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Abstract—The paper proposes the realization and the pre-
liminary characterization of a short-range localization systems
based on the measurement of magnetic fields. Fixed anchors that
generate sinusoidal wave magnetic fields at different frequencies
and mobile anchors that measure the received magnetic field
values compose the system. Main topics faced in the paper are:
the realization and the preliminary characterization of three-
dimensional magnetic field sensors based on the suitable arrange-
ment of single axis TMR magnetic sensors and the proposal
of a novel, scalable and flexible localization set-up allowing
multiple mobile agents without increasing the complexity and the
operational time of the system. Thanks to the low cost and the
flexibility of the proposal, the realized system has a wide impact
on the possible applications in industrial, medical and smart-life
fields. For example, it can be adopted in localization of probes
that execute the defect detection in specimen, in the realization
of low cost devices that help in recognizing the health—state
of peoples affected by motor problems related to neurological
diseases, in application related to the virtual reality, etc. At this
stage, the obtained results place the measurement accuracy lower
than 1 cm when the localization range is a cube of 30 cm.

Index Terms—Ilocalization, magnetic measurement, magnetic
sensors, calibration, signal processing, experimental characteri-
zation

I. INTRODUCTION

Nowadays, many applications related to industrial, medical
and smart city sectors, require the use of mobile nodes that
act as sensors or actuators and operate in tight spaces [1]-
[5]. Among industrial applications [6], [7], non—destructive
investigation techniques aimed at finding defects in materials
through mobile probes fall into this scenario [8]-[11]. As for
medical applications, monitoring of patients suffering from
neurodegenerative diseases, such as Parkinson’s disease, for
which it is necessary to monitor the tremor of a hand rather
than the posture of a patient in simple gymnastic exercises
is actually performed by mobile wearable sensors [12]. In
these applications, it is often also very important to know
in real time the position of these mobile sensors so that the
data they produce can be correlated to the motion data or to
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specific sensor positions in the reference scenario. For these
reasons, an issue related to the development of short-range
tracking systems arises. Typically, these systems cannot be
developed adopting the usual GPS-based localization tech-
nologies or radio signals because indoor scenarios, the required
accuracy and costs become insurmountable obstacles for these
technologies. For these reasons, we are witnessing a rapid
development of localization methods and systems explicitly
designed for small-scale applications. The localization systems
can be divided into two categories. The anchor—free that do not
require references in fixed and known positions, and anchor—
based ones that use a system of anchors with respect to
which to calculate the positions of the sensors in the three-
dimensional space. When the purpose of localization is the
identification of the speed, orientation or acceleration of sensor
node within reference scenario, measurement systems based on
inertial platforms are often used, when the absolute position
of the sensor node it is crucial information for the application
to be met, resorting to systems with fixed anchors. Although
anchor-based systems offer the disadvantage of having to
build a special reference infrastructure, they guarantee better
accuracy, greater reliability and lower computational burden
compared to anchor-free systems. Within the family of anchor-
based techniques, short-range localization systems based on
magnetic field measurements are recently being developed
[11]. Even if these systems have the disadvantage of typically
operating very small areas, less than one cubic meter, on the
other hand, they are cheap, scalable and easily transportable,
so as to potentially present themselves as systems of great
diffusion. In this context, the authors participate in a national
interest research project that aims at developing a scalable six—
degree of freedom short range tracking systems. They have
developed, in collaboration with the University of Perugia, an
anchor-based short-range localization system based on a mo-
bile node equipped with a transmitting coil and anchor nodes,
in a fixed and known position, which act as magnetic field
measurement systems [13]-[15]. The transmitting coil and the



receiving coils are tuned in resonance to maximize the effi-
ciency in the generation and the sensitivity in the measurement
of the magnetic field. Although the realized system has shown
excellent behaviors in terms of measurement accuracy, it could
present limitations as transmitting nodes number grows. Since
the receiving coils are tuned in resonance with the transmitting
node, it would be necessary to operate in time division when
the transmitting nodes is more than one. This could limit the
maximum number of mobile nodes simultaneously present in
the considered scenario or the number of measurements per
second. In addition, since the mobile node is a transmitting
node, the demand for power required to guarantee a reasonable
coverage radius could limit the battery life of the mobile nodes.
For this reason, in this paper, stemming from the authors’
experience in magnetic sensor characterization [16], planar
domain localization [17], development of electronic devices
[18], [19], processing of digital signals [20]-[22] propose the
development and the first experimental characterization of a
new short-range magnetic localization system based on the
use of mobile nodes equipped with Tunnel Magneto Resistor
(TMR) type magnetic field sensors. In the new system the
anchors, placed in a fixed and known positions, use resonantly
tuned coils to generate magnetic fields at different frequencies.
The mobile nodes, each one equipped with a three—axis
magnetic field sensor, receive the different magnetic fields gen-
erated by the transmitters and reconstruct the position of the
node through appropriate algorithms in the frequency domain.
Following the work, firstly a brief theoretical description of the
operating principles of the two considered localization systems
is presented. After that, the new proposed localization system
is detailed. Subsequently, after a first characterization of the
metrological performance, the measurement performance are
evaluated in comparison to the previous system.

II. THEORETICAL PRINCIPLES OF MAGNETIC
LOCALIZATION SYSTEMS

Magnetic localization systems consist of a combination of
beacons, located in fixed and known positions, and mobile
nodes, free to move in a limited domain. The goal of these
systems is the determination of mobile nodes’ position and
orientation, by generating and measuring magnetic fields. In
this work, a comparison between two magnetic localization
systems with different architectures is provided. In the first
system, the generation and measurement of alternating mag-
netic fields are in charge of circular planar coils. Transmitter
nodes (zx) are associated with the mobile nodes while receiver
devices (rx) are associated with the beacons. This system will
be identified, hereinafter in the paper as a “coil system”. The
second system (the new proposed one), involves the generation
of alternating magnetic fields through #x coils and a magnetic
field sensor, namely Tunnel Magneto—Resistance (TMR), is
responsible for the receiving phase. Unlike the previous one,
in this case the fx coils represent the beacons, while the
rx devices act as mobile nodes, thus reversing the working
principle with respect to the coil system. The second system
examined will be called “sensor system” in the following

of the paper. In both cases, the position and orientation of
a mobile node is defined as a six—dimensional # variable,
O = (x,y,2,ug, uy, uz)), wWhere (x,y,z) are the position
coordinates in a Cartesian reference system, while (u, u,, u;)
are the unit vector representing the orientation of the mobile
node with respect to the same Cartesian Coordinate System.
The estimation of 6 is carried out by means of a numerical
technique. In particular, a minimization of a cost function (1)
is used, defined on the basis of the difference between the
theoretical and its corresponding experimental model.
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In (1), @Z and G; represent the measured and theoretical
quantities, respectively. The ’simplex” optimization algorithm
[23] is used to minimize the cost function. For both systems,
the “coil” and the sensor” ones, the theoretical model used
in order to estimate the magnetic field in a given position, is
based on the magnetic dipole moment; according to this, it is
possible to calculate the magnetic field vector B generated by
tx coil in an assigned point P(x, y, z) by eqn. (2).
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In (2), po is the vacuum permeability, m;, e n;, represent
the length and direction of the magnetic dipole moment vector
representative of the zx coil, while d e ng identify the distance
vector between the #x coil and P. For the sensor system, B (P)
represents the model term to be included in the cost function.
The computation of B(P) is performed for each zx coil and
refers to the position assumed by the sensor. As regards the
coil system, we exploit the phenomenon of electromagnetic
induction on the receiving coils and use the same magnetic
dipole moment theory to formalize theoretical induced voltage
on each coil. To do this, we used eqn. (3):
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where fy is the supply frequency of the zx coil, N; e .S; are
the numbers of turns and the section of the i;, rx coil, K; is
a gain term for the i, rx coil, éi is the magnetic field vector
induced on 7, receiver position, and 7n; is the space orientation
of the 4;, coil. Regarding the measured quantities, from one
side (coil system) the induced voltages measured on each rx
coil are used, while for the sensor system the magnetic field
vector measured on the three axes by the sensor is directly
adopted.

III. EXPERIMENTAL SET-UP
A. Coil system

The coil system (see Fig. 1) consists of 17 rx coils, and a
tx coil; the geometric characteristics of the coils are shown in
Table 1.

All devices, tx and rx coils, represent LC resonant circuits
obtained connecting capacitors in parallel to the coils to obtain
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Fig. 1. Cartesian scheme of the coil system.

TABLE I
GEOMETRICAL FEATURES OF THE COILS IN THE DEVELOPED SYSTEM.

Main Features tx coil  rx coil
Radius 5 mm 20 mm
Height 2 mm 4 mm
Number of Turns 15 5

a resonant frequency of about 200 kHz. The #x coil was driven
by a HP 33120A™ waveform generator, with a sinusoidal
voltage signal with a frequency and voltage equal to 200 kHz
and 10 V peak-to-peak (Vpp) respectively.

The induced voltage on the receiving coils was amplified by
an Analog Device AD8421™ instrumentation amplifier (INA),
configured with a gain of 300 and supplied by an AGILENT
E3631A™ power supply with a voltage of & 9 V. The output
of the INA was connected to a KEYSIGHT U2331A data
acquisition unit.

B. Sensor system

The sensor system (depicted in Fig. 2) is composed of 24
resonant fx coils placed in known and fixed positions and
transmitting in frequency division mode and one receiving
triaxial TMR sensor, composed by 3 single-axis sensors.
The TMR is a magneto-resistive sensor based on the tunnel
effect, i.e. the passage of electrons from one conductive layer
to another occurs through the central insulating layer. The
simplicity of tunneling between the two magnetic levels is
modulated by the angle between the magnetization vectors
in the two conductive layers. The presence of a magnetic
field along the direction of sensitivity changes the angle
between the magnetization vectors, causing a more or less
intense passage of electrons through the insulating layer. The
adopted sensor is the TMR2905D, which uses a single push—
pull Wheatstone bridge composed of four unshielded TMR
sensors. The unique bridge design provides a high sensitivity
differential output linearly proportional with the magnetic field
applied parallel to the package surface. The main features
are: high sensitivity, wide dynamic range, excellent thermal
stability and low hysteresis. From a physical point of view,
the TMR2905D device has dimensions of 2.5mm x 2.5mm
x 0.9mm. It is able to receive data in a large frequency
spectrum interval, thus allowing to exploit frequency diversity
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Fig. 2. Cartesian scheme of the sensor system.

in a system having more than one transmitter simultaneously
generating magnetic field.

Two main electronic boards have been developed. The
first one (XYZ board) used as a support to allow a triaxial
arrangement of the TMR sensors and a second one (analog
board) with the conditioning electronics and power supply
circuit. The two boards can be connected using standard 2.54
mm header connector. XYZ board, reported in Fig. 3, has been
designed, as well as a physical support, also as a breakout
board allowing an easy connection of each pin of the devices
mounted. In this way it is compatible even with conditioning
method that requires access to each VCC and GND pin.
(e.g. digital direct interface [24]). With reference to the origin
shown in Fig. 3 the TMR sensor centroid are for X, Y and Z-
sensing device in (4.5, 9.6, 0), (10, 9.6, 0), (14.1 9.6 8.9) mm.
XYZ board dimensions are 18 mm x 19.2 mm. The second
PCB board (Fig. 4) includes all the electronics to supply and
perform signal conditioning of the TMR sensors output.

Z-sensor

1 Y-sensor

Fig. 3. XYZ board with soldered TMR2905 sensors and axes orientation.

Fig. 4. Analog board with main blocks highlighted.



The power supply block is composed by a TPS71533
LDO linear regulator (Texas Instrument) that provides a stable
voltage of 3.3 V with an input range from 3.7 V to 24 V, a
jumper has been added to eventually exclude the regulator and
apply an external voltage source. A low power operational am-
plifier MPC6001 (Microchip) provides a reference voltage of
VCC/2 required for single supplied instrumentation amplifier
(INA). INAs block are used to condition the differential signal
provided by TMR sensors. Every sensor has its dedicated
AD8223 (Analog Devices) INA connected to the sensor bridge
output (V+ and V-). INAs gain has been set to 102.56 using
an 820 2 resistor, additional place for a trimmer has been
set up to allow fine gain tuning. At the output stage of each
amplifier a first order passive low pass filter (LPF) has been
placed. Finally, two row of female 2.54 mm header connector
allow hosting the XYZ board. Analog board size: 5§ mm x
48 mm.

In this preliminary characterization, the frequency diversity
is applied also in time division mode. In detail, we divided the
24 coils in six groups, each one including four coils operating
at different frequencies. Due to the current static context, each
group is activated in a particular time slot in a serialized mode.
Finally, when all the groups have been activated, the measured
magnetic fields are gathered together and jointly analyzed. The
transmission frequencies within each group are 26, 28, 36 and
40 kHz. Fig. 5 shows an example of measured signals when
the TMR is in a known location. All the #x coils are driven by
an HP 33120A waveform generator with a voltage of 10 Vpp.
The INA output was connected to a NI 6212 data acquisition
unit.
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Fig. 5. Acquired signals for all #x coils operating in time and frequency

division.

IV. RESULTS
A. Sensor system: preliminary TMR characterization

Before deploying the system for localization purposes, a
preliminary characterization of the adopted TMR is needed
because the factory data—sheet does not provide any infor-
mation about its behavior in frequency domain. The charac-
terization is therefore necessary to evaluate the measurement
capabilities of the sensor and compensate unwanted effects.
For this reason linearity, frequency stability, and sensitivity
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Fig. 6. Adopted set—up for the TMR characterization.

have been analyzed by adopting, as reference magnetic field
generator, a pre—characterized Helmbholtz coil. In particular the
characterization is shown for a single TMR. Fig. 6 shows the
adopted measurement set-up to characterize the TMR sensor.
The sensor was placed in the middle of the Helmholtz coil,
in order to be subjected to a uniform field. The Helmholtz
coil was powered by HP 33120A™ waveform generator and
a KEPCO 2020 bipolar amplifier in order to generate a
controlled magnetic field. Finally, the sensor output signal
was amplified, using a STANFORD amplifier with a known
gain, and measured with a multimeter. The tests were carried
out by applying AC magnetic fields in the range from 0 to
4 G, with frequency values from 1 kHz to 50 kHz. In all
tests, the sensor was powered with a voltage equal to 1 V.
Fig. 7 shows the input—output characteristics for all analyzed
frequencies. A good linearity was obtained, as shown by the
R? coefficients obtained through a linear fitting and shown in
Table II. Furthermore, sensitivity values close to 40 mV/V/G
were obtained.

For the frequency stability test (shown in Fig. 8), we focus
our attention in a narrower frequency interval, corresponding
to the spectrum portion where the transmitting frequencies
are located for the sensor system. In particular, we linearly
spaced the frequency values inside the interval [20, 40] kHz.
We evaluated the stability of the TMR frequency response
by normalizing its output at the different frequency values
with the response obtained at the central value of such interval
according to the equation (4):

By, — Bso
%) B

where By, and B3y are the TMR measured magnetic field at
frequency f; and 30 kHz, respectively.

A current of 100 mA was given to the Helmholtz coil,
obtaining a loss of stability from the sensor less than 0.6%
in the frequency range of interest.

100 4)

TABLE I
COEFFICIENTS OF DETERMINATION AND SENSITIVITY FOR THE ADOPTED
TMR IN THE CONSIDERED FREQUENCY RANGE.

Frequency [kHz] R? Sensitivity [mV/V/G]

1 0.9993 39.5344
2 0.9994 39.3396
5 0.9993 38.9901
10 0.9993 38.6321
20 0.9993 38.9188
50 0.9990 39.2599
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Fig. 7. Input—output relations for the adopted TMR sensor.
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than 0.999. Such result has confirmed how the measured field
follow a distance relation in accordance with the theoretical
model.

B. Obtained performance for both systems

In order to compare the performance of the two systems, six
points were considered within the domain, chosen to test the
systems in points with different coordinates in all directions.
The coordinates of the analyzed points are shown in Table III
according to the Cartesian Reference System depicted in Figs.
1, 2.

TABLE III
COORDINATES OF THE EXAMINED POINTS.

Positions x [mm] y [mm] z [mm]
1 75 225 20
2 150 75 20
3 150 150 170
4 75 150 170
5 150 225 20
6 225 225 20
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Fig. 8. Frequency stability for the adopted TMR sensor.
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Fig. 9. Relationship of the measured field as a function of distance.

A final test was performed, in which the behavior of the
TMR along the three axes was analyzed versus the distance
between the sensor and a transmitter coil. The transmitting
frequency has been set to 40 kHz in this experiment. In
particular, in Fig. 9, raw measurement data (TMR output
normalized by its sensitivity), reported with a ’x” in the plot,
are fitted with a power law with one coefficient (model azb).
The fitted curve is reported as p in each subfigure along
with its 95% boundaries (named as p — 20, p + 20). The
obtained values (pairs [a,b]) are: [0.08e-8, -3.35], [0.57e-8,
-2.72], [0.10e-8, -2.63], for z, y and z axes, respectively.
The obtained fitting curves have reported R? values greater

In order to give a statistical value to the tests, N repeated
measures were considered for each examined point. After
obtaining an estimate of the unknown position, as described in
section II, the average positioning error (5) is determined in the
three spatial directions respect to the real position. In (5) €,
€y,; and €, ; represent the committed errors, by single measure,
on the x, y, z coordinates respectively. In particular, N was
chosen equal to 10. Fig. 10 shows the obtained performances
for the examined positions, for both systems. The vertical lines
on each bar represent the experimental standard deviations.
It can be noted that in some cases (positions 1 and 2) the
obtained performances with both systems are compatible,
while in the other cases with the coil system the obtained
errors are lower than in the sensor system.
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Fig. 10. Obtained positioning errors for both systems.



V. CONCLUSIONS

The aim of the paper has been the usage of a TMR
triaxial sensor as a receiving device, in a first prototype of
a short-range localization system based on magnetic field
measurements. As first task, a preliminary sensor charac-
terization was carried out to verify the reliability of the
measurements. Secondly, the performance of the sensor system
was evaluated in comparison with that of another magnetic
localization system with a different architecture (coil system).
The obtained results showed that, although the performance
of the sensor system is worse than those of the coil system,
the errors committed are anyway under 9 mm. This allows to
investigate and improve some aspects of the system design
in order to improve the performance. In particular, a new
arrangement of the three sensors used to reduce the distances
between them and obtain a better alignment, an optimization
of the metrological characteristics of the sensors and a suitable
procedure to optimally choose the TMR sensor power supply
value will be faced as future developments to reduce the
localization errors and make the system suitable for sub-—
millimeter accuracy requiring applications.
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