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Advances in Magnetic Field Sensors
Pavel Ripka, Member, IEEE, and Michal Janošek

Abstract—The most important milestone in the field of magnetic
sensors was when AMR sensors started to replace Hall sensors in
many applications where the greater sensitivity of AMRs was an
advantage. GMR and SDT sensors finally found applications. We
also review the development of miniaturization of fluxgate sensors
and refer briefly to SQUIDs, resonant sensors, GMIs, and magne-
tomechanical sensors.

Index Terms—Magnetic field sensors, magnetic sensors, magne-
tometers, magnetoresistors.

I. INTRODUCTION

I N THIS PAPER, we make a review of recent advances in
the technology and applications of magnetic sensors, which

have appeared in the past seven years following the publication
of a comprehensive book on magnetic sensors and magnetome-
ters [1]. Here, we concentrate primarily on thin-film devices, as
magnetic sensors based on bulk functional magnetic materials
were recently reviewed in [2].

In recent years, anisotropic magnetoresistive (AMR) sen-
sors with integrated flipping and feedback coils have become
standard off-the-shelf devices for use in medium-accuracy
applications such as compasses for mobile devices. After many
years of development, giant magnetoresistive (GMR) sensors
have finally found applications in angular sensing. Spin-de-
pendent tunneling (SDT) devices are used for applications that
require the smallest sensor size. Exciting improvements have
been achieved in the sensitivity of resonance magnetometers,
but most of the new devices are still in the laboratory phase.
Despite the recent achievements in giant magnetoimpedance
(GMI) sensors and orthogonal fluxgates, these devices are
still far from the parameters achieved by classical longitudinal
fluxgate sensors.

The development of magnetic sensor technology has been
slow and gradual. Most breaking news about nanosensors with
picotesla resolution has turned out to be a bubble. Exaggerated
advertisements have resulted in inflated parameters for magnetic
devices; we will try to show which factors are critical for real
applications of magnetic sensors.

II. FLUX CONCENTRATORS

Flux concentrators made of high-permeability material in-
crease the sensitivity of any magnetic sensor. At present, they
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are integrated into the package of some Hall sensors and mag-
netoresistors. They can also be used to deflect the sensing direc-
tion so that the Hall sensor is sensitive to the in-plane field [3].
Similar concentrators are used to shield inactive sensors con-
nected in a Wheatstone bridge in some GMR sensors.

The weak points of flux concentrators include remanence,
nonlinearity, the danger of saturation, and temperature depen-
dence. It is important to use high-permeability material and not
excessively high magnetic gain, so that the temperature depen-
dence of the gain factor is low.

An extreme case of a high-gain setup is a low-noise Hall
sensor with 20-cm long concentrators having a 100 air gap
[4]. The magnetic gain is 600, and the achieved noise level is
100 . Such a sensor is a rarity, as much smaller
fluxgates have lower noise. However, a similar sensor configu-
ration was successfully used in one device in combination with
an induction magnetometer to measure also the dc component
[5].

Modulation of the permeability of the material by an excita-
tion field may help to shift the signal frequency out of the
noise range of the Hall sensor. The miniature sensor described
in [6] uses permeability modulation of the 5-mm-long wire con-
centrator and the achieved noise level is 8 .
Modulation of the dc field can also be achieved by periodi-
cally moving the concentrator using an Microelectromechanical
System (MEMS) [7]. However, compared to field modulation by
changing the permeability (which is also used in fluxgate sen-
sors), this approach is rather complicated. Until now, competi-
tive results have not been achieved. It is also possible to mod-
ulate the permeability by increasing the temperature above the
Curie point [8], but this is rather impractical, as the working
temperature of such a device is limited.

Flux concentration can be also performed by a super-con-
ducting loop (a flux-to-field transformer), which has been suc-
cessfully used in GMR-mixed sensors [9]; the achieved gain
factor was 1000. However, to achieve 100 the
device requires 4.2 K temperature. For 77 K temperature, the
noise is increased to 600 .

III. HALL SENSORS

Most of the magnetic sensors that are produced use the
Hall effect. The Hall sensitivity of silicon sensors is typi-
cally 1 mV/mT for a 1 mA current. Higher sensitivity can be
achieved with thin-film InSb (typ. 5 mV/mT ) or InAs (typi-
cally, 2 mV/mT). InAs exhibits lower temperature dependence
of the Hall voltage compared to Si and InSb, and the working
range of InAs devices is also superior: it exceeds the C
to C range required for automotive applications. A
promising Hall sensor was made using silicon-on-insulator
(SOI) technology: 1 noise was achieved for an
80- wide, 50-nm thick sensor [11].
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Fig. 1. Magnetic force lines of field concentrators for a thin-film Hall sensor
(FEM simulation), courtesy of Asahi Kasei Electronics.

Two-dimensional quantum-well multilayer heterostructures
based on GaAs are promising for low-noise Hall sensors: 100

noise was achieved with external spinning-cur-
rent electronics [10], which was further improved threefold by
using leakage-free switches.

Fig. 1 shows an off-the-shelf InSb Hall sensor with an inte-
grated ferrite concentrator (Asahi Kasei, BW series): the InSb
thin-film Hall sensor is sandwiched between two ferrite pieces.
The figure shows the flux lines simulated by FEM and a mi-
crophotograph of the device.

The integrated micro-Hall plate sensor with an ac-
tive area of 2.4 2.4 supplied by the spinning current
has noise of 300 [12]. CMOS technology al-
lows to make intelligent Hall sensors with an on-chip digital
signal processing part, these sensors can communicate digitally
and perform sophisticated error corrections. One example is the
ability to compensate not only the temperature dependence of
the sensor itself, but also the temperature dependence of the
magnetic circuit enclosing the sensor (temperature coefficient
of the permeability, changes in the airgap, etc.)

IV. AMR SENSORS

Single-domain ferromagnetic thin films exhibit AMR: their
electric resistance is higher by about 2% in the direction of the
magnetization than in the perpendicular direction (this effect
exists in non-magnetic metals, but it is much weaker). AMR
sensors are more sensitive than Hall sensors, and they exhibit
better offset stability because they do not suffer from the piezo
effect. The development of AMR sensors was driven by the need
to replace inductive reading heads in hard disks. In this appli-
cation, they were later replaced by GMR and SDT sensors, as
these allowed higher storage densities due to their smaller size.
Linear AMR sensors are at present produced mainly by NXP
(Philips), Honeywell and Sensitec. They can have 10 nT resolu-
tion, but, unlike Hall sensors, the driving and signal processing
electronics cannot be integrated on the same chip.

Almost all commercially available AMR sensors use a
“barber pole” structure, in which aluminum stripes sputtered
on permalloy strips deflect the direction of the current by 45
and make the characteristics linear. Four such meander-shaped
elements are connected into a Wheatstone bridge.

1Complementary Metal-Oxide-Semiconductor.

Fig. 2. (Top) Temperature offset drift of three Honeywell HMC 1001 AMR
sensors without flipping, from [17]. (Bottom) Temperature offset drift of three
Honeywell HMC sensors 1001 with periodical flipping, from [17].

The principles of AMR sensors are described in [13], com-
parative measurements of the noise of various magnetoresis-
tors are shown in [14]. The best AMR sensors have a noise of
200 pT/ [15]; however, it is difficult to achieve pT
noise values with the whole AMR magnetometer; realistic res-
olution is 10 nT [16].

A. Flipping

The proper function of an AMR sensor is based on the single-
domain state of the magnetic layer. A good technique for guar-
anteeing this is periodical “flipping” – remagnetization of the
sensor structure by short pulses into a coil (which is usually
integrated on the chip). Bipolar flipping is used for low-field
sensors, because it also reduces the sensor offset and crossfield
error. Fig. 2 shows the offset drift of flipped sensors in a tri-axial
AMR magnetometer: without flipping, the drift was typically
100 .

B. Magnetic Feedback

Another technique for improving the accuracy of any mag-
netic sensor is feedback compensation of the measured field.
Modern AMR sensors have an integrated flat feedback coil,
which simplifies the magnetometer design, but may also cause
new design problems, as the compensating field is much less
homogeneous than that of a solenoid–this may cause linearity
error. The temperature coefficient of sensitivity of a typical
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Fig. 3. Linearity error of a Philips KMZ 51 AMR sensor, feedback compen-
sated by using an internal coil. Hysteresis is also visible from the measurement
cycle [18].

AMR sensor may be reduced from 0.25%/K to 0.01%/K by
using negative feedback with a sufficient gain; the remaining
temperature dependence is due to the temperature coefficient of
the field factor of the feedback coil. The temperature coefficient
of the offset remains the same (typically 10 nT/K, but varies
from piece to piece, even between sensors from the same batch),
as feedback has no effect on this parameter. With feedback
compensation, the linearity error may be below 300 ppm of the
full-scale, as shown in Fig. 3 [18].

C. Crossfield Error

AMR sensors suffer from cross-field error: the output voltage
depends not only on the measured field , but also on the

field component , perpendicular to the sensing direction

where is the maximum resistance change and is the bridge
current.

From the previous equation, we can see that the cross-field
error (response to ) is zero for . The magnetic
feedback that automatically compensates can achieve this
(Method 1). However, in some cases this is not possible due to
limitations of power, circuit complexity or speed. Honeywell
has released new sensors with “reduced cross-field error” by
increasing the (Method 2); but this also reduces sensitivity
and thus increases sensor noise in field units.

Cross-field error may cause a 2.4-degree azimuth error for
the AMR compass. This error can be compensated numerically
if we know and measure the field in two directions, or better
in three directions (Method 3) [19]. If periodic flipping is used
and each output is read separately, the cross-field error can be
suppressed simply by averaging the outputs for the “SET” and
“RESET” flipping polarities (Method 4). More complicated cal-
culations may lead to better correction of the crossfield error
(Method 5), and, in some cases, two components of the external
field can even be measured using a single sensor [20]. Methods
for suppressing the cross-field error are summarized in Table I.

V. GMR AND SDT SENSORS

GMR and SDT magnetoresistors are made of magnetic multi-
layers separated by very thin non-magnetic conducting (GMR)

TABLE I
METHODS FOR REDUCING THE CROSSFIELD ERROR IN AMRS

or insulating (SDT) layers. The electrical resistance of these
structures depends on the direction of their magnetization. In
general, if the magnetic layers are magnetized in the same di-
rection, the resistance is smaller than for layers magnetized in
opposite (antiparallel) directions. The external measured field
usually controls the magnetization direction in the “free” layer,
while the other “pinned” layer has fixed magnetization.

In order to compensate the basic temperature sensitivity, these
devices are made as Wheatstone bridges. A bipolar response of
the GMR bridge branches can be achieved by a DC bias field
or, in the case of a spin valve, by changing the orientation of the
magnetization of the magnetically hard pinning layer [21].

The most promising industrial application of GMR sensors
is in angular sensing. The magnetization direction of the free
layer of the spin-valve is rotated by the permanent magnet. If
the free layer is saturated, the sensor output does not depend on
the magnet distance, only on the measured angle.

Recently developed GMR sensors have increased their tem-
perature stability: Hitachi has reported only a 20% sensitivity
change between C to C, and 30 minutes of sur-
vival at 250 C. However, large magnetic fields—especially at
elevated temperatures—can destroy GMR spin valves due to
changes in the magnetization of the pinning layer. This danger
does not exist for Hall sensors and AMR magnetoresistors.

In the case of SDT sensors, high coercivity and low linearity
remain a serious problem [22]; however, a digital magnetometer
with a SDT sensor reported in [23] exhibited 1 resolution
and a linear range of .

GMR and SDT sensors have noise with cutoff frequency
in the order of MHz, and the reported noise levels are quite high
[24]. Picotesla-detection predictions are usually based only on
thermal noise, and they did not take magnetic noise into ac-
count [25]. Fig. 4 shows that magnetoresistors in general have
much higher noise than fluxgate sensors. However, their main
advantage, especially in the case of SDT sensors, is their small
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Fig. 4. Noise spectrum of magnetoresistors and fluxgate sensors. HMC 1001
and 1021 are AMR magnetoresistors, NVE AAxx are GMR magnetoresistors,
and NVE SDT is a prototype of a spin-dependent tunelling device. The data for
a “cheap fluxgate” represent typical noise of Applied Physics Model 533 and
similar devices. The data for “low-noise fluxgate” is taken from [27]. Adopted
from [14].

size and thus high spatial resolution. This is critical when mea-
suring small objects such as magnetic microbeads for medical
applications [26], and also where a small distance from the mag-
netic source is required.

VI. FLUXGATE SENSORS

Fluxgate sensors measure DC and low-frequency AC fields
up to approximately 1 mT with a resolution of 100 pT and with
linearity-error less than 10 ppm. Their operation is based on
modulation of the permeability of the soft magnetic core, which
creates changes in the dc flux (“flux-gating”) of the pickup coil
wound around the sensor core. The output voltage is on the
second harmonics of the excitation frequency, as permeability
reaches its minimum and maximum twice in each excitation
cycle.

Most fluxgates have a ring core and the same direction of
the excitation and measured fields [27]. The Vacquier-type flux-
gate, which has two straight cores and solenoidal windings, was
studied in [28]. Another form of core material is magnetic wire.
Despite the higher noise, the Vacquier-type fluxgate has the fol-
lowing important advantages: 1) due to very low demagnetiza-
tion, the sensor is insensitive to perpendicular fields and 2) un-
like ring-core sensors, the sensing direction is well defined by
the direction of the core. This is utilized in gradiometers, which
require very high directional stability.

In order to achieve low remanence (or a small perming ef-
fect, which is an offset change after the sensor is subjected to
a magnetic shock), the excitation should very deeply saturate
the core of the sensor. In order to achieve this with reasonable
power consumption, nonlinear excitation tuning is often used.
The resonance tank consists of the excitation coil and the par-
allel capacitor. In resonance, the coil current has very high peaks
(typically, 1 to 4 A): once the core is saturated, the impedance of
the excitation coil drops and the capacitor is discharged through
this coil. Despite the high peaks, the rms value of the current is
small (typically, 10 to 50 mA).

The standard method for fluxgate signal processing is
phase-sensitive detection of the second harmonic component

Fig. 5. Noise of a fully digital fluxgate magnetometer with CMOS ASIC
electronics – without (top trace) and with dynamic offset cancellation (bottom
trace)– from [33].

of the output voltage. Precise magnetometers developed at the
Danish Technical University utilize (short-circuited) current
output [29].

The best fluxgate magnetometers use a so-called Compact
Spherical Coil (CSC) with three orthogonal windings for the
feedback. In order to achieve a homogeneous field, the coil is
wound on the surface of a sphere, as the ideal spherical coil has
a homogeneous field throughout the volume inside. The external
magnetic field is completely compensated, so that the three or-
thogonally mounted fluxgate sensors inside the coil system are
in a magnetic vacuum and thus do not suffer from cross-field
errors. The disadvantages of CSC are as follows:

— large volume: in order to reduce the size of the CSC the
fluxgate sensors are mounted in close vicinity and influ-
ence each other;

— high price: complex mechanics;
— the sensors cannot be removed without breaking the coils.
The best reported offset stability in the C to C

range is [30]. Nishio et al. investigated sensitivity,
offset and noise in a wide-temperature range [31]: with a ce-
ramic core bobbin, the offset variations were below in
the C to C range.

Digital fluxgate magnetometers [32] use two basic ap-
proaches, which can be combined:

— replacing the analog synchronous detector by digital signal
processing;

— replacing the analog feedback loop by a delta-sigma or
some other digital feedback scheme.

Digital magnetometers still do not achieve the parameters of the
top analog magnetometers [33], but they are very flexible and
allow for the future integration of electronics into a single ASIC
chip. Using dynamic offset compensation of the input stage, the
noise was lowered to 9 (Fig. 5), which is suf-
ficient for most applications in the presence of the Earth’s field
[34].

A. Miniature Fluxgates

As common fluxgate sensors can be quite large (diameter in
units of cm for low-noise, ring-core devices), many miniaturiza-
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tion approaches have been tried. Three basic types of miniature
fluxgate are: 1) CMOS-based devices with flat coils; 2) sensors
with microfabricated solenoids; and 3) PCB-based devices with
solenoids made by tracks and vias.

CMOS microfluxgates are based on a strip of soft magnetic
material on top of a flat coil system made with a metallic layer
of a standard CMOS process. These flat coils serve both to ex-
cite the strip core, which is either a sputtered or an electrode-
posited permalloy or a shaped amorphous material. These de-
vices may have low-power sensor electronics integrated on the
same chip. A 4 4 mm, 2-axial sensor for a wristwatch compass
was reported to achieve 15 noise with 92 V/T
sensitivity and 10 mW power consumption [35]. A similar de-
sign using a sputtered, 1- -thick Vitrovac ( ),
achieved 7.4 . With increased power consump-
tion, the sensitivity was 450 V/T and the linearity was 1.15% in
the range [36].

A flat coil of CMOS fluxgates has, in principle, high resis-
tance and poor magnetic coupling with the core. The efficiency
of the flat coil is therefore much worse than that of a sole-
noid. The UV-LIGA2 process enables the production of MEMS
single-layer solenoids with 25 turns/mm [37]. A microfluxgate
made using such a technology is reported in [38]. The sensor
with a 30- electroplated permalloy core has 56 excitation
turns with a total resistance of 2 and 11 sensing turns. A sen-
sitivity of 650 V/T was achieved for a 5.5-mm-long sensor with
14 mW power consumption. The noise is 32 ,
and the practical resolution is 1 , which is still worse than the
resolution of the best AMR sensors. To reduce the size of the
sensor, the authors used the “localized core saturation” method,
which led to large perming because only a part of the sensor
core was saturated: 30 perming was observed for a 200 mT
shock.

PCB-based fluxgates achieved low noise (24
) and good temperature stability (20 nT in the C

to C range), but the minimum size achievable with this
technology is about 10 mm [39].

As miniature fluxgates may have only a limited number of
turns of the pickup coil, the sensitivity is lower than that of a
traditional wire-wound fluxgate. This is often compensated by
a higher excitation frequency (typically, 300 kHz compared to
20 kHz). Proper fluxgate excitation should deeply saturate the
sensor core in order to reduce “perming” (offset the change after
the sensor is exposed to a large field). The low number of turns
of the excitation coil of the integrated fluxgate necessitates the
use of large excitation current peaks. As the cross-sectional area
of the magnetic core is small, the quality factor of the excitation
coil is low in comparison with large-size fluxgates. Nonlinear
excitation tuning is therefore no longer possible. One way to re-
duce the power consumption in the excitation circuit is to use
short excitation current pulses instead of a sinewave or square-
wave [40].

B. Orthogonal Fluxgates

The main advantage of an orthogonal fluxgate is that it needs
no excitation coil – the sensor is excited directly by the cur-
rent flowing through the core. As is usual for fluxgate sensors,

2UltraViolet Lithographie, Galvanoformung, Abformung.

the output is at the second harmonic of the excitation frequency.
The orthogonal fluxgate effect in ferromagnetic wire was known
since the 1950s. Some authors have observed this effect during
magnetoimpedance studies, and they use the term “nonlinear
magnetoimpedance” for the same effect. This effect has been
studied at high frequencies in tapes [41] and in wires [42], [43];
the observed output variable was calculated as the “MI ratio,”
which does not keep phase information and thus does not allow
the field polarity to be recognized. The use of phase-sensitive
detection of the output voltage (which is a standard technique
for a fluxgate) gives a clear advantage for the performance of
the sensor. The disadvantage of an orthogonal fluxgate is that
the necessary excitation current is usually high (typically, 20 to
100 mA). As the magnetic field in the inner part of the conductor
is low, which causes perming, a favorable design is a nonmag-
netic conductor covered by a magnetically soft thick layer.

A miniature orthogonal fluxgate with a planar structure,
formed by a Permalloy layer electrodeposited on a rectangular
copper conductor, is reported in [44]. The sensor core is only
1 mm in length, and the sensor has two flat 60-turn pickup coils.
The overall dimension of the sensor chip is 1.8 0.8 mm, the
sensitivity is 0.5 in a linear operating range.
The noise was 95 with 8 mW net excitation
power consumption.

The “fundamental mode” orthogonal fluxgate uses DC biased
excitation; the output is on the same frequency as the excitation.
As this sensor is saturated only in one polarity, the basic offset
stability is poor and it can be improved by periodic switching of
the excitation bias. The authors in [45] achieved a sensitivity of
1.8 , offset stability of 1.2 nT/hour and a noise level of
about 100 with periodic bias switching (20 pT
without it). In [46], the temperature coefficient of sensitivity was
reduced from 6500 to 100 ppm/K using feedback compensation.
A triaxial device was reported in [47], having three 38-mm-long
U-shaped legs made of a single amorphous wire (125 diam-
eter). The sensor achieved a noise level of 360
with 4 mA excitation and 20 mA DC bias current. Another
fundamental-mode fluxgate with an unusual, 5-cm-long, amor-
phous tubular core was presented in [48]. The orthogonal excita-
tion field was created by a toroidal coil, which reduced the nec-
essary excitation current to 6 mA. For a 60-mA DC-bias current,
the noise achieved was 10 . However, this con-
figuration is no longer mechanically simple, which is the main
advantage of the classical orthogonal configuration.

The so called “coil-less fluxgate” has no pickup coil: the
sensor output is the second harmonic voltage induced between
the wire terminals. The operation is based on helical anisotropy,
which creates an off-diagonal component of the permeability
tensor: the field in the axial direction creates axial flux and
thus the longitudinal component of the induced voltage. The
sensitivity achieved for a 38-mm-long sensor is 0.2
[49].

VII. OTHER DEVICES

In this short review paper, we will mention SQUID 3 mag-
netometers only briefly. DC SQUIDS are less noisy than the
RF SQUIDS. These devices are based on a superconducting

3Superconducting Quantum Interference Devices.
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Fig. 6. Noise of popular EMI induction sensors and a low-noise fluxgate –
adapted from a Schlumberger datasheet [54].

ring with two Josephson junctions [1]. In order to increase
the sensitivity, a flux transformer is often used. SQUID in fact
measures only field changes, not the absolute field. The noise
level of a low-Tc SQUID with a flux-transformer can be as low
as 1 and a high-Tc system can have white noise of
36 , as shown in the excellent review by Robbes [50].

Resonant magnetometers (proton magnetometers, Over-
hauser magnetometers and optically pumped magnetometers)
are usually very stable scalar devices which measure the abso-
lute field value regardless of the field direction [1]. While optical
magnetometers are based on Zeeman splitting, classical proton
magnetometers measure the precession frequency of a proton
or electron. It is known that any scalar magnetometer can be
made vectorial by adding a rotating bias field and demodulating
the output, but this technique degrades the sensor performance
both in bandwidth and in noise. The 1 noise
of the spin-exchange relaxation-free (SERF) magnetometer is
noticeable: the main idea of this magnetometer is to reduce
spin-exchange broadening of the Zeeman resonance. SERF may
reach SQUID-level performance without cryogenic cooling.
This magnetometer is a vectorial one: to obtain the remaining
two vectors, the field has to be again modulated. The SERF
magnetometer operates only in a near-zero field, and the vapor
cell must be heated. Magnetic fields higher than about 10 nT
should be vectorially compensated. A recent review of these
“optical atomic magnetometers,” which are still experimental
devices, has been presented by Budker et al. [51].

Induction magnetometers are based on the Faraday in-
duction law; thus they measure the flux derivative. Instead
of measuring open-circuited induced voltage, some induc-
tion magnetometers evaluate the short-circuited coil current,
which in ideal conditions is proportional to the flux [1]. In-
duction magnetometers naturally cannot measure dc fields,
but at frequencies higher than 0.01 Hz they may have lower
noise than a fluxgate, if sensor dimension and mass is not an
issue. Fig. 6 shows the noise spectra of several commercially
available induction coils manufactured by EMI (a division of
Schlumberger) [52], compared to a typical low-noise fluxgate.
The length of the BF-4 sensor, which has the smallest noise

at low frequencies, is 142 cm, and its mass is 8 kg. BF-6
and BF-10 are similar in size, but these coils are optimized
for higher frequencies; the 104 cm long BF-7 sensor weighs
only 2 kg. A small induction sensor was described in [53], it
is 10 cm in length and weighs only 11 g; its noise is 2

. In [54], the authors constructed a 3-axial satellite
induction magnetometer using similar sensors with 17-cm-long
cores, and the overall mass weight of the 3-axial probe, in-
cluding the holder device, was only 600 g. The frequency
range was 0.1 Hz to 10 kHz, keeping the noise level of
2 . A detailed review of induction magnetome-
ters appeared recently in [55].

The GMI effect is based on the field-dependent change of the
penetration depth [56]. The effect has only limited practical ap-
plications, as it is temperature dependent, gives low sensitivity
and the characteristics are nonlinear and unipolar. The temper-
ature dependence of the GMI effect is analyzed in [57]–[59].
GMI sensors are used in compass modules for some mobile
phones [59], but the achievable accuracy is not clearly specified.
The lowest achieved noise level extrapolated to 1 Hz (using
noise rule) is 100 for a 10-mm-long device pre-
sented in [60]. Due to the small diameter of the wire core, these
sensors may have high spatial resolution and thus serve for de-
tecting microbeads [61]. The disadvantage of GMI and similar
sensors compared to a fluxgate is the perming effect, because the
ferromagnetic core is usually not demagnetized during sensor
operation.

A synthetic magneto-electric sensor with 130 V/T sensi-
tivity was presented in [62]. It contains a sandwich made from
magnetostrictive and piezoelectric materials. The measured
field causes strain in the magnetostrictive layer. This strain is
coupled to the piezoelectric layer, where the output voltage
is generated. The achieved sensitivity for a 10-cm-long Met-
glas-PZT fiber laminate was 3000 V/T [63].

Other sensors are based on changing the resonance fre-
quency of free-standing elements manufactured by MEMS
technology. The preliminary results on large-scale models of
a “xylophone magnetometer” were promising, but until now
low noise has not been achieved on a small scale using MEMS
polysilicon technology [64].

The micromachined Lorentz force magnetic sensor
achieved field resolution of 10 for a 100 mea-
suring current [65]. The Lorentz force, which is proportional
to the measured field and the measuring current, deflects the
free-standing MEMS structure. The motion is made periodic
by applying an AC measuring current, usually at mechanical
resonance frequency. The advantage of Lorentz force magne-
tometers is their high linearity and the possibility to change
their range widely by selecting the measuring current. The
sensor can work up to 50 T [66]. A detailed discussion on these
sensors can be found in [67].

Magnetic sensors used for measuring electric current, posi-
tion, and mechanical torque are described in [68], and there-
fore do not appear in this review. The most important achieve-
ments in these devices are the AMR gradient bridge for current
sensors and polarized-band torque sensors for automotive appli-
cations. Sensors for magnetic nondestructive testing have been
reviewed in [69].
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TABLE II
PROPERTIES OF COMMON MAGNETIC FIELD SENSORS

VIII. CONCLUSION

We have briefly referred to the main recent advances in mag-
netic field sensors. So far, there is always a tradeoff between the
size of a sensor and its parameters. The progress of miniatur-
ization is not likely to be skipped by novel nanosized sensors
without using new physical principles. In many applications,
such as detection of magnetic microbeads, micromagnetic scan-
ning or NDT, sensor size is an issue and is often the only selec-
tion criterion, either because of the need for spatial resolution
or because of the weak point-like sources. However, in cases
where a large detection distance cannot be avoided, parameters
such as noise (detectivity) become more important. In more de-
manding applications, such as precise compasses, positioning
and tracking devices, the linearity, temperature coefficients and
even cross-field sensitivity of the sensor also start to be more
important than noise, which is often the only parameter that is
mentioned .

Table II compares important parameters of the most popular
solid-state magnetic field sensors. We give values for some of
the best commercially-available sensors in each class.
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