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Abstract—This review paper explores the most common
technologies of vector magnetic field sensors. Specifically,
the AMR, GMR, TMR, GMI, Hall, Fluxgate, Search Coil and
SQUID sensors are considered. The physical phenomena that
permit their operation as well as the structure and operating
principles of each sensor are presented. In addition, the basic
linear, time-invariant error sources of magnetic sensors are
described along with some popular calibration techniques.
Finally, some representative application examples of each
sensor are described.

Index Terms— AMR, calibration, fluxgate, GMlI,
magnetometer.
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I. INTRODUCTION

MAGNETIC field sensor (magnetometer) is a device
that measures the magnitude, the direction, or the rel-
ative change of the magnetic field. The earliest rudimentary
magnetic field sensor is the compass, used for determining
the direction of the Earth’s magnetic field [1]-[4]. It may
be said that the first magnetometer was invented by Carl
Friedrich Gauss in 1833, for the measurement of absolute
magnetic intensity [3]-[7]. It consisted of a permanent bar
magnet suspended horizontally by a gold fiber. Gauss used it to
determine the magnitude of the Earth’s magnetic field. Along
with Wilhelm Eduard Weber, they continued developing the
magnetometer, further improving it until the late 1840s.
Except from Gauss and Weber, several other scientists
developed novel magnetic field sensors during the 19th cen-
tury. However, the technology of magnetometers radically
changed at the beginning of the 20th century when the
electrical current through certain coil structures was used to
determine the properties of the local magnetic field [3]-[14].
This new approach enabled the development of more accurate
magnetic field sensors while it significantly reduced the mea-
surement time. The advancement of materials science from
mid-20th century onwards led to very accurate, miniature-size
magnetometers which are today considered key components
of several systems [8]-[12], [15].
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Magnetometer applications range from low-cost commercial
devices to high-end industrial, marine, aerospace and military
applications. They are used to measure the earth’s magnetic
field in geophysical surveys, allowing mapping of underground
structures and mineral deposits. In navigation, magnetometer’s
data are exploited for attitude determination by measuring
the earth’s field direction. They are used in archaeology for
locating underground objects and buried sites, in the oil and
gas industry for field surveys and in space exploration [5], [9],
[15]-[17], [18]-[20], [21]-[23] and in many other fields.

There are two main categories of magnetic field sensors: the
scalar ones measuring only the magnitude of the field and the
vector ones measuring both the magnitude and the direction
of the field. This work focuses on vector magnetic field
Sensors.

Vector magnetic field sensors are categorized primarily
based on their sensing principle, which directly impacts their
performance characteristics like measurement range, resolu-
tion, frequency response, working temperature and manufac-
turing cost. They can also be grouped based on other criteria
such as the sensed field strength, their noise characteristics and
their power consumption [8]-[12], [15], [24]-[26]. The most
popular magnetic field sensor technologies used today are the
following:

Search Coils are based on the Induction Law.

Fluxgates are based on the Induction Law and the ferro-
magnetic core’s properties.

Hall sensors are based on the Hall effect which is directly
related with the Lorentz Force.

Anisotropic Magneto Resistor (AMR), Giant Magneto
Resistor (GMR), Tunneling Magnetoresistor (TMR) and
Giant Magneto Impedance (GMI) sensors are based on
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Fig. 1. (a) Typical structure of an AMR magnetometer sensing element

and (b) its magnetization axes [27].

the change of the electrical properties of the sensor
material when an external magnetic field is applied.

o Superconducting Quantum Interference Device (SQUID)
sensors are based on the Josephson Effect and the
Aharonov-Bohm effect.

This review paper aims to summarize the physical operating

principles and the technologies of magnetic field sensors, their
calibration techniques and the range of their applications.

[I. MAGNETIC SENSOR TECHNOLOGIES

This section discusses the most common magnetic field
sensors and the physical phenomena governing their operation.

A. Anisotropic Magneto-Resistance Sensors (AMR)

Magnetoresistance is the property of certain materials
(often ferromagnetic) that their electrical resistance depends
on the external magnetic field. It was first discovered by
William Thompson (Lord Kelvin) in 1856 [8], [9], [12], [15].
While experimenting with pieces of metals (iron and nickel),
he observed that the resistivity of the metal changes according
to the angle between the electrical current and the magnetic
field. This property is called anisotropic magnetoresistance
and it belongs to the category of magneto-transport effects.
It implies that the internal structure of the sensing element
changes due to rotation of the magnetic domains under the
influence of the magnetic field [8]-[12], [15].

A popular ferromagnetic material with such a property is the
Ni-Fe permalloy. To further increase its resistance sensitivity
to magnetic fields, the sensing element is split into smaller
sections interspersed with aluminum or copper [9], [11], [12],
[28]. The sensing element is typically built into very thin
two-dimensional structures, implying that the element has two
magnetization axes: the easy axis and the hard axis.

Magnetoresistance has an even function behavior with
respect to the polarity of the magnetic field and so a sin-
gle magnetoresistor does not suffice to determine the field’s
polarity. To overcome this drawback, AMR magnetometers are
typically formed of four magnetoresistors (sensing elements)
in a Wheatstone-bridge configuration. The magnetoresistors,
manufactured with a thin-film Ni-Fe permalloy, are composed
of several small sections. Consecutive magnetoresistors in the
bridge have their small sections axes oriented in opposite,
+45°, angles. This structure is illustrated in Figure 1 along
with the easy and hard (sensing) magnetization axes of the
bridge and it provides differential sensing capability, [9], [11],
[12], [21], [28], [29].
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Fig. 2. Example of architecture for AMR sensor with improved perfor-
mance, including set-reset and offset coils [31].

AMR sensors can be massively fabricated on a chip scale.
They are popular and widely used as they are able to measure
magnetic fields of low intensity, like the earth’s magnetic field.
Like every other magnetic field sensor, they also have several
drawbacks such as offset, hysteresis, crossfield sensitivity, axes
misalignment etc.

To improve performance, some AMR sensors are packaged
with two extra coils; the Set-Reset and the Offset one,
inductively coupled to the soft and the hard magnetization axes
of the sensing element respectively, as shown in Figure 2 [9],
[12], [28], [29]. The coils are used to alleviate non-idealities
of the sensing element (offset, hysteresis, crossfield
sensitivity etc.) [9], [12], [24], [28]-[30].

The set-reset coil is used to (periodically) polarize the
sensing element. This is important because the sensing element
can be depolarized (e.g. in the present of strong external field
or high temperature) leading to degradation of the sensor’s
performance [9], [12], [28]-[30]. Applying a current to the
set-reset coil generates magnetic field on the easy magne-
tization axis of the ferromagnetic material re-polarizing its
magnetic domains. The set-reset coil can be used to reduce
the impact of the offset, the hysteresis and other non-linearity
effects to the measurement. This is done by measuring the
sensor twice, once after a positive pulse and once after a
negative one have been applied to the set-reset coil, and
by taking their difference as the final outcome [9], [12],
[28]-[39]. The offset coil is commonly used to reduce the
sensitivity variation and the static nonlinearity of the sensor.
This is typically done by operating the sensor in a high-gain
closed-loop, where the internal magnetic field generated by the
offset coil via feedback current almost cancels the external
one [31]-[33]. The closed-loop may be analog or it may
include digitization of the signals.

Although the set-reset and offset coils packaged together
with the sensing element can be used to achieve superior per-
formance, one should be aware of the electrical and magnetic
parasitic coupling between them and between them and the
sensing element [27]. The parasitic coupling may impact the
measurements or even the stability of the closed-loop, if used.
Also, it should be noted that although AMR sensing elements
may have an intrinsic bandwidth of up to several MHz [12],
[25], [26], [29], fast periodic polarization (set/reset) of the
sensing element (with caution not to overheat it), combined
with closed loop operation may result in significant reduction
of the sensor’s effective bandwidth.
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Fig. 3. Typical GMR sensor element structure [12].

Modern AMR sensor architectures use periodic alternat-
ing (set/reset) polarization in combination with closed loop
operation to improve linearity and reduce noise [27], [31],
[40]-[42]. Also, biasing of the sensing element is usually done
with a constant voltage or current [9], [10], [12], [29], [31],
[32]; using AC biasing instead [43], [44] has been proposed
to further suppress the sensing element’s 1/f noise.

B. Giant Magneto-Resistance Sensors (GMR)

The giant magnetoresistance effect refers to the large change
of the electrical resistance of a multilayer medium, composed
of alternating ferromagnetic and non-magnetic conductive
layers, due to an external magnetic field. It was discovered
in 1988, by two independent groups; the group of Albert Fert
observed the giant magnetoresistance effect on a Fe/Cr(001)
multilayer medium while the group of Peter Griinberg worked
on a Fe/Cr/Fe(001) three-layer medium [8]-[12], [15].

The operating principle of the GMR sensor is based on
the quantum theory of spin-spin interaction between two
magnetic layers, the free and the pinned one. As with AMR,
GMR sensors also belong to the category of magneto-transport
effect sensors [12], [15], [26], [45]-[47]. The simplest GMR
sensor consists of two layers of a ferromagnetic material (e.g.
Fe-Co-Ni alloy, or a Ni-Fe permalloy) separated by a layer of
a conductive material (e.g. Cu or Al) as shown in Figure 3.
However, more layers of magnetic and conductive materials
are commonly used and new GMR materials such as Co-Fe/Cu
are considered to enhance magnetoresistivity [48].

The GMR sensing element is typically used in a Wheatstone
bridge configuration. Proper bridge biasing and signal con-
ditioning electronics are essential for quality measurements.
As with the AMR sensor, feedback can be used to stabilize
the sensitivity (with respect to temperature and other para-
meters) and suppress the static nonlinearity of GMR sensor,
e.g. Figure 4. Also, biasing the GMR sensor bridge with
AC current may significantly reduce hysteresis, nonlinearity,
offset and noise effects [12], [43], [45]-[47].

C. Tunneling Magneto-Resistance Sensors (TMR)

The Tunneling Magneto-Resistance effect was discovered
in 1975 by Michel Julliere in Fe/Ge-O/Co junctions at cryo-
genic temperatures of 4.2K [50]. The development of TMR
sensors essentially began after 2000 when crystalline magne-
sium oxide MgO and aluminium oxide (alumina) Al,O3 began
to be used as the tunnel barrier. From that time on a multitude
of new innovations have allowed TMR sensors to achieve
more than 600% magnetoresistance ratio [8], [10], [11], [15],
[51]-[54].
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Fig. 4. Example of GMR sensing element in a feedback loop including
biasing [49].
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Fig. 5. Structure of a typical TMR sensing element [55].

A typical TMR sensor has three main layers, from bottom
to top: a pinned ferromagnetic layer, a tunnel barrier layer, and
a free ferromagnetic layer; forming a Magnetic Tunnel Junc-
tion (MJT) element. The pinned ferromagnetic layer, at the
bottom, is a combination layer formed of an anti-ferromagnetic
pinning layer and a ferromagnetic layer. The top ferromagnetic
layer is called “free” as its magnetic domains, and therefore
its magnetization direction can easily rotate in weak magnetic
fields with minimal hysteresis. In contrast, the pinned layer’s
magnetization direction is relatively fixed in the presence of
modest magnetic fields, but can be disturbed in a strong field.

A typical TMR sensor is illustrated in Figure 5. The arrows
show the magnetization direction of both the pinned layer
and the free layer. The typical thickness of both layers is
between 0.1nm to 100nm [8], [11], [S1]-[54]. Contrary to
the GMR, the TMR sensing element is sandwiched between
two conductive layers connecting it to the electronic circuit.
The structure is usually placed on a substrate, often made of
silicon or other materials such as quartz, heat-resistant glass,
GaAs and AITiC [8], [11], [51]-[54].

The TMR sensing element has a resistance in the order of
1kQ and can also be used in a Wheatstone bridge config-
uration with four TMR sensing elements. The noise level of
TMR sensors is similar to that of AMR ones [12]. TMR sensor
packages may include a coil (often called a set-coil) to polarize
the pinned layer as in AMR sensors. A common electronics
architecture for operating a Wheatstone bridge TMR sensor
with a set-coil is illustrated in Figure 6.

Current research on TMR sensors focuses on the develop-
ment of new materials for the tunnel barrier layer and the
reduction of sensor noise [56]-[58].

D. Hall Effect Sensors

The Hall effect was discovered by Edwin Hall in 1879. It is
the generation of a voltage potential on a conductive medium
when placed in a magnetic field and an electric current is
applied to it. The generated voltage appears in a perpendicular
direction to the current and the magnetic field, as shown
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Fig. 6. Typical Architecture of a TMR sensor with a coil [55].
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Fig. 7. Hall magnetometer operation principle.

in Fig. 7 [9]-[12]. More precisely, the Hall effect stems from
the Lorentz force (or electromagnetic force):

-

F=q-E+q-9xB (1)

i.e., a charged particle (electrons in metal conductors, electrons
and holes in a semiconductor) moving in a magnetic field,
is subject to a force in a direction perpendicular to its motion.

The first generation of Hall effect magnetometers used a
thin metal strip excited by a current. Newer generations of Hall
effect sensors are constructed using semiconducting materials
instead of thin metals. In semiconductors both electrons and
holes contribute to the effect. Even though the mobility of
electrons in a semiconductor is lower than that in a metal, and
holes have even less mobility, the Hall effect is stronger. Lower
mobility implies that the charge carriers in a semiconductor
sensing element remain in it for longer time resulting in a
larger trajectory deviation due to (1) and thus higher sensing
gain [9]-[12]. Due to their simple structure and compatibility
with standard integration technology, Hall effect sensors can
be manufactured massively with very low cost, as semicon-
ductor devices without any extra ferromagnetic material [62].

The greatest advantage of Hall effect sensors when com-
pared to other simple and low-cost solutions (e.g. inductive
sensors), is their ability to detect static magnetic
fields [18]-[20]. However, there are some aspects that
should be taken into account in the sensor’s design: 1) The
first term of equation (1) impacts the sensor’s performance,
and special precautions must be taken in the sensor’s layout
to avoid external electric field interfere with the sensing
element. 2) Semiconductors not only have a higher white
noise level than conductors due to their higher resistance,
but also have additional noise sources such as flicker (1/f),
shot noise and possibly others. 3) Imbalanced resistive
paths in the semiconductor material can lead to offset.
4) Mechanical stress mainly caused by different thermal
expansion coefficients of the sensor construction materials
can lead to offset stability errors.

Hall Element Input
a MUX
m
b d =1 X :|> S/H ADC
_c |
c
a
137 X ET) u-Controller —» Out
¢
Bias MUX
Fig. 8. Hall magnetometer with chopping measurement technique
[59]-[61].

To address some of these issues, researchers found out that
using chopping techniques and alternating bias current reduces
the offset and minimizes the effect of the 1/f and shot noise
sources improving the Hall sensor’s sensitivity. This technique
of measuring a Hall sensor is illustrated in Figure 8 and is used
in commercial state-of-the-art sensors [59]-[61].

E. Giant Magnetolmpedance Sensors (GMI)

Giant magnetoimpedance is the large change of electrical
impedance in certain materials caused by an external magnetic
field. The GMI effect was first reported in 1935 by the
research team of E. P. Harrison. In the following decades,
research on GMI was limited to low frequencies (up to a few
hundred Hertz) and only small changes of impedance were
reported [8], [12], [63]. In 1994, the research team of F.L.A.
Machado measured the GMI effect on thin ribbons and
micro-wires of the amorphous soft ferromagnetic material
Co70.4Fe46S1; using AC current of frequencies up to 100k H z
and reporting significant change of the impedance.

Other variations of ferromagnetic materials have been used
for GMI sensing elements such as CoFeSi, CoFeCrSiB,
CoFeCrSi, FeCuNbMoSiB and other alloys based on Fe or Co.
The alloys that present a more profound GMI effect are
characterized by negative magnetostriction value [8], [12],
[63]-[65]. Since 1994, the advancement of materials science
has enabled the development of amorphous wires of significant
impedance sensitivity and wide bandwidth (in the MHz range).

The GMI effect is related to the skin effect and is also
classified as a magneto-transport effect. When a wire is excited
by an AC current, the electric charges tend to move on the
surface rather than in the center of the conductor, due to a
phenomenon known as skin effect. This results in an increase
of the impedance of the wire with increasing frequency.
In the case of ferromagnetic wires, the skin effect is stronger in
the presence of an external magnetic field (GMI effect). The
magnetic domains illustrated in Figure 9 rotate and change
shape under the influence of the magnetic field resulting in a
change of the wire’s impedance.

The simplest GMI sensor is formed of a ribbon made by
an amorphous material and excited by an AC current source.
As with the AMR sensor, the impedance of the GMI sensing
element is an even function of the projected magnetic field on
the current flow vector [63]-[65], [67]-[71]. A combination
of two or more sensing elements appropriately connected
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Fig. 9. Typical GMI sensor architecture and operation.
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Fig. 10. GMI sensor readout topology [66].

and biased allows for the determination of the field polarity.
Figure 10 illustrates a typical GMI sensor with its readout
architecture where two GMI sensing elements are used to
allow for a differential measurement.

The design of a GMI magnetometer requires special care to
the temperature dependency of the GMI effect during opera-
tion. Furthermore, in the production process, the connection
of the GMI wire to the substrate must be done without heating
the wire since heat causes crystallization and therefore loss of
the required amorphous properties.

F. Fluxgate Sensors

The first Fluxgate sensor was reported by H.P. Thomas
in 1931 while H. Aschenbrenner and G. Goubau were also
working on Fluxgate sensors since the late 1920s. During
World War II high sensitivity Fluxgate sensors were developed
to detect submarines. Since then, Fluxgate sensors have been
used in several different fields including geophysical surveys,
space exploration and others. The name Fluxgate comes from
the gating effect of magnetic flux due to magnetic saturation
of the core.

The structure of a basic (parallel) Fluxgate sensor is illus-
trated in Figure 11. It is composed of two coils wound on a
soft magnetic core, the excitation and the sensing one. When
a periodic current (AC) passes through the excitation coil,
the magnetic material of the core is periodically saturated.
The core’s saturation leads to a change of its permeability and
modulates the magnetic flux associated with the external mag-
netic field, Bo. The sensor’s output is the voltage induced in
the sensing coil, the second harmonic of which, is proportional
to the external magnetic field.

Fluxgate sensors are divided into two types, the orthogonal
and the parallel ones, depending on the orientation of the
excitation field (generated by the AC current) with respect
to the sensor’s sensitivity axis. In the case of orthogonal

—0—

| I Vina

IBXC(t)

Lo =]

Fig. 11. Basic (parallel) Fluxgate sensor [9].
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Fig. 12. Typical structure of an orthogonal Fluxgate.
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Fig. 13. Typical structure of parallel Fluxgate.

Fluxgates, the excitation field is perpendicular to the sensitivity
axis, while in parallel Fluxgates, the excitation field is parallel
to the sensitivity axis.

The typical structure of an orthogonal Fluxgate is shown in
Figure 12. It is composed of a soft magnetic core excited by an
AC current source. Around the core a sensing coil is wound,
on which a voltage proportional to the external magnetic field
is induced. Due to the better characteristics of the parallel
Fluxgates, when compared to orthogonal ones, the latter are
not commonly used.

A typical parallel Fluxgate is shown in Figure 13. In this
case, two coils are wound around a single, soft magnetic core.
By exciting the first coil with an ac source, a voltage propor-
tional to the external magnetic field is induced in the second
coil. Parallel Fluxgates are widely used and several different
core-coil configurations have been proposed to improve the
performance of the basic single-core one. The most popular
configurations are shown in Figure 14.

In order to explain the Fluxgate sensor operation, it is
helpful to consider a ring core fluxgate as two connected half
cores as shown in Figure 15. When an alternating current is
applied to the excitation coil, without an external magnetic
field, the generated field by each half core is equal in mag-
nitude and opposite in direction, as the two cores go into
magnetic saturation concurrently and at the same pace.
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Fig. 15. Ring core Fluxgate split into two half cores.

When an external magnetic field is applied, the half core
generating a field in the same direction as the external field
saturates faster. However, and because the flux is “gated”,
the reluctance of the whole magnetic circuit increases and
thus the effective permeability of the second half core rapidly
decreases. This can be seen in Figure 16 as a shift of the
B-H loop. [9]-[12], [72]-[75].

Fluxgate sensors are rarely used in an open-loop architec-
ture. Instead a closed-loop architecture is preferred, where
a current proportional to the measurement is fed back to
the sense coil (or a third coil coupled to the core) gener-
ating a magnetic field component opposite to the external
one [76]-[79]. Closed-loop operation improves the linearity
and the input measurement range of the sensor [80], [81].

A typical Fluxgate sensor system using a ring-core par-
allel Fluxgate is illustrated in Figure 17. A periodic sig-
nal drives the excitation coil. Then, a synchronous detector
is used to capture the amplitude of the second harmonic
of the induced voltage in the sensing coil. The low-pass-
filtered amplitude-waveform of the second harmonic, from the
synchronous detector, is the sensor’s output signal. Finally,
the loop is closed by feeding the output back to the sensing
coil.

The frequency of the excitation signal is typically limited
to 10-100kHz due to the coil’s parasitics and the high core
magnetization that creates eddy currents. In this frequency
range, the soft magnetic material of the core has maximum
permeability and the eddy currents in the core are low.
The typical bandwidth of commercial fluxgates is usually
about 1kHz while the maximum reported in literature is
about 10kHz [9]-[12].
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Fig. 16. Core’s magnetic flux density without (a) and with (b) external
magnetic field along with the corresponding waveforms (c,d) [9].
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Fig. 17. Ring core fluxgate sensor and typical front-end circuit architec-
ture based on the second harmonic [82].

G. Search Coils

The Search Coils or Induction sensors are some of the
most sensitive magnetometers and are usually quite simple
to build. They are based on the Induction Law measuring the
varying magnetic flux. They date back to 1831, when the first
experiments with electric and magnetic fields took place by
Michael Faraday [1]-[8], [12], [83]-[85].

They have a very low noise floor and are linear when
no ferromagnetic material is used, but they cannot measure
DC and very low frequency magnetic fields. They can be
classified in four major categories according to whether they
are passive or active and whether they have a ferromagnetic
core or not [5]-[12].

Active Search Coils are typically used for metal detection
or for proximity detection. In this case two coils are used,
one for excitation and one for reception. When a metal comes
near the coils it changes the coupling coefficient and therefore
the voltage of the reception coil. A ferromagnetic core is
used to increase sensitivity (and measure weaker magnetic
fields) and/or extend the operating range to lower frequencies.
Soft magnetic materials of high permeability are typically
preferred.
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Fig. 18. Typical structure of a SQUID magnetometer.

H. SQUID Sensors

A Superconducting Quantum Interference Device (SQUID)
is an extremely sensitive magnetic sensor based on supercon-
ducting loops containing Josephson junctions. The structure
of a typical SQUID sensor is shown in Figure 18. The devel-
opment of SQUID sensors followed the theoretical work on
superconductivity and electron pair tunneling in the late 1950s
and early 1960s [9], [10], [12].

The theory of operation of SQUIDs is complex and a deep
knowledge of quantum theory is required to grasp it. Briefly,
a SQUID sensor is composed of a super conductive loop that
contains two Josephson junctions.

In order for a SQUID sensor to work properly, it needs to
be cooled down to cryogenic temperatures where the vibration
of the crystal lattice (phonon vibrations) is reduced and
superconductivity kicks in. If the SQUID sensor is made of a
Type I Superconductor it requires extremely low temperatures
(below 4K) thus liquid helium must be used with a great
increase in operating cost. A compromise can be made by
using Type II Superconductors, in which case liquid nitrogen
(at 77K) can be used with an increase in measurement noise
due to higher temperature.

When cooled to a sufficiently low temperature, the loop
becomes superconductive, expelling any magnetic flux from
its material and trapping it in the center of the loop. The value
of this flux can only be a multiple of the flux quantum ¢y =
h/2e, where h is Planck’s constant, & = 6.624 - 10734 Js, and
e =1.602-10719C is the charge of the electron, [25], [26].

According to Cooper pair theory [25], [26], [86]-[88], two
electrons can form a pair through electron-phonon interaction,
causing them to behave as an entity. If there is no external
magnetic field the current passing through one branch (I,)
will be the same as the current through the other (1p).

When an external magnetic field is applied, the supercon-
ductive loop expels the magnetic field from the center of the
loop in discrete levels 7n - ¢, as mentioned above. In this case,
a pair of electrons will appear and begin cycling the loop
in order to cancel out the external magnetic field. Now (I,)
will not equal (Iy) and a voltage will be generated across
the SQUID terminals as illustrated in Figure 18. This is due
to the Josephson effect, where the current can pass through
the non-superconductive junction barrier by quantum tunnel-
ing, thus creating a voltage difference without limiting the
current [9], [10], [12], [26].
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Fig. 19. SQUID magnetometer measurement topology [96].

The SQUID is one of the most sensitive magnetometers,
able to measure extremely low magnetic fields. It also has
an upper detection limit at which point the superconductor
reverts to normal conductivity [9], [12], [26], [89]. A diagram
of a typical SQUID magnetometer is shown in Figure 19. The
output voltage of a SQUID cannot be easily correlated with
the applied magnetic field due to quantization, hysteresis and
the initial conditions of the SQUID. A closed loop architecture
is preferred and the output voltage is typically fed to a PID
controller generating a feedback current through a coil coupled
to the SQUID, which ideally annihilates the magnetic field in
the SQUID [90], [91].

Research on SQUID sensors is focused on further develop-
ment of superconductor materials and the complete modeling
of the sensor in order to allow for magnetic field measurements
without the need of external magnetic shielding [92]-[95].

I. Other Types of Magnetic Field Sensors

There are many other types of magnetic field sensors not
included in this review, because they are rarely used or
they are designed for very specific applications. These types
of sensors include the magneto-diode, magneto-transistor,
magnetostriction-piezoelectric and crystal magnetometers as
well as sensors based on the following physical phenom-
ena: MEMS Lorentz Force, nonlinear magneto-optical rota-
tion, Nitrogen-Vacancy Centers in Diamond, spin exchange
relaxation free (SERF), helium magnetic resonance, magneto-
elastic field, nuclear precession [8], [9], [12], [26], [86], [87].

J. Magnetic Field Sensors Comparison

Due to the great variation in properties and cost of the
different magnetic field sensors, the selection of an appropriate
sensor is highly application dependent. One can start with
considering the magnetic field range different sensor types can
measure, as shown in Figure 20. Linearity, effective frequency
bandwidth, scalability, cost, physical dimensions, robustness
and tolerance to environmental conditions are some other
aspects one should also consider. Table I presents some of the
main characteristics of various commercially available sensors
of different types.

[1l. CALIBRATION TECHNIQUES

The magnetic field sensor technologies presented in
Section II are used in a wide range of applications, from

Authorized licensed use limited to: National Technical University of Athens (NTUA). Downloaded on May 31,2021 at 07:32:29 UTC from IEEE Xplore. Restrictions apply.



12538

IEEE SENSORS JOURNAL, VOL. 21, NO. 11, JUNE 1, 2021

TABLE |
COMPARISON OF BASIC PERFORMANCE CHARACTERISTICS OF BOTH COMMERCIAL AND EXPERIMENTAL MAGNETIC FIELD SENSORS
AMR! GMR TMR GMI
Sensors [97] [98] [99] [100]
Magnetic Field Range 200 puT 0.15 mT - 1.05 mT < 0.8 mT < 12mT
Bandwidth @-3dB DC - 5 MHz 500 kHz — < 500 Hz *
Resolution — — — 12 bit
Noise level (Trms/v/H z) <190p @ 1 Hz — 150p @ 1 Hz —
Offset Error <59 uT < 95 uT < 15 uT < 170 nT
Hysteresis <300 nT — 2uT —
Axes Alignment Error — — — —
Scaling Error — < 14% — —
Linearity Error <2% — < 0.5% < 0.5%
Temperature coefficient of scale factor | <3000 ppm/°C — < -300 ppm/° C | 1400 ppm /°C *
Power Consumption ~ 29 mW * ~ 110 mW * ~ 70 p W * —
HALL Fluxgate Search Coil SQUID
Sensors [101] [102] [103] [104]
Magnetic Field Range 10mT 75uT 2.5 uT
Bandwidth @-3dB DC -53 kHz * | DC - 1.5 kHz | 250 pHz - 10 kHz DC - 10 kHz
Resolution — — — —
Noise level (Trms/+/H z) — <4 @1Hz| <03p@1Hz 55f @ 1 Hz
Offset Error < 320 uT < 40 nT — —
Hysteresis — — — —
Axes Alignment Error — <1° — —
Scaling Error < 2% < 0.75% — —
Linearity Error < 0.8% < 0.015% — —
Temperature coefficient of scale factor | < 200 ppm/° C | < 70 ppm/°C — —
Power Consumption ~ 120 mW * ~ 650 mW * < 225 mW < 225 mW (+7kW)¥*

The authors tried to collect the specifications of each sensor. Some values (marked with ”*”’) have been calculated based on the
specifications provided by the manufacturer and may be indicative and not exact.
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Fig.20. Magnetic field measurement range of different sensors at typical
operating conditions.

low-cost portable systems (smartphones, activity trackers
etc.) to high-end industrial, marine and military applications.
Although different types of magnetic field sensors vary signif-
icantly in measurement accuracy and cost, they all require a
calibration procedure to provide accurate measurements.

The purpose of the magnetic field sensors’ calibration
is twofold. First, as in every measurement unit, calibration
ensures that each measurement corresponds to the actual value
of the measured quantity and it is not affected by other static
(manufacturing imperfections etc.) or dynamic (temperature,

humidity, etc.) parameters. In addition, when embedded in
a larger system, magnetic field sensor’s measurements are
also distorted by external magnetic disturbances, typically
caused by the system’s enclosure and surrounding electronic
components. This distortion is in several cases the main
contributor to the overall measurement error and thus it must
also be canceled during calibration.

A. Magnetic Field Sensor’s Errors and Measurement
Model

The first step of every calibration technique is to
derive a mathematical model describing the most important
time-invariant sensor’s errors including the external magnetic
disturbances. The error of a 3-axis magnetic sensor is most
commonly expressed as a mixture of the following error
components:

o Offset: A constant additive bias at the sensor’s output
exhibited by all types of magnetic sensors. It is typically
the main contributor of the total measurement error.
Offset is modeled by a 3 x 1 vector (hy,).

o Scale factor error: It is the deviation of the input-output
gain from unity. A 3 x 3 diagonal matrix (7y) is typically
used to model its effect on the measurement.

o Cross-coupling error: It is caused by the imperfect align-
ment of the sensor’s axes during its manufacturing. It is
modeled by a 3 x 3 matrix (7¢.).

Iplease note that the HMC 1001 Sensor is an AMR sensing element, not a
complete sensor system. Integration into a complete sensor system (with the
required instrumentation electronics) is expected to improve its performance.
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« Random noise: It is the non-deterministic error caused by
both the mechanical and the electronic structures of the
sensor. It is modeled by a 3 x 1 random vector ().

When the sensor is embedded in a system, the surrounding
magnetic and ferromagnetic materials, fixed on the sensor’s
platform, distort the local magnetic field causing an additional
measurement error. This distortion is divided into two types:
soft-iron distortion and hard-iron distortion.

Soft-iron distortion is caused by ferromagnetic materials
attached on the sensor’s platform. While such materials do not
generate a magnetic field themselves, they alter the existing
magnetic field causing an error to the sensor’s measurement.
The effect of the soft-iron distortion is modeled by a 3 x 3
matrix (Ty;).

Hard-iron distortion is caused by the magnetic materials
attached on the sensor’s platform. They generate a constant
magnetic field resulting in a constant offset. Similarly to the
sensor’s inherent offset, hard-iron distortion is modeled by a
3 x 1 vector (hp;).

Considering the aforementioned error terms, the 3 x 1
measurement vector y is related to the 3 x 1 magnetic field
vector m as follows [105]-[112]

y= Tszcc (Tsim + hpi) + hy +n (2)

For calibration purposes it is not required to calculate the exact
contribution of each error term and thus the compact form of
(3) is most commonly used

y=Tm+h+n (3)

where T £ TsfTeeTsi and h £ Ty Techsi + hy. Note that
the measurement model of (3) is also valid in the case of a
2-axis or a single-axis magnetic sensor with proper sizing of
the parameters T and h.

B. Calibration Using Special Equipment

Given the measurement model of (3), the calibration pro-
cedure aims to derive parameters 7 and h. This can be done
using a set of measurements, y; corresponding to known mag-
netic field vectors my,k = 1,2,..., K. Such measurements
are typically performed in a magnetically shielded chamber
where 3D coil structures are used to generate my.

Magnetic shielding (or magnetic cleanliness) is achieved
using a Gauss chamber which is designed to block the exter-
nal magnetic field. Several different technologies of Gauss
chambers are available. They are divided in two main cate-
gories; passive and active ones. Passive Gauss chambers are
constructed using several layers of suitable metals to attenuate
the external magnetic field. Active ones use a high-accuracy
magnetic sensor and a 3D coil structure (typically a Helmholtz
coil setup) in a closed-loop configuration to cancel out the
external magnetic field.

To generate a known magnetic field vector, a 3D Helmholtz
coil setup is most commonly used. A 3D Helmholtz coil is
comprised of three pairs of identical circular coils placed
symmetrically along a common axis as shown in Figure 21.
When the coils are excited with a DC current, a constant,
nearly uniform magnetic field is generated in a small region

Fig. 21. Typical structure of a Helmholtz Coil (model BH1300-3-A of
ASC Scientific) (left) - Maxwell Coil (right).

close to the center of the setup. The region and the degree
of uniformity are mainly dictated by the geometrical charac-
teristics of the coils. An improvement to the Helmholtz coils
are the Maxwell coils, the structure of which is also shown
in Figure 21. Maxwell coils provide a more uniform magnetic
field than the Helmholtz ones but they are not as common due
to their higher complexity and cost.

C. Equipment-Free Calibration

The advancement of MEMS technology over the past
decades significantly broadened the application span of
the magnetic sensors. Along with MEMS inertial sensors
(accelerometers and gyroscopes) they are nowadays used in
a wide range of low-cost, commercial devices. In such cases,
factory calibration, or post-production calibration using spe-
cial equipment are prohibited as they significantly raise the
sensor’s cost. To this end, many magnetic sensors calibration
methods, not using any special piece of equipment, have been
reported in the literature.

The main idea behind most of these methods is to exploit
the earth’s magnetic field as a reference. As it varies with
location and time, its value (direction and magnitude) is
only approximately known from magnetic models such as
World Magnetic Model (WMM) and International Geomag-
netic Reference Field (IGRF). However, should the calibration
procedure take a very short time (compared to the rate of
change of the earth’s magnetic field) and performed away from
any magnetic disturbances, it is reasonable to assume that the
magnitude of the local magnetic field is constant during the
calibration procedure.

The locally constant magnitude of the magnetic field, along
with the measurement model (3) and a set of several mea-
surements yix,k = 1,2,..., K in different orientations are
combined to formulate the following optimization problem for
deriving the calibration parameters 7" and /.

N

minimize Z lye — Tmy — h||2 4
k=1

subject to |lmi|| =1, k=1,2,...,N 5)

Note that in (4) both the calibration parameters 7 and &
and the magnetic field vectors, my are unknown. What is
known is the constant magnitude of the vectors, my, which
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can be considered normalized. Several works propose dif-
ferent solutions to (4) or a variation of it. In [106], [107],
[110], [112]-[114], a solution to (4) is derived by using the
gradient descent or the Newton—Raphson method where the
initial conditions should be properly selected to ensure (fast)
convergence. Iterative algorithms based on the least-squares
method are proposed in [105], [115]-[117] achieving increased
computational efficiency, especially in the case of big datasets.

D. Magnetic - Inertial Sensors Axes Alignment

Magnetic and inertial sensors are commonly combined in
several applications. In such cases, other than the individual
calibration of the magnetic sensor, an extra step of aligning its
sensitivity axes with those of the inertial sensors, is required.

Axes alignment is a straight forward procedure when
expensive calibration equipment is used (rate-table, Helmholtz
coils setup, Gauss chamber etc.). In this case the calibration
equipment provides a well-defined coordinate system. The
axes alignment between the sensors is achieved by aligning
all the sensors to the coordinate system of the calibration
equipment.

In contrast, when low-cost sensors are concerned, both
the calibration of the magnetic and inertial sensors and the
alignment of their axes are commonly done without using any
special piece of equipment. This can be done by exploiting
the magnetic inclination phenomenon (or the presence of a
constant and locally uniform magnetic field in general) and
several accelerometer and magnetometer measurements. Most
authors either fuse the calibration of magnetic and inertial sen-
sors into a single algorithm, incorporating the axes alignment
step [106], [109], [118]-[121], or individually calibrate inertial
and magnetic sensors and then align their axes as a discrete
step [105], [111], [122], [123].

IV. MAGNETIC FIELD SENSORS APPLICATIONS
Due to their versatility and usefulness, magnetic field
sensors have a multitude of applications. As each type of
magnetic field sensor has different specifications (resolution,
noise, accuracy,etc) their applications vary accordingly. In this
section some of the applications of each sensor type are
presented.

A. AMR - GMR - TMR

Due to their operation, AMR, GMR and TMR sensors
have relatively similar applications. AMR and GMR sensors
can be built as a chip, allowing for low cost applications.
Thanks to their small size, single layer construction and very
low noise, AMR sensors are widely used in the industry and
mainly in the space and automotive ones. Due to the rise of
nano and pico sats (artificial satellites with very small size
and low wet mass when compared to traditional ones), AMR
sensors are starting to replace fluxgate sensors as the magnetic
field sensor of choice for satellites [124]. In the automotive
industry, AMR sensors are becoming the de facto choice for
a magnetic field sensor, especially due to work being done on
their dependability and fault-tolerance [125]. Finally, the rise
of smart grids in the last few years has created a new market
for AMR sensors in the form of current meters for power
meters [126].

GMR sensors can provide higher signals at lower field levels
while being relatively immune to temperature swings [127].
Their most prominent uses are for position detection and as
isolators in electronic circuits. In the first case, GMR sensors
allow for the detection of the relative position of wheels (and
thus determine speed and acceleration as well), pneumatics
and even cars [128], [129]. In the second case, GMR sensors
allow for the inclusion of isolated sections in integrated
circuits, often with switching speeds that exceed those of
optoisolators [130].

TMR sensors have started to replace GMR sensors in
applications such as hard disk drive heads, angular position
sensors, magnetic switches and others. However high-quality
TMR sensors intended for magnetic field measurements are
still expensive and thus AMR sensors are usually preferred.

B. Hall

The main characteristics of Hall effect sensors are their very
low cost and ease of manufacturing. They have been widely
employed in the industry as position sensors and gear tooth
counters [131]. One of their most common uses is for the
closed loop feedback of brushless motors [132]. They have
also been used in power meters for the isolated measurement
of current [101], [133].

C. GMI

GMI sensors exhibit extremely high sensitivity, on par with
flux gate sensors, coupled with a very small size [66], [100].
GMI sensors also allow for very high frequency measurements
in the range of 10MHz [134]. However due to difficulty
integrating the sensing wire, GMI sensors have limited use.
They are mainly used for research purposes. One commercial
use is in continuous tyre pressure monitoring systems that can
operate without an integrated battery [63].

D. Fluxgate

Even though fluxgate sensors are a relatively older and
simpler design, they are still widely used. Their miniatur-
ization potential along with their low power consumption
and ruggedness, allow for portable applications [102], [135],
[136]. Fluxgate sensors can be used for motion tracking,
digital navigation in mobile devices and non-destructive testing
[137]-[139]. They are also used for archaeological prospecting
and unexploded ordinance (UXO) detection [140].

E. Search Coil

Active search coils are usually used for metal detection,
position detection and for Non-Destructive Testing (NDT).
They are the sensing elements of Barkhausen Noise mea-
surement systems and they can be used to identify the B-H
loop of a bulk material. Search Coils of this type can also
be used for position measurements between the sensor and
a metallic plate. Search Coils with a ferromagnetic core are
more sensitive than those with an air core due to the high
permeability of the core. However, they suffer from 1/f noise
due to the Barkhausen effect of the core when the latter is
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magnetized and demagnetized. In addition, due to their core
structure they exhibit small amounts of hysteresis. The Search
Coil sensor with an air core is usually used for measuring
the AC magnetic field produced by Electromagnetic Emission
(EM waves) not only in a laboratory setting but also in the
field. Moreover, they are also used for geophysical purposes
such as Magnetotellurics (MT) in underground and surface
stations. They are the main method (combined with acoustic
waves) for determining the place of the drilling bit in the
petroleum industry [10], [11], [85], [141]-[143]. In the same
industry they are also used to map the wells and land.

F. SQUID

Even though the cost of SQUID sensors is high (both
for their operation as they require liquid helium as well
as for their manufacture) they are extensively used in areas
where extreme sensitivity and measurement accuracy are of
paramount importance. Due to the SQUID sensor’s ability
to detect minimal changes in magnetic field it is used as a
biosensor and specifically for magnetoencephalography [144],
[145] and also for the detection of magnetic nanoparticles used
for homogeneous immunoassay [146]. The SQUID sensor has
also been used for the exploration of mineral resources [147].
It has also been used in theoretical physics experiments [148].
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