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Abstract—This paper presents the measurement of long-time
equivalent magnetic field fluctuations. It was obtained with a low
noise off-diagonal GMI magnetometer. Acquisitions are conducted
with a dedicated acquisition system. The GMI sensor principle and
associated noise sources are reminded. Furthermore, the noise
model is extended to include the impact of the very low frequency
drift of the associated GMI impedance. The homemade GMI
magnetometer and the used high dynamic analog to digital
converter board are described. The obtained performances show
a peak to peak fluctuations of 10 nTpp and a drift of 20 nT/h during
4.5 hours after a transient response. Results are compared, in real
time, to a commercial flux gate magnetometer.

Keywords—Giant magneto-impedance; magnetometers; noise;
long time fluctuations.

I.INTRODUCTION

The giant magneto-impedance (GMI) effect is based on the
large variation of the impedance of a soft magnetic conductor,
driven by a high frequency current, when submitted to a change
of the external magnetic field applied parallel to the
current [1][2]. Since its rediscovery in the 90s [3][4], it has
attracted considerable attention due to its potential in high
sensitive magnetometry. To develop a highly sensitive
magnetometer, attention must be paid on the equivalent
magnetic noise level, which describes the undesired fluctuations
of the output signal, since it ultimately limits the lowest
detectable magnetic field. Usually, equivalent magnetic noise
spectral densities of GMI-based devices shows white noise for
upper frequency bands (above few kHz), mainly originating
from the electronic conditioning circuitry [5]. At lower
frequency, an excess noise arises, exhibiting a 1/ behavior, due
to intrinsic noise of the sensor related to low frequency
fluctuations of the magnetization direction [6].

At even more lower frequency, the characteristics of interest
is not the noise power spectral density but the quantification of
the long time drift of the output signal. This paper presents
preliminary investigation of the long time drift of an optimized
GMI-based magnetometer, operating in a field-locked loop.

The paper is organized as follows. Section Il recalls the basis
of GMI effect, in the context of using it as a sensing element,
along with few recalls about noise sources. SectionIII is
dedicated to the description of the experimental setup. Both the
electronic conditioning circuitry constituting the magnetometer
and the measurement setup are described. Section IV shows the

obtained results which is followed by a general conclusion given
in section V.

1L THEORETICAL BASIS

A. Principle of the sensing element

The used sensing element is constituted of a CoFeSiB
amorphous wire exhibiting GMI effect, strongly coupled to a
450-turns thin pick-up coil. This configuration is usually known
as off-diagonal GMI[5] or fundamental mode orthogonal
fluxgate [7]. It allows to magnify the intrinsic sensitivity of the
device according to the number of turns of the pick-up coil. In
the case of a classical setup for off-diagonal configuration, the
sine wave excitation current, of amplitude /.. and frequency f-,
drives the GMI wire which in turn induces a voltage at the
pickup coil ends. This voltage is proportional to the off-diagonal
term, Z,1, of the associated impedance matrix and so, reflects its
dependence upon external magnetic field. As GMI effect is
strongly non-linear versus the applied magnetic field, we usually
consider that the sensor operates in a field locked loop. In an
open loop, the output signal after demodulation and low-pass
filtering, V5, has been defined previously [8]. It yields
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where B, is the static field working point of the closed loop, b(¢),
the sensed small signal variation. The term 0Z,:/0B defines the
intrinsic sensitivity, So, of the sensing element expressed in Q/T
and the factor k; is the demodulation gain related to the
employed demodulation technique. The terms e,(f) and z,(f) are
the output noise from the electronic conditioning circuitry and
the intrinsic noise, respectively. The latter is expressed as an
equivalent impedance variation and could depend on external
parameters, like the temperature, and could contain terms
showing long time drifts. Their corresponding power spectral
densities are e,(f) and z,(f) expressed in V/NHz and Q/\Hz,
respectively.

B. Noise Model

As presented in [5], the equivalent magnetic noise level in
the white noise region is mainly due to the electronic
conditioning circuitry, e,. In such a case, the equivalent magnetic
noise level is given by the ratio of the output voltage noise to the
magnetometer/sensor sensitivity. So that, increasing the
sensitivity is wusually a way to improve white noise
performances.



At lower frequency, the equivalent magnetic noise spectral
density exhibits a 1/f behavior. We have recently proposed that
the intrinsic fluctuations of the magnetization direction are
responsible of this excess noise [6]. These fluctuations could
appear in the term z,(f) as long as the sensitivity of the GMI
impedance to the magnetization direction is known. In our case,
the quantity of interest is the equivalent magnetic noise spectral
density which relies on the imaginary part of the magnetic
susceptibility, y’ as previously detailed [6]. It yields
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where kg is the boltzmann constant, 7 the temperature, Ms the
saturation magnetization of the material, H;, the internal
stiffness field, and V' the GMI wire volume. Notice that this
model is still valid in locked loop mode as noise performances
are not modified by the feedback as long as the feedback field
loop is properly done. Furthermore, at even lower frequency,
long time fluctuations of the sensing element may affect the
output response. Obviously, such fluctuations may also be
included in the term z, whatever is the physical mechanism
responsible of them. Such fluctuations could be due to slow
degradations (variations) of the material properties in time or of
external influence factors such as the temperature for instance.

III. EXPERIMENTS

A. GMI-based Magnetometer

Measuring long-time fluctuations of a GMI based device
requires to use a “true magnetometer” (in the meaning of an
instrumentation device) based on a GMI sensing element. This
is done when the sensing element is operated in a field locked
loop. In such a case, static working point is set and locked by the
feedback loop so that the sensing element virtually work in a
non-varying magnetic field which is the result of the sum of the
external magnetic field to be sensed with the feedback field
generated by the feedback loop.

pick-up coil

GMI wire (N turns)
l | S|
g /|]
. +
10 mA /\D
1 MHz
Ampliﬁcr]_[ Peak-detector _[ ] output
J
Excitation Sensing Detection Feedback
stage element stage loop

Fig. 1. Block Diagram of the magnetometer.

Overall principle schematic of the magnetometer is given in
Fig. 1. It is based on a classic direct chain essentially relying on
an excitation stage and a demodulation stage. The first one feeds
the GMI wire with a sine wave excitation current of 10 mAy at
an excitation frequency, f., of 1 MHz. Practically, the excitation
signal is generated thanks to a direct digital synthesizer (DDS -
AD9102), embedded on the magnetometer board. The
demodulation stage is made of a diode peak detector, preceded
by an amplifier for impedance adaptation regarding the coil
impedance at the excitation frequency. The feedback loop
incorporates an operational amplifier in pseudo-integrator

configuration insuring that the DC error is removed. It is
followed by a resistor and a feedback coil. The latter induces the
feedback magnetic field. For integration purpose, the field
feedback is done directly through the pick-up coil. The
excitation frequency of the sensing element being much higher
than the upper limit of the magnetometer band pass ensures
correct spectral separation of both signals involved through the
pick-up coil. A description of the electronic circuitry is given
in [5]. In such setup, noise performances only depend upon those
of the direct chain whereas the field feedback sets the linearity
range as well as the band pass of the magnetometer. In our case,
overall performances of the homemade magnetometer are
summarized in Table I.

TABLE I. MAGNETOMETER SPECIFICATIONS

Parameters Value Units
Band-pass 300 Hz
Sensitivity 241 kV/T
White noise level 3 pT/ Hz
Noise level at 1 Hz 100 pT/NHz
Dynamic range + 50 puT

B. Measurement setup

Long time fluctuations of the magnetometer are monitored
by performing acquisition of the output signal during an
important amount of time. In our case, we specifically designed
a four-channels data acquisition system based on four 24-bits,
low-noise, successive approximation register, analog-to-digital
converters (ADC) LTC2380, synchronously clocked at a
sampling frequency of 735 kHz. The resulting data flow is
preformatted by a programmable logic chip (FPGA Xilinx
Artix7), achieving the hard real-time constraints, in order to be
transferred to a laptop through USB-3.0 protocol without loss of
data. With an averaging factor of 1024, the resulting sampling
frequency is 718 Hz, with a corresponding data flow of 11 kB/s
on the computer hard disk drive. Further data analyses are then
performed on the stored data in differed time by postprocessing.
Block diagram of the acquisition system is given in Fig. 2.

GMI-based ADC 1
magnetometer 24 hits G735ksps

Flux-Gate ADC 2
magnetometer 21 hits G735ksps
Positive ADC 3

battery 21 bits @735keps

Negative ADC 4
battery 24 bits @735ksps

Fig. 2. Block diagram of the acquisition system.

Data formatter

USB3.0 Laptop
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Each ADC is preceded by a low-noise instrumentation
amplifier with a programmable gain as to match with several
kinds of signals. To validate the setup, the Fig. 3 shows, as an
example, the noise power spectral density of our magnetometer
obtained from data measured with our acquisition system
compared with that obtain thanks to a spectrum analyzer
HP3562A (16 bits).

Long time acquisitions are performed in a controlled
environment mainly build on a 6-layers magnetic shielded room



placed in a tempered area. Simultaneously, the external magnetic
field is measured with a commercial fluxgate magnetometer
(Bartington MAGO3) located near from the GMI magnetometer.
Both are battery powered.

Iv. RESULTS

Acquisition was performed for a duration time longer
4.5 hours. A reference signal was applied at the beginning and at
the end of the acquisition sequence to ensure that the overall
experimental setup still properly operates.
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Fig. 3. Equivalent magnetic noise spectral density of the GMI magnetometer.
Curve (a) is obtained from spectrum analyzer HP3562A whereas the curve (b)
is computed from acquired data with the homemade acquisition system.

During the rest of the acquisition time, no magnetic signal
was applied. Temporal plot of the acquired data is given in
Fig. 4, expressed in units of magnetic induction (T). One can
note that the output signal of the GMI magnetometer shows
peak-peak fluctuations of 10 nT during this time period.
Variations of the surrounding magnetic field are not involved in
these fluctuations as the output of the flux-gate magnetometer
doesn’t exhibit similar behavior.

V. CONCLUSION

A fully embedded GMI-based magnetometer has been
designed and characterized. Its performances are fairly
comparable to those of its main competitors for low frequency,
room temperature, high sensitive magnetometry (particularly
fluxgate magnetometers). A dedicated setup has been presented
which allows long time acquisition of simultaneous voltage
signals with high sampling frequency and dynamic range,
suitable for low-noise applications. This setup has been
validated against commercial instruments.

Finally, acquisitions of long time fluctuations of GMI-based
magnetometer has been performed, showing the relative good
performance of GMI-based magnetometer. Remaining
fluctuations of the output signal is under investigation.
Particularly, the effect of the electronic components drift will be
explored as well as physical mechanisms involved in the
degradation of the GMI material and the effect of the
surrounding temperature variations. Furthermore, longer
acquisitions are required, such as weeks or months, to fully
qualify this magnetometer compared to the state of the art. This
would require specific facilities such as magnetic observatory.

Magnetic field (nT)

Midday

Time (h)

Fig. 4. Long time recording of the magnetometer output signal. Curve (a) and (b) are the GMI-based and fluxgate magnetometer outputs respectively and are

expressed in Tesla (T) relying on the left axis.
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