every ma-
trix can be expressed as a multiplication of three special
matrices (SVD - Singular Value Decomposition, e.g. [17]):

C=UDVT, 9)

where U, V ¢ 0(3) and D is diagonal. Therefore equation
(5) can be written as

hou = UDVThS + b + €. (10)

Using this notion it can be seen, that if all points h;, lie on
the surface of a sphere, all points h,,; will be on the surface
of an ellipsoid, which half axis are given by the diagonal el-
ements of D (’stretching’ of the sphere), which is rotated by
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Fig. 2. Transformation of a sphere to an ellipsoid. The half axis
d1, d>, ds correspond to the matrix D, the rotation angles

@1, D,, D3 correspond to the matrix U, and b is the offset. The
matrix V7 is a rotation of the sphere and does not change the ge-
ometry of the the ellipsoid.

the rotation matrix U and which is translated by the vec-
tor b relative to the origin of the frame (Figure 2). There-
fore, a major part of the magnetometer calibration process
can be seen as an ellipsoid regression problem, where the
half-axis, the offset vector and three rotation angles are es-
timated. However, it is very important to note, that the ma-
trix VT, which corresponds to a rotation of the sphere, be-
fore scaling, rotating and shifting it to the form of the el-
lipsoid, is not a parameter which can be estimated by the
ellipsoid regression. This is because only the geometry of
the points cloud is determined and the point to point corre-
spondence is lost, which is needed for a proper reconstruc-
tion of the magnetic field values from the sensor readings.
This rotation, according to [22] we call it ’alignment ma-
trix’, has to be determined using an additional calibration
step.

3.2 Calibration Procedure

The complete calibration procedure comprises the follow-
ing steps:

Acquiring data

A set of sensor data is recorded while the whole sensor
setup including the system, where it is mounted, is rotated
in a way, that the rotation distribution is spread over the
whole sphere as much as possible.

Fitting the ellipsoid

An ellipsoid is fitted to the recorded sensor data in or-
der to estimate D, U as factors of the calibration matrix C
and b, which is the combined offset. There are a number
of different ellipsoid fitting algorithms in literature (e.g.
[21, 14, 6, 16]) and an analysis of all of them is beyond the
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scope of this paper. In this work we use a Gauss-Helmert
model method, derived from [15]. In this method a Total
Least Squares estimation with non linear-constraints is
used in order to get a bias free estimate of a non-linear
problem with noisy observation. See [13] for estimation
using Gauss-Helmert models or [9] for a comparison of
Gauss-Helmert and Gauss-Markov models.

Getting the missing rotation

First an initial set h'g of local magnetic field values is re-
constructed using the estimated ellipsoid parameters U,D
and b:

h's = D U (hyy - b). (1)

If the ellipsoid estimation was successful so far, all sensor
readings will already be on the surface of an sphere. How-
ever, the final rotation V, which is a rotation of that sphere
still has to be determined:

hi = Vh'; (12)

This is only possible, when some sort of reference in-
formation are available during the calibration process:

Additional sensors as reference

There are other sensors available, such as accelerometers
or gyroscopes, allowing to estimate this rotation within the
calibration procedure. We do not consider this method in
this work. A nice description can be found in [11].

Absolute orientations as reference

There exists a reference data set, where the rotation Rﬁ,
is known for every sensor reading. Then the missing ro-
tation V' can be reconstructed by a simple parameter esti-
mation procedure. In our work we use the orientation an-
gles, determined using a GNSS multi-antenna system, as
a reference to predict the true magnetometer readings hg
of the sensors. An ICP (iterative closest point [1]) algorithm
is then used to determine the missing rotation V between
the ’precalibrated’ sensor readings h'g and the predicted
values h3 (equation 12).

Relative rotations as reference

There are no absolute reference data and no additional
sensors available. In this case the missing rotation can be
estimated by measuring sensor data in three different ori-
entations of the sensor frame, where only the relative rota-
tion needs to be known.
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In the following the method using the relative rota-
tions is described in more detail, since it offers a way to
estimate all calibration parameters without the need for
an absolute orientation reference data set. Assuming we
measure the reconstructed value h'y in an arbitrary initial
orientation, we know from (12), that we actually measure

h, = V'h, (13)
Rotating the sensor unit with a known rotation R, we mea-
sure another value

h, =

V'Rh, (14)

With the rotation T, which rotates h'g into h'; and (13) we
can write

Thy, = V'Rh, (15)
= VTRVh,. (16)

For two known rotations R;, i = 1, 2 we can write
T, = VIRV (17)

Since the transformation V is only changing the rotation
axis and not the rotation angle of a rotation, we can write

T, = R(V'd;, ¢)). (18)

If we determine T; from the measurement and build the
angle axis representation (dr;, ¢;), where the ¢; are con-
straint to be the same angles as for the known rotations R;,
we can estimate V from the transformation of the rotation
axis:

d; = V'd,. 19)
In short words, we apply two rotations around known axis
d;, we measure the sensor output and determine the rota-
tion axis dr; from the measurement and we estimate the
transformation, which rotates the axis d; into dr;.

Figure 3 shows an example, how the three distinct ori-
entations, starting from an arbitrary orientation, followed
by two known rotations around the sensor axis, may look
like. This sequence was used in the calibration procedure

described later.

4 Simulation

In order to demonstrate the functionality of the complete
calibration algorithm, a simulation has been performed
doing the following steps:
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Fig. 3. Example of the three distinct orientations, used for the deter-
mination of the alignment matrix within the calibration procedure.

1. Simulation of a reference angular motion trajectory
(roll, pitch, yaw)

2. Simulate magnetic field sensor data for each rotation
using the following sensor errors and magnetic distur-
bances (the local earth magnetic field vector length is
without loss of generality assumed to be equal to one.
All noise values and the calculated residuals relate to
this vector length):

Sensor errors

— sensor noise: 0.005 standard deviation for all axis

- sensor offset [x,y,z]: (0.2, 0.1, 0.3)

- axisnon-orthogonalities: + 1 degree for y- and z-axis

- axis cross coupling: 1% of each axis couples to every
other axis (assumed to be symmetric)

Disturbance errors
- Hard iron offset [x,y,z]: (0.5, 0.4, 0.2)

0.58 -0.73 0.36 )

—  Soft iron matrix Cs; = | 1.32 0.46 -0.12

-0.26 0.44 0.53
(taken from the simulation example in [22])
3. Get the ellipsoid parameters U, D, b from the simulated
sensor data set using the Gauss-Helmert model.
4. Get the missing rotation V7 using the simulated refer-
ence trajectory and the ICP algorithm as described be-
fore.

The top of Figure 4 shows the simulated sensor data and
the reconstructed ellipsoid. It can be clearly seen, that
the simulated sensor errors and magnetic disturbances in-
deed lead to a rotated and translated ellipsoid. The recon-
structed magnetic field values (green) and the values used
as a reference trajectory (red) are shown in the bottom of
the figure.

The top of Figure 5 shows the error distribution
of the reconstructed magnetic field values for each
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Fig. 4. Top: Simulated sensor data and ellipsoid, which has been
fitted to the data. Bottom: Reconstructed Magnetic field values
(green) and values of the reference trajectory (red).

sensor axis. The standard deviation of the errors is
(0.004, 0.006, 0.008) for the (x, y, z) axis and is therefore
in the order of the sensor noise which has been used in
the simulation. The error distribution of the reconstructed
heading is shown on the bottom left. The standard devia-
tionis 0.9 degree. For the heading computation the rolland
pitch of the reference trajectory has been used to project
the magnetic field vector reading to the horizontal plane.
The bottom middle and right charts of the figure show the
distribution of the vector length of the magnetic field read-
ing before and after calibration. This distribution is always
a good indicator how well the calibration has performed
even in the case of missing reference data. Since the cali-
bration principle is to bring all sensor readings back on the
surface of a sphere, we expect a sharp distribution around
one.

The simulation shows, that all error and disturbance
effects, that have been mentioned in the beginning can
be compensated using the calibration procedure described
above, with the following assumptions:
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before calibration

vector length

heading error [degrees] after calibration

0
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Fig. 5. Top: Error distribution of the reconstructed magnetic field
values. Bottom left: reconstructed heading error. Bottom middle
and right: vector length of the magnetic sensor readings before and
after calibration.

- All errors and disturbances are not time varying.

— The soft iron effects are linear.

— There exists a possibility to reconstruct the missing
rotation (alignment matrix). In the simulation we use
the reference trajectory to estimate it.

In the next section we show experiments, where we com-
pare the two different methods to determine the missing
rotation with a simpler calibration method and with the
factory calibration of the sensor.

5 Experimental Evaluation

5.1 Experimental setup

For the experimental evaluation we built a system, which
is shown in Figure 6. Three geodetic GNSS receiver an-
tennas are mounted on a rectangular aluminum struc-
ture, forming two GNSS baselines B1 and B2. The base-
line length is about 60cm. The carrier phase observations
of the receivers are used to calculate the baseline vectors in
a global coordinate frame, allowing the reconstruction of
the roll, pitch and yaw angles of the setup [5]. These angles
are used as an orientation reference in the following exper-
iments. The device under test is a three axis magnetic field
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Fig. 6. Orientation reference system based on three geodetic GNSS
receivers.

sensor, which is part of an ADIS16488 tactical grade MEMS
based Inertial Measurement Unit (IMU), is mounted to one
of the aluminum beams. This setup minimizes the amount
of ferromagnetic material in the vicinity of the magnetic
field sensor, and allows a reconstruction of the orienta-
tion with an accuracy of about 0.5 degrees, using the two
GNSS baselines. In the experiments these orientation an-
gles are used as a reference to evaluate the performance of
the different calibration procedures. In one of the proce-
dures the data are used to determine the missing rotation,
as described before. We are also able to attach a block of
steel close to the sensor unit, to create a soft iron effect,
affecting the magnetic field measurement (Figure 7). Note,
that within this paper we do not make any use of the the
gyroscope and the accelerometer within the IMU.

We investigated two setups of the sensor system. One
setup has the steel block attached close to the sensor unit
(disturbed case), creating a soft iron effect. In the other
one the steel block has been removed (undisturbed case)
to create a mostly undisturbed environment. For each of
the setups we recorded three data sets:

CalDataset

For this data set, the whole system was rotated randomly
around all possible axis for about two minutes. Reference
angles could not be recorded during these measurements,
since the antennas are turned upside down several times.
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Fig. 7. Block of steel mounted close to the sensor unit, creating a
soft iron effect.

RefDataset 1

For this data set, the system was rotated randomly, but
keeping the roll and pitch values below 45 degrees. In par-
allel, the GNSS observation have been recorded and the
roll, pitch and yaw angles have been calculated. With this
data the method AbsoluteRef can be used for the determi-
nation of the missing rotation. It is also used as a reference
for the full calibration procedure, since the true heading
values of the system are known for each sensor reading.

RefDataset 2
This data set consists of recordings of the magnetic field
values in three distinct orientations of the sensor system
according to method RelativeRef. These orientations are
unknown, but the rotation axes and angle between them
are known in the sensor frame. Those will be used to re-
construct the alignment matrix as described above.

As shown in Figure 8, we created four different cali-
bration parameter sets (C, b) for both cases, the disturbed
and the undisturbed one:

Factory

The factory calibration of the magnetic field sensor is used.
Usually the manufacturer provides some sort of default
calibration, which quality strongly depends on the price
of the sensor unit.
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C=UDV', b
,AbsoluteRef’

C=UDV",
L EE A E

Fig. 8. Scheme of the different calibration methods, which has been
compared using the experimental data.

Simplified

In a simple case, where all soft iron effects, axis non-
orthogonalities and cross axis couplings vanish, the cal-
ibration matrix C reduces to the scale-factor matrix Ss and
the ellipsoid is not rotated at all. Clearly in this case the
estimation of the second rotation is not needed, as there is
also no first rotation U.

AbsoluteRef

A rotated ellipsoid is fitted to the calibration data set us-
ing the Gauss-Helmert model. The missing rotation is cal-
culated using an ICP algorithm and the known absolute
orientations (RefDataset 1) as described in section 3.2.

RelativeRef

A rotated ellipsoid is fitted to the calibration data set us-
ing the Gauss-Helmert model. The missing rotation is es-
timated from three additional measurements with known
relative orientations (RefDataset 2) as described in sec-
tion 3.2.

5.2 The undisturbed case

The ellipsoid fit has been applied to the calibration data set
in the undisturbed case. In Table 1 the parameters of the
reconstructed rotated ellipsoid (using the Gauss-Helmert
model) and the ones from the estimation of a non-rotated
ellipsoid (simplified fit) are compared with the factory cal-
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ibration. All axis of the factory calibrated sensor data have
been scaled with 0.4870, which is the theoretical value to
scale the data (given in mGauss) to units, where the earth
magnetic field vector length would be one. Note, that the

Table 1. Reconstructed ellipsoid parameters in the undisturbed
case.

Factory  Gauss-Helmert Simplified

0.4870 0.4798 0.4800

half axis 0.4870 0.4776 0.4810
0.4870 0.4825 0.4782

0 0.0035 0.0038

offset 0 -0.0002 -0.0005
0 -0.0165 -0.0164

axis directions of the ellipsoid, which is fitted with the
Gauss-Helmert model, are not in the sensor frame, since
the missing rotation is not yet applied at that point. There-
fore the individual axis parameters can not be compared
here. From the Table 1 it can be seen, that the estimated
half axis are very similar for all axis and also for all fit-
ting methods. It is obvious, that fitting a rotated ellipsoid
to a noisy data set, which represents nearly a sphere can
be very problematic, since the three rotation parameters
are not observable anymore.

Factory
— Gauss-Helmert
Simplified

vector length

Fig. 9. Vector length distribution of the reconstructed magnetic field
values in the undisturbed case.

Figure 9 shows the distribution of the vector length of
the reconstructed magnetic field values in the calibration
data set. After fitting the ellipsoid, this is a good indica-
tor, if the fit was successful. In the ideal case, all values
have the same length. The factory calibrated length values
are spread over a range of about 6% of the earth magnetic
field, while the other two fitting methods bring the length
into a range of about 0.5%.
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After the ellipsoid fitting, the missing rotation V' has
been reconstructed using the methods described above.
This was only necessary for the Gauss-Helmert ellipsoid,
since this one is rotated. After this step the complete cal-
ibration matrix C = UDVT is known, and the calibra-
tion has been evaluated using the reference data set "Ref-
Dataset 1’. Figure 10 shows the roll, pitch and heading an-
gles during the motion. For evaluation, the heading an-
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Fig. 10. Reference orientations of the undisturbed case calculated
with the data from the GPS antennas.

gles have been calculated from the reconstructed magnetic
field values. To do this, the magnetic field vectors had to be
projected into the horizontal plane. For this projection, the
roll and pitch values have to be known, in this case the ref-
erence values were taken. Figure 11 shows the distribution
of the heading errors for the different calibration methods.
The errors show a very similar distribution, which is not
surprising, since in an undisturbed case even the factory
calibration should also lead to acceptable results. The soft
iron disturbances, which (together with the cross-axis cou-
pling and axis non-orthogonalities) effectively lead to a ro-
tated ellipsoid are very small in this case. Ignoring these
effects, as it is done when fitting a non-rotated ellipsoid,
leads to similar results as with the full parameter set. As we
will see later, a stronger soft iron effect will lead to larger
differences between the calibration methods.

However, the heading residuals for the ’RelativeRef’
case show a small offset of about one degrees. This is very
likely to come from the reconstruction of the missing rota-
tion using the three distinct orientations. The relative ori-
entation between them has to be known exactly, but in
practice this is difficult to realize. In our experiments we
used the lid of a wooden box, trying to realize 90 degrees
turns, but they could have been easily a few degrees off.
One can conclude, that in an undisturbed or slightly dis-
turbed case all methods show similar results and therefore
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— AbsoluteRef
RelativeRef
Simplified
Factory

Abs.Ref Rel.Ref Simpl. Factory
mean 0.0810 -1.1289 -0.5699 -0.4186
std 3.5212 3.5892 3.6829 3.7272

Fig. 11. Distribution of the heading reconstruction errors in the
undisturbed case for all calibration methods.

the simplest one, which is the fitting of an non-rotated el-
lipsoid should be used.

5.3 The disturbed case

For the disturbed case with the steel block attached close
to the magnetic field sensor the same analysis has been
performed. Table 2 shows the solutions of the ellipsoid fit-
ting procedures.

Table 2. Reconstructed ellipsoid parameters in the disturbed case.

Factory Gauss-Helmert  noRotation

0.4870 0.4600 0.4402

half axis 0.4870 0.5355 0.4770
0.4870 0.4439 0.5143

0 -0.0252 -0.0172

offset 0 -0.0094 -0.0236
0 -0.0041 -0.0066

Figure 12 shows the calibration data set and the ro-
tated ellipsoid, which has been fitted using the Gauss-
Helmert model.

It can be clearly seen, that in this case the half axis
are not the same and that the estimated ellipsoid is ro-
tated. In Figure 13 the distributions of the length of the re-
constructed magnetic field vectors are shown. The Gauss-
Helmert ellipsoid shows a significant improvement com-
pared to the factory calibration and the estimation of an
unrotated ellipsoid.

The roll, pitch and heading angles of the reference
data set are shown in Figure 14.

DE GRUYTER

Fig. 12. Calibration data set and fitted rotated ellipsoid for the dis-
turbed case.

The error distributions of the reconstructed heading
angles for all calibration methods are shown in Figure 15.

As expected, the method which uses the rotated el-
lipsoid fitting and gets the missing rotation from a ref-
erence data set shows the best performance. Also ex-
pected, the factory calibrated data lead to large errors in
the heading reconstruction. The errors resulting from the
calibration using the three additional measurements (Rel-
ativeRef) have a similar distribution as the ones from the
AbsoluteRef method, but again there is an offset of about
three degrees, which can be explained as before. A some-
what surprising result is the performance of the Simplified
method, where only the scale factors for each axis and

Factory
— Gauss-Helmert
Simplified

0.95 1.05

1
vector length

Fig. 13. Vector length distribution of the reconstructed magnetic
field values in the disturbed case.
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Fig. 14. Reference orientations of the disturbed case, calculated
with the data from the GPS antennas.

the offsets are estimated. It shows a very similar perfor-
mance as the RelativeRef calibration. Apparently, the er-
rors which can be induced by the missing rotation recon-
struction procedure are in the same order as the ones, ig-
noring the soft iron effects and other ’ellipsoid rotating’ ef-
fects completely. Of course, this would not be the case for
a rotated ellipsoid with bigger differences in the length of
the half axis.

— AbsoluteRef|
RelativeRef
Simplified
Factory

10 5

-20 -15

heading error [degree]
Abs.Ref Rel.Ref Simpl. Factory
mean  0.0517 -2.9476 -3.6522 -7.7819
std 3.6227  4.0932 4.3959  6.9666

Fig. 15. Distribution of the heading reconstruction errors in the dis-
turbed case for all calibration methods.

6 Conclusion

In this work the general problem of magnetometer calibra-
tion has been recapitulated. It was shown, that if all linear
sensor and environmental disturbance errors are consid-
ered, the calibration procedure corresponds to the task of
estimating 12 parameters of a linear transformation, con-
sisting of a general 3x3 Matrix and an offset vector. The in-
put values to this transformation are the earth magnetic
field vector in the local sensor frame, which form the sur-
face of a sphere, since the length is constant. The output
values of this transformation lie on the surface of a rotated
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ellipsoid, whose nine parameters can be estimated using
various methods. However, three parameters are still un-
known, since they correspond to a rotation of the sphere,
before it is scaled and rotated to the form of the ellip-
soid. Two methods have been presented, how this extra
parameters can be estimated using different types of refer-
ence data. One method needs the absolute orientation of
the sensor systems, which have to be determined by other
methods, such as a GNSS multi-antenna system. The other
method does not need any external reference system, but
an additional calibration step is necessary. It is based on
the measurement of a set of distinct orientations, which
absolute values are unknown, but which have a known re-
lation to each other in the sensor frame. Using experimen-
tal data, it has been shown, that this method is in principle
successful.

However, the experiments show, that this procedure
is sensitive to errors, because a known rotation has to
be applied to the sensor frame (such as ’rotating it 90
degrees around its x-axis’), which may be difficult, de-
pending on the size and the casing of the sensor unit. In
the experiment, the calibration procedure using this refer-
ence free method of getting the alignment matrix shows
a similar performance as the calibration, where any off-
diagonal elements of the calibration matrix (soft iron ef-
fects, axis non-orthogonalities, cross-axis coupling) are ig-
nored, which corresponds to the fitting of a non rotated
ellipsoid to the data. Since the disturbance, which was
created by attaching a steel block close to sensor unit is
a rather strong one, it can be concluded, that for moder-
ate disturbances, the simple calibration procedure is suf-
ficient. In the case of strong soft iron disturbances, and
when the application of additional rotations as in the Rel-
ativeRef method are not feasible, the only chance to get
the full calibration parameter set is by acquiring reference
data or using additional sensors, which may be available
in the system (e.g. as described in [11]).

Based on our experiences and the results presented in
this work, we want to conclude with the following state-
ments:

— Even for higher grade magnetic field sensors, which
usually provide factory calibration parameters, a cal-
ibration of the sensor within the full operating sensor
system is necessary, since the calibration parameters
depend on the properties of the environment close to
the sensor.

— Minimizing the effects of soft and hard iron and of
electrical currents should be done within the design
phase of the system, by placement of the system and
the choice of the used materials.
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- For an accurate calibration in the presence of strong
soft iron effects reference data are necessary during
the calibration. These reference data do not have to be
necessarily absolute orientation information, relative
rotation information are sufficient.

— In the case of moderate or no soft iron effects and
an accurate axis orthogonality a simplified calibration
procedure without the need for any reference data is
sufficient.

— Intheideal case in our experiment, where an absolute
reference data was available, the reconstructed head-
ing values after calibration had an accuracy of about
3.5 degrees. Of course this result depends on the sen-
sor noise, the quality of the reference data and the ac-
curacy of the roll and pitch data, needed for the head-
ing calculation. The accuracy also depends on the lo-
cation of the measurement, since the signal-to-noise
ratio of the horizontal magnetic field component is
higher in regions where the magnetic inclination an-
gle is smaller, as it is for example in the equator re-
gions.
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