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Abstract

This habilitation thesis is a commented collectaidrauthor’s post-doctoral publications
on the topic of improving the precision (and accyjaf magnetometers in the geomagnetic
field range with their prospective use in geophysaad exploration, and their metrology.
The author focused on room-temperature magnetos@tarallel and orthogonal fluxgate)
and a high-temperature-superconductor quantum nageger (SQUID). The author’'s
research is presented and organized in two fundaindaranches: establishing and
improving magnetometer precision and accuracy, ia@pplication and performance in
geophysical observations. The first topic is adskdsby research in establishing and
improving magnetometer parameters, such as thira{ulow-frequency noise and offset,
and by researching magnetometer calibration methddsh can compensate for the effects
of anthropogenous noise. The second topic deals applications of such precise and
accurate, i.e. low-noise and well calibrated magmeters in geophysics — the developed
orthogonal fluxgate magnetometer is shown to haperapective of replacing search-coils

and even SQUIDs for geophysical exploration duiéstaoise below 1 pWHz at 1 Hz.
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Glossary of symbols and abbreviations

Unit
Symbol Description
B Magnetic flux density vector T
F Total value of B (B scalar magnitude) T
Dy Quantum of magnetic flux (,fluxon®) Wb

Abbreviation

SQUID Superconducting Quantum Interference Device
AMR Anisotropic Magneto-Resistance (-Resistor)

ASD Amplitude Spectral Density

HTS High-Temperature Superconductor

LTS Low-Temperature Superconductor

TEM Transient-Electromagnetics (exploration method)
MCG Magneto-Cardiography

OFM Orthogonal, fundamental-mode (fluxgate/magnetien)
CMI Czech Metrology Institute

ASCR Academy of Sciences of the Czech Republic

DUT Device under test (calibrated device)

VGHMUr Office of Military Geography and Hydrometexbogy
PTB Physikalisch-Technische Bundesanstalt
INTERMAGNET International Real-time Magnetic Obsatory Network
SANSA South African National Space Agency

PPM Proton-precession magnetometer

ULF Ultra-Low-Frequency (<< 1 Hz)

OoVvM Overhauser magnetometer



Introduction

Magnetometers are instruments used to meaguestimateof the magnetic flux density
vector B and are used in a variety of scientific and s@@onomic applications. In this
thesis, the author presents his post-disserta@d fontribution to the research of highly
accurate —i.e. precise and well-calibrated [1]-togal magnetometers of fluxgate and also

SQUID type. Two topics are addressed:

1. research in improving magnetometer resolution aedracy by improving their noise
parameters and calibrations, respectively, and

2. their subsequent application in precise geophysioaérvations.

The need for a precise and accurate, i.e. a loaenand calibrated magnetometer is
mostly stressed in metrology applications, this barthe magnetometer itself as a part of
magnetic flux density standard, traceable [2] mé&égnealibrating system [3]-[8] or an
auxiliary device used to calibrate magnetic inseats. For example, aulling
magnetometers used for indirect calibrations of coils or ceystems with respect to a
secondary magnetic flux density standard, typicalyablished as a wire-wound solenoid
with high homogeneity [9][10]. It is required to lo¢ high precision (low noise) with low
short-term (temperature) drift of its offset; bhetgain calibration is not important since the
desired value is near zero. On the other handj@dite magnetometer used as a reference
for a coil system [3]-[6] needs all of its nine gareters calibrated; magnetometer
calibration, together with its stability and noesds to the calibrating coil system accuracy.

Lowering the magnetometer noise is not an easysamdghtforward task. The author
focused on fluxgate magnetometer technology wher@riesents research in reducing the
noise of a parallel and orthogonal [11] fluxgateee Chapter 2.1. There are other low-noise,
room-temperature, vectorial sensors than fluxgaid, [however with larger low-frequency
noise. The most sensitive of magneto-resistive@enshe HMC 1001 AMR- is limited to
about 100 pWHz at 1 Hz [12], even with a “set-reset” modulatiaemodulation technique
[13]. A room-temperature quantum magnetometerzirigj diamond nitrogen-vacancy center
[14] shows promising results in measurements raguinigh spatial resolution, however
even the recent laboratory results show about 1@HET noise amplitude spectral density
(ASD) at 1 Hz. Vectorial, optically-pumped magnetders have a limited field range (~tens
of nT) suitable for biomagnetic measurements irelded rooms [15]; for fields in the

micro-tesla range (i.e. geomagnetic measuremeiek);nulling has to employed. Another
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approach is utilizing a rotating field around alacaensor with wider range, using field
modulation and demodulation in the three axes [6hoth of these techniques, the overall
magnetometer performance is dominated by the ndisis of room-temperature
semiconductors, and yield in units of pT ASD atZ H7], hindering the actual fT-level
performance.As the 1/f noise level in a parallecasd harmonic fluxgate, reaches about
2.5 pTNHz at 1 Hz, it is increasingly difficult to redudefurther by means of magnetic
material annealing and sensor design [18]. Onlyew &rticles regarding state-of-the-art
sensors claim noise levels around 1 pT - result8lafusenkov [17] and of Koch [19]
remain isolated reports, indicating low reprodudypifor parallel, second harmonic
fluxgates. Moreover, these results were achievedpiimum laboratory conditions - they
indicate noise of the sensor with minimal dynanange, but embedding the sensors in a
magnetometer would bring further challenges. Thiais focus thus later shifted from
parallel fluxgates —Chapter 2.1.2- to the relajiveéw technology of fundamental-mode
orthogonal fluxgate [20] where finally the “1-pfHz @ 1 Hz barrier” was crossed [21] and
state-of-the-art noise level below 1 pT was reaclksdn in a practical geomagnetic
magnetometer — see Chapters 2.1.3 and 2.1.4.

A low noise magnetometer alone is not enough faregise estimate of the magnetic flux
density vector orientation and magnitude. The aupmesents his research in magnetometer
calibrations —see Chapter 2.2— covering two topicalibrations using off-the-shelf
instruments under the presence of magnetic distedsa and a metrologically rigorous
calibration of magnetometer parameters. Althougé tbpic on well-defined, traceable
magnetometer calibration might seem well develogredl achieve low uncertainties, mainly
when using complex systems utilizing atomic magmetiers [7][8][10], it faces one
substantial challenge. The already establisheastructure (calibrating coils, workplaces),
which was magnetically ,quiet and clean” i.e. frefestatic and dynamic disturbances, is
challenged by a steady increase of magnetic dsteds due to urbanization, increased
usage of DC inverter technology and DC power indpmrtation and industry [22]. Because
of the gradient nature of anthropogenous distusncompensating them with a remote
reference is not effective. One solution is a fee#tkoperated coil system with reference
magnetometer in the homogeneous area [23], proitgbitalibrations for devices which
create (disturb) magnetic fields; another one (affdctive) is ,running away”, which is
increasingly difficult. New methods of (numericatpmpensation for such disturbing
magnetic fields were researched, with the ultimait® of a magnetometer calibration

procedure with a uncertainty below 100 ppm in teergagnetic range — Chapter 2.2.1.
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Out of all the various magnetometer applicationsnofustry and research, the author’s
focus lies in geomagnetism/geophysics [24] — magneter feasibility as a precise magnetic
observatory instrument and its prospective useewpgysical exploration where inductions
coils and/or SQUIDs are used — see Chapter 3. Ggetia observations are used in
research of the geodynamo, Earth’s field modelimg) space weather effects [25]; a world-
wide network of magnetic stations under the umarefl INTERMAGNET association [27]
provides such data quasi real-time. To further ouprthe models and predictions based on
observations (e.g. of low-level pulsations [28]])22nhe requirements on resolution of the
instruments have recently risen substantially: tW€ERMAGNET standard for 1-second
geomagnetic data requires a noise ASD less thaT/MHz at 0.1 Hz [30] which is difficult,
if not impossible, to achieve with instruments aseld currently [17] [31]. As in the case of
calibrations facilities, there is a global intera@stidentifying and possibly suppressing the
man-made magnetic noise due to urban developm2jiBR.

The interest of the exploration industry in reskatowards lowering the ultra-low-
frequency (ULF) noise of magnetometers lies in gemphysical principle of one the
exploration methods: in magnetotellurics (MT) /s&mt electromagnetics (TEM) [33], the
penetration depth at ultra-low frequencies (tengildk to units of Hz) theoretically allows
for conductivity profiling from up to hundreds oirks in depth. At the same time, however,
when utilizing the ,natural® ULF excitation by geagnetic pulsations and storms, the
excitation amplitude is only in nT-level with a pesise several magnitudes below.
Magnetometer noise floor is thus a hindering patam® further increase depth and/or
sensitivity of the method [34][35]. The state-oétart of ULF noise in magnetometers used
for MT is 10 pTAHz at 10 mHz, which is achieved by search-coilshwib less than
10 kg /1.5 m in mass and dimensions, respectil@gdy. The HTS SQUID with relatively
cheap liquid nitrogen cryostat exhibits 1/f noisg¢he ULF region when operated unshielded
due to flux trapping and is difficult to produceint substantial quantities [37]. LTS SQUID
seems like an ideal candidate [34][38], but id ptibhibitably expensive and impractical for
long-term operation in large numbers due to thefiltst cryostat. SQUID is also sensitive
up to radio-frequency (RF), EMC/EMI and RF shietlasy further increase its noise [39].

Research on lowering the OFM fluxgate magnetommatése is presented in Chapter 3.
Noise ASD below 0.1 Hz was same or better when ewatpto an HTS SQUID or a search-
coil. As the fluxgate has an advantage of reduesl and mass and response down to DC
when compared to a search coil, and a cheap asawetbom-temperature operation when

compared to a SQUID, it allows for its potentia wis geophysical exploration [34].
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1 The parallel- and OFM-fluxgate magnetometer

Substantial part of the author’s focus in non-cemg magnetometers was towards the
fluxgate magnetometer, either of parallel or orthroag type [9].

In the following, introductory book chaptdparallel Fluxgate Magnetometers[B1], the
author described the fundamental principles, ndilséts and state-of-the-art in parallel
fluxgate magnetometers and gradiometers, summgrtas own research in the topic [Q1]
and the state-of-the-art (as of 2015). The linotagi of a parallel fluxgate basically lie in its
mode of operation: during the alternating saturatygcles, any residual Barkhausen noise
and non-reproducibility of hysteresis loop betwelea excitation cycles [40] will directly
affect the low frequency noise performance dudé¢odomain wall movements. This implies
the need for extensive research in ferromagnetre coaterial selection, treatment and
proper, noise-less excitation techniques. Authdtugher research in parallel fluxgate
[J18],[J19],[J22] brought a conclusion that a def@& principle, although still fluxgate, is
needed to consistently achieve an 1-Hz ASD bel@#/AHz at room temperature.

To address the abovementioned limitation, the authas involved in collaborative
research towards noise reduction of a fundamentalemorthogonal (OFM) fluxgate, based
on an annealed or as-cast amorphous, Cobalt-ricbnfiegnetic wire [20][21]. The OFM
fluxgate has been researched and developed atTibestice 2010’s and its theory is well
described in [41]. The main advantage of the OFtkdhte as compared to the second
harmonic fluxgate is its largely static operationirng on the B-H curve with a minimum
(ideally zero) influence from Barkhausen noise bk tferromagnetic material. The
orthogonal mode further simplifies the sensor tty @me (pick-up) coil. However, there are
peculiarities to address: power requirements ayeifgiant due to the sinusoidal excitation
with a large DC component [41], and any residua].(eapacitive or inductive) coupling of
the excitation signal affects sensor noise, siheeskcitation and detection occur at the same
frequency. Also, the sensor offset and mainly oftsdt are 1-2 order of magnitudes higher
than with a parallel fluxgate [J25]. Despite thdigeitations, however, we were able to
reduce the noise ASD of an OFM fluxgate below IpiE at 1 Hz [21] — see Chapter 2.1.

[B1] Parallel fluxgate magnetometers (2016).
Author contribution: 100%. {fations: 23




Parallel Fluxgate Magnetometers

Michal Janosek

Abstract This chapter gives a brief overview of parallel fluxgate development, tech-
nology and performance. Starting from theoretical background through derivation of
fluxgate gating curves, the fluxgate sensor is explained on its typical examples, including
sensors with rod-, ring- and race-track core. The effects of geometry, construction and
magnetic material treatment on parallel fluxgate noise are discussed in detail-noise levels
as low as 2 pTyme-Hz O are possible with state-of-the-art devices. Basic applications of
fluxgate magnetometers are given and a quick overview of commercial devices is pre-
sented, concluded with recent advances in bulk, miniature, digital and aerospace devices.

1 Background

The parallel fluxgate sensor dates back to the 1930s [1] and most of this early
knowledge remains valid until today, although refined by recent findings in the field of
sensor noise, core magnetic materials and new principles of signal extraction. Since
the early times, the noise level of several nanoteslas has continuously decreased due to
evolution in electronic circuits and core materials to units of pT in a 10-Hz bandwidth.

The parallel fluxgate sensor in its simplest form is sketched on Fig. 1 (left)—the
time-varying excitation flux @y created in the ferromagnetic core via the excitation
field intensity Hg (produced by the excitation coil) and the “measured” field H,, are
in parallel.

A fluxgate sensor is basically a magnetic field sensor relying on induction law.
For its simplest form of Fig. | (left), its output voltage U; present at the pick-up coil
terminal P is approximated by the following equation:

dBE dHM d”r
= NS [ SE Ky - K -ty - Hy 1
Ui N <dt +K oy - = Kt - Hy dt) (1)
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Fig. 1 (Left) Simplest parallel fluxgate with a rod-core. (Right) Modification with two cores

where H,, is the measured external magnetic field intensity with an eventual
time-varying component, By is the alternating excitation flux density in the ferro-
magnetic core due to the excitation field intensity Hg, N is the number of turns of the
pick-up coil, S is the core cross-sectional area, u, is the permeability of vacuum and
K is a dimension-less coupling coefficient of the core to the field H,, (real core
geometry is far from an ellipsoid). The first term in parentheses is present because this
simple sensor directly transforms also the excitation flux @ to the pick-up coil, which
is the basic disadvantage of this design. The second term is due to the eventually
time-varying measured field H,,. However the key principle of a fluxgate sensor is in
the last term of the equation—the alternating excitation (“drive”) field Hg, which
periodically causes the saturation of the magnetic material used in the fluxgate core,
modulates the core permeability which has in turn a non-zero time derivative.

The sensor presented in Fig. 1 (left) is however impractical, although sometimes
used in low-cost devices. Two cores can be used instead of one core, with each core
having an opposite direction of the excitation flux, whereas the pick-up coil shares
both of the cores—see Fig. 1 (right). If the core magnetic properties are same for
both of them, the first term of Eq. 1—with eventually large disturbing amplitude—
is effectively suppressed by the common pick-up coil.

If the measured magnetic field H,, is constant, the second term is also zero and
only the third term of Eq. 1 remains as fluxgate output. In agreement with [2] and
[3] we can then write for the fluxgate output voltage:

du, 1-D

U;(t) = —NS - uoyHyy -
@ b T DG — )P

(2)

The “coupling coefficient” K in Eq. 1 was replaced by an equation introducing the
dimension-less demagnetization factor D of a ferromagnetic body (fluxgate core).

2 The Physical Model

2.1 Fluxgate Transfer Function

The sensor depicted in Fig. 1 (right) can be used for deriving the parallel fluxgate
operation principle. As we have two core slabs sharing the same, but
opposite-in-direction excitation field Hz (yielding in time-varying ®xz(Bg) in the
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Fig. 2 (Left) Transfer function—ideal BH curve. (Right) Output voltage derivation with triangular
excitation

core), we can draw the corresponding B-H loops for each core (which correspond to
one-half of the magnetizing cycle) as seen in Fig. 2 (left). The core B-H loop was
simplified to an ideal one with no magnetic hysteresis with Hy standing for the field
intensity where it becomes saturated; the red curve corresponds to the lower core of
Fig. 1 (right) and the blue one to the upper core. Without any external field H,,
(solid curves), if both characteristics are summed, the net change of B during the
half excitation cycle is zero. A non-zero external measured field Hy, however
effectively adds to the exciting field Hg and the resulting B-H loops are shifted
(dashed curve). After their summation for both cores we obtain an effective “B-H
transfer function” TF or “gating-function”: the flux in the core (core flux density) is
being periodically gated by the excitation field, the threshold is set by the Hg value
and size of the external field H,,.

Now considering a triangular waveform of the excitation field Hg as in Fig. 2
(right) and applying the transfer function TF to it, we can derive the output voltage
at the pick-up coil Up as the core flux density B derivative. It can be seen that the
output voltage is at twice the frequency of Hg and its magnitude and also phase lag
would be proportional to the measured field Hy,

When taking into account also the material hysteresis, the transfer function will
modify accordingly [2] as shown in Fig. 3 (left). However the approach-to-saturation

HALF CORE 2 Bpickup HALF CORE |
< "R T

Bsat, Hsar

« TRANSFER
FUNCTION

Fig. 3 (Left) Gating function with hysteresis from [2]. (Right) Real gating function from [3]
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shownin Figs. 2 (right) and 3 (left) is not realistic—in Fig. 3 (right) areal BH loop and
the corresponding gating function are shown.

An analytical approach to derive the fluxgate output signal was done as early in 1936
[1] and since then many improvements in the model were achieved, also by applying a
Fourier-transform to the pulse-train shown in Fig. 2 (right), see [2-5]. However the
original Aschenbrenner’s approach is shown below since it gives a simple analytical
demonstration of the origin of second harmonic in the fluxgate output signal.

Let’s have a very simple approximation of the BH magnetizing curve [1],
assuming the coefficients a > 0, b > 0:

B=a-H—b-H® (3)

At each of the magnetic cores of Fig. 1 (right), the measured field H,, and the
harmonic excitation field Hg = A sin wt are summed up:

Hi,=Hy +*Hg =Hy Lt Asinwt (4)

The corresponding flux density B in each of the two cores is then expressed
using Eq. 3:

Bia = a(Hy % A sin o) — b(Hy + A sin wr)’ (5)
; 3 2
Bl,2:a'HM_b'HM_§b'A 'HM
, 3 3 o
+ a-A—3b~A~HM—Zb-A sin wt (6)
3 2 1 3'
+ Eb'A Hy;cos2mt =+ Zb-A sin 3wt

If both cores are of equal cross-section S, the flux is then added by the means of
common pick-up coil and after summing we get the remaining terms:

®=S5-(B +B)

3 3 7
=ZS-(a~HM—b-H;4—§b-A2-HM—l—Eb-AzHMcosZa)t) @

The only time-varying component is at the second harmonic of excitation field
frequency:

®(r) =3S-b- A% - Hy cos 20t (8)

Again we see that the time-varying output is at the second harmonics of the
excitation frequency and its amplitude is directly proportional to the measured,
static field Hy,. If H,, was time-varying, there would be also a signal at the fun-
damental frequency. In reality, however, also higher-order even harmonics are
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Fig. 4 The ac-driven fluxgate output spectrum

present, due to the nature of the B-H loop (hysteresis, approach to saturation) and
non-sinusoidal excitation waveforms with higher harmonics. These effects are taken
into account by the modern fluxgate models [2-5].

2.2 The Fluxgate as a Modulator

A real-world output of a fluxgate sensing a field H,, with both ac and dc component
can be seen in Fig. 4—f,, is the frequency of alternating component and fg is the
excitation signal frequency. Signal at fz which is present due to non-ideal symmetry
of the sensor: i.e. the complementary terms of Eq. 6 are not exactly of the same
amplitude and phase, so they do not subtract completely. The signal exactly at the
second harmonics 2fg is due to the dc component of H,,. The measured field H,, is
thus modulated on the excitation second harmonics. However due to the non-ideal
symmetry of the sensor, it appears modulated also on the fundamental excitation
frequency fg. This applies not only to dc but also to the ac signal at fj;, which
appears at 2fg £ fi and fr £ fir-

It can be concluded from the spectrum in Fig. 4 that an alternating signal is
amplitude-modulated with a carrier on the 2nd harmonics of fluxgate excitation
frequency, while the amplitude of the carrier is proportional to the dc component of
the signal. This can be proven by substituting Hy, + B-cos(yf) for Hy; in Eq. 8. If
the excitation field would contain higher harmonics, there will be also higher
modulation harmonics present in the spectra and the higher-order even harmonics
will contain the information about the measured magnetic field.

3 The Parallel Fluxgate Noise

The fluxgate noise generally exhibits a 1/f behavior with a noise amplitude spectral
density (ASD =+/PSD) as low as 2-3 pTy Hz *> @ 1 Hz, typically
~10 pTims Hz %5, However, the noise due to the magnetometer electronic cir-
cuitry mostly limits at least the white noise floor (amplifier noise, detector phase
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noise etc.), which makes measuring the fluxgate noise difficult and subject to large
statistical errors.

The actual fluxgate noise can be related to three effects—stochastic behavior of
the Barkhausen noise, or better explained as irreversible rotation and domain
wall-displacement process during the fluxgate magnetizing cycle [6-8], thermal
white noise [9] and an excessive, small-scale noise [10] which is seen at many
fluxgates with supposedly low Barkhausen noise. The latter is believed to originate
from inhomogeneous, stochastic magnetoelastic coupling of the non-zero magne-
tostrictive core to external stresses [11] rather to magnetostrictive movement itself
[12]. The white noise of the pick-up coil does not have much influence, since
although with increasing coil turns resistance increases but also the voltage sensi-
tivity increases.

An important factor is the coupling of the “internal” fluxgate core noise to the
actual sensor noise via the core demagnetization factor D. It can be written [13]:

BSensorNoise = DBCoreNoise (9)

For Barkhausen noise, it was shown by van Bree [6], that minimum detectable
signal Hy, which is equal to noise for SNR 0 dB, can be expressed as

BS T
Holtr Ng - ty,

Hopn) = (10)

where 7 is the magnetization period lower limit (inverse of excitation frequency), ¢, is
the measurement time, B is the saturation flux density and Ng is the density of
Barkhausen volumes after Bittel and Storm [8]. For the lower limit of Ny = 10%,
1=10"%s,1, = 1 sand g, = 8000 [6], H, yieldsinabout2 x 107 A/m (2 pTin air)
which corresponds to the state-of-the art materials with low Barkhausen noise [14].

The white noise is usually estimated according to the (thermal) fluctuating
current in the core: the component perpendicular to the core axis creates magnetic
field noise, which couples to the pick-up coil [9]—Eq. 11.

A [ 4kT
Icore —| = 11
|:\/ HZ:| Rcore ( )

This “white-noise current” is also present at the 2nd harmonics. In this case,
Eq. 11 should take into account the core “effective resistance” Re{Z} due to the
skin-effect. However, since now we are considering only the correlated component
at the 2nd harmonics, the noise couples to the pick-up coil only by the
(low) residual transformer term of Eq. 1.

For usual core volumes, the predicted white noise is at least an order of mag-
nitude below the observed fluxgate noise: for the race-track sensor [9] with
2 pTims Hz %% @ 1 Hz the white noise was about 0.39 PTims Hz %, In a
single-domain fluxgate [14], white noise about 50 fT was reported utilizing a
cross-spectral measurement technique.

-10 -
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Fig. 5 Typical fluxgate magnetometer noise (TFM100G2, 100 kV/T, SR770)

A typical fluxgate noise is depicted below in Fig. 5—the low-noise TFEM100G2
magnetometer of Billingsley A&D exhibits approximately 1/f character between 10
and 300 mHz and almost white response starting at 1 Hz with ASD about
4.5 pTims Hz %3, which is a limit of the electronics, not the sensor itself.

4 Fluxgate Geometry and Construction

The core geometry plays an important role in constructing the parallel fluxgate
sensor: the sensors can be roughly divided in two families according to core
geometry. Rod sensors utilize cores with open magnetic path, ring-cores and
race-tracks use closed path cores.

4.1 Rod Sensors

The design using two magnetic rods as in Fig. 1 (right) with a common pick-up coil
was used already in 1936 by Aschenbrenner and it is also often referred as “Forster
configuration” after the researcher and manufacturer F. Forster who utilized it. An
example is in Fig. 6 with two thin Permalloy cores in glass tubes, on top of which
the excitation coils are wound [compare to Fig. 1 (right)]. Alternatively, there can
be two pick-up coils anti-serially connected which would be wound directly on the
excitation coils—the so-called “Vacquier configuration” patented by V. Vacquier in
1941.

The advantage of rod sensors is low demagnetization factor due to the favorable
ratio of cross-section and length which is in the direction of measured field. The
disadvantage is that due to the open magnetic path the level of saturation is different
across the core length, causing problems with sensor offset. The pick-up coil is then
placed not to cover the noisy, unsaturated core ends [15].

-11 -
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Fig. 6 The rod fluxgate
(Forster type) before
assembly

4.2 Ring-Core and Race-Track

As stated previously, the construction of a parallel fluxgate should assure good
symmetry to suppress unwanted excitation signal and also possibly to reduce the
noise by strong excitation field: this can be obtained with a closed-path magnetic
core. In terms of Eq. 4, the sensor can be virtually divided to two “core halves” with
opposite excitation field direction—see Fig. 7. The key advantage of the ring-core
[Fig. 7 (left)] is the possibility to rotate the pick-up coil in order to obtain best
suppression of the residual excitation signal (due to transformer term in Eq. 1). Its
disadvantage is the relatively large demagnetization factor decreasing its sensitivity
when compared to the rod designs. To decrease the demagnetization factor, a sensor
with an oval, race-track shape of ferromagnetic core [Fig. 7 (right)] is often
designed. However its balance is not easily achieved as for ring-cores.

4.3 Bulk Sensors and Micro-fluxgates

The classical parallel fluxgate is a bulk-type, i.e. it uses magnetic core material from
magnetic tape/wire or even a bulk material with wire-wound excitation and pick-up

PIT

. E

Fig. 7 (Left) The ring-core with Hg in “core halves.” (Right) The race-track sensor
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p—

it}

Fig. 8 (Left) The real 12-mm-dia ring-core is a typical bulk sensor. (Right) The 30-mm long
race-track is created in PCB technology

coils. The final core shape in larger sensors is then obtained by winding the magnetic
tape [16] or the annealed wire [14] to a core holder [Fig. 8 (left)]; a stress-free
alternative is etching or arc-cutting the final core shape from a wide magnetic tape
[17]. The advantage of bulk fluxgates is their high sensitivity due to large
cross-section and high number of pick-up coil turns, and also low demagnetization
factor achievable with long sensors. Disadvantages are their cost and mass which
start to be a limiting factor even in aerospace applications where bulk fluxgates still
find use [18]. An approach to at least simplify the manufacturing design has been
done with PCB fluxgate sensors [19]—Fig. 8 (right), however despite the compa-
rable size their parameters are inferior to that of classical ones mostly due to residual
stresses after manufacturing (bonding of the ferromagnetic core) [20]. Electroplated
ring-core fluxgates on PCB substrates have been presented by Butta [11], the thin
layer was advantageous for high-frequency performance of the sensor.

Fluxgate micro-sensors appear since the end of 1980s. Their limitation is mostly
very low sensitivity, resulting in 1-Hz ASD about 1 nT,, Hz ®° even when using
excitation frequencies in the range of 1 MHz. The way of magnetic core manu-
facturing is often limited by desired sensor design: the need for solenoid coils and
integrating the core mostly leads to MEMS devices; CMOS devices rely on
flat-coils with worse coupling to the ferromagnetic core. An integrated micro-sensor
core would require electrolytic deposition [21], integrating the etched tape [22] or
sputtering [23].

S Fluxgate Noise and Ferromagnetic Core

During the 80 years of fluxgate development, it has been finally understood that the
core parameters are the key for a low-noise, high-sensitivity sensor [14, 16, 24].
The ferromagnetic core for a parallel fluxgate should fulfill several requirements
arising from Eq. 2 and the principle of operation; these requirements affect several
different parameters. Table 1 shows the list of required parameters and the most
affected property.
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Table 1 Influence of core parameter on fluxgate performance

Core parameter Primary effect Secondary

Low demagnetization factor Sensitivity Noise

Low Barkhausen noise Noise -

Low magnetostriction, low applied stresses Offset Noise

High permeability Sensitivity Power consump.
Approach to saturation Noise -
Thickness/resistivity Losses High f operation
Curie temperature Operating range Noise

5.1 Core Shape—Demagnetization Factor

Keeping the core demagnetization factor D low (lowest for rod-type sensors) not
only allows for high sensitivity to external fields (Eq. 2) but also provides better
ratio to the “core noise”—see Eq. 9. Thus a common practice to decrease sensor
noise, if the limits of improving the magnetic material are reached, is to decrease D.

The demagnetization factor of a ring-core with a diameter d and effective core
thickness T was estimated from a number of calculations and measurements [13]:

D = 0.223 (T/d) (12)

However it is relatively easy to model D it in today’s FEM packages for arbitrary
shapes. In Fig. 9 (left), the demagnetization factor of a 10-mm ring-core was cal-
culated using ANSYS and also FLUX 3D software. The ferromagnetic tape was
20 um thick and 2.6 mm wide with p, = 15,000. The resulting demagnetization
factors for 5, 18 and 46 tape turns agree well with that calculated by Eq. 12. The
relation between fluxgate noise and the demagnetizing factor due to Eq. 9 as
proposed by Primdahl was later proved for large ring-core sensors [25]—the typical
dependence is depicted in Fig. 9 (right). The increased noise at very low D values
appears due to the fact that a smaller cross-section causes loss of SNR, assuming
the existence of external induced noise coherent to the 2nd harmonic.

5 layers 18 layers 46 layers
D=8x10" D=27 x 107 D=61x10" —+—Different cores
== Unwinded core

Moise RMS [pT]

1 15 2 25 3 35 4
Damagnetization factor %107

Fig. 9 (Left) Calculated demag. factor D of 10-mm ring [25]. (Right) Noise versus D for 50-mm
rings
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5.2 Core Material and Processing

Historically, the core materials were iron [1] or ferrites [3]. Later crystalline Ni-Fe
started to be used in the form of tapes or rods ending up with specially annealed
Molybdenum-Permalloy tapes [26] which are still being utilized in space research
[18]. With these crystalline materials, the cores have to be annealed with the material
already in its final shape. The inherent advantage of Permalloys is their high Curie
temperature, allowing for high temperature operation, however special care of the
material composition is necessary to achieve near-zero magnetostriction. Since
1980s there is a widespread use of amorphous materials, mostly in form of thin tapes
and wires, which do not require hydrogen annealing in the final form and are less
mechanically sensitive. Cobalt-based amorphous materials tend to be the best can-
didates for the sensors [16] however also in this case sufficient annealing process is
necessary to obtain the same or better performance than the heritage Mo-Py cores.

Low Barkhausen noise is generally obtained in materials with very low area of
the hysteresis loop with prevalent domain-wall rotations rather than domain-wall
movements. This is achieved usually by perpendicular-field or stress annealing of
the magnetic material to introduce perpendicular anisotropy, thus promoting
domain-wall motion rather than sudden jumps due to the domain wall movement
[16, 24]. Influence of Curie temperature on noise was studied by Shirae for various
amorphous compositions [27]—a strong correlation between low Curie temperature
and low fluxgate noise was found.

Since the end of the 20th century, nanocrystalline materials receive great
attention because of their good thermal stability and stable phase, which makes
them suitable for down-hole drilling [28] and possibly in space research. However
their disadvantage is the relatively high saturation induction, requiring high exci-
tation power and higher noise even after proper annealing.

6 The Feedback Compensated Magnetometer

The diagram of a typical feedback-compensated fluxgate magnetometer is on
Fig. 10. The magnetometer usually uses feedback in order to achieve better stability
and linearity of the device: the measured field is zeroed by an artificial field with
opposite sign, created either by a coil shared for also for voltage pick-up, or by a
separate compensating coil. The standard means of achieving the compensation
field is using an integrating regulator feeding a feedback resistor or driving an
active current source.

Alternatively, for full-vector magnetometers, the feedback coils can be inte-
grated to a triaxial coil system where the orthogonal sensor triplet is placed,
assuring high homogeneity of the compensating field and suppressing the parasitic
sensitivity to perpendicular fields [30]. Also the mutual influence of feedback fields
of the closely located sensors is suppressed.
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Fig. 10 The feedback compensated magnetometer from [29]

The sensitivity of the compensated magnetometer depends—by its operating
principle—only on the coil constant of the compensating coil. The open-loop sen-
sitivity (given by number of pick-up coil turns, core volume, demagnetization factor,
permeability, drive waveform etc.) then affects the noise or resolution of the mag-
netometer, which ideally remains the same as in open-loop. The magnetometer
linearity can be in tens of ppm and its gain stability better than 20 ppm/K, which in a
good design is limited by the thermal expansion of the compensating coil (and its
support) rather than by the electronics itself [30]. However, even for best magne-
tometers, the real-world limiting factor affecting the magnetometer resolution is the
sensor offset and its temperature drift, which are not suppressed by the feedback
loop. The offset is frequently caused by the non-ideal excitation waveform, which
may contain parasitic signal at second-harmonic, which is not suppressed due to
finite balance of the pick-up coil and the two ferromagnetic cores (or core halves).
The core itself can be further affected by perming (i.e. large field shock, which
causes change in the core remanence). Another significant contribution to the offset
is the core in-homogeneity and its magnetostrictive coupling to inhomogeneous
external stresses [12]; much lower contribution is to be expected from the elec-
tronics, such as amplifier non-linearity and detector offset. A detailed study of
influence of the electronics on magnetometer parameters was presented by Piel [31].

6.1 Magnetometer Electronics

6.1.1 Analog

Signal processing of the pick-up voltage in an analog design normally uses an
appropriate circuit for phase-sensitivite, dc-coupled down-conversion of the mod-
ulated signal on 2nd excitation harmonics (synchronous detector—phase sensitive
detector/mixer)—this is done mainly when the fluxgate output signal at the
pickup-coil can be “tuned” by a resonant capacitor to suppress higher-order even
harmonics. Another detection possibility is “in time-domain” by integrating the
output voltage [20]. Alternatively, it is possible to “short-circuit” the output
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fluxgate terminals by a current-to-voltage converter and then process the pulse-like
signal proportional to the gated flux [32]. Other techniques use the information of
time-lag of the fluxgate output pulses in a special detector circuit [33, 34].

After the detector circuit, the feedback regulator (integrator) stage assures the
feedback current, which is sensed, filtered and its value processed in an A/D
converter. The fluxgate excitation (oscillator + driver in Fig. 10) in reality does not
use sine-wave or triangular excitation signals, as shown in the derivation of the
fluxgate output function. In order to save power, either pulse excitation using
H-bridge is used [20] or the excitation circuit is “tuned”, i.e. the excitation wave-
form is generated by switches and the non-linear inductance of the excitation circuit
is tuned to serial-parallel resonance obtaining sharp excitation peaks. In that way
the losses in the excitation circuit can be lowered only to ohmic losses of the
excitation winding, moreover it was shown that the amplitude of the excitation
signal has an inverse proportional effect on sensor noise [35].

6.1.2 Digital

Early digital magnetometer designs ended up with higher noise than the analog
fluxgate with its D/A converter, however at least in space applications the trend is to
integrate the electronics to an ASIC which can be further radiation-hardened for
aerospace applications. The signal path historically utilized appropriate
analog-to-digital converters and signal processing in DSP/FPGA together with D/A
converters for feedback [36].

Recently, the fluxgate sensor was successfully integrated in an higher-order
delta-sigma feedback loop electronics [37]—the power consumption of the corre-
sponding ASIC (Fig. 11), which carries out the signal demodulation, feedback
compensation and digital readout, was only 60 mW and the magnetometer per-
formance was at least equivalent to 20-bit+ analog magnetometers with delta-sigma
ADC’s [38].

7 Applications

The first fluxgate applications appeared in the field of geomagnetic studies [1] and
later also in the military or defense sector—“flux-valves” served for detection of
ships or submarines [39]. After WWII, fluxgates have been extensively used in
compasses/gyrocompasses in shipping and aviation [40], they have also found their
use in attitude control of rockets or missiles and later they started to be used also on
satellites [41]. Fluxgate sensors have been used in planetary studies since the early
Apollo missions [26] and remained in their form almost unchanged—despite
improved electronics—in the aerospace segment up to today [18]. Geophysical

prospecting used aircraft-mounted fluxgates from the very beginning, and since
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Fig. 11 Microphotograph of the MFA fluxgate ASIC. Reprinted from [37] with kind permission
of the author

1980s, sufficient methods appeared to precisely calibrate the sensors, which allowed
their use even onboard spacecraft for satellite-based geophysical research [42, 43].

One of the most common applications of a fluxgate for ground-based surveys is
a magnetic gradiometer, consisting mostly of two aligned uniaxial sensors or two
triaxial sensor heads. For a single-axis gradiometer, the estimated gradient dB,/dx
would be an approximation from two sensor readings B,; and B,, in a distance d:

OB, By — B Bxl —Bo  AB,
= lim 1
8x d—0 (x1 — )Cz) d A)C ( 3)

Equation 13 implies the high requirements on individual fluxgate sensor noise if
the sensor spacing d should be reasonable, i.e. below 1 m. Metal or UXO
(Unexploded Ordnance) detectors using fluxgate find application also in underwater
mine-hunting [44] and because of the cheap computational power now available,
they are even constructed as full-tensor gradiometers which allow for localizing the
magnetic dipole.

There also exist fields in biomedicine where fluxgate (gradiometers) have found
their application: magneto-relaxometry (MRX) [45] and magneto-pneumography
(MPG) [46]. Parallel fluxgate—or at least their principle—are also used for
contact-less, precise dc/ac current measurements [34, 47].
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8 Commercial Fluxgates

8.1 Magnetometers

There are actually very few suppliers who would sell good-quality fluxgate sensors
separately—complete magnetometers are mostly offered. One common configuration
is a triaxial magnetometer with analog outputs, the transfer constant (sensitivity) is
mostly 100,000 V/T. Such instruments are for example of TFM100G2 (Billingsley
Aerospace & Defense, USA), MAGO3 (Bartington, UK), FGM3D (Sensys,
Germany), TAM-1 or LEMI 024 of Laboratory of Electromagnetic Innovations (Lviv,
Ukraine). Digitalization of these analog instrument outputs is upon the user or a
special hardware is available from the manufacturers. Magnetometers which feature
digital outputs (d-) are e.g. the Billingsley DFMG24, LEMI-029, the 3-axis magne-
tometer of Forster, Germany and FVM-400 of MEDA, USA. Table 2 summarizes
most important parameters of the mentioned magnetometers.

8.2 Fluxgate Gradiometers/UXO Detectors

Table. 3 shows parameters of several commercially available gradiometers (UXO
detectors), as manufactured by Schonsted (WV, USA), Forster (Germany), Geoscan
(UK) or Bartington (UK). Although the gradiometer noise can be a parameter for
selecting the best instrument, in reality, the gradiometer resolution is given by
gradiometer calibration (astatization) which limits its real-world performance: the
large, homogeneous Earth’s field will cause false response unless the gradiometer is
perfectly aligned or calibrated.

Table 2 Parameters of several commercial magnetometers

Magnetometer Range Noise (1 Hz) 3-dB BW Offset drift Power
type (£pT) (pT,ne/VHZ) (kHz) (nT/K) W)
TFM100G2 100 5-10 0.5/4 0.6 0.4
MAGO03 70 6-10-20 3 0.1 0.5
FGM3D 100 15 2 0.3 0.6
LEMI 024 80 6 0.5 N/A 0.35
d—FVM-400 100 N/A 0.05/0.1 N/A 0.55
d—DFMG24 65 20 0.05 0.6 0.75
d—LEMI-029 78 6 (w/comp) 0.18 N/A 0.5
d—Forster 100 35 1 1 3.6
3-Axis
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Table 3 Parameters of several commercial gradiometers

Gradiometer type Base Resolution Mass Power

(m) (nT/m) (kg) W)
Schonsted GA52Cx 0.5 N/A 1.1 0.2
Forster Ferex (0.6 m, w/logger) | 0.65 1.5 4.9 2
Geoscan FM256 0.5 2 2.5 0.5
Bartington GRAD601 1 <1 1.3 1.1
(w/logger)

9 State of the Art—Recent Results

Recent achievements, either in the field of sensors, or in final
magnetometers/gradiometers, are mainly determined by improving the ferromag-
netic core material and sensing technologies.

9.1 Bulk Sensors, Magnetometers and Gradiometers

A fluxgate magnetometer with high-temperature rating of +250 °C was presented
by Riihmer [28], the sensor core utilized nanocrystalline Vitroperm VP80OR.
Similar study was done before by Nishio [48] for Mercury exploration satellite,
where the sensor characteristics were measured in —160 to +200 °C range.

Noise of a miniature, 10-mm diameter amorphous ring-core fluxgate was shown
to decrease by field-annealing down to 6 pTpy Hz *° @ 1 Hz [24] which is
comparable to the state-of-the-art 17-mm aerospace sensors of the Danish Technical
University [30] and also crystalline Mo-Py sensors used by the Geophysics and
Extraterrestrial Physics group of the Technical University Braunschweig, Germany
[18]. By decreasing the demagnetization factor by optimizing core geometry and
the core cross-section of large ring-cores, it was shown by the author that
2 pTims Hz % can be achieved even with an as-cast tape [25]. The problem with
low sensitivity of miniature fluxgates was addressed by Jeng [49] who showed an
improvement of 2 x in the miniature magnetometer noise by using information from
multiple even harmonics.

A study relating the magnetostrictive coupling of fluxgate core to external
stresses with fluxgate noise was done by Butta [11]. The origin of the fluxgate offset
was recently studied by Ripka [12] and it is—together with excessive noise—
believed to be the effect of (local) magnetoelastic coupling, if other sources like
perming or offset due to electronics are excluded.

In the field of gradiometers, the state-of-the art in axial devices is still the
construction of DTU [50] with two triaxial vectorially-compensated heads, sepa-
rated by 60 cm: the achieved resolution was 0.1 nT, m . An underwater
“real-time-tracking autonomous vehicle” developed at Naval Surface Wartfare
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Center, FL, USA [51] exhibited noise below 0.3 nT m ' Hz *° @ 1 Hz, after
compensating the vehicle noise. Recently, a similar full-tensor gradiometer vecto-
rially compensated by a compact-spherical-coil was shown by Sui [52], which has
the perspective to further decrease the gradiometer error and increase its sensitivity
due to common compensation of the homogeneous field for all the 4 x 3 sensors.

9.2 Micro-fluxgates

A low-noise MEMS microfluxgate with nanocrystalline core embedded by chem-
ical etching and with 3D solenoid coils was presented by Lei [22]. The sensor size
was 6 x 5mm” and the noise was as low as 0.5 nT Hz *° @ 1 Hz. Texas
Instruments has recently published a CMOS-integrated Forster-type micro-fluxgate
for contactless current sensing using a gradiometric arrangement [53]. It is also
intended for closed-loop current measurement, where it replaces the common
Hall-probe in the yoke gap. Its microphotograph is in Fig. 12: the Forster sensor is
shown together with the excitation and signal-processing electronics. The
microfluxgate operates at 1 MHz, achieves 0.2 mA resolution and was released as
“DRV421”. Recently, also a standalone micro-fluxgate in a 4 x 4 mm? QFN chip
was released, with a noise of 1.5 nT Hz *° @ 1 kHz [54].

Fig. 12 The CMOS integrated Forster fluxgate, reproduced with kind permission of Texas
Instruments, Inc
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Fig. 13 The magnetic sensor and digital electronics of MMM mission (flight model, not to scale)
—reproduced with kind permission of Werner Magnes /IWF Graz

9.3 Space Applications

An offset-reduction technique proposed by DTU for satellite missions [55] allowed
to decrease offset drift of the heritage analog magnetometer design [30] to £0.5 nT
in a 73 °C range—the temperature changes in the excitation resonant circuit were
compensated by an adaptive control of the detector phase. The digital-detection
delta-sigma magnetometer of the THEMIS mission (launched 2007, still active)
achieved offset stability of approximately 0.05 nT/K in the —55 to 60 °C temper-
ature range [18]. These parameters became the state-of-the art in space fluxgate
magnetometers.

The recently successful ROSETTA Explorer and its lander PHILAE used
fluxgate magnetometers; the instrument noise was about 22 pT,,s in 0.1-10 Hz
band [56]. The SWARM multi-satellite mission, launched in 2013, carries onboard
several atomic magnetometers and also traditional fluxgates from DTU Denmark,
and is now producing valuable data for a new Earth’s field model and other geo-
physical observations [43]. A similar NASA “Magnetospheric Multiscale Mission”
was launched in March 2015; the spacecraft carries analog and also
delta-sigma-loop-integrated magnetometers with custom ASIC developed at the
IWF Graz, Austria [37]—see Fig. 13. Multiple magnetometers have been used and
large effort was made to achieve magnetic cleanliness [38].
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2 Improving magnetometer precision and accuracy

Improving the magnetometer precision (resolutiayirectly connected with lowering
the magnetometer noise. Improving the magnetonaateuracy means not only improving
its precision (which is part of the overall accydd]), but also the uncertainty of
magnetometer calibration and long-term stabilityitef parameters. Given the considered
applications (geophysics and metrology), the aufleoused mainly on establishing and

decreasing the ultra-low-frequency (ULF) magnet@nebise — between 1 mHz and 1 Hz.

2.1 Precision: noise and offset instability

The precision of a magnetometer reading is largéflgcted by its noise parameters and
instability of its offset, which can be either aaeted numerically, or is a random variable
increasing the ULF noise. The author focused oabéishing and improving the parameters
of two types of Earth’s-field-range magnetometéns: in-house developed parallel [44] and
orthogonal fluxgate [41], and a commercial HTS SRUAs the noise of a magnetometer
sensor is improved, the noise contribution of thecteonic has to be considered too: the
additional sources to the actual fluxgate / SQUéDs®r noise include and are not limited to

the (pre-) amplifier, feedback loop, excitation amdias current [40] and digitizer noise.

2.1.1 Establishing and decreasing noise during magnetonmeatdeployment

The following article,Low frequency noise investigation of pT-level metgmn sensors by
cross-spectral methodP2], presented at IEEE Sensors 2021 conferencals deith
estimation of magnetic noise of fluxgate and SQWHNhsors while in operation i.e. during
geomagnetic measurements. As opposed to establifiennoise in a magnetic shield, this
method shows the actual noise performance of trerdystem including digitizer noise, as
the noise of a typically used delta-sigma ADC remDp-voltage does not contain the voltage
reference noise which dominates in high-resolusigstems. Also, for HTS SQUID sensors,
the noise strongly depends on the amount of fluewzgn“ in the ring material: due to
impurities of the superconducting material, fluxti@es are pinned in normal areas of the

superconducting film and their distribution is wide in time, increasing the 1/f noise [42].
[P2] Low frequency noise investigation of pT-level méignsensors by cross-spectral

method (2021)Author contribution: 40%. Fundamentals of methodology, data collection

and processing, article structuration and finaiorat
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magnetic sensors by cross-spectral method
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Abstract— We present a simple method to estimate the noise
of magnetic sensors running in the Earth’s field range by
establishing the cross-power spectrum density during ambient
field operation and performing spectral subtraction. This
method has advantages to the usual subtraction of two sensors
outputs, mainly in requirements for synchronization of the
sample rate and gain calibration. With this method, verified in
simulation and measurements with AMR magnetometers, we
could use a fluxgate as a second sensor in order to estimate the
low-frequency noise of an HTS SQUID in the ambient field.

Keywords—magnetic sensor; noise; SQUID; fluxgate; AMR;
correlation

I.  INTRODUCTION

Estimating the ultralow frequency (ULF, 0.01-1 Hz) noise
levels of magnetic sensors in a laboratory is not a
straightforward task once the expected noise levels of the
sensor are in the order of pT. The first option is to use a
magnetic shielding cylinder (“zero-field cylinder”) [1]. An
even better option is a shielded room with large dimensions
and “active shielding”. The state-of-the-art “BMSR-2” with 8
layers states about 1x10* to 1x10° shielding factor between
0.01 and 1 Hz [2]; however, such an establishment is out of
reach of a typical laboratory. We have estimated the shielding
factor of a compact 6-layer magnetic shielding cylinder
(length 0.75 m, inner diameter 17 cm) available at the CTU as
approx. 1x10* between 10 and 100 mHz and 2x10% at 20 Hz
[3]. For a typical laboratory noise of 10 n'T/NHz @ 1 Hz, the
transverse shield attenuation would yield about 1 pT/NHz
“residual” noise at 100 mHz.

The problem with finite shielding factors can be mitigated
by doing the noise measurements with the shield in a low noise
environment. However, for the HTS DC SQUID (High-
temperature-superconductor ~ Superconducting ~ Quantum
Interference Device) magnetometer, the noise obtained in a
zero-field environment might be much smaller than when
exposed to the Earth's magnetic field (~20 - 60 uT) during
geomagnetic observations [4]. Although the SQUID sensor
design can be optimized to reduce the effect of “flux trapping”
and subsequent ULF noise due to exposure to large magnetic
fields [5], the researchers and manufacturers almost
exclusively claim the sensor noise “in zero field”, and rarely
show noise figures at frequencies below 1 Hz [6], [7] because
of its dependence on the electronics, setup and location.

An alternative to magnetic shields for estimating the
sensor noise is measuring its output in a quiet ambient
(Earth’s) field [8]. The method is cheap and benefits from the
real-world operation of the sensor, i.e., it is not artificially
exposed to zero magnetic field. If ambient noise is lower than

the predicted sensor noise, direct measurements can be
performed, however, the ambient field cancellation method
with two sensors, as described below, is utilized mostly.

A. Out of the shield — difference measurement

The most common method to reject ambient magnetic
field and its noise is subtracting the outputs of two identical
magnetic sensors; although more advanced methods might
yield better results [9]. If we assume that the two sensors
exhibit sensor noise 7,(f) and n,(z), then it follows for the two

noisy observations y,(r) and y,(¢) of the ambient field a(z):

yO) =m0 +a® (1)

If observations are subtracted, the common (correlated)
noisy ambient field a(7) is removed. The basic condition is that

v =n()+a(t) and

a(?) is the same at the two sensors. This can be met where the
noise gradient is negligible (i.e. sufficiently far away from
anthropogenic noise). Natural ambient field fluctuations
(diurnal changes of the Earth's magnetic field, magnetic
storms / field oscillations induced by Sun activity,
thunderstorm discharges etc. - [8]) can be regarded as
homogeneous on a local scale and thus a(f) for two aligned
and calibrated sensors will be the same.

DUT1

Gl R )
O
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K2 |Ya(t)
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Fig. 1. Difference measurement method
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If the condition that n,(¢) and n,(¢) are uncorrelated is met,
and both signals are of the same magnitude and distribution,
we can then write for Amplitude Spectral Density
(ASD=VPSD, T/VHz) of the individual sensor noise:

ASD(m () = 5+ ASD(11(1) = 72(0)) 6))

This method is convenient, however suffers from
drawbacks. First, the two sensors have to be of similar noise
performance, otherwise the estimation yields more towards
the noise of the inferior sensor. Also, the noise floor is limited
by coherent sampling, alignment and perfect calibration of the
two sensors, i.e. ka(tf) # k,a(f). Further, any gradient or de-

correlation (i.e. due to the presence of ferrous objects) in the
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ambient noise is not suppressed, requiring lowering the
sensor-to-sensor distance [9] and/or using a low-gradient
environment.

B. Proposed method — cross-spectrum subtraction

To overcome the first two limitations of the difference
method, we propose to use a modified cross-spectrum method,
as described i.e. in [10]-[12]. The cross-spectrum method was
used to suppress the noise of the preamplifiers for
magnetoresistive sensors [13] - here the uncorrelated noise
was suppressed and noise of the magnetoresistors, far less than
the noise floor of the preamplifiers, was revealed. In our case,
we will however assume that the ambient magnetic noise is
the only correlated component when logging the ambient field
with two magnetic sensors. By calculating the cross-spectra
and using the spectral subtraction method [14], however, we
do not reconstruct the signal our case and stay in the frequency
domain.

II.  CROSS-SPECTRAL NOISE ESTIMATION IN AMBIENT
MAGNETIC FIELD

With the “modified cross-spectrum method”, we can
calculate individual sensor noise while overcoming the
drawbacks of the direct-subtraction method. Specifically, we
can estimate the noise when using two sensors with different
noise characteristics, which will be illustrated below even in
the case of more than one order of magnitude difference
(fluxgate vs SQUID sensors). Also, this method allows us to
estimate the noise of a single SQUID sensor, as the ULF noise
can differ significantly from sensor to sensor. In our setup [18]
we have only one SQUID axis running; therefore the
difference method cannot be used.

A. Method description

Firstly we have to obtain power spectrum densities (PSD)
for measured signals and cross power spectrum densities
(CPSD) for DUTs. As the PSD/CPSD is a Fourier transform

of auto/cross correlation R(k) of sampled signals [15], we can
write for the first observation y,(k) - using the notation of
equation (1) and skipping some mathematical operations after
substituting y,(k) = n,(k) + a(k):

N

1

R, (k) =— Z‘i Yy (n—k) = =

n=

=R, (k) + R,, () + R, (k)+ R, (k) 3)

Because R,,,= R,,,, we can write:

nla>

R, (k) = R (k) +2R,, (k) + R, (k) (4)

The same applies for observation y,(k):

Ry, (k) = Ry(k) = R, (k) +2R,,, (k) + R, (k) )

Cross-correlation between the two observations is then:

N
R)’])’z(k) = % Zl Y1(n)yZ(n —-k)y=...=

= R,(K) + 2Ry (k) + R, . (K) 6)

When subtracting the cross-correlation (4) from R ,(k):

R, (k) = Ry, (k) = Ry(k) + 2R, (k)+.

ARy () = (Ry(K) + 2Ry (k) + R,y (K) ) )

If we can assume that ZRMI(k) = 0 and 2Ran2(k) =0 dueto

no correlation between DUT intrinsic noise and external
noise, and that also R, , (k) =0 due to no correlation

between the noise of both DUTSs, it is left that:
Ry, (k)= R, (k) = R, (k) @®)

which proves our method to be correct. Conversion between
correlations R(k) and power spectral density S(f) can be
expressed using Fourier transform F:

N
S(f)= FIR(K)) = Y R(kye )

k=1

The Welch’s periodogram [15] estimates the averaged S(f)
with number of averages m, defined by window length and
overlap. The number of averages influences the variance of
the spectrum — PSD=S(f) variance is approximately
inversely proportional to m. During the estimation of a(r)
noise by calculating the CPSD, we need to suppress the non-
correlated part of the y, and y, observations. The suppression
further depends on the number of averages available, and is
inversely proportional to Ym [10]. The minimum number of
averages for Gaussian signals was shown to depend on the
inverse coherence function y2[16]: m,,=1/v".

B. Verification with synthetic data

For the initial testing of the proposed method, we
generated synthetic data in MATLAB (white noise with
additional pink noise). Using three arrays n,(k), n,(k), a(k) of
uncorrelated noise we obtained two “composite noise”
observations y,(k), y,(k) - see equation (1). We simulated a
frequent scenario with one “good” low-noise sensor and one
“poor” sensor with higher noise. In this case the subtraction
method cannot be used as it automatically leads to the noise
of “poor” sensor. Results can be seen in Fig. 2.

Nsamples = 1e6, NFFT = 1024, WIN = 1024, OVRLP = 80%

s, Low-noise sensor (composite)
g

s, Noisy sensor (composite)
2

s, Cross-spectra (composite)
v,

S, S, Low noise sensor (composite) minus cross-spectra
TZA

1010k —s,, Low-noise sensor (intrinsic)

ASD (T/+/Hz)

=

Frequency (Hz)

Fig. 2. Verification with simulated data — 1x10° samples, m ~4900

C. Effects of imperfections — alignment, sample rate, gain

For practical use of the method, multiple imperfect
scenarios have been tested to verify its usability. Since we are
doing computations in the frequency domain instead of the

Authorized licensed use limited to: CZECH TECHNICAL UNIVERSITY. Downloaded on February 29,2024 at 09:57:26 UTC from IEEE Xplore. Restrictions apply.
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time domain, and the process can be assumed ergodic, it gives
us inherent independence to time alignment (lead/lag has no
effect on the CPSD subtraction method). Errors in sampling
rate leads to worsening of results as shown in Fig.3 for real
data. Error in gains (>10%) caused by imperfect calibration
also lead to worse results, however, we have verified that
even a 1% gain error is acceptable.

(matched)

AR s, . (matched)
0.01% off

S~ 2

s 0.01% off
Y4 VY2

0.05% off
V1Y

s, -8, 0.05% off
Vi VY2

J

i ik L . A )
e ™

10710
Frequency (Hz)

Fig. 3. Samplerate error simulation - effect on CPSD subtraction

D. AMR magnetometer noise estimation

The real-world measurement has been done using two
identical AMR magnetometers [17] mounted on a wooden
desk with 18 cm spacing, shown in Fig.4. Both
magnetometers streamed data over a serial link with the same
sampling rate, and the data were recorded on a PC. Even at
such a small distance, crosstalk between compensation
windings of AMR sensors is negligible, as the compensation
windings are on the AMR chip, and thus yield negligible
magnetic moments. In Fig. 4 we see that the calculated noise
of AMR#1 (black trace) matches the direct measurement of
Sui in a 6-layer shield (magenta) closely.

=]
o

ASD (T/+/Hz)

-
<
3

4
Frequency (Hz)

Fig. 4. AMR — noise measurement results and photo of the setup

III.  FIELD ESTIMATION OF SQUID NOISE

At SANSA Space Science, we are operating an
unshielded HTS SQUID for geomagnetic observations [18].
A single Z-axis sensor type M2700 (StarCryo, USA), is
connected to flux-feedback-loop electronics type SEL-1
(Magnicon, Germany) - see Fig. 5. The analog output is
digitized with two 24-bit cards, NI-9252 and AD24-ETH. For
this study we used the latter, as it offers lower noise at the
expense of bandwidth. The ULF noise of the SQUID could
not be estimated yet as it is masked by ambient noise and we
are lacking a second sensor performing equally well.

RS-485

—/1.
o NI-9252  memer
15-pT FLL :
FG
AD-24ETH ethernet

[

SQUID

Fig. 5. HTS SQUID and fluxgate sensor setup

The AMR fluxgate and SQUID do not share a common
ADC (the fluxgate output is digital). The only possible
correlation would be from a noisy power supply, which is
12V DC buffered by lead-acid batteries. Fig. 6 shows a short
record of sampled data and resulting spectra. Correlation
between the fluxgate and SQUID data is evident from the
time record; we also see that the “composite” fluxgate noise
is also almost order of magnitude higher than of the SQUID.

Estimation of ULF SQUID noise

——Sy1 SQuUID
——S8y2 fluxgate|
Syly2 CPSD
1010 F —— Sy1-Sy1y2
N
T u.
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E Vagen  OSACNG T, N
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Fig. 6. SQUID and fluxgate data - time domain and noise estimation

The level of correlated ambient field noise of about 3 pT/NHz
at 1 Hz is reasonable since we observed similar values before
with a 1-pT fluxgate magnetometer [19]. We can see that
above approximately 200 mHz, the SQUID noise is
dominating, with about 5 pT/NHz at 1 Hz. Below 100 mHz the
coherent ambient field noise dominates. The SQUID noise at
100 mHz (upper limit estimation) was established as about
30 pT/ VHz. A future measurement with the 1-pT fluxgate [19]
as a third instrument will bring us more confidence in the
potential of the presented method and reliability of the
established SQUID noise.
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2.1.2 Parallel fluxgate noise reduction - demagnetizatiofactor

During 2012-2014, the author was involved in aatwdrative project with the exploration
industry aimed at reaching parallel fluxgate magmester noise ASD of 1 pTHz @ 1 Hz,
which has been reported in the state-of-the-ast twikce — in [17] and [19].

The results with a 50-mm tape-wound ring-core (tetieh amorphous tape), as shown
in the article Effects of Core Dimensions and Manufacturing Procedn Fluxgate Noise”
[J23], were promising, although consistently only 2y 1-Hz ASD was reached. The
aim of the research was to verify the dependendtuxdgate noise on the demagnetization
factor of its core [43], i.e. that by reducing tdemagnetization factor the noise should
decrease towards the actual limits of the mateffdbre detailed results, mainly regarding
the core-annealing were not published due to neclakure agreements.)

From the data shown in [J23], Fig. 4, there wa@ditation that the excitation noise at
2" harmonic plays a significant role: excitation moigloes not change as the
demagnetization factor improves, so there will bratation on the noise improvement
with decreasing demagnetization factor. Unfortulyatehis will be more pronounced for
larger cores with lower demagnetization factorsjciihrequire more excitation energy for
the same levels of saturation (increased windisgtance due to larger core circumference,
in our case). Theoretically, excitation noise wolbddcancelled for a perfect parallel fluxgate
but the there is always a residual coupling toekeitation field due to imperfect geometry
and core and winding inhomogeneity [44]. Anothamifation, when decreasing the
demagnetizing factor simply by decreasing the nsdterross-section, would be the
decreased sensitivity, however this can be compethdar with increased number of turns
of the secondary winding, and did not pose a prohbieour study.

The requirement for excitation field “purity” is ew more pronounced if the Barkhausen
noise was further reduced with perpendicular anmgdfield-, stress-, Joule-heat-) of the
magnetic material: the excitation levels for deafusation [40] need to be even higher — the
author reported up to 10 kKA/m p-p in [J27] for @dir-annealed amorphous ring-core.

[J23] Effects of Core Dimensions and Manufacturing Pdate on Fluxgate Noise (2014).

Author contribution: 60%. Theory, data collection (minus simulation@pcessing and
article composition. Citations: 2
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The effect of demagnetizing factor and manufacturing procedure on noise of the fluxgate probes, manufactured
from metallic glasses, is presented. The fluxgate probes were either tape-wound, or flat, wet-etched ringcore and
race-track geometrics, When combining low demagnetizing factor and high enough cross-section of the probe, a
minimum in the noise dependence can be found. For 50 mm ringcores, in such minimum the noise value as low
as 7 pTrars in 0.1-10 Hz frequency band was achieved, which is very low for an as-cast tape, and has not been

reported before.
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1. Introduction

The coupling of internal noise of the magnetic mate-
rial to the noise of fluxgate sensors, manufactured from
that material is ruled according to the commonly agreed
practice, by the so called demagnetizing factor of the
probe. This factor can be altered by changing the ge-
ometry of the probe (Fig. 1). For tape-wound sensors,
core radius can be modified or the number of tape-turns
can be altered. For ring-core and race-track geometries
etched from tapes, changing the width of the annulus or
stacking of the cores brings similar results.

The effect of the demagnetizing factor on noise was
shown by Primdahl |1] for a given ringcore diameter of
17 mm. Tape-wound racetracks, studied in [2], were also
optimized by altering the race-track geometry.

5 layers
D=8x 103

18 layers
D =27 x 103

46 layers
D=61x103

'/Hm= 100 A/m

during field annealing of the tape-wound core in its final
form [4].

A different situation exists for flat cores wet-etched
from a wide amorphous tape. In this case the bend-
ing stress does not aflect the probe noise, however the
smoothness of etching process and mainly the art of fix-
ing the core to the bobbin influence the noise. Flux-
gate probes with etched race-track cores were previously
studied in printed-circuit-board (PCDB) sensors; however
the internal stresses due to embedding the core in the
PCB laminate affected probe performance [5]. In [4] the
authors have shown noise figure also for the race-track
core which was not embedded in the laminate, however
its performance was limited by excitation electronics. In
this study, the working conditions were all the same for
all studied sensors in order to facilitate the comparison
of results.

2. Material and geometry selection

In this work, Vitrokov 8116 — a Co-Cr-Fe-B-Si metal-
lic glass tape was used, with an average thickness of
20 pm and with tape widths of 2.6 mm (wound corcs)
and 20 mm (etched race-tracks).

Fig. 1. Demagnetizing factor as a function of ring- 08T R
core thickness (3D FEM simulation, the outer diameter E
(12 mm) is fixed). @ 04
. . A . . — Toroid - fi 50
However, mainly for ringcores with wvarious diame- oz | Toreid - 12mm
: . . . Racetrack L30:
ters, the comparison is not straightforward: the bending Sese s
stress, which becomes higher with smaller core diame- 0o | ,
ter, is worsening the fluxgate probe noise. This can be l
handled either by appropriate zero-magnetostriction an- 02
nealing |3], or at least by partially releasing the stresses
04 F
-06 T T T T T T T T T
00 80 60 -40 0 40 80 80 100
*corresponding author; e-mail: janosem@fel.cvut.cz H [Afm]
Fig. 2. B-H loops of the 3 core geometries.
(104)
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For the tape-wound cores, the magnetoelastic effects
can be seen by using the same material for 12 mm and
50 mm diameter (Fig. 2). From the B-H loops it is evi-
dent, that cven for these tapes with magnetostriction of
~ 1 x 1077 this cffect is present.

As for the 2.6 mm tape width, the material did
not show any appreciable macroscopic heterogeneity,
which otherwise causes poorly reproducible inhomoge-
nesus magnetic anisotropy, brought about by macro-
scopic stress between surfaces and interior of many Fe-
based ribbong {e.g. Finemets). The absence of this het-
erogeneity in Co-Cr-Fe-B-Si has been verified by com-
paring hysteresis loops prior to and after surfaces re-
moval when the ribbon thickness was reduced by 10+15%
(2 + 3 pm).

In the 20 mm tape however, the heterogeneity was
present but still acceptable. The different B-H loop
shape of the race-track in the comparison is evident but
not caused by the tape macroscopic heterogeneity: the
explanation lies in the as-cast anisotropy of the amor-
phous tape due to the manufacturing process, which is
in the case of longitudinally etched race-tracks combined
in both of the perpendicular branches of the race-track.
An evidence for this behavior was shown in the MOKE
pictures in [4].

4. Noise measurements — setup and results

The setup of electronics and operating conditions of the
fluxgate probe were almost identical to that used in [4].
The resulting noise gpectra for various tape thicknesses
in the case of 50 mm ringcores obtained in a 6-layer mag-
netic shielding can, are shown in Fig. 3. To decrease the
statistical error, an integral value of the noise in the fre-
quency band of 0.1 to 10 Hz was calculated.

1009

— 11 layers 50mm

—19 layers 50mm

~
)
o

— 32 layers 50mm

— 46 layers 50mm

Noise PSD [T/rtHz]
o

~
S
N

10718 | |
0.01 0.10 1.00 10.00 100.00
f [Hz]
Fig. 3. Noisc spectra of the 50 mm ringeore sensors.

The spectrum clearly maintains 1/f behaviour with
lowpass filtering visible for frequencics above 12 Hz. The
measuring procedure was done for the 50 mm cores in
two tracks: 4 cores with different number of turns were
produced and also one core was sequentially re-wound
with decreased number of turns of the tape. The almost
identical 50 mm results shown in Fig. 4 are thus indepen-
dently obtained.

For 12 mm cores, there was a manufacturing problem
of the bobbins, so only values for two demagnetizing fac-

tors are shown (5 and 10 turns). Although no dependence
can be deducted, the overall increased noise, due to the
bending stress ig evident. This was further confirmed
by the one-layer, 30 mm long race-track noisc: abscnee
of the bending stress and relatively low demagnetizing
factor resulted in a noise comparable to that of 50 mm
wound cores.

The results are in agreement with the behaviour found
by Primdahl [1]. The noise for a given geometry slowly
decreases with the decreasing demagnetizing factor up to
a given minimum, from which it increases much faster.

407 =

12mm
—&—50mm
——50mm unwound
—+=30-mm racetrack

Q

=

Noise PSD (0.1-10Hz) [pT RMS]

=

10
Demagnetizing factor

Fig. 4. Noise vs. demagnetizing factor for three ge-

ometries, inclnding results of Primdahl for reference (he

used 5, 10, 15 and 20 turns, respectively, on 17 mm

diameter).

The authors offer the following explanation: as the
cross-section of the magnetic material decreases in this
case, also the signal-to-noise ratio of the whole sensor-
electronics setup decreases, so the lower demagnetizing
factor cannot bring a benefit anymore. Here the limita-
tion was not the 5 nV lock-in amplifier noise, but rather
remanent parasitic signal from unwanted even harmonics
in the excitation current, which does not change when
the core cross-scction (and thus demagnetizing factor) is
altered.
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2.1.3 Noise reduction in an OFM fluxgate

The article , Reduction of magnetic noise limits of orthogonailxdlate sensér[J4]
focuses on addressing the limitations of signattedaics for an OFM fluxgate. Demands
are higher than for a parallel fluxgate: the cqueesling ~1 pTWHz voltage levels of a
properly annealed sensor are already reaching thé\Hz region; moreover, the signal and
excitation of the sensor occur at the same frequese common-mode rejection of the
amplifier is of great importance. By redesigning #lectronic; we were able to lower the
1 Hz noise ASD to 0.7 p¥Hz and the white noise ASD below 0.3 gM£. This result has
been since a new state-of-the art for a room-teatpes, vectorial sensor.

The next articleVery low frequency noise reduction in orthogonalfate® [J12 shows
significant reduction of ULF 1/f noise with the nmsaof thermal damping of the sensor core.
Care was taken to research the material paramietengler not to influence the sensor by
mechanical stresses during curing and operationtdugn-zero magnetostriction of the
ferromagnetic core. We have found that the 0.1 dlgzendropped almost three times — down
to 8 pTAHz. The principle has been patented - [X1], [X3].

[J4] Reduction of magnetic noise limits of orthogohatdate sensor (2021)
Author contribution: 30%. MOKE image processing, noise theory and resadview,

article finalization. Citations: 4

[J12] Very low frequency noise reduction in orthogohakdate (2018)
Author contribution: 30%. Proposal of testing methodology, setup okexrpents, results

review and interpretation. Citations: 4

2.1.4 OFM —field-induced excess offset drift

The article ,Offset drift in orthogonal fluxgate and importanaieclosed-loop operation®
[J2] is an outcome of collaborative research in the Offldtgate offset drift. During
extensive experiments trying to identify and linkset drift and ULF noise, we have
discovered a previously unknown phenomena: the @&kgate, when exposed to non-zero
fields, suffers from an induced, excess offsettdsfmilar to ,perming“ [44] in parallel
fluxgate, however the sensor state (original offestovers. The settling slope / settling time

was found as proportional to the magnitude of &gpfield and also its duration.

[J2] Offset drift in orthogonal fluxgate and importarmieclosed-loop operation (2022)
Author contribution: 20%. Effect observation, proposal of experiments methodology,
data review and interpretation Citations: 2
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ABSTRACT

We have further lowered the white noise of an orthogonal fluxgate to about 0.3 pT/\/Hz @ 8 Hz. So far, this is the lowest noise reported for a
fluxgate magnetometer. The noise reduction was achieved by introducing a JFET input stage, embedded directly to the sensor head, allowing
for high common-mode rejection and negligible loading of the resonant circuit. The origin of the noise was investigated by correlation
measurements and we concluded that, at least in the white noise region, we observe the magnetic noise of the sensor, with about 0.1 pT/\/Hz
white noise contribution by the electronics. We were finally able to obtain sensor noise floor below 1 pT/\/Hz @ 1 Hz also in a feedback-
compensated closed-loop. Closed-loop operation allows for higher magnetometer stability and operation in Earth’s magnetic field without

deteriorating its noise performance.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000231

INTRODUCTION

The orthogonal fluxgate sensors based on magnetic microwires,
when operated in fundamental mode with DC bias," show per-
spective for sub pT-level vectorial magnetic sensors at room-
temperature. However, decreasing the magnetic noise values close
or below 1 pT puts strong demands not only on manufacturing
the sensor,”* but also on the performance of its conditioning elec-
tronics. So far, the lowest noise was achieved using fluxgates with
II-shaped magnetic core made from amorphous wires.”® Specifi-
cally, we used a sensor head with four Co-rich AC20 Unitika™
wires with 120 um diameter - see Fig. la. The wires have been
annealed for 6 minutes by Joule heating with a 2 second polar-
ity switch.” The process of annealing is necessary to increase the
circular anisotropy, which leads to lower energy of the minor
loops for a given excitation current. The effect of annealing is
also visible in the MOKE images we have obtained with a Kerr
Microscope and KerrLab software (evico-magnetics, Dresden, Ger-
many) - see Fig. 1b. The as-cast (C) and annealed (A) wires
were fed by the same current with two different values - 0.2
and 2 mA. While the as cast wire is still composed of multiple

bamboo-like domains with the 2-mA excitation, the annealed wire
already exhibits a single, large domain which flips polarity between
those two levels.

The optimization of the wire core however pushed the
design of our magnetometer to its limits. Recently, we were
able to achieve about 0.8 pT/\/Hz noise density at 1Hz and
0.8 pT/\/Hz noise floor with an open-loop operated mag-
netometer.” The electronic unit consisted of a multichannel
DDS, a stable current source for magnetic wire excitation® and
two independent pickup preamplifiers and demodulators - see
Fig. lc. The limiting factor in terms of noise was found as
the pickup coil preamplifier and the rejection of excitation feed-
through and other EMI signals. Also, we experienced an increase
of the noise to 1.5 pT/\/Hz when operated in the feedback
loop.

If we want to achieve further noise reduction, we should
then reduce the noise of the input stage (amplifier), which
is a crucial component of the magnetometer. In this paper
we address this noise and we propose a new circuit which
reduces the noise by removing the loading of the pick-up
coil.
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FIG. 1. a) The orthogonal fluxgate sensor head structure.” Reproduced with permission from IEEE Trans. Inst. Meas. 69, 2552 (2020). Copyright 2020 IEEE. b)
Superimposed topology and MOKE image of microwire magnetic domains on as-cast and Joule annealed wire. c) Simplified magnetometer circuit block diagram.

IDENTIFYING THE LIMITATIONS

We have investigated the limitations of our initial design.”®
Here, a simple difference amplifier with LT6234 op-amp was used
- the equation for its equivalent voltage noise eou is following:

eou = \/2(inR2)? + (ea(NG + 1))? + 8KT(R, + Ry -NG?)), (1)

2-Ry

NG= T R+z

@

The gain of 30 was set with two feedback resistors R; = 1 kQ
and Ry = 30 kQ, the opamp input voltage noise density was
en = 2nV/\/Hz and its current noise was iy = 0.8 pA/\/Hz. In addi-
tion, we need to take into the account the effect of coil impedance
Z. at resonance on the noise-gain NG of the amplifier in Eq. 2.
Taking into account all noise contributions of Eq. 1, the resulting
noise eoy is equal to 240 nV/\/Hz or 8 nV/\/Hz when referred to
input.

Moreover, the low input resistance of the differential amplifier
(~2 kQ) dampens the pickup resonant circuit (about 5 kQ) equivalent
LC tank impedance Z. at 40 kHz), resulting in lowering magnetome-
ter sensitivity approx. to . The noise contribution of a switching-
type demodulator adds another 12 nV/\/Hz RTI (measured with
its input shorted). All these noise sources combined together cre-
ate a hardware noise limit of 14.4 nV/,/Hz. If we know the sensor
sensitivity (before amplification) - about 22 kV/T - we end up with
approx. 0.65 pT/\/Hz white noise, which was the noise limit pre-
sented.” However, having the noise of the electronics at the same
level of the total noise of the magnetometer does not allow to reveal

the actual noise of the sensor, and this is the ultimate limit to reduce
the total noise.

CIRCUITRY IMPROVEMENTS

In order to reduce the capacitively-coupled excitation feed-
through, at the cost of lower sensitivity, we have decreased the pick-
up coil number of turns from 2000 (4-layers) to approximately 1000
(2-layers). This also allowed to decrease the pickup coil impedance
from 5 kQ to 2 k. We could also use higher gain in the input stage
to minimize noise contribution of following stages (demodulator
and acquisition circuits).

J-FET input stage

In order to avoid loading of the resonant circuit and thus max-
imize the sensitivity, we have added a J-FET differential amplifier
stage before the difference amplifier (Fig. 2). This stage consists of a
low-noise LSK389 matched transistor pair with 1.9 nV/\/Hz white
input voltage noise density and negligible input current noise. The
gain of the J-FET pre-amplifier stage was set to 34 and it is fol-
lowed by a differential to single-ended receiver with gain 1. The JFET
preamplifier is built on a PCB together with the sensor, in order to
obtain high common-mode-rejection ratio and avoid long cabling
with high impedance signals Fig. 2.

Since the J-FET amplifier does not load the LC tank, we observe
a significant sensitivity increase at the resonance frequency - see
Fig. 3a. The magnetometer sensitivity with the same excitation
parameters (48 mA AC at 44 kHz) is five times higher than with
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FIG. 2. Simplified schematics of pickup coil input stage (top) and a photo of finished board including two independent input channels (bottom) connected directly to sensor
head.

the simple diff op-amp - 30-35 kV/T. Higher sensitivity leads to
an expected decrease of the measurable sensor noise floor, which
dropped from 0.6 pT//Hz to 0.15 pT/\/Hz - Fig. 3b. More impor-
tantly, we achieved a noise reduction also in the 1/f region; the noise
density at 1 Hz measured on the sensor dropped from 1 pT/y/Hz
to 0.7 pT/\/Hz. We can also see the effect of increased CMRR
and noise suppression by having the preamplifier stage close to

a) Sensitivity freq. dependence

—JFET preamp.
—Simple diff. am

the sensor - the spikes seen with the previous design completely
disappeared.
INVESTIGATING THE NOISE ORIGIN

To further distinguish the noise of the electronics from the
noise of the sensor, we have utilized both magnetometer input

b) OL noise comparison

FIG. 3. a) Comparison of magnetome-
ter sensitivity frequency dependence
using simple diff-amp (dashed) and an
improved JFET amplifier stage (solid). b)
Magnetic noise spectrum density mea-
sured in a 6-layer Mu-metal shield.
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channels and two sensors for correlation measurements. We have
measured the cross-spectrum density using only one sensor con-
nected to two independent inputs and acquisition channels in par-
allel. Later, we measured with two individual sensor heads, placed
several centimeters apart, pointing to the same direction and again
connected to independent inputs, but sharing common excitation
current. The measurements shown in this chapter were done in a
6-layer Mu-metal shield, and the sensors were operated in open
loop mode to eliminate the possibility of feedback compensation
cross-talk.

Assuming no correlation in the amplifier stages of the input
channels, the possible remaining origins of correlation are:

e Common excitation current noise.”

e Demodulators reference jitter correlation (reference is
driven from single four-channel DDS IC).

o Shielding remanence noise (which is however in fT range”).

e Magnetic field noise (residual noise in the shielding due to
finite shielding factor).

e Magnetic coupling of closely placed sensors.

e Noisy feed-through signal (by capacitive and transformer
coupling from excitation).

10

From the theory, the DIFF (noise density of time-domain dif-
ference of CH1 and CH2) values in Fig. 4 should either increase for
uncorrelated noise signals CH1 and CH2 by a factor of /2, or for
correlated signals it should drop down to the noise floor limit of
the acquisition. Similarly, the CROSS (cross-spectrum density) value
should drop for uncorrelated noise sources and should not change
for correlated signals.

From the cross-spectrum measurement on a single sensor con-
nected to two independent channels (Fig. 4a), we conclude that the
observed noise is fully correlated (no change of CROSS density and
DIFF density drops to 150 fT//Hz floor).

The correlation measurement of two independent sensor heads
placed side by side about 5cm apart — see Fig. 4b — gives evidence
that the measured noise limit is truly a property of the given sensors,
as the noise at higher frequencies is not correlated (DIFF increases,

a) Single sensor head

scitation.org/journal/adv

CROSS drops). On the opposite, the noise in 1/f section below 1 Hz
seems to be correlated, most likely because it is actually the Earth’s
magnetic field noise not sufficiently attenuated by the Mu-metal
magnetic shielding. To use the two sensor heads as a gradiometer,
also a proper astatization (sensors axes numerical alignment) would
be necessary.

CLOSING THE LOOP

Feedback loop operation of a magnetometer is advantageous
not only for increasing the measurement range but also for decreas-
ing the effects of gain instability with time and temperature. In order
to close the feedback loop, we added a V/I converter with ADA4004-
1 to our sensor head electronic; the V/I converter is driven by a
differential receiver-amplifier. In this manner, we could design the
integrator (feedback I-controller) circuit as a part of the remote elec-
tronic box and still achieve large suppression of noise even with
long cabling to the sensor head. Rather than using the pick-up coil
also for the generation of the compensating field, we decided to
add a separate feedback coil (1-layer, 500 turns) on top of the pick-
up coil. Thus, we did not create any additional common-mode by
asymmetrical loading the pick-up.

Ideally, our feedback range would be + 50 uT in order to cover
the Earth’s magnetic field. When recalculated with the estimated
feedback coil constant (about 108 wA/uT) and the supply voltage
available (+2.5V), the feedback current sense resistor would be 50002
maximum. We also used 1 kQ and 4.7 kQ, which however lim-
ited the feedback range to +25 pT and +4 pT, respectively, in order
to show the effect of V/I opamp noise on the feedback noise-field
generated in the compensating coil.

Fig. 5a depicts an open-loop measurement, whereas the feed-
back V/I converter input has been shorted, thus effectively only gen-
erating magnetic noise by the feedback coil. We can see that the noise
increased with the 500R resistor when compared to the lower range
with 4k7. Fig. 5b shows the closed-loop noise, i.e., with the complete
feedback loop running. Also, in this case, the lowest noise is with
the lowest range. The peaks are related to the power grid frequency

b) Two independent sensor heads

—CH1

—CH2

DIFF
CROSS FIG. 4. Noise density of simultane-
N ously measured independent input
Em'ﬁ {102} channels CH1 and CH2. DIFF is
= CH1-CH2 difference and CROSS is their
— cross-spectrum density. a) Correlation
% " measurement of single sensor head
< connected to both input channels.
b) Correlation measurement of inde-
pendent sensor heads with common

1013 1013k excitation.
10° 10? 10° 10?
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50 Hz and its 1/3 subharmonic created by the powertrain of a nearby
tramway line.

CONCLUSIONS

We have managed to further lower the white noise of a
microwire based magnetometer below 0.3 pT/\/Hz @ 8 Hz by opti-
mizing the preamplifier stage and integrating the circuitry and sen-
sor on one PCB board. So far, this is the lowest noise reported for
a fluxgate magnetometer. By investigating cross-spectral measure-
ments with multiple sensors/electronic channels, we have verified
that the noise of 0.7 pT/\/Hz @ 1 Hz is the sensor magnetic noise.
Closed-loop operation was also optimized and it finally allowed
for sub-pT measurements in compensated feedback loop even for
full-field magnetometry.
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Very low frequency noise reduction in orthogonal fluxgate
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In this paper we present a simple, cheap and effective method to obtain reduction of
very low frequency noise in an orthogonal fluxgate in fundamental mode. This method
consists in the application of a layer of silicone over the magnetic core of the sensor
filling the whole space inside the pick-up coil. In this way we avoid fast variations of
temperature to affect the offset of the sensor (which is very sensitive to temperature
changes). Eventually the offset will still drift to the same value, but it will do it slower,
thus reducing the component of the noise in the sub-Hz region. Using this method
we could simply reduce the noise at 100 mHz from 23 to 8 pT/+/Hz, with no addi-
tional hardware on the excitation or signal conditioning circuits. © 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.4994208

I. INTRODUCTION

One of the main problems of the orthogonal fluxgate in fundamental mode' is its large offset
dependence on temperature.” This problem can be easily solved by periodical flipping the polarity of
the excitation current.? This system however, while providing an excellent suppression of the offset
drift (0.012 nT/°C)* requires an additional electronic circuit to erase the few periods of the signal
after every flipping to avoid the noise introduced by the transient following the flipping. Moreover,
it was found that the polarity flipping caused a slight deteriorating of sensor noise.

The offset dependence on the temperature does not involve only the offset itself. In normal
working environments the temperature changes in time: while at high frequency such variations of
temperature are negligible (due to thermal inertia), at sub-Hz frequency we can see the effect of the
slow change of offset as a low-frequency component of the noise spectrum. In some cases we want
to have the lowest possible noise a 100 mHz or lower frequency, e.g. when using the sensors for
geophysical or biomedical measurements.> In this case we are effectively interested in reducing the
variation of the offset at such low frequencies. In other words, we need a thermal low-pass filter,
which suppresses the relatively fast variations of temperature (which cause variations of the offset)
while we can tolerate a slight change of the overall dc offset.

For this purpose we propose an orthogonal fluxgate with the core embedded in a layer of silicone,
which also fills the space in the pick-up coil.® The purpose of the silicone layer is to avoid that a fast
change of temperature applied to the sensor will immediately change the temperature the core; the
silicone introduces thermal inertia, which in turn introduces damping of the sensor low-frequency
noise.

Il. STRUCTURE OF THE SENSOR

We manufactured an orthogonal fluxgate sensor using Unitika AC-20 magnetic wires mounted
on a FR-4 fiberglass 2-mm thick support. This magnetic core was then surrounded by Dow Corning

4Corresponding author: buttamat@tfel.cvut.cz, mattia@butta.org
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FIG. 1. Structure of the sensor.

® 744 silicone and then inserted in a ceramic cylinder with 5 mm internal diameter and 1 mm thick
wall (Figure 1).

In order to avoid displacement of the magnetic wires during the insertion of the core in the
ceramic cylinder, the silicone was added in two steps. First we added a small amount of mate-
rial which was large enough to bond the magnetic wires to the fberglass support but yet small
enough to allow us to check that the wire was not bent. We left this frst layer of silicone cure for
6 hours and then we applied another layer on both sides of the core (including the side with no
magnetic wires mounted on) and we inserted it in the ceramic cylinder. Also, we applied silicone
on the internal walls of the ceramic cylinder to assure that the whole cylinder was flled by sili-
cone (without doing so some empty spots could be created). Finally we left the silicone cure for
24 hours.

A 1600 turns coil made of copper wire was wound on the ceramic coil to serve as the pick-up
coil for the sensor.

lll. EFFECT OF THE SILICONE ON MECHANICAL STRESS

The Co-rich alloy of the amorphous magnetic wires used for this sensor shows very low magne-
tostriction. Nevertheless introduction of mechanical stress to the magnetic core of a f uxgate sensor
should always be avoided, as it could result in introduction of magnetic noise of the sensor.” This
is particularly true when aiming for very low noise sensors, where any source of noise should be
possibly avoided.

Therefore, we tested the effect silicone curing in order to verify if it could potentially introduce
any mechanical stress to the magnetic core, especially considering that the core was inserted in a
ceramic tube which serves as mechanical constrain for the deformation of the silicone. We inserted
two 120 ohm metallic strain gauges (k=2) in the opposite terminations of the same kind of ceramic
tube used for the sensors, and we connected them in a bridge powered by 10 Vdc (Figure 2). One
of the two strain gauges was immersed in silicone while the second one was not. We logged the
output voltage of the bridge for the following 18 hours while the silicone was curing, in order to
see any strain developing on the strain gauge immersed in silicone (the strain gauge without silicone
served as a reference, in order to compensate for common temperature effects). The output voltage
moved from 3 mV (effect of non perfectly balanced bridge) up to 3.25 mV during curing, but then
it decreased back to 3 mV. This shows that basically no mechanical stress will be introduced by the
silicone to the magnetic core of the sensor (Figure 3).

©

silicone

= 1
strain gauge strain gauge E

R=120 Q R=120 Q
1 1
7 | S

FIG. 2. Set-up for measurement of the mechanical stress introduced by the silicone.
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FIG. 3. Output voltage of the bridge of Fig. 2 during the curing of the silicone.

We also tested thermal expansion of the silicone using the same configuration as of Figure 2,
inserting the system in a heated oven. First me measured the output of the bridge for tempera-
ture changing from 25 °C to 65 °C without silicone: in this way we could record how the output
changes because of slight mismatch between the temperature coefficients of the two strain gauges
resistances. The output voltage changed from 2.14 mV to 2.43 mV, corresponding to a 0.29 mV
variation. Then, we recorded again the output voltage vs. temperature after curing of the sili-
cone embedding one of the strain gauges: the temperature changed from 22 °C to 70 °C and
we obtained a variation of about 0.34 mV, which is comparable to the value obtained without
silicone.

This confirms that adding silicone to the magnetic core does not introduce any significant
mechanical stress to the core, even if the temperature changes after curing.

IV. THERMAL EFFECT OF THE SILICONE LAYER

We also tested the thermal inertia introduced by the silicone layer by exposing to Pt100 sensors
to 50 °C temperature step. One of the sensors was covered by 3 mm thick layer or silicone while
the second was not. In Figure 4 we see how the output resistance of the sensor finally converges to
the same value, but for the sensor covered by silicone this process is much slower due to the added
thermal mass. In particular, the transient of the sensor without silicone has a 12 s time constant, while

without silicone

Resistance [ohm]

115

s t=12s t=71s
y ,
0t 50 /100 150 200
130 ' :.‘ 7
I
125 vt
L
H .
Ve with silicone
120 44
:
:
:
:
!

110

105
time [s]

FIG. 4. Resistance of two Pt100 sensor exposed to a 50°C temperature range, with and without 3mm thick layer of silicone.
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FIG. 5. Noise spectra of the sensor before and after the application of the silicone.

with silicone this value increases to 71 s. This time constant is expected to be large enough to be
effective at sub-Hz frequency.

V. NOISE REDUCTION

Figure 5 shows the spectrum of an orthogonal fluxgate operated in fundamental mode with
Idc=50 mA and Iac=40 mA at 100 kHz, before and after the application of the silicone to the
magnetic core. The output voltage of the respective pick-up coil was demodulated by a SR865A
lock-in amplifier. We clearly observe that the noise is basically the same for frequencies larger than
15 Hz. For lower frequencies, however, we clearly notice that the noise after the application of silicone
is significantly lower. At 100 mHz the noise dropped from 23 pT-Hz "2 to 8 pT-Hz /2. Also at 1 Hz
we notice a reduction of noise but not so pronounced.

This frequency range, where the noise was significantly reduced by the application of silicone,
is considered to correspond to the frequency range where the noise is affected by variations of
offset due to temperature ranges. For higher frequencies, this effect becomes negligible because
the temperature cannot change at such speed. We should also note, that despite the ferromagnetic
wire is a good thermal conductor, without any silicone or other thermal compound surrounding
it, there will be a temperature inhomogeneity due to different heat transfer coefficients across its
length (given by the surrounding objects, air movement etc). This is even more pronounced by
the fact, that for this type of orthogonal fluxgate the current passes directly through the ferromag-
netic wire and heats it mainly via resistive losses. Since the current is DC, also the Peltier effect
should be theoretically considered, which could further cause a temperature gradient across the
wire.

Interestingly we notice in Figure 5 that before the application of the silicone the noise spectrum
had two slopes, a first slope between 1.2 Hz and 20 Hz and a more pronounced slope for frequencies
lower than 12 Hz. However, after the application of the silicone, the noise spectrum shows only one
slope - the same observed for higher frequency before application of silicone. This indicates that
without silicone there were two distinct sources of noise, a magnetic one (due to Barkhausen noise)
and a thermal one (due to the change of offset caused by temperature variations): the application of
silicone effectively resulted in only the magnetic noise in the low frequency region.

VI. MAGNETOELASTIC COUPLING

A second possible explanation for the noise reduction shown in the previous paragraph could be
however the magnetoelastic coupling between the silicone and the magnetic wires used as fluxgate
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core. To exclude this effect, we performed two experiments to verify if there was any signif cant
magneto-elastic coupling effect between the silicone and the core. First of all, if such effect were
present we would see a signif cant change of the open-loop sensitivity. The silicone in fact would
affect the mobility the magnetic domains on the outer shell of the wire resulting in sensitivity drop.
However, we observed only a minor decrement of the sensitivity (within 2% and in some cases even
lower than 1%). This minor change can be attributed to the different capacitance between the pick-up
coil and the magnetic core because of the silicone which has a different dielectric permittivity than
air, and is even on the border of measurement uncertainty.

The second experiment regarded the offset. As a matter of fact, the magneto-elastic effect would
change the offset temperature coeff cient of the sensor (its thermal offset drift). In such case, the
low-frequency noise reduction would simply be cause by the fact that the offset drift was lower after
silicone application. On the contrary, if the cause were the effect previously described (the silicone
acting as thermal inertia), the offset drift would be eventually the same (the offset would change
slower due to slower temperature changes in the core but it would reach the same fnal level for
steady-state core temperature).

In order to verify the theory as above, we exposed the coated and uncoated sensor to a step of
temperature and we recorded the resulting offset change. We did so by inserting the sensor in a Dewar
fask put in a 4-layer magnetic shielding. We quickly flled the glass jar with 200 ml of vegetal oil
warmed up to 75 °C. The temperature therefore changed by 50 °C with the respect of 25 “C of room
temperature. The sensor was protected in both cases by a latex bag to avoid direct contact of the oil
with the sensor, which would drastically change the stray capacitance of the coil and therefore also
the sensor output.

The offset drift obtained for such temperature step of 50 "C is shown in Figure 6. In order
to facilitate the comparison of the curves we subtracted the value of the offset at room tempera-
ture, which was in any case very similar (87 nT without silicone vs. 169 nT with silicone). The
50 °C temperature step caused a very similar drift with of without silicone: 870 nT and 700 nT
respectively.

This minor difference could be caused simply by the fact that in case of the core with sili-
cone it takes longer to warm-up (this is also visible from the transient of the offset); during this
time more heat is transferred from the oil to the jar and the air, thus, the also the fnal tempera-
ture of the oil is few degrees lower (unfortunately we could not control the temperature of the oil
once in the shiclding as we had no means to keep it at constant 75 °C without affecting the offsct
measurement).

This experiment however brings conf dence that the main effect, causing the noise reduction at
low frequencies, is slowing down the thermal changes of the core as we have expected.

-200

-400
= with silicone
Q
2
o

-600

-800

without silicone/
10005 100 200 300 400 500

time [s]

FIG. 6. Offset drift of the sensor when exposed to a temperature change from 25°C to 75°C with and without silicone (the
offset at 25°C was substracted).
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VIl. CONCLUSIONS

In this paper we presented a method to reduce the low-frequency noise of an orthogonal fluxgate
in fundamental mode, consisting of application of a layer of silicone to the magnetic core, which
in turn reduces the speed of variation of its temperature and helps homogenizing it across the core
length. This method is simple, cheap and requires no additional hardware for signal conditioning.
Clearly, it cannot suppress the sensor offset drift which is basically unchanged, however it is effec-
tive in reducing the sub-Hz noise — we show an improvement of 100 mHz noise from 23 down to
8 pT-Hz 2.
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In this paper we show an up-to-now unexplained source of offset drift affecting the fundamental mode orthogonal
fluxgate. After a sudden change or removal of the magnetic field, we observe an offset transient which lasts units
to hundreds of seconds. We exclude the thermal origin of such transient as well as the electric origin in the pick-
up coil resonance circuit or sensing amplifiers. We prove that this transient has magnetic origin, since it depends
on both the amplitude and the duration of the pulse of magnetic field applied to the sensor which can be

expressed as magnetic energy. We conclude that operating the fundamental mode orthogonal fluxgate in a closed
feedback-loop is useful by suppressing this transient behavior by keeping the core in a (almost) zero field,
however when switching the magnetometer sensor on/off, this transient has to be taken into account.

1. Introduction

Orthogonal fluxgates in fundamental mode [1] have been shown
since early 2000 s to provide very low-noise [2-5,6] vectorial mea-
surements of quasi-static magnetic fields. Magnetometers based on
annealed wire core [7,8] with precisely designed excitation and signal
conditioning circuits have shown noise levels below 1pT/+/Hz at 1Hz
and a noise floor which can reach 350 fI'/v/Hz. Such low noise makes it
possible to measure very weak magnetic fields, such as those generated
by the human heart [9,10]. However, in all cases, these noise levels were
achieved some time after the magnetometer started up, while its output
has a first order transient until reaching a stable value. The same tran-
sient has been observed when the sensor is placed in magnetic shielding
for noise measurements. This is not uncommon for fluxgate magne-
tometers, but it seems more pronounced for the orthogonal fluxgate. In
this paper, we investigate the origin of such a transient, since it could
lead us to a more detailed understanding of the mechanism underlying
the performance of orthogonal fluxgate in fundamental mode. More-
over, since the effect is in the scale of seconds to a minute, it might give
us more insight into the origin of the excess ultra-low-frequency noise of
the orthogonal fluxgate in fundamental mode.

2. Excluding the thermal response of the amorphous wire

For our fluxgate, we have used Co-rich amorphous wire
([Cog4Fes] ;5 5Sir25B15) (CoFeSiB) with 120um diameter. Our first

* Corresponding author.
E-mail address: buttamat@fel.cvut.cz (M. Butta).

https://doi.org/10.1016/j.sna.2022.113583

reasonable assumption was based on the fact that the saturation
magnetization M of this type of material depends on temperature. In an
orthogonal fluxgate, the excitation current flows through the wire and
could lead to a non-negligible increase in its temperature due to the
Joule effect, leading to a drop in saturation magnetization Ms. If we
consider the working principle of the orthogonal fluxgate in funda-
mental mode [11], we find that the voltage is proportional to the de-
rivative of the projection of saturation magnetization Mg on the axis of
the wire core; thus:

— o, _ 2 . H;
Vour = — N-? = - N-ESW/LOMSSH‘I <atan (Huw> ) (€D)]

where N is the number of turns of the pick-up coil, S,, is the axial
cross-section of the wire at the active part of the wire core where the
fluxgate mechanism occurs, Mg is the saturation magnetization, Hy is the
axial field, and Hey, is the circumferential field generated by the exci-
tation current.

As the temperature changes, either because of the Joule effect of the
wire’s excitation current or because the sensor is moved to another
location (e.g., shielding) with a different temperature, we can expect a
change in the output of the magnetometer because of temperature-
dependent Mg. To investigate this hypothesis, we must first analyze
the dependence of Mg on temperature. To do so, we measured the
amorphous wire’s circumferential hysteresis loop at 1 kHz in an oven
wherein the temperature was monitored by a Pt100 sensor. The hys-
teresis loop was obtained by averaging the loop for 20 s. The wire
reached saturation state for a current as low as 40 mA. We measured the
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hysteresis loop both while the temperature rose from 27°C to 62°C and
while it fell, which took place over a much longer time period (about
6 h). This length of measurement is necessary to homogenize the tem-
perature in the oven and minimize the temperature gradient between
the Pt100 sensor and the amorphous wire. The temperature should also
not significantly change while the hysteresis loop is averaged for 20 s;
indeed, the fastest rate temperature of change was 0.08°C in 20 s, which
was sufficiently low.

Fig. 1 shows the dependence of the saturation flux ®g (which is
proportional to the saturation magnetization Mg by a geometrical factor)
on the temperature for both the warming and the cooling process. We
can observe a small hysteresis, probably due to the fact that the warming
curve is faster.

In terms of the cooling curve, we obtained a rate of change of Mg of
— 0.133%/K. The next step is to determine the temperature rise caused
by the excitation current in the wire. To do so, we first characterized the
dependence of the resistance of the wire R, on the temperature. This
was done simultaneously with the measurement of the hysteresis loop,
albeit indirectly. We used the value of the resistance that is necessary to
suppress the resistive component of the voltage on the wire before
integration to obtain the magnetic flux [12]. As the temperature rises,
the value necessary to obtain a correct hysteresis loop also increases.
Fig. 2 shows the dependence of Ry, on temperature: it is linear, as
expected, and we estimate the rate of change to be 0.02%/K. Then we
measured the actual effect, i.e., the dependence of the resistance on the
current, by injecting a current into the wire and measuring its resistance.
As expected, the dependance of Ry on the current was parabolic
(Fig. 3). Knowing the dependence of resistance on temperature from the
previous experiment, we can estimate the mean temperature rise of the
wire for the actual excitation parameters, and thus the change of satu-
ration magnetization M. A typical excitation current for our fluxgates is
40mA AC added to 50mA DC, which results in just over 57mA RMS value
(which should be considered for thermal effects). In the worst-case
scenario, when turning the magnetometer on, we experienced a
change of current from 0 to 57mA RMS, which, according to Fig. 2,
brings a change of resistance of 0.0157%. Since Ry, has a rate of change
of 0.02%/K, this means that the excitation current in the wire itself
causes an increase in temperature of less than 0.8°C. Such a change of
temperature causes a change in the saturation magnetization of — 0.1%.
Such change is, however, two orders of magnitude lower than what we
had observed in the transient of the magnetometer output (units and up
to 10% of the offset). While the excitation current actually warmed up
the wire, causing a drop in Mg, we derived that thermal effects were not
the cause of such large transient.
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Fig. 1. Dependence of the circumferential saturation flux (proportional to Mg)
on the temperature. In the inset: temperature vs. time during the measurement.
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3. The effect of exposure to large axial field

Having ruled out the thermal effects, we now investigate another
possible cause of the transient on the magnetometer output, which may
be the presence of a large magnetic field in the wire core of the fluxgate
that can magnetize the inner section of the wire, which is not saturated
by the excitation current [13]). To test this hypothesis, we performed
two experiments. First, we exposed the sensor to a geomagnetic field of
approximately + 20uT. We turned the (open-loop) magnetometer on
and allowed it to stabilize for about 50 min. Then we moved the sensor
to a four-layer shielding, and the output voltage of the magnetometer
showed a very slow transient that appeared to stabilize at a voltage of
0.2 V (corresponding to 183 nT). Then we extracted the sensor from the
shielding and exposed it again to the geomagnetic field for just 4 min,
albeit this time in the opposite direction, namely to — 20uT. After
inserting the sensor into the shielding again, we noticed that the tran-
sient, aiming once more at 0.2 V, was now reversed (Fig. 4). Not only
that, but the transient appeared faster. This indicates that the transient
had a magnetic origin depending on the value of the magnetic field that
was applied to the magnetic wire and on the duration of that exposure.

The second experiment was performed to confirm any residual
thermal effects on the transient. Previously, we had found from the
dependence of Mg on temperature that the thermal effect should be
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Fig. 4. Transient of the output voltage magnetometer when the sensor is in the
shielding after exposing the sensor to + 20xT (in the sensitive direction) for
50 min, and after exposing it to — 20xT for 4 min.

negligible. We inserted the fluxgate sensor into the shielding and
allowed it to stabilize until the transient was almost exhausted. Then we
preheated a block of copper and inserted it into the shielding in the
proximity of the sensor to increase its temperature. The temperature was
monitored by measuring the voltage on a diode located in close prox-
imity to the wire core and fed by an approximately 104A current source
(the magnetic field due to such a small current was negligible). In Fig. 5,
we can see the results of this experiment. The temperature, which is
almost stabilized at 24.7°C, rises to over 27°C due to the heat provided by
the block of copper, and from the time scale, we can reasonably assume
that the temperature of the wire core has settled to the same value.
However, the output voltage of the magnetometer does not appear to be
affected by the temperature, and it continues its initial magnetic tran-
sient induced trend. This confirms that the origin of the transient has to
be found in the magnetic field applied to the sensor and not in the effect
of the saturation magnetization temperature of the fluxgate’s amor-
phous wire core [14].

This magnetic phenomenon can also explain the transient we
observed when the magnetometer was turned on. Also, in that case, the
magnetic field applied to the wire core changed. When no excitation
current is present in the wire, its whole cross-section is exposed to the
axial field. However, once the magnetometer is switched on, the
circumferential field generated by the excitation current will reorient
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Fig. 5. Output voltage of the magnetometer after the sensor was placed in the
shielding. At time= 42 min the temperature is increased by inserting a block of
pre-heated copper in the proximity of the sensor.
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the magnetic domains to this direction, although this does not happen
instantly. This change in amplitude and direction of the magnetic field
can cause a similar transient in the output of the magnetometer.

4. Dependence of the settling time on axial field amplitude and
duration

In the previous section, we showed that the origin of the reported
transient is in fact magnetic and not thermal, as originally supposed. To
understand this phenomenon better, we study this effect by exposing the
sensor to different magnetic field pulses of well-defined amplitude and
duration. To do so, we placed the sensor inside the shielding and created
an artificial axial field By, in the axial direction of the sensor using an
additional coil coaxial with the sense winding (Fig. 6). With a current
source, we can control both the amplitude and duration of the applied
field Bgy.

We again needed to exclude the auxiliary coil that produces B,y from
creating sufficient heat to affect the sensor thermally. Therefore, we
initially used a large Helmholtz coil (600 mm diameter) far enough to
exclude any possible heating of the sensor, and we measured the tran-
sient of the output after exposing the sensor to B, After that, the
experiment was repeated by creating By, using a coil wound directly on
the sensor, and the transient was identical. From this, we can derive that
the transient was not affected by any possible heat generated by the
auxiliary coil producing Bg,. Another possible source of artifact arises
from the magnetization of the shielding where the experiment is per-
formed. In that case, we would rather observe the effect of changing the
shielding remanence. To rule out this possible source of error, we
repeated the experiment outside the shielding while exposing the sensor
in an east-west direction to minimize the geomagnetic field applied to it.
Once we moved the sensor back to the shielding, we obtained the same
transient, proving that the source of the transient was not the magne-
tization of the shielding. Yet another possible problem could arise from
the fact that the sensor is exposed to a field larger than the maximum
field measurable by the magnetometer (in open-loop operation, our
range is approximately 1uT). This could lead to saturation of the input
stage of the electronics, causing a transient of the magnetometer output
due to the protection diodes’ recovery time (which would then have
electric and not magnetic origin). Therefore, during our experiments we
added a switch that would automatically short the input of the
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Fig. 6. Set-up for the measurement of the settling time (not to scale). The field
B,y was applied for the time t,, and the two points O(t1) and O(t2) were later
used to describe the transient.
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preamplifier when a large field is applied to the sensor.

5. Study of the transient behavior- duration and amplitude of
the field pulse

The sensor was tuned at the resonance frequency with an additional
capacitor so that we achieved about 1 MV/T sensitivity in the open-loop
magnetometer operation. We measured the transient of the magne-
tometer output after applying B,y = 8uT and — 8uT for t,, = 1, 2, 3, and
4 s. The results are shown in Fig. 7 for both positive and negative fields,
from which we have removed the offset value once it stabilized (around
40 nT for positive pulses and — 100nT for negative pulses), to highlight
the transient. We must point out that after applying a pulse of + 8uT, the
offset always returned to the same value (40nT or — 100nT, depending
on the polarity) regardless the duration of the pulse. First, we observed
that in the case of a negative field, the transient was reversed, once again
confirming the magnetic origin of this phenomenon (any temperature
effect would yield the same change). Next, we measured once again the
transient after exposure of the sensor to B, = 8uT, albeit after adding a
330 Q damping resistor connected in parallel to the pick-up coil. The
purpose of this resistor was to change the quality factor of the resonance
circuit to see if this had any effect of the transient. In Fig. 8, we can see
that the transient is not affected by the damping resistor, showing that
the transient is not even in the relaxation of the tuned circuit.

In Fig. 7, we have plotted not only the transient of the output of the
magnetometer for different pulse durations but also the slope vs. time.
From a physical point of view, we are interested in the time necessary for
the offset to reach a stable condition, and this can be identified as a the
time when the derivative of the offset becomes lower than a certain
threshold. Since an offset drift corresponds to a low-frequency noise, a
different threshold of the derivative of the offset can be chosen as a
parameter to define the offset as “stable" when interested in the noise at
a different frequency. As we can see in Fig. 7, the longer the time of
exposure of the sensor to the By, = 8uT field, the longer the settling time,
which is defined as the time required to reach a value below a specific
threshold. This leads us to study the dependence of the settling time on
both the amplitude of By, and its duration. Specifically, we defined as
the settling time the time necessary for the offset transient to reach a
derivative in time less than 0.1 nT/s after exposure to Bsc. We tested
fields from 1uT to 30uT and duration times of the pulses t,, from 0.1 to
10 s. We observed that the settling time depends on both amplitude and
duration of Bgy. These results are summarized in Fig. 9, where we can
observe the dependence of the settling time on the duration of B, with
the amplitude of the pulse as a parameter.

To better understand this phenomenon, we plotted the values of
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Fig. 8. Offset drift after the application of Bg, = 8uT for 1, 2, 3 and 4 s without
(Res.) and with (Damp.) a 330 Q damping resistance parallel to the pick-up coil
to artificially modify the resonance circuit (the transients have been normalized
by removing the final DC offset from each trend.).

settling time as a function on a quantity calculated as v/t,-Bax, which can
be regarded as “magnetic energy". Interestingly, we observed a linear
behavior that was consistent for t,, up to 1 s (Fig. 10). This means that for
a short time exposure to the axial field, the settling time depends only on
the product of t,, and Bgy, regardless of the respective amplitude of the
factors. This phenomenon deviated, however, especially for ¢, of 5 and
10 s. The possible reason for this is that the settling time had not yet
been reached, since the energy in this case was high.

6. Towards the origin of the phenomenon

Although we have proved that the origin of the transient is magnetic,
the actual mechanism that gives rise to such a transient after the removal
of an axial field it is still open to question. A similar process of reversal
magnetization in amorphous microwires has been studied by Vazquez
on iron-rich wires [15]. The effect described in that paper also applies to
CoFeSiB wires, such as the one used in this study, under specific cir-
cumstances, such as thermal treatment or the application of tensile
stress. In our case, the wire had a natural curvature from the
manufacturing process that was made straight and soldered to the sensor
head holder. The residual stress therefore provided a tensile component
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Fig. 7. Left: Offset drift after the application of By, = 84T (P) and — 8uT (N) for 1, 2, 3 and 4 s (the transients have been normalized by removing the final DC offset
from each trend). Right: amplitude of the derivative of the offset transients vs. time (for simplicity only for the negative pulses and with filtering).
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Fig. 9. Settling time of the offset after removal of By, as a function of the
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Fig. 10. Settling time of the offset after removal of B, as a function of \/t,-Bax
for different duration of t,, [s].

to the wire. The application of tensile stress gives rise to a variable
switching field of the magnetization that depends both on the stress and
length of the wire (due to the demagnetization factor). Vazquez then
modeled the total energy of the wire, taking into account the Zeeman,
reversed domain walls, and stray field energy. Then it was shown that,
after removal of the applied field, some closure domains appeared at the
ends of the wire to minimize the energy, and they progressively
collapsed along the length of the wire. This effect may sound similar to
what we had observed; however, there was a substantial difference,
namely that the velocity of propagation was too large (hundreds of m/s)
to explain our reported phenomenon. A probable cause in our case may
lie in the fact that ferromagnetic wire can actually be regarded as having
two different regions. During the operational mode, the wire core is not
only exposed to the axial field By, but also to the circumferential exci-
tation field generated by the excitation current. The wire’s outer shell is
thus saturated in a circumferential direction, and only the inner part of
the wire, which is progressively less saturated as we approach the wire
center, is magnetized in an axial direction. There is no clear-cut sepa-
ration between these two regions of the wire, since the circumferential
field monotonically increases as the radius increases. We can at this
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point speculate that there may be a transitional region between the inner
core and the outer shell, where the domains slowly reverse and reorient
to minimize the energy after removing the magnetic field from the wire,
giving rise to the observed transient. As a preliminary test to verify this
hypothesis, we again measured the transient of the output after applying
10uT for 1 s, but we changed the excitation current. We performed three
experiments, each using 33 mA as the AC component of the excitation
current, while the DC component used 34, 50, and 72 mA. The purpose
of increasing the DC component of the current was to increase the
portion of the wire that was saturated (the depth of the shell), and
therefore we should change the volume of the transition region where
this phenomenon could occur. Fig. 11 shows that to some extent the
transient is indeed faster when the DC component of the excitation
current is increased, but our results are not conclusive. More detailed
investigation is clearly needed to fully understand this phenomenon.

7. The importance of a compensating feedback-loop operation

Operating a fluxgate in a closed-loop feedback is a common method
used to improve the linearity of a sensor, mainly to extend its linear
range when open-loop sensitivity is very high. This study shows that in
the case of an orthogonal fluxgate in fundamental mode, it is important
to operate the sensor in the closed loop also to minimize the reported
effect. As we have already seen, even a small variation in magnetic field
(e.g., quickly rotating the sensor on the horizontal plane of the Earth’s
field) does affect the output of magnetometers by creating decaying
transients from one field value to another. This causes a delay in the
response of the sensor, which might not be acceptable in some appli-
cations. If we operate the sensor in feedback mode, however, the wire
core is always exposed to the same value of the magnetic field (ideally
zero), even if the measured field changes. Thus, the core of the fluxgate
should not experience any transient.

To verify that this problem is solved by operating the sensor in
feedback mode, we performed the following experiments, and their re-
sults are shown in Fig. 12. First, we exposed a sensor to 20 uT for 120 s
on its axial direction while operated in open loop and then removed the
axial field and observed a typical transient of the output of the magne-
tometer. Next, we repeated the same experiment while operating the
sensor in feedback mode by choosing the closed-loop option of the
magnetometer. The compensating field was created by a 500 turn,
single-layer coil wound directly over the pick-up coil. A layer of Kapton
tape was used between the pick-up coil and compensating coil. The total
length of the compensating coil was 80 mm. In this case, the magnetic
core of the fluxgate was constantly exposed to zero field, since the sensor

Idc=72 mA

rate of change [nT/s]

o | —
10° 10
time [s]

Fig. 11. Settling of the offset vs. time for I, = 33 mA and different values of dc
current after exposing the wire to 10 uT for 1 s.
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Fig. 12. Offset transient of the magnetometer observed after exposing it to 20
uT for 120 s in open-loop [OL] (blue curve), in closed-loop [CL] (orange curve),
in open-loop while applying the magnetic field and then in closed-loop after
removing it (yellow curve). The purple curves shows the output of the
magnetometer operated in close-loop after exposing it to the Earth mag-
netic field.

was being operated in closed loop. We exposed the sensor again to 20 uT
for 120 s and observed the output of the magnetometer after the removal
of the axial field. In this case, the transient of the output disappeared.
This shows that operating the sensor in feedback mode does indeed
suppress this phenomenon.

To provide additional evidence of the role of the feedback in sup-
pressing the transient of the output, we performed the following
experiment. We exposed the sensor one more time to 20 uT for 120 s
while operating in open-loop. Then we removed this field and simulta-
neously switched the magnetometer to closed-loop. In this case, we
again observed the typical large offset transient. This confirmed that the
transient of the offset had been caused by the fact that the field was
exposed to an axial field when left in open-loop, and the feedback could
no longer compensate for the problem once the offset had been gener-
ated because the closed-loop would simply follow the offset transient.
With this experiment, we show that the feedback mode, when constantly
applied, suppresses the offset transient because it nulls the magnetic
field applied to the sensor when the axial field is 20 uT.

We then performed a final experiment whereby we operated the
sensor in closed-loop and exposed it to the Earth’s magnetic field (with a
horizontal component of 20 ;T and a vertical component of 40 uT). Then
we inserted the sensor in shielding, still keeping the magnetometer in
closed-loop. Again, in this case, we did not observe a large transient of
the offset. This result indicates that it is enough to compensate for the
magnetic field in the axial direction to suppress the problem of the large
offset transient, and it is not necessary to have a three-axial feedback
system.

This experiment proves the importance of using the feedback mode
operated magnetometer with this type of orthogonal fluxgate, even if no
improvement in linearity is required.

8. Conclusions

In this paper we have proved that the offset drift in an orthogonal
fluxgate operated in fundamental mode when the magnetometer is
turned on is not due to change of temperature as initially assumed but,
on the contrary, it has magnetic origin. We have proven it by showing
that the current flowing in the wire does not increase the temperature of
the wire enough to cause a change of offset due to temperature. We have
also excluded external sources of temperature change (for instance when
moving the sensor to the shielding) since they don’t change the transient
of the offset. On the contrary, we have shown that the transient of the
offset is caused by the magnetic field applied in axial direction, most
probably because the inner part of the magnetic wire is not saturated by
the excitation current and it the external axial field can magnetize it.

Sensors and Actuators: A. Physical 342 (2022) 113583

Finally we have shown that this problem is solved by operating the
sensor in feedback mode, since the total magnetic field applied to the
core of the sensor in axial direction is kept at zero and the core of the
wire has no opportunity to be magnetized in axial direction.
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2.2 Accuracy: calibration methods

2.2.1 Suppression of anthropogenous noise effects

The existing calibration methods of magnetometershe presence of anthropogenous
noise mostly rely on two principles. One is to reglthe field disturbances in a coil system
by utilizing a compensating magnetometer in a laligeance [3]; this does not work well in
the case of gradient, man-made noise. Anotheriealig placing a reference sensor inside
of the feedback-operated coil system, slightly adfitre to allow for device-under-test
(DUT) placement [23]. However, these approaches rexie feasible for every DUT: a
magnetometer can produce substantial stray fields by large feedback coils), influencing
the reference sensor. Another example is the eaidor of coil-based magnetic flux density
standards with a field-subtraction method [10]. Enghor has researched two alternative
possibilities of suppressing the effect of man-mdideurbances - [J7] and [J17].

The first option is utilizing a closely (units ofaters) co-located vectorial magnetometer,
whose alignment with the respect to the coil systemstablished numerically using actual
field disturbances. The software of the coil systeraps track of the baseline value of the
vector which is measured by the reference magne&smaed “locked-in" at the beginning,
and is subsequently updated before and after eaalsurement point. During the acquisition
of the DUT response at one measurement point, ild tisturbances are actively
compensated — sédagnetic Calibration System With Interference Congad¢ion[J7].

The second option was numerical: we did not employ field compensation, we used a
co-located Overhauser magnetometer and a spealftration method [45], which allowed
for compensation of noise and field drift witholietneed for a vectorial magnetometer,
which would have to be aligned to the coil systdine articlePrecise calibration method
for triaxial magnetometers not requiring Earth'&®lfi compensatiofJ17] is an extended

version of the proceedings article [P12].

[J7] Magnetic Calibration System With Interference Congation (2019). Author
contribution: 50%. Principle proposal, methodology, defining avérseeing experiments,

article composition. Citations: 2

[J17] Precise calibration method for triaxial magnetomstaot requiring Earth's field
compensation (2015Author contribution: 25%. Experiment and methodology oversight,

data review, interpretation. Citations: 49
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Magnetic Calibration System With Interference Compensation

Michal Janosek™, Michal Dressler, Vojtech Petrucha™, and Andrey Chirtsov

Faculty of Electrical Engineering, Czech Technical University in Prague, 16000 Prague, Czech Republic

This paper describes a novel method for calibrating dc-precise magnetometers in the low field range (£100 xT), which gives
acceptable results even in laboratory conditions with significant magnetic interference. By introducing a closely mounted reference
magnetometer and a specific calibration procedure, it is possible to compensate for the external magnetic field disturbances caused,
e.g., by the local transportation operated with dc power supplies. The field compensation occurs only shortly after the calibrating
coils are energized. In this case, the leakage of the coil’s magnetic flux to the reference sensor due to the cancelation of the time-
varying compensating field was negligible. When using 60 cm coils and reference sensor in 2.5 m distance, we were able to calculate
magnetometer gains with a standard deviation of 91 ppm. We show that an overall uncertainty of 0.1% can be achieved.

Index Terms— Calibration, coil system, interference, magnetometer.

I. INTRODUCTION

RECISE calibrations of Earth’s field range (£100 xT)

magnetic field sensors (or magnetometers) are challeng-
ing not only due to the Earth’s field variations but also
by anthropogenic noise, caused, e.g., by traffic or nearby
uncompensated direct currents. In the literature, three basic
calibrating methods are described.

The first method is the so-called “scalar calibration,” where
the triaxial magnetometer is rotated in (preferably all) spher-
ical directions in a highly homogeneous and stable Earth’s
magnetic field [1]. For this purpose, it is often required to
travel far away from the city to a place with the lowest
possible magnetic field gradient. The advantage is that only
a precise knowledge of the field amplitude is required—this is
provided, e.g., by an Overhauser scalar magnetometer. Another
disadvantage is that the calibration sensor frame is arbitrary.
This method is also not much suitable for sensors with high
cross-field error [2], [3].

The second possibility is using a precisely calibrated coil
system and a stable, calibrated current source. If the sensor
is small, magnetic field gradient can be tolerated. Usually, the
“exciting” field is being alternated in every direction, and its
magnitude is changed to check for linearity and range errors.
If the coil system is calibrated, a reference frame can be
provided with respect to the device-under-test (DUT) casing.
This technique can be also used for uniaxial sensors and can
provide a traceable calibration with the uncertainty derivation.

The third calibration method is a mixture of both the scalar
and vector one: the so-called “thin-shell” method utilizes a
fixed sensor head in the triaxial coil system, but the field is
artificially rotated and its scalar magnitude is calculated [4].
From a large set of equations, all parameters can be estab-
lished, as in the scalar method. The main benefit is a fixed
sensor and, thus, tolerance to field inhomogeneity.
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A usual way of disturbance canceling with coil systems is
to place a reference fluxgate magnetometer very far from the
coil facility—tens to hundreds of meters, in order not to be
influenced by the mutual crosstalk [5], [6]. It is also possible
to monitor the ambient field changes with a distant Overhauser
magnetometer [7] without the active cancelation; however, any
gradient in the disturbance will deteriorate the results.

The disturbances can be also suppressed if the coil system
is running in a closed loop. The closed-loop systems utilize
a precise magnetic field sensor, which governs the system
precision [8]-[12]. The feedback loop systems, in general,
suffer from possible mutual influence between the DUT and
the feedback sensor (both can generate disturbing magnetic
fields), so off-center placement and gradient estimation are
necessary.

In this contribution, we focused on a low-cost calibrating
system with 0.6 m triaxial coils, which is usable for the direct
vectorial or thin-shell calibration procedure and allows for
the calibration of sensors and magnetometers which could
otherwise disturb, or could be disturbed, by any intra-coil
closed-loop sensor. The setup was running in a laboratory
heavily influenced by neighboring dc-traction traffic and other
sources of anthropogenic noise. The sensor used for distur-
bance cancelation was placed just 2.5 m away from the coil
system given by our laboratory constraints.

II. COIL-SYSTEM CALIBRATION
A. Available Methods

The most accurate calibrations can be provided by a scalar
calibration of the coil system [13], [14] which can provide also
its non-orthogonalities. Another option is using nuclear mag-
netic resonance (NMR), mainly with flowing water [15], [16]
which allows for very small measurement volume of the
pickup coil. A disadvantage of calibration with scalar sensor
lies in the required coil-system size—its inhomogeneity across
the sensor volume is another source of uncertainty for large
scalar sensor volume.

Another option is to use a magnetic flux density standard
based on a solenoid precisely wound on a quartz support [17];
in this case, the achievable accuracy is about 60 ppm.

0018-9464 © 2018 TEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Coils are wound on fiberglass supports to achieve high temporal and
thermal stability. The Merritt quaternion is located in the y-direction (E-W)
(left). Block diagram of the calibration system (right).
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Fig. 2. Red—inhomogeneity below 50 ppm in a 0.12 x 0.12 m? area where
DUT is placed (left). Red—area of 0.05 x 0.12 m? where the error due to
the radial field component is below 1 ppm, allowing for up to 20° DUT
rotation—see (2) and (3) (right).

B. Calibration of the 60 cm Coil System

Our coil system (Fig. 1) with overall 60 cm dimensions
comprises of one Merritt-coil quaternion [18] with high
homogeneity and two Helmholtz coils. We have done a 3-D
finite-element model (FEM) simulation (Cedrat FLUX3D) of
the Merritt coils showing that in an area of 12 x 12 cm?,
the inhomogeneity is below 50 ppm—see Fig. 2. Due to size
constraints, we calibrated the individual coils with a flowing-
water NMR magnetometer. The uncertainty of 70 ppm (1 o)
was mainly due to field instability—about 30 ppm can be
achieved [19].

III. CALIBRATION PROCEDURE
A. Principle

Although we cannot actively compensate for the Earth’s
magnetic field (~48000 nT in Europe) because of the coupling
to the 2.5 m distant reference sensor, we show that it is possible
to compensate only for the magnetic field variations and/or
disturbances. The static value of the Earth’s magnetic field is
then suppressed by performing two or more measurements
with different applied fields. We performed a 3-D FEM
simulation and have verified by measurements that a 250 nT
field in the coils will create a field of 1 nT at the reference
sensor. This weak back coupling results in a slight degradation
of the disturbance compensation effectiveness.
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Fig. 3. Field variations sensed by the reference magnetometer (blue—
bottom trace) and in the coil system (orange—top trace). The reference
magnetometer and the one in the coils have been numerically aligned. The
large uncompensated peak was due to the steel door opening (large gradient).

B. Reference Sensor and Its Alignment

The reference sensor (a triaxial fluxgate with 200 samples/s
digital output and an effective 20 Hz bandwidth after filtering)
is placed just 2.5 m away from the coils.

The reference sensor is roughly oriented in the coil-system
direction before each calibration. It is difficult to align it
precisely with the coil system—for this purpose, we use nume-
rical alignment with another, well-calibrated triaxial flux-
gate, which is temporarily placed in the coil system and
aligned with its axes. A recording of 10 minutes of both
magnetometer outputs is enough to calculate 3 x 3 trans-
formation matrix F between reference sensor readings R
and magnetic field vector C in the coil-system coordi-
nates (Fig. 1)- C = FR. To obtain matrix F, we uti-
lize magnetic disturbances AC, which are assumed to
be homogeneous on the 2.5 m distance, i.e., we try to
solve

Fii Fio Fi3| | ARy ACy
1 Fr Fa3 ARy | — | ACy | =min. (1)
F31 Fn P3| | AR: AC;

Matrix F was obtained by least-squares inversion of the
recording in MATLAB, i.e., F = AR/AC. The efficiency of
the procedure is shown in Fig. 3—after finding F, we first
calculated and compared the two aligned sensor—see Fig. 3
left (uncompensated). After that, the current source has been
switched-on and only the compensating field values were
fed to the coil system, effectively suppressing the external
field disturbances—see Fig. 3 right (compensated). The field
variations, which exceeded 500 nT p—p in the vertical z-axis,
were suppressed by a factor of ~10. We can also see that the
disturbance in the vertical axis is almost unipolar: averaging
would not bring a significant improvement of the calibration
quality.
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C. DUT Placement and Alignment

The DUT should be generally well-aligned with the coil-
system axes. For triaxial sensor heads, this is commonly
achieved by observing the orthogonal sensor output crossing
zero and relying on the sensor orthogonality, since the readings
of an aligned sensor exhibit a flat maximum. The residual mis-
alignment, which can be either due to imperfect coil calibra-
tions or due to the sensor non-orthogonalities, causes, however,
an additional error: 1° of misalignment (or sensor pair non-
orthogonality) causes about 150 ppm error. However, it is not
really necessary to align the sensor precisely, if the coil system
is well-calibrated. (Also, coil-system non-orthogonalities are
usually below 0.1° [7], [13].) If two orthogonal coils are
subsequently energized creating fields By and By, the sensor
with a sensitivity Sy, misaligned by an angle «, will produce
uncalibrated outputs Oxx and Oy

AOyx = ABy -cosa - S, [V,T,°,V/T] (2)

3

From the equations (2) and (3), it is obviously possible to
cancel out the constant misalignment angle and obtain the true,
“aligned” sensitivity S,. It is, however, necessary to take into
account any orthogonal component of the magnetic field which
could occur in the area where the sensor is placed; from our
3-D simulation, we see that up to 20° rotation is theoretically
possible. If the sensor casing is mechanically pre-aligned with
one of the coil axes, the angular deviations are obtained for a
defined frame, as opposed to thin-shell and scalar calibrations.
This applies also for the two remaining (vertical) misalignment
angles.

AOyy, = AB, -sina - S, [V, T,°, V/T].

D. Current Sequencing and Disturbance Compensation

As a very basic calibration method, the currents in the coil
systems are sequenced and magnetometer output is recorded,
preferably in a bipolar way to suppress the external field
variations as much as possible. As shown in Fig. 3, the noise in
our laboratory can exceed 500 nT p—p and manifests itself as
a unipolar disturbance for most of the time, thus not allowing
for efficient averaging. Also, DUT settling time is significant:
a magnetometer with 1 Hz bandwidth and first-order response
settles to 100 ppm in 9 s, achieving 100 ppm stability during
this time with a 50000 nT field equals 5 nT.

Let us describe the calibration procedure for magnetometer
gain in the x-axis, assuming the value of a to be zero, Earth’s
field x-component Bgx to be static, and experiencing time-
varying disturbance Bpx () while acquiring Oy

Ox1 = [Bx1 + Bgx + Bpx(t +11)] - Sk 4

(&)

Obviously, when able to cancel out the time-varying Bpy
term, we can obtain S, after subtracting (4) and (5), which
effectively cancels out By

Ox1 — Oy2 = [By1 — By2] - Sy

Oy2 = [Byx2 + Bgx + Bpx(t + )] - Sx.

(0)

In detail, the calibrating sequence for S, is as follows.
1) Energize the x-axis coil, creating a calibrating field By1.
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Fig. 4. Uncompensated (green) and compensated (blue) field variations

during a calibration sequence with ~30000 nT field step.

2) Wait for the settling of the reference magnetometer.

3) In time ¢+ = 1, record the vector R(—) measured
with the reference magnetometer and recalculate it to
C(;=1) in the coil frame using the matrix F obtained
previously: Cy—1) = FR(;—1). The component C,;—1)
is a superposition of the calibrating field, Earth’s field
x-projection, and the actual value of disturbance in the
x-axis: Cy(;=1) = Bx1 + Bgx + Bpx(1=1)-

4) Continually compensate the applied field B, on the value
Cy(t) — Cx(1=1), which is in turn only the time-varying
disturbance Bpy() since By and Bgx are constant—see
(4) and (5). Measure Oy during this time.

5) Repeat for B,y and Oy2 and obtain Sy using (6).

The current sequencing is done with a precise 20 bit three-
channel current source [20], which is commanded with the
calibrating field minus the recalculated disturbance. In Fig. 4,
we show one sequence with the zoomed-in short “constant-
current” region—the actual disturbance and the residua after
suppression are visible.

IV. CALIBRATION RESULTS

We have performed several calibration runs where the DUT
was a digital triaxial fluxgate magnetometer of our own
construction which has been precisely aligned with one of its
axis along the y-axis coil. The calibrating steps were £50 uT,
and the sensitivity was calculated using (4)—(6).

A. Standard Deviation of the Results

By numerically adding the uncompensated magnetic noise,
we were able to estimate the improvement of the calibration
when using our compensating system—in Fig. 5, the z-axis
differences from mean sensitivity estimation are plotted for
both cases—with and without compensations. The improvement
is different for different axes—see Table I; in the vertical axis,
the standard deviation dropped from 1640 down to 311 ppm
with compensation switched ON. However, for x- and y-axes,
only +50 nT p—p disturbance was observed, so averaging was
already effective to suppress the disturbances.

B. Uncertainty Estimation

The abovementioned standard deviation of the results is
only a small part of the overall calibration uncertainty—see
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Fig. 5. Differences from the mean (23 estimations of sensitivity) in the case
without (circles) and with (crosses) compensations of field variations.

TABLE 1
EFFECT OF COMPENSATION ON CALIBRATION

S w/o w/
Direction . .
compensation compensation
Standard NS (x) 165 91
deviation EW (y) 134 108
- relati
Eg:ni}’e vertical 1640 311
TABLE 11

CALIBRATION UNCERTAINTY BUDGET—N-S AXIS

Uncertaint 1o rel.
Uncertainty source ty uncertainty
type
[ppm ]
Traceable coil calibration B 70
Resistor standard B 15
Voltmeter Solartron 7071 B 14
Coil inhomogeneity in the B 50
central 100x100 mm? area
1 degree misalignment (when
applicable) B (0) 150
Current-source noise and
. oo A 5
tempco during calibration
Standard deviation from mean
o A 91
calibration result
Current-source nonlinearity B 4
TOTAL A+B (181) 318

Table II. It can be seen that the largest effect has the angular
deviation of the DUT/coil system which for 1° misalignment
causes an additional 150 ppm. If this angular misalignment
is calculated [using (1) and (2)] and if the coil-system errors
are compensated to about 0.1°, this contribution is negligible.
The second highest uncertainty source is the coil-system
constants calibration; we aim to decrease this with a new
NMR calibration. The total 1 o uncertainty for the N-S
axis sensitivity is thus either 181 ppm (angular deviations
corrected/calculated) or 318 ppm (1° misalignment allowance),
respectively. Even when allowing for 1° error, the expanded
2 ¢ uncertainty with 95% probability coverage is below 0.1%
for all the three magnetometer axes.

V. CONCLUSION

The main advantage of the presented magnetic calibration
system is its small footprint where the reference magnetometer
was placed just 2.5 m away from the coil system, which
was allowed by using a novel method of sensor alignment

IEEE TRANSACTIONS ON MAGNETICS, VOL. 55, NO. 1, JANUARY 2019

and a calibration sequence. In this manner, we were able
to cancel the local magnetic disturbance which would be
inhomogeneous on a larger scale. Since the system does not
utilize a feedback loop, it is possible to calibrate sensors
and magnetometers which are themselves producing magnetic
fields, affecting the feedback-loop sensor. In all the three axes,
we achieved an expanded calibration uncertainty below 0.1%.
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Precise Calibration Method for Triaxial
Magnetometers Not Requiring Earth’s
Field Compensation

Ales Zikmund, Michal Janosek, Michal Ulvr, and Josef Kupec

Abstract— A calibration procedure for calibrations of triaxial
magnetometers is presented. The procedure uses a triaxial
Helmbholtz coil system and an Overhauser scalar magnetometer
and is performed in the Earth’s field range. The triaxial coils
are first calibrated with the Overhauser magnetometer, and
subsequently, a triaxial magnetometer calibration is performed.
As opposed to other calibration approaches, neither Earth’s field
nulling system nor movements of the magnetometer are needed.
A real calibration test was carried out—the extended calibration
uncertainty was better than 430 ppm in sensitivity and 0.06° in
orthogonality.

Index Terms— Calibration, magnetometer, precision, triaxial.

I. INTRODUCTION

STANDARD way to calibrate triaxial magnetometers
is using a compensating system that cancels out
any magnetic disturbances [1], [2]. These systems usually
utilize 2-m and larger triaxial coils with high homogeneity
(a Braunbek configuration) and the field compensation is
open loop: it typically uses a triaxial magnetometer placed far
away from the building. This triaxial magnetometer is either
a standalone where its reading influences the compensating
currents or is placed in another smaller triaxial coil system
that runs in a local closed-loop system (maintaining zero
field): the compensating current is then shared with the
coils at the calibrating facility [3]. This approach has many
drawbacks. Mainly, the remote triaxial magnetometer and also
the coil system have to be aligned and calibrated precisely to
establish stable compensation. In addition, the zero magnetic
field value is not checked during the calibration and this
residual field affects the calibration precision.
The alternative closed-loop systems rely on a zero-detector
inside the feedback loop, which is placed in the cancellation
coils, i.e., Billingsley APEX-CS. Ultimate precision is allowed
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using atomic magnetometers in the feedback loop [4], [5]. This
principle achieves more precise results but is affected by the
influence of the zero detector on the calibrated sensor. Both
sensors cannot be ideally placed in the center of the coils
where the magnetic field is homogeneous, and so their mutual
position can increase uncertainty of the calibration.

Another approach is the scalar calibration [6], [8], which
provides very good results. Nevertheless, it relies on rotations
of the calibrated triaxial magnetometer in the Earth’s field and
thus is sensitive not only to disturbances but also to magnetic
field gradient, requiring magnetically clean locality, which
is not easy to find even in suburban areas. To suppress the
effect of magnetic disturbances and diurnal variations of the
Earth’s magnetic field, the magnetic field should be logged
(usually with an Overhauser scalar magnetometer) and its
values should be used in the calculations. To achieve an uncer-
tainty below 200 ppm, the residual magnetic field variation
during the calibration procedure has to be below 0.5 nT. This is
not easy to achieve due to the existing magnetic field gradients
between the calibrating site and the place where the magnetic
field is logged. Similarly, due to the finite size of the calibrated
magnetometer, the magnetic field should be free of gradients
in the whole sphere covered by the magnetometer rotations.
This measurement is also very time consuming because at
least 80 different orientations of the magnetometer are usually
measured [6].

II. MOTIVATION

Our motivation, to create an alternative calibrating
procedure, is to be able to perform the calibration in a
relatively low-cost facility, which would be metrologically
traceable to a magnetic field density standard resulting in
less than 0.05% (500 ppm) calibration uncertainty. Such
technique would be applicable to a wide community of users,
as was defined in the European metrology Joint Research
Project IND 08 MetMags [7]. In our case, it is necessary
only to monitor the Earth’s magnetic field variations using
the Overhauser magnetometer, and no shielded rooms or
field-cancellation loops have to be used. The calibration
facility can also be placed in areas with magnetic field
gradients that would not allow the scalar calibration method.
The basic requirement is that the calibrating facility uses
well-calibrated triaxial coils that would enable to create
magnetic fields of up to 100 xT-this is rather standard
requirement and such coil systems are commercially
available.

0018-9456 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. Noise measurement during traffic strike. The first ongoing subway

causes 10-nT p—p noise in horizontal component (approximately E—W).

III. CALIBRATION
A. Calibration Site

The site, property of the Institute of Geophysics at Academy
of Sciences, Czech Republic, has been used till the 1960s as
a geomagnetic observatory; however, due to building of dc
railways and expanding city borders, it was later converted
for paleomagnetic experiments [9]. Although the site is 4 km
away from the nearest subway station and 3 km away from
dc-electrified railway, the traffic-related noise was observed
with disturbances increasing up to 10 nT peak-peak and even
the resuming metro operation was identified (Fig. 1). It is
clear that during calibration, the magnetic field should be
either compensated for or monitored even though averaging
might improve the situation but substantially prolonging the
calibration time (the time span in Fig. 1 is 1 3/4 h).

The coils used for calibration are the commercially available
triaxial coils HELM-3 of Billingsley Aerospace and Defense.
The coil system consists of three squared Helmholtz coils
whose dimensions are around 1 m. The nominal coil constant
as provided by the supplier is 100 uT/A (the coils were
originally supposed to be used in a feedback system where coil
constants do not have to be precisely known). Orthogonality
error of the coils is better than 0.1° for all three axes. The
magnetic field uniformity is declared as 0.3% in a centrally
located 20-cm sphere. For our purpose, however, the coil
constants needed to be calibrated.

The current to the coils was supplied by a custom-built
current source to overcome drifts of the coil resistance during
calibration caused by self-heating and also ambient tempera-
ture. The current source is based on 16-bit digital to analog
converters and a voltage-to-current amplifier. Stability of the
custom-built current source was measured as =10 #A in 1 h
while supplying 1 A. To be absolutely independent of the
current source stability, current is simultaneously measured
using 1-Q shunts and 6.5-digit voltmeters.

B. Triaxial Coils Calibrations

The procedure uses a scalar Overhauser magnetometer to
calibrate the coil constants and the angular alignment of the tri-
axial Helmholtz coils—the details are described in [10] together

1251

Fig. 2. (a) Overhauser magnetometer sensor placed in the triaxial coil
system during calibration—a central position assures low field gradient.
(b) Coil pair oriented N-S. (c) Coil pair oriented E~W. (d) Coil pair oriented
vertically [12].

TABLE I
PARAMETERS OF THE TRIAXIAL SYSTEM

Axis Coil Combined
constant uncertainty
[nT/A] [nT/A]
X — East West 78787.5 16.1 (204 ppm)
Y — North South 76647.5 13.4 (175 ppm)
Z — Vertical 83016.4 23.7 (286 ppm)
Axes Alignment Combined
angle uncertainty
[deg] [deg]
X-Y 89.98 0.04
Y-Z 90.01 0.04
X-Z 89.97 0.04

with uncertainty analysis in [11]. The details of the setup are
shown in Fig. 2. The calibration results express the three coil
sensitivities and their respective angular alignment. The results
together with the expressed uncertainty are shown in Table 1.
The resulting coil constants differ from the nominal values
about 10% because the producer does need to define these
parameters precisely due to using the coils in the feedback
system.

C. Calibration Against Magnetic Flux
Density Standard

The aim was to compare the previous calibration results
with a traceable calibration. The calibration method is based
on a direct comparison with the magnetic flux density (MFD)
standard, which is basically a four-section solenoid on a quartz
core. The method uses one dc source and is standardized at the
Czech Metrology Institute under the procedure code 817-MP-
C602 (Fig. 3). The comparison was done for the horizontally
located E-W coils only to verify the uncertainty of the coil
calibration principle [10].
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The two coils, the unknown X (the E-W-axis of the
Helmholtz coils in our case) and the coil standard E were
connected in the two branches with variable resistors
Rrx and Rrg (Fig. 3). The currents in these branches,
Iy and Ig, were changed in both branches to cancel the
flux measured in the middle of the standard coil by the
means of zero detector P, which was a single-axis fluxgate
magnetometer. The current in the two branches is sensed
on the resistor standards R, and Rpg, respectively. When
the zero reading at null indicator (NI) was reached, the two
currents were recorded and the coil constant Kgrx has been
calculated as

Kpielp Uk Rx

Kpix = I KBIEU; Ry

where Kgjg is the constant of the standard E, Ug is voltage

drop on the standard resistor Rg, and Uy is the voltage drop
on the standard resistor Ry.

As the voltage source is common for both branches, its
instability is suppressed. The resulting uncertainty can be also
suppressed by interchanging the sensing resistors Rx and Rg.

The highest uncertainty of 30 ppm had the National flux
density standard with a value of 598.827 uT/A. The voltmeters
measuring Vx and Vg were of Agilent 34587A type
with 8.5 digits of resolution; Rr and Ry were standard
resistors of 2- and 5-Q values, respectively, with an uncertainty
of 5.4 ppm.

The cross-calibration result of the x-axis coil X (E-W) was
78795.5 nT/A with an expanded uncertainty of 50 ppm—this
agrees well with the calibration results of the x-axis shown
in Table I.

1

D. Triaxial Magnetometer Calibration Principle

The basic idea of the calibration has been described
in [12]. A predefined sequence of currents is performed
together with measuring the response of the calibrated triaxial
magnetometer. The Earth’s magnetic field is not cancelled by
the coil system, but its scalar value is remotely monitored.
All input quantities (coil current, triaxial magnetometer
output and the monitored Earth’s field scalar value), forming
N equations from N calibration steps where the magnetic
field in the calibrating coils is changed in its amplitude and
direction, are passed to a solver that solves the problem by the

TEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 64, NO. 5, MAY 2015

Standard - E

Null indicator - P

Calibrated coil - X

Calibration procedure based on comparison with a known MFD standard. (a) Electrical circuit. (b) Real arrangement.

TABLE II
RESULTING PARAMETERS OF THE CALIBRATION

Triaxial magnetometer U \4 W
Sensitivity SU Sv Sw
Angle to XY coil plane ay ay aw
Angle in XY coil plane bu Br Bw

Levenberg—Marquardt nonlinear
to [12].

The remote scalar magnetometer measures the Earth’s field
and should be in a distance so that the influence of the coil
system would be negligible. For our experiment, we supposed
that the maximum excited magnetic field is around 100 xT,
then according to the magnetic field of a dipole source that
falls with 1/73, the scalar Overhauser magnetometer had to be
placed at least 40 m away to suppress the coil system influence
down to 1.5 nT.

Based on an experience of [12], it was more suitable to
approximately align the axes of the calibrated magnetometer
with the respective calibrating coil axes, because the nonlinear
solver converged faster. From the optimization described
above, the sensitivity and two angles with respect to the
orthogonal coil system have been obtained for each axis of
the calibrated magnetometer. The resulting parameters are
summarized in Table II and shown in Fig. 4.

To compare several calibration principles, the mutual
orthogonality angles of the calibrated triaxial magnetometer
have been expressed according to [6] by simple calculations

A1 = fu +Bv
Ay = ay + fw
A3 =ay +aw.

optimization according

(©))

IV. CALIBRATION PROCEDURE UNCERTAINTY

The triaxial system’s coil constants and their orthogonality
are known from the previous calibration—see Table I1I, which
gives their values and uncertainty. Further errors during the
calibration can be caused by the variation of the Earth’s mag-
netic field and by environmental noise inherent to the location.
However, both are suppressed to a large level by recording the
BE value with a precise Overhauser magnetometer. The field
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TABLE III
UNCERTAINTIES OF THE USED INSTRUMENTS

Parameter Value Uncertainty
Overhauser magnetometer [nT] - 0.2nT

Coil constants X,Y,Z [nT/A] 78788, 76648, 83016 204, 175, 286 ppm
Coil angles XY, YZ, XZ [degree] 90, 90, 90 0.04°
Standard resistors values [Q] 1.00006, 0.99989, 0.99993 30 ppm
Voltage measurement 1 V nominally 80 ppm

Magn.

ﬁk, Magn. axis U

Fig. 4. Resulting angle parameters.

gradient is subtracted in the measurement and thus the residual
error was only considered, which is the gradient noise; this was
measured on site as £5 nT.

We used the Monte Carlo method for estimating the
influence of all uncertainties of the input variables (Table I1I)
on the resulting parameters, as opposed to our initial approach
in [12]. The measured parameters, being the input to the
optimization method, were deviated with a supposed normal
noise distribution. The (B-type) uncertainty was then
expressed as a standard deviation of the set of the solver
results. The rather high uncertainty of the voltage measurement
was caused by the used voltmeter of Agilent 34401 type.

V. EXPERIMENTAL TEST

The test calibration has been carried out in the former geo-
magnetic observatory site Pruhonice maintained by the Insti-
tute of Geophysics. A triaxial digital magnetometer that was
developed in our laboratory was calibrated in the Helmholtz
coil system with calibration parameters in Table III. The
ambient magnetic field was first measured with the Overhauser
magnetometer in the coils without any excitation and then in
the remote spot that was 40 m far from the coil system—
the scalar gradient of 11 nT, which was then subtracted
from the data, was supposed to be stable during the whole
measurement time.

0.6
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Fig. 5. Current sequence applied to respective coil axes during the calibration
of the triaxial magnetometer.
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excitation.

Digital triaxial magnetometer response on the reference coil

A predefined current sequence was applied during the
calibration [12] (Fig. 5). The sequence contains current steps
designed to have a significant influence on the calibrated
magnetometer axes in each orthogonal direction and also to
keep the magnetic field well in the magnetometer range. The
aim was to obtain a response at least 25 uT in each axis of
the calibrated triaxial magnetometer.

The digital output of the calibrated triaxial magnetometer
was recorded during the applied current sequence. In Fig. 6,
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TABLE IV

UNCERTAINTIES OF THE RESULTS

TEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 64, NO. 5, MAY 2015

Uncertainty B | Uncertainty A | Result with combined Scalar
uncertainty (k=2) method [8]
Offset U (InT] 2 - -32.5+4 -30.5
Offset V [nT] 2 - -37.5+4 -34.4
Offset W [nT] 2 - -24.0+4 -27.6
Sensitivity U (norm) [-] 88 132 0.9659 £320 ppm 0.9666
Sensitivity V (norm.) [-] 68 116 0.9431 £270 ppm 0.9436
Sensitivity W (norm.) [-] 110 185 0.9022 +430 ppm 0.9021
Angle A [°] 0.002 0.016 0.205 +£0.034 0.167
Angle A, [°] 0.001 0.024 0.531 £0.048 0.603
Angle A; [°] 0.003 0.031 0.104 +0.062 0.107
a time record is shown as a response to the calibrating coils 48615 -
excitation. The magnetic axis orientation is significant because 48610
it correlates with the coil excitation. The magnetometer g
axis W was vertical (coil Z), the axis V was oriented to 5 48605 -
North-South direction (coil ¥) and the magnetometer axis U &
was approximately aligned with the East-West coil (coil X). .2 48600 -
The alignment was not ideal due to small cross-field reactions, %, 7
which can be seen in the record; nevertheless, this did not 348595 1
cause a problem for the calibration algorithm. g 48590
The sequence of calibration currents has been repeated —Pruhonice - offset 240 nT
12 times to obtain a minimal statistical set for averaging and 48585
calculation of the A-type uncertainty. In the calculation proce- —Budkov
dure, however, we found higher residuals of the optimization 48580 - ' ' ' ' !
method in some combinations of the current. This was proba- 1653 17:00  17:07  17:14 1721 17:29
bly caused by vectorial components of ambient magnetic noise Fig. 7. Noise of ambient magnetic field during calibration compared with

that are different—higher residuals were correlated with the
situation when the vertical coil was excited. The sensitivities
varied maximally of 210 ppm and the angles varied of 0.028°,
which were designated as the A-type uncertainty.

The B-type uncertainties have been established by the
Monte Carlo simulation using the parameters from Table III.
The input parameters were set up according to the real
measured quantities and their values were scattered according
to their known uncertainties. The worst B-type gain uncer-
tainty of 110 ppm appeared in the W-axis because it was the
most affected by magnetic field noise at the location.

The A-type uncertainty was mostly influenced by the noisy
magnetic field, which is shown in Fig. 7 (black trace); this
is the real data input into the calibration algorithm. The
diurnal variation of the Earth’s field corresponds to the record
of Budkov observatory (INTERMAGNET designation BDV,
red trace). In addition, the magnetic field gradient variation
(or noise), discussed previously, will affect the measure-
ment uncertainty; however, it cannot be measured at the
calibration time.

The combined uncertainty was finally calculated as a
norm of the two A and B components and the results are
given together with the calibrated parameters of the triaxial
magnetometer in Table IV. The same triaxial magnetometer
calibrated in this paper was also calibrated by the scalar

the Budkov observatory.

calibration, which is a different technique described in [8].
The results are also presented in Table IV to have a
comparison. The data agree well—the scalar calibration
results are almost within the calibration uncertainty of the
developed method. Assuming that also the scalar calibration
has a significant uncertainty, which is usually expressed as
a calibration residual [5], [6]—its evaluation is beyond the
scope of this paper—we show that our calibration method is
at least comparable with the scalar calibration.

VI. CONCLUSION

The presented calibration procedure is advantageous to
the currently used methods, because neither an Earth’s field
cancellation system nor moving a calibrated magnetometer
is required to measure the sensitivities and angular mis-
alignments of the respective magnetometer axes. The Earth’s
magnetic field value was monitored at a distant place with
an Overhauser magnetometer and was used in the calibration
procedure. The calibration of the triaxial Helmholtz coils
system is performed with the same Overhauser magnetometer
as during the triaxial magnetometer calibration, preferably
before each calibration, to compensate a possible long-term
drift of the coil constants. The magnetometer offsets should
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be measured separately in a magnetic shielding chamber;
this is also the way in which the estimation uncertainty is
the lowest [13].

From the Monte Carlo simulations, we have shown that
theoretically, the uncertainty of the calibrated parameters
should be less than 260 ppm in sensitivity and 0.02° of arc
in orthogonality if the environmental gradient noise is below
5 nT and our measurement precision was achieved. A real
calibration of a digital triaxial digital magnetometer was done
with the proposed procedure. The calibration precision was
influenced by gradient noise at the observatory, resulting in
the largest combined uncertainty (k = 2) of 430 ppm for
sensitivity and 0.062° of arc for the orthogonal angle of
magnetometer axis.
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2.2.2 Precise zero field — ,magnetic vacuum®

In calibrations of low-level magnetometers withithange less than the minimum range
of accurate Overhauser or Proton magnetomett8,000 nT) which are normally used as
reference instruments for calibrations [46], flusegaare used for ambient field and noise
cancellation in the coils, either in open or clotsap [3]-[5]. However, despite their precise
once-off calibration, fluxgate offsets are not #ain time, which is increasing the overall
calibration uncertainty. The same applies to offsgtcurrent-supplies and/or of the digital-
to-analog converters used in the coil system. A-defined magnetic zero, when initially
established and locked-up in the coil system isoasing approach to solve this problem,
moreover with a further perspective of integratingoise-cancelling method. Theoretically,
also a SQUID could be employed to establish thiel fi@lue — in the fundamental, open-
loop mode, its Po-counting” behaviour lacks the additional unceiaiof a semiconductor-
based, feedback-loop current readout circuitry. digital feedback” SQUID with higher
resolution than one flux quantum could serve thigppse well [47][48].

At IEEE Sensors 2020, the author has presentedgw@gbquently published an approach
using rotating AMR and fluxgate sensor, respecyiwith the title ‘Stabilized magnetic
vacuum using a rotating fluxgate sens@®3]. The principle is derived from the legacy diel
cancellation system utilizing rotating search coaiistalled in the geology laboratory in
Pruhonice of the Academy of Sciences of the CzeepuBlic (ASCR) [49]. The coils
however rotate at several thousand revolutions geaond and thus have a limited
mechanical life, need pressurized air supply eta. @proach used embedded synchronous
demodulation of a rotating AMR/fluxgate, using viess data transfer overcomes these
limitations and is capable, with a single sensompérform a total field cancellation (i.e. the
horizontal but also the vertical field component).

Further research on utilizing more sensitive flibegaensors, an embedded 90 degrees
rotating device and a noise cancellation integnatgcurrently ongoing in the scope of a
collaboration with the Czech Metrology InstituteMG and the South African National
Space Agency (SANSA).

[P3] Stabilized magnetic vacuum using a rotating flurgatensor (2020).Author
contribution: 50%. Principle proposal, initial device desigm aneasurements, theory and

article composition.

-63 -
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Abstract— We present an effective zero-field system
utilizing a rotating, single-axis fluxgate sensor to establish and
maintain a magnetic vacuum in triaxial coils. With the help of
a low-noise fluxgate sensor rotating at a frequency of 1 Hz, we
were able to set the magnetic zero in the horizontal plane to or
below 0.5 nT, which is 10 ppm of the local magnetic field, or
100 dB suppression. With the help of an additional triaxial
sensor at a 2.5-m distance, we were able to maintain the
magnetic zero to about 1 nT within 30-minutes suppressing
field variations and disturbances. Such a system allows for
precise magnetic calibrations, paleomagnetic experiments or
other tasks where magnetic vacuum is beneficial or required.

Keywords— magnetic field; coil system; vacuum; fluxgate;
calibration

I.  INTRODUCTION
In the ficld of calibrations of magnetic sensors, or in
paleomagnetism, establishing a zero magnetic field
("magnetic vacuum") in a volume is beneficial.

Paleomagnetic experiments benefit from the zero field
for establishing the "frozen" magnetization of the samples
and thus indirectly establishing the age of the sample [1].
Calibrating magnetic field sensors will benefit by first
nulling the local Earth’s field - the desired fields can be then
established just by knowing calibration constants of the coils
utilized.

In both cases, the problem of the performance of the
magnetic sensor used for establishing zero-field in the coils
arises. The most precise coil systems use atomic
magnetometers of various types [2]-[4], however they cannot
be used for zero-fields as their minimum operation is approx.
2000 — 20000 nT depending on the type of the sensor.
Moreover, without special arrangements, they have a scalar
response making the nulling system even more challenging.

Readily available sensors which also work in zero
magnetic fields would be a fluxgate or anisotropic
magnetoresistor (AMR) [5], which can be cheap, small and
work at room temperatures. However, the problem arises
from their inherent offsets, which is difficult to calibrate for
and is not stable in time and temperature. The offset will
limit the zeroing ability to about 5-20 nT for a good fluxgate
[6] and slightly more for an AMR magnetometer [7].

In this paper, we present an effective approach inspired
by the rotating coils of the deprecated magnetic vacuum
system "MAVACS" [8], which used high-speed rotating
search coils with mercury bearings and pressurized air.

This work was supported by the Grant Agency of the Czech Technical
University in Prague, grant No. SGS520/182/OHK3/3T/13.

978-1-7281-6801-2/20/$31.00 ©2020 IEEE

The system proved as feasible, however the reliability
was low. Our system on the other hand, uses a single
magnetometer (sensor) rotating in the centre of the coil
system, with wireless transfer of the data. Digital signal
processing is applied to the signal received to measure the
magnetic field regardless of the sensor offset and its offset
drift.

II.  OPERATING PRINCIPLE

A.  Single-sensor rotating magnetometer

Let us suppose a magnetic field sensor FS with a
sensitivity S in engineering units per unit of field (EU/T) and
an offset O in engineering units (EU).

Let us rotate the magnetometer at a frequency f'in a plane
where the projection of local magnetic field B, has an

arbitrary orientation of ¢?, degrees with respect to the initial

sensor orientation. We can then write for the raw
magnetometer output R (EU) during the rotation:

R()=B,-§-sin2ait+ @, )+0 (1)

We see from (1) that during the rotation the
magnetometer offset O is a constant (or slowly varying)
value. However, the amplitude of the magnetic field B,
which is a projection of the local magnetic field vector B to
the plane of rotation, yields a time-varying modulation of the
output R at the rotational frequency f.

By minimizing the ficld B,, we minimize the raw reading
R(t) - its amplitude is proportional to B, Because the final
aim is a magnetic vacuum, establishing the sensitivity S
precisely is not important, unless it would serve as a
feedback signal in smart compensating software.

Fig. 1. - The principle (left) and the magnetometer on the rotational
support (right). Fluxgate sensor (1) is connected to conditioning electronic
(3), values are digitized and transmitted with ESP8266 board (2). Distance
sensor (4) senses two markers (5a, 5b) as a reference for demodulation.
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For signal processing, we will introduce two markers M,
and M, 180 degrees apart, which the magnetometer is
sensing during the rotation, and a variable demodulator

phase @7, . We can then write for the two intervals between
M; and M>, omitting sensitivity and time-independent offset:

Ry () = B, -sinQ2Aft + @y, + @) (2)
Ry ()= B, -sinQrfi+ @, + @, +7)  (3)
For @, = —@, we get:

Ry o) ==Ryp (1) = B, -sin(27t) C))

The easiest demodulation of (4) would be summing the
readings in the two intervals with different signs. We can
also create two independent detectors for the in-phase (I) and
quadrature (Q) components, having the second detector 90
degrees out of phase (5). We can then detect the parallel and
orthogonal components with just one rotating sensor. For
example, we can sense the field components in N-S and E-W
directions, which simplifies the compensation of the field.

R,(1)= B, sin27fl) Ry(t)=B, cos2a) (5)

B.  Vertical component

The above equations work well for a field component in
the plane of the rotation, but it might seem that it will not
work for the vertical field component. However, it is also
possible to measure and minimize the vertical component by
tilting the rotating platform as seen in Fig. 2. However, the
angle should not be exactly perpendicular to the local
inclination (+65° in Prague, -65° in Hermanus).

When compensating the vertical component with the coil
system only, the output reacts as follows:

R, (t)=B-sin D-sin(B)=B,,, sin(B) (6)

It is evident that for f=0° we cannot measure the effect of
nulling the field in the vertical component. However e.g. for
a tilt of 30° the sensitivity on changes in horizontal and
vertical components is equal.

S =

horizontal

/
. ;
LY
i)
.
L Y
.
=5

plane
S . (\ N
* X0
M, '.'6'\\00\ M1
e <@

Fig. 2. The proposed placement of the rotational platform in order to
measure (compensate) both the horizontal and vertical components of the
local magnetic ficld vector,

III. COMPONENTS OF THE SYSTEM

A, The coil system and current-source

We used a 1-m tri-axial Helmholtz coil system of
Billingsley Magnetics and a custom current source capable
of 1 A output with 10 ppm resolution and stability. The coil
system is rotated to the magnetic axes, i.e. in E-W, N-S and
vertical - see Fig. 2 and Fig 3. The system is located in a
suburb of Prague with ~20 nT p-p man-made disturbances.

B.  The rotating fluxgate magnetometer

We used a single race-track fluxgate sensor [9] with a
simple custom-built analog circuitry (about 5 USS$). The
analog output was then digitized with ADS1115 A/D
converter attached to an ESP8266 wireless microcontroller
which served as an access point. The magnetometer was
powered from a Li-lon battery. The sampling speed was
54sps and sensor noise was about 35 pT/NHz @ 1 Hz.
Electronic components were selected to avoid excessive
magnetic signature, however, since the whole assembly
rotates and initial permeability of common steel parts is low,
the influence on time-varying output will be negligible [10].

C. The rotating platform and drive motor

We used a simple rotating platform, driven by a toothed
belt via a distant (2.5 m) stepper motor — see Fig. 1 and Fig.
3. By using a toothed belt, we were able to maintain the
rotating speed which was beneficial for signal processing. On
the rotating platform, we placed two marks (elevated Al
plates) 180 degrees apart, which were sensed by a reflex
distance-sensor attached to the rotating platform. These
marks (M, and M;) served as a reference for demodulation.

Fig. 3. Helmholtz coils, with the magnetometer (small box) visible in the
middle, toothed belt (long box) extends from the coil to the stepper motor.

IV. RESULTS

The system has been built as indicated in Fig. 4. The
rotating magnetometer communicated wirelessly with a
LabVIEW based data-acquisition and signal processing
software. The input signal was first high-pass filtered. With
the help of the M, and M; markers, we could set a coherent
sample delay (phase gp) in order to measure the N-S
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component in the I channel and E-W component in the Q
channel of the demodulator. According to the reading
obtained, the current source was adjusted manually. Later
on, we also relied on stabilizing the field with the help of an
auxiliary magnetometer placed close to the coils.

Manual
field
tuning

Current
source

3-ax AUX
magnetometer

PC - LabView SW

_/_ Demod. jm}Bl \‘

data

H Highpass H
fc=0.5 Hz

counter/
marker

“._Bg

var. ¢

Fig. 4. Fluxgate sensor FS rotates in coils oriented to NS (orthogonal and
vertical coils omitted for clarity). Signal is processed in LabVIEW software
and used for manually tuning the coil currents.

A.  Time-dependent output

The time-dependent output is best illustrated in Fig. 5.
We can see that the rotational frequency is about 1 Hz. The
"zero horizontal” field we managed to set can be established
as about 0.5 nT (1 nT p-p), modulated on the constant 172
nT offset (given by fluxgate offset and remanence of
electronic parts of the magnetometer and battery). An
artificial test field of 6 nT created a clear 12 nT p-p signal —
see second 255 and above of the record.

Field measured by rotating fluxgate magnetometer

182

Test field 6 nT = 12 nT p-p'

180 -

178 -

176

174

172

measured field [nT]

170
Mean value
168
166 - T ._
252 253 254 255 256 257 258 259
time [sec]

Fig. 5. Time-domain record of the rotating fluxgate magnetometer.
A stationary test field of 6 nT is clearly visible in the signal as a sine-wave
with the rotational frequency. The sensor offset is just the average (DC)
value.

B. Demodulated output + auxiliary magnetometer

In Fig, 6 we show a record of three minutes of in-phase
(N-S) component as recorded with the rotating
magnetometer, together with the output of an auxiliary
magnetometer, which was numerically aligned to the same
N-S component. For better comparison, its output was low-
pass filtered with the same corner frequency as for the
rotating magnetometer (0.2 Hz).

Demodulated output vs AUX magnetometer

measured field [nT]

== Roftating mag. (in-phase component)

5L L ]
5 —-=--AUX mag. (aligned to NS)
5 i ! H f T i i
8.5 7 7.5 8 8.5 9 9.5 10 105 11
time [min]

Fig. 6. Demodulated output (NS, in-phase) as compared to the reading of
the auxiliary magnetometer (aligned in orientation and offset).

C. Zero field stabilization

For precise calibrations in Earth's field range (100 ppm
and better), it is necessary to maintain the field to units of nT
for minutes up to hours. Establishing a once-off "true" zero is
not enough - diurnal variations are up to 50 nT a day; solar
storms and urban noise cause further field changes.

To compensate for field changes and "lock" the zero field
in the coils, we used a method described in detail in [11].
Since it is an open-loop mechanism, it allows the removal of
the rotating sensor while maintaining the magnetic vacuum.
In principle, we use numerically recalculated field variations
from the AUX-mag to compensate for field changes in the
current-source firmware. The variations are small enough
not to couple the coils with the AUX magnetometer. When
the field in the coils is changed to high values i.e. during the
calibrations, the compensation is updated accordingly not to
react on the disturbing field from the coils. Fig. 7 shows the
stability of the zero field together with the AUX-mag
reading. To show the feasibility of the system, a car was
parked 10-m away from the coil system, causing a change of
only 1.5 nT.

Field stabilization

5 ———
_ M\V
=o
(= u
k=3 i i
32t i i
QB al 1 Car parkedL!'
5 i
w H 0
el b o
£ Rotating mag. (quadrature component)
-8 [|====AUX mag. (aligned to EW) 1
7 8 9 10 1" 12 13 14
time [min]

Fig. 7. Time record of stabilized zero-field (E-W). For testing, a car was
parked 10-m away from the coils causing only 1.5 nT change. The large
peak cvery 1.5 minutes is caused by wi-fi calibration of the ESP module.

V. CONCLUSION

We have designed a zero-field system with a rotating
fluxgate magnetometer, which to our knowledge is unique in
its parameters and simplicity. By creating a wireless fluxgate
magnetometer and rotating it, we are able to overcome any
offset errors inherent to those magnetometers. We managed
to create less than 0.5 nT in 1-m Helmholtz coils, and we
were able to keep this magnetic vacuumn stable for minutes
without a larger deviation than 1 nT.
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2.2.3 Estimating the Overhauser magnetometer accuracy

The Overhauser magnetometer (OVM) is used an fourate estimate of the total
magnetic flux density value F 8||, i.e. the scalar magnitude of the field vecbarsed on
the measurement of the hydrogen proton precessemudncy in magnetic field after an
initial polarization [50]. Due to its precision b&t than 15 pT [51], its high off-the-shelf
accuracy and insensitivity to magnetic field gratlieas opposed to proton-precession
magnetometers (PPM)- it is widely used in geoplsyaga reference instrument at magnetic
observatories providing the total field val&e for geology; archaeology and exploration
[25], and for calibrations of magnetometers andl ®jistems [52]. Its accuracy is
theoretically given only by the frequency measuneimaccuracy —by the precision of
frequency estimation and accuracy of its ovenizfdrence oscillator— and the agreed value
of the gyromagnetic Larmor constant. The precigibfrequency measurements [53] in an
OVM is higher than for a PPM magnetometer mainlytfsy superior signal-to-noise-ratio
and longer duration of its precession signal [38¢wever, similarly to a PPM, OVM
accuracy is given also by magnetic cleanlineshefmhechanical sensor assembly (threads,
bolts, cable, etc.); by the residual heading éremd also by any contamination of the
proton-rich fluid due to its ageing or leakage. Twerall accuracy of a custom-built OVM
in [51] has been found as * 0.25 nB{dncertainty) including all these effects.

CMI and CTU were participating in an internationadmparison of a ,travelling
standard“ OVM [54] in order to verify the calibrati capabilities in the geomagnetic field
range of the individual participants. This compamisurned out to be useful for establishing
the uncertainty of two GSM-19 [59] OVM’s of the CTEnd CMI. The results in
“Determination of the Overhauser magnetometer uaceyt’ [J13] show up to +0.5nT
reading difference, i.e. £ 100 ppm, after accounfior the calibration method uncertainty:
this is 5x higher than the manufacturer specifozatiThe large reported uncertainties of
NPL and PTB seem to be a direct result of uncomgiedsanthropogenous noise (see
Chapter 2.2.1).

[J13] Determination of the Overhauser magnetometer uatgy (2015). Author
contribution: 16.7% (1/6). Proposal of methodology, data actiarsi and comparison
result. Citations: 1

! _ For geophysical measurements with static agitlice. in geomagnetic obseratories, however, the
heading error is stable and can be excluded frozentminty budget when calibrated as an systematic.e
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DETERMINATION OF THE OVERHAUSER
MAGNETOMETER UNCERTAINTY

Michal Ulvr** — Ale§ Zikmund* — Josef Kupec** —
Michal JanoSek* — Michal VIk*** — Tomas Bayer***

Overhauser magnetometers are the basic instruments for scalar measurements; however, their accuracy is determined at the time of
manufacture only. Because of various effects affecting the gyromagnetic ratio of the used fluid or the stability of the oscillators in the circu-
itry, their accuracy should be verified during the instrument lifetime. Specific methodology of data processing and determination of the

Overhauser magnetometer uncertainty is described in this paper.

Keywords:

1 INTRODUCTION

The international comparison APMP.EM-S14 [1] was
a great opportunity, how to determine the accuracy (the
uncertainty) of the Overhauser magnetometer by metrol-
ogy institutes and geomagnetic observatories. Czech Me-
trology Institute (CMI) participated on this comparison
with Faculty of Electrical Engineering of Czech Tech-
nical University in Prague (CTU) and Institute of Geo-
physics of the Academy of Sciences of the Czech Repub-
lic (IG) collaboration in the field of Earth magnetic field
measurement. The transfer standard - a modified Over-
hauser magnetometer type MMPG-1 - was supplied by
the pilot laboratory VNIIM, Russia. Its accuracy has been
determined with an uncertainty of 0.054 nT [2]. CTU-
CMI and IG dispose of a commercial portable quantum
magnetometer type GSM-19 based on the Overhauser
effect.

Various methods can be used for the comparison. The
usual methodology exploits a calibrated coil system,
where the magnetometers are compared in an artificial
magnetic field generated by the coil. This method is more
convenient when the testing of the magnetometers should
be carried out in their whole measurement range. Howev-
er, the coil system, that mostly also cancels the Earth's
magnetic field, is very complicated equipment and it
brings further uncertainties which have to be considered.

Therefore, we decided to simplify the comparison
method and have performed the magnetometer calibration
in a very quiet Earth's magnetic field in the nonmagnetic
building of Budkov geomagnetic observatory (member of
the INTERMAGNET network). The short-time variation
of the magnetic field is below 0.1 nT at this place.

2 THEORY

The transfer standard and the compared magnetometer
were placed at two distant pillars (designation B and D) to
avoid mutual influences (see Fig 1 and Fig. 2). The magne-
tometers were oriented in the same correct position with

Overhauser magnetometer, Earth’s magnetic field, comparison, uncertainty

respect to the magnetic field vector. The magnetic flux den-
sity (MFD) was measured with a repeating time interval of
3 s and later the values were transfered to PC. Unfortunate-
ly, the magnetometers could not be perfectly synchronized
and so a stable time difference of 1 s occurred, but this was
not significant from the statistical point of view.

As a first step, we measured values Br)i with CTU-CMI
magnetometer (designation F) in position A at time ¢ and
also the values By with VNIIM magnetometer (designa-
tion V) in position B at almost the same time # . The mutual
position of the magnetometers was swapped after about five
minutes, so that we obtained values Brm); measured with
magnetometer CTU-CMI in position B at time # and also
values By() measured with magnetometer VNIIM in posi-
tion A at almost the same time #. Measurement (Swapping)
was repeated by this way several times.

Door

Fig. 1. Position of marble pillars (B and D) in
Budkov absolute pavilion

Because of an existing, non-zero gradient between the
two pillars A and B (approx. 6 nT) and because of the
Earth’s field variations, specific methodology for data pro-
cessing has been used. Differences Bru) - By at time ¢

* Czech Technical University in Prague, Technicka 2, 166 27 Prague, Czech Republic, janosem@fel.cvut.cz, ales.zikmund@fel.cvut.cz, ** Czech
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were calculated together with differences Brp) - By of
opposite series at time # . By subtracting these differences
we have got a double value of B difference between the two
points A and B due to the MFD gradient. If the differences
were summed and the result was divided by 2, the difference
of the two compared magnetometers was obtained. Let us
select n values of Bru)i - By and the same number of val-
ues of Brm) - By that we have assigned randomly to the
previous Bru)i - Bym).

Fig. 2. Actual test setup with the compared magnetometers
at the pillars B and D

The described calculation corresponds to an equation

_ |:( BF(A):‘ - BV(B)i ) + (BF(B)/' - BV(A)/' ):|

FVi — 2

A

. M

which is a result of one measurement of difference between
the CTU-CMI and VNIIM magnetometers. The MFD gradi-
ent between the pillars was obtained during the comparison
of the magnetometers according to

[( Broayi = Byay; ) _(BF(B),/' =By, )J
5 )

grad, By, = (2
The IG magnetometer (designation G) and VNIIM magne-
tometer were compared by the same way and in the same
positions (difference Agy). Also CTU-CMI and IG magne-
tometers were compared by the same way (difference Arg),
but this comparison was carried out three weeks later. These
differences and relevant gradients can be calculated from

_ [( Boayi = By sy ) + ( Bisy; =By, )J

Agy; = > , (3)
A [(Bm)i = Bowy ) + (BF(B),- = Bsy; )} , @)
grad B,,, = (Baton=Brcn) (B~ i) .6

2

27

[(Bpu); - BG(B)[ ) _(BF(B)/ - BG(A)./ )J
2 .

grad,B,; = (6)

We decided to use linear regression (application of
method of the least squares) to offset these differences. If
the known measured differences are marked as yi= Agy,
= Ay and y3= Agr then

)
(®)

where 4, 4>, A3 are the correct values of differences, for
which following condition is valid where u, is the coeffi-
cient y, of MFD conversion to frequency, #gaa is the un-
certainty of the influence of vertical and horizontal gradi-
ents upon measured difference of B, usysv is the uncertain-
ty of the influence of systematic uncertainty of measure-
ment with magnetometer VNIIM, usy is the systematic
uncertainty of measurement with magnetometer CTU-
CMI or IG, uy is the uncertainty of the influence of inho-
mogeneity of B upon measurement of B, u; is the uncer-
tainty of the influence of non-identical time of measure-
ment of B, and un is the uncertainty of the influence of
materials of

Nty +y =k,
(Al +bl)+(Az+bz)+(A3+b3)=k,

A+A4,+4,=0, )
and by, b,, bs are the parameters, for which is the follow-
ing equation valid

bl +b +b} =min . (10)
Equation (10) is valid for following values of b;
bI:bZ:b3:E (11)
3
For the measured differences we get from (7) and (8)
N=A+b.y,=4,+b,y, =4 +b, (12)

and by substituting the formula (11) we obtain the correct
values A1, A», A3 as follows

k
4 =yl_§’ (13)
k
A=y, -=, (14)
3
k
A3 :y3—§. (15)
The equations (15,16,17) can be also expressed as
A= 2y == , (16)
3
B= 2= =n , (17)
3
Cc= 2)’3—;’1_3’2 ) (18)
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Table 1. Uncertainty budget

Standard
Source of un- Type of Sensitivity  uncertainty
certainty uncertainty  coefficient value
(nT)
Uy B 1 0.015
Ugrad B 1 0.100
Usysv B 1 0.025
Usys B 1 0.100
un B 1 0.050
uy B 1 0.050
Um B 1 0.075
Standard de-
viation of me- A 1 0.026
asurement
Comblr}ed ) _ 018
uncertainty
Expanded
uncertainty - - 0.36
(k=2)
Table 2. Mecan gradient results
A <MFD> ¢, k=2 <A>
(nT) (nT/m) (nT/m/h)
CTU-CMI 0.887 +
vs. VNIIM 27 483825610 -0.035
IG vs. 0.927 +
VNIIM Agy 48587 0.014 +0.040
CTU-CMI 0.784 +
vs IG Arg 48577 0012 +0.060

Table 3. Measurement results (before linear regression)

A (nT) Oexe(nT)
Ary -0.144 0.020
Agv -0.496 0.012
FG 0.274 0.022

3 UNCERTAINTY ANALYSIS

The A-type uncertainty of the measurement is calcu-
lated from

(19)

(20)

M. Ulvr— A. Zikmund — J. Kupec — M. JanoSek — M. Vik — T. Bayer. DETERMINATION OF THE OVERHAUSER ...

where 7 is the total number of measurements and is the

arithmetic mean of the individual measured values x;.
The B-type uncertainty of the Overhauser magneto-

meter measurements has several components, as follows

2

2
grad +u

sysV

2 2. 2. 2
+ug tu, +u +u 21

m >

_ 2
Uy = U, +u

where u, is the coefficient y, of MFD conversion to fre-
quency, ugrad is the uncertainty of the influence of verti-
cal and horizontal gradients upon measured difference of
B, usysv is the uncertainty of the influence of systematic
uncertainty of measurement with magneto-meter
VNIIM, usys is the systematic uncertainty of measure-
ment with magnetometer CTU-CMI or 1G, uy is the un-
certainty of the influence of inhomogeneity of B upon
measurement of B, u; is the uncertainty of the influence
of non-identical time of measurement of B, and un is the
uncertainty of the influence of materials of marble
blocks.

The values of all type uncertainties including the ex-
panded uncertainty are presented in Tab. 1.

Magnetometer comparison of the Mean value of <
MFD> the Mean gradient of the MDF and its expanded
standard deviation ¢ at k =2, and the Mean time change
of gradient during measurement <Ar> - are in Table 2.

4 COMPARISON RESULTS

The arithmetic mean values Ary, Agy, Arg and exper-
imental standard deviations sgr , Sgr , Sr¢ for evaluation
of type A uncertainty were calculated from n measure-
ment values by chosing several section of measurement
(about two hundreds from each section, disregarding the
values when the magnetometers were moved). These
results of measured differences are presented in Table 3.

Mean values of measured gradients during the com-
parison are presented in Table 2. The least squares meth-
od described above was applied on the results from Table
3 and then the final comparison results were determined
as

A, =(=0.17£0.36) nT,
A, =(-0.47+£0.36)nT,
AL; =(0.30+0.36)nT.

The final international comparison APMP.EM-S14 re-
sults of all participants who used different methods
(Overhauser magnetometer, NMR magnetometer and
AMR magnetometer) are in Fig. 3

5 CONCLUSIONS

A specific methodology of data processing for the in-
ternational comparison of MMPG-1 Overhauser magneto-
meter was described. Also the uncertainty and uncertainty
sources analysis of the Overhauser magnetometer meas-
urements were determined during this comparison.
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Participant results in frame of the comparison
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Fig. 3. Final results of APMP.EM-S14 international comparison for nominal value of 50 uT. GO Czech: IG magnetometer
results and CMI: CTU-CMI magnetometer results

The final comparison results show that the proposed
method was successful — after processing the final com-
parision results from all participants by the pilot laborato-
ry, the required corrections of our results were only -
0.02 nT (F) or 0.28 nT (G), respectively.
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2.2.4 Uncertainty of angular calibrations

The article Estimation of angular deviations in precise magnatters”[J6] focuses on
establishing the uncertainties of triaxial magnegtan non-orthogonal angles. The author
used a calibrated, non-magnetic, triaxial gimbgllitilting device with electronic readout to
confirm and compare the results of multiple magmeti@r calibration methods providing the
three misalignment angles. The goal was to estaliis uncertainty of angular calibrations
at SANSA [4], as these are a result of a ,scaléibiaion” in the coil system, utilizing an
iterative, non-linear solver of the nine non-lineAquations describing the magnetometer
gains, offset and mutual axes misalignments [55he T2.5-m compensated triaxial
Helmholtz coil system at SANSA has the additionahdfit of very low magnetic noise
during the calibration compared to other sites gomagnetically quiet day, the noise is
below 0.5 nT peak-to-peak). The standard deviatbmmultiple calibration batches was
below 1x10® degree, which is however not yet the final resuis necessary to include the
calibration uncertainty estimate, uncertainty afrent sources, etc. The final uncertainty has
risen to about 60xIddegrees and we were able to match the resultsesftdneasurements
and scalar calibrations within their uncertaintyireates. Our estimated coil orthogonality
uncertainty was probably too pessimistic — in @bcation study of a 50-cm coil system with
a NMR magnetometer [56], the orthogonality uncettaiwas below 10xIHdegree. We
have also shown that the spread of angular alighmenultiple pieces of the same fluxgate
magnetometer type follows Gaussian distributionceaithe fluxgate sensor alignment and
assembly of the researched magnetometer [57] israuah operation.

Another topic which was researched mainly by th® @-author, was the increase of
calibration yield for routine calibrations of largatches of sensors, i.e. an effort to decrease
the required calibration time while not compromgsihe uncertainty. This is of importance
e.g. for calibration of spacecraft attitude magnedters used in large orbital constellations.
As the desired calibration result is a matrix inohg the sensor-to-frame attitude, we
proposed a ,stopper” in the coil system: its atktucan be calibrated in few steps. For
subsequent calibrations (i.e. during a day) thé&ud# is deemed constant, the time-

consuming procedure of laser-and-mirror alignmerhe coil system could be avoided.

[J6] Estimation of angular deviations in precise magnetters (2019). Author
contribution: 40%. Establishing the uncertainty, supervisingrésearch and experiments;
and article composition. Citations: 2
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Abstract—Capabilities for calibrations of angular deviations of sensor triplets in precise magnetometers were evaluated
in a 2.5 m, triaxial Helmholtz coil facility. The coil system is located in a magnetically quiet environment at SANSA Space
Science in Hermanus, South Africa. The angular calibration results obtained from the “thin-shell” calibration procedure
were compared with direct measurements on a nonmagnetic tilting/rotational platform. One-year expanded uncertainty of
angular deviation calibrations is estimated as 6 x 10-2 degrees of arc; 3 x 10~* degrees coil orthogonality is possible when
doing a numerical recalibration and correction on a short-term basis. In addition, an approach for obtaining body-to-sensor
angular calibrations is presented, allowing for speed-up of the calibrations and possibly increasing their accuracy and
repeatability by avoiding alignment to the coils with a laser beam and leveling.

Index Terms—Magnetic instruments, magnetometer calibrations, precision, uncertainty.

I. INTRODUCTION

Precise triaxial magnetometers require careful calibration to estab-
lish all nine parameters (gains, offsets, nonorthogonal angles) [Olsen
2003]; it the magnetometer is intended for navigation and data fusion
with another physical sensor, three further parameters are needed to
describe their (mutual) attitude [Primdahl 2002, Vcelak 2009, Figaro
2011].

SANSA Space Science in Hermanus, South Africa operates a
square, 2.5 m triaxial Helmholtz coil system for magnetic sensor cal-
ibrations (see Fig. 1). With the help of a LEMI-025 magnetometer
at a distance of 40 m, it is possible to suppress local magnetic field
variations occurring during the calibration run due to the high homo-
geneity of the Earth’s magnetic field at the location (the site houses
a magnetic observatory). Moreover, the on-site magnetic noise is less
than 10 pT/+/Hz at 1 Hz, even during the day. The coil system is
mechanically leveled and calibrated on a periodic basis; the magnetic
direction of the east—west axis is aligned with a reference laser.

We present our current approach of calibrating the angular devia-
tions, the results, estimation of the uncertainty, and a novel method of
estimating the body-frame-related calibration.

II. MAGNETOMETER MODEL AND
CALIBRATION PROCEDURE

A. Magnetometer Model

To express nonorthogonalities between magnetometer axes, we use
the typical model as described by Olsen [2003] (see Fig. 2).

In this case, the X-axis is assumed as reference, the nonorthogonal
Y'-axis is assumed to be in plane, only rotated by an angle u; from the

Corresponding author: Michal Janosek (e-mail: janosem@fel.cvut.cz). IEEE Mag-
netics Society Magnetic Frontiers: Magnetic Sensors, Lisbon, Portugal, 24-27
June 2019.

Digital Object Identifier 10.1109/LMAG.2019.2944125

Fig. 1.

Square triaxial coil system at SANSA.

X-axis, i.e., the XY (XY) plane is the reference plane. Then, the Z'-axis
is established by two nonorthogonal angles u, and u; deviating from
the ideal Z-axis orthogonal to the XY plane. The effect of nonorthog-
onality can be then expressed with a matrix P containing the angular
deviations u,, u,, and u3 [Olsen, 2003]

1 0 0
—sin(u1) cos (i) 0 (D
sin(ua)  sin(us) \/(1 — sin® (up) — sin® (u3))

P=

We can then establish the magnetic field vector by, from the
magnetometer output vector ey,g by multiplying it by the inverse
nonorthogonality matrix P~! and the inverse sensitivity matrix S~1,
after subtracting the offset vector e, in arbitrary (engineering) units

bmag = [bmag)( bmz\gY bmagZ]T = P_ls_l(emag - e0)~ (2)

So far the calibration is considered to an X-axis referenced frame
(“sensor frame”), which can differ from the mechanical enclosure of

1949-307X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: CZECH TECHNICAL UNIVERSITY. Downloaded on February 29,2024 at 09:57:32 UTC from |IEEE Xplore. Restrictions apply.
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U2

YI

u

Y
X

Fig. 2. Triaxial magnetometer sensor frame depicting the nonorthog-
onal angles uy, uy, and u3 [Olsen 2003].

SENSOR FRAME

GLOBAL FRAME

BODY FRAME

Fig. 3. Definition of the magnetometer sensor frame, magnetometer
body frame, and global frame (= coil frame).

the magnetometer (“body frame”) (see Fig. 3), which is positioned in
the frame of the coil system (“global frame”).

To be able to fully describe the measured field with reference to
the magnetometer body frame, we need to add an additional rotational
matrix R describing the rotation of the sensor frame to the body frame.
R~', P!, and S~! can be combined to a single matrix A

bmug = R_IP_IS_I(emag —€) = A(emag —€). 3)

B. Calibration Procedure

The calibration procedure relies generally on solving an overdeter-
mined system of (2), i.e., by, is created by the coil system, e, is
measured, and the R™'"P~'S™! matrix can be established, or even the
components of P matrix (2) individually to obtain the nonorthogonal
angles u;, u,, and uz. The test field vector by is usually generated
with an (almost) constant magnitude but different vector orientations
to cover all possible spherical angles.

This “thin-shell” calibration procedure employed with the SANSA
Helmholtz coil system uses the spherical harmonic analysis method
(SHM), and is described in detail by Risbo [2002, 2003]. The mag-
netometer is currently aligned with the coil system using a laser beam
aligned to the magnetic axes of the coil system, reflecting off a mir-
ror attached to magnetometer enclosure. The resulting “sphere” of
magnetic field vectors is decomposed using SHM and least squares
minimization. The resultis a 3 x 3 matrix related to the magnetometer
body frame containing the A = R~ P~' S~! matrix.

To obtain nonorthogonal angles from the A matrix, we used “QR”
decomposition to obtain the orthogonal and upper triangular matrix
[Anderson 1992]. To obtain the P~! components, we also used the
“scalar-calibration” procedure described in Olsen [2003] on the same
thin-shell data (omitting the R matrix). In this method, the minimiza-

Table 1. Results of angular deviation measurements.
uy [°] us [°] us [°] Remark

LEMI-011B #319
08/2013 -1.71  -0.51 494 5 years old
22/10/2018 —1.68 -0.47 4.83
22/10/2018 -1.64 -0.53 4.75 Direct meas.
24/10/2018 —1.68 -0.47 4.84
LEMI-011B #379
05/2017 1.39 -1.42  -0.84 1 yearold
15/10/2018 1.38 -1.42 085
18/10/2018 1.39 -1.41  -0.87
18/10/2018 1.33 - - Direct
19/10/2018 141 -1.36  -0.94  Coils misaligned
207102018 1.42 -1.37  -0.93
2271012018 1.41 -1.37  -0.94
22/10/2018 — —1.32 —0.90 Direct meas.

Fig. 4. Tilting jig with optical encoders for u> and u3 measurements
(left), Askania circle for horizontal u; angle estimation (right).

tion criteria to find the P~'S~! matrix (or its components) are the
root-mean-square error (RMSE) between the scalar magnitude of the
applied vector in the coil system by, = ||b.oi|| and the scalar magnitude
of estimated vector |[bqgl|

1 N X X
RMSE = \/ " Z,- ([ Bag D) = beca ) @)

We verified our results with a different calibration procedure, which
is described in Brauer [2001], and we did not find any significant
difference in the results of these methods.

Ill. ANGULAR CALIBRATIONS

A. Calibration Results

The results were obtained on a single magnetometer type LEMI-
011B [ISR Lviv 2019], serial numbers 319 and 379, respectively (see
Table 1). The angles, obtained by the method of Olsen [2003], were
compared to a direct measurement using an Askania circle with about
+1.5" = 2.5 x 1072 degrees accuracy, and with a two-axis tilting
jig with modified optical encoders (Heidenhain ERO-1324-3600, es-
timated total system accuracy about 100" =3 x 107> degrees) (see
Fig. 4). The direct measurements were done by minimizing response
at the respective axis when energizing the orthogonal coil (by rota-
tion/tilting), and then doing the same for the second axis in pair.

‘We can see that the short-time spread of calculated angles of about
+0.01° (LEMI-011B #319) increases up to 0.1° for the five-year pe-
riod, which is more than anticipated. Also, the comparison to the
direct measurement was within 0.1°, although the instruments are by
far more accurate. In the following section, we will try to derive the
sources of this uncertainty. It is evident that the coil calibration is an
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Table 2. Result of coil system recalibration. -1.2 T T T T T T T
ur [°] wll  wl] L3 I
Before cal. 102018 9.7x10° 64x10° 2.6x10° = al } } I “ } """"" I
N I ST SRR
—4 —4 * Calculated
After cal.  07/2019 2 %10 -3 x10 0 1l - - -Mean calculated# 1
===Mean calculated#2
* Tilting platform
s T 1 2 3 4 5 6 7 s
— PR calibration number [-]
6F [ Ju3 0.20std 2.1e-4| |
- Fig. 6. Calculated u» angles (black) with their mean values, together
FIA with direct measurement on tilting platform (red). The four points on the
s right are after the coil calibration changed. LEMI-011B #379 used.
g
© 2r 20
stdev 0.79
| N [7u2 0.14 stdev 1.00|
?1.5 » 05 o 05 p s 151 [ Ju30.19 stdev 148 |

angular misalingment [°] x107

Fig. 5. Histogram with average values and the standard deviation for
the calculated nonorthogonal angles (LEMI-011S, 15 runs).

issue, which can be seen in the LEMI-011B #379 results—on October
19, 2018, the coils were misaligned accidentally, which manifested
itself in the angular calibration results.

We could verify the coil misalignment by doing a subsequent cal-
ibration of the coil system with an Overhauser magnetometer using
a modified scalar-calibration procedure [Olsen 2003]. Further details
are found in Risbo [2003, p. 677]. The nonorthogonality of the coils
was up to 6 x 1072 degrees and could be suppressed below 3 x 107
degrees with the above-mentioned recalibration (see Table 2).

B. Estimating the Uncertainty

To establish the uncertainty of our calibration, we performed 15
consecutive test runs and calculations on a single sensor—the space-
qualified LEMI-011S (see Fig. 1). The resulting histogram for the
estimation of the three angles is shown in Fig. 5—standard deviation
was found below 6.6 x 107* degrees. As the measurements were
performed over a 12 h span, these statistics also cover the effects of
on-site noise and imperfections of the Earth’s field cancellation in the
coil system. We can consider the standard deviation as a type-A mea-
surement uncertainty U, [Joint Committee for Guides in Metrology
2008].

As shown previously, we can experience coil nonorthogonality and
its instability (see Table 2). This would be the source of type-B cali-
bration uncertainty U for both the thin-shell method and direct mea-
surement. The combined uncertainty U (k = 2 for 95% probability
coverage) is then [Joint Committee for Guides in Metrology 2008]

U= 2\/ U% + Ulzicoils + UIZ?insl (5)

where Ugj;s is the type-B measurement uncertainty due to coils cal-
ibration, U, is the standard deviation of the results calculated above,
and Usginy 1s the uncertainty of the instrument used in the direct com-
parison if applicable (either Askania or tilting device).

For numeric calculations from the thin-shell run, we assume the
worst case observed standard deviation being Ug and coil misalign-

manufacturer limit
of 2 degrees.

occurences [-]
3

o

non-orthogonality [°]

Fig. 7.
tested.

Statistics on single magnetometer type (LEMI-011B); 57 pieces

ment with assumed triangular distribution being U,

a2, (0.064)° _
Ucate = 2\/(6.6 x 107"+ <7) =52x107%  (6)
For the direct measurement, where we have the instrument uncer-
tainty in addition (assuming a uniform distribution of scale error), we
can write

0.064\>  /0.03\?
Unneas = 2,/ (6.6 x 1074) + (—) + (—) =6.2x 1072
‘/( ) NG V3
(@)

In Fig. 6, the calculation and measurement results for u, on LEMI-
011B #379 are plotted, together with uncertainties. The other angles
are not displayed because of similarity of the results. We see that our
measurements of u, fit well within the established uncertainty.

C. Statistics on a Single Magnetometer Type

We demonstrate the necessity of angular calibrations on the exam-
ple of a set of 57 magnetometers (LEMI-011B). From the results in
Fig. 7. we see that the datasheet value [LEMIO11B] of maximum 2°
nonorthogonality is met within one standard deviation. The maximum
observed value was +4.5°. This is due to the fact that the precise
fluxgate magnetometer sensors are mostly hand assembled.

IV. BODY-FRAME-RELATED CALIBRATIONS
A. Current Method

The alignment of the device under test to the global (coil frame) is
performed with a laser aligned to the magnetic axis of the horizontal
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Global coordinate frame (coil system

Initial
attitude

Zrot

Xrot “— Yrot

Fig. 8. Four-step rotation to obtain body-frame-referenced calibration.

coil and a precise mirror glued to the magnetometer body. This requires
a skilled operator, and thus we propose a novel method for body-frame
calibration.

B. Proposed Procedure

The procedure relies on magnetometer calibration in four (or even
just three) particular attitudes. The first sensor attitude can be arbitrar-
ily chosen. The three remaining are attitudes with the sensor rotated
along its body axis X, Y, and Z, respectively (see Fig. 8). In each step, a
thin-shell calibration is performed and a rotation matrix R is obtained
from the calibration matrix result (by QR decomposition).

The rotation matrix from the initial (aligned) position to the first
arbitrary position can be written as Ry = RpgIRsp, where Rgp rep-
resents the sensor to body frame rotation, Rpg is the body frame to
global frame (= coil frame) rotation, and I is unit matrix. The next
rotation matrix to a different attitude after rotation in body frame is
R, = RygR;Rgp. We can then obtain the relative rotation Q between
the two attitudes Ry and R, as follows:

Q =RIR, = R;R'Rg;. @®)

The eigenvector v, of relative rotation describes the axis of rotation
in reference to a sensor frame

v, = eigvec (Q,) = Rieigvec (RY). 9)

Then, the rows of rotation matrix Rgp are the eigenvectors of relative
rotations

v, =R [100]"
RgB = [vl vy VZ]T.

The angles of rotations do not have to be precise as long as the
rotation axes are perpendicular. Due to arithmetic imprecision and
mostly due to imperfections of rotations axis attitudes, it is better to
create Rgp from each pair of eigenvectors and to calculate the third
vector to form a normal basis each time. The spread of rotation angles
between each calculated matrix can then be used to evaluate the results.
A similar approach to the extraction body frame related calibration is
described by Primdahl [2002].

The main advantage of using the reference plane and block to
perform the rotation is that once the four-step method is executed
for one magnetometer, the reference plane/block (in arbitrary attitude)
is also calibrated at the same time. After that, only one-step calibration
in the initial position can be used to calibrate other magnetometers,
which saves time and reduces possibilities of human error.

C. Procedure Verification

We verified the procedure using a triaxial anisotropic magnetore-
sistance (AMR) magnetometer [Novotny 2019] mounted with respect

Fig. 9. Magnetometer (triaxial AMR) is fitted in a square enclosure
mounted to the reference block and plane.

Table 3. Results of the proposed procedure.

SF2BF Z[7 Y[l X" [l
initial 0° -0.90+0.01 | -0.52+0.03 | -0.34+0.03
initial 20° -0.94+0.04 | -0.55+0.01 | -0.22+0.09
initial 60° -0.96+0.04 | -0.55+0.01 | -0.23+0.10
mean value -0.93+0.04 | -0.54+0.02 ~0.27 +£0.09
GF2BF diff. —0.01 £0.04 0.08 +0.03 0.01+0.11

to the reference block and plane (see Fig. 9). The magnetometer in
its square enclosure was then rotated according to Fig. 8. The Rgp
matrices were calculated, and the Euler angles for the sensor frame to
body frame rotation (SF2BF) and global frame to body frame (GF2BF)
were established.

In Table 3, results for three different initial attitudes (rotation in
azimuth about 0°, 20°, and 60°) are given. Ideally, the results would
be the same. Z, Y', and X" are the Euler angles in this order.

The last row shows the differences between alignment to the coil
axes as obtained by the current method (leveling and laser alignment)
and the new method. We see that both methods agree within 0.1°.

V. CONCLUSION

‘We show that our one-year expanded (k = 2) uncertainty of angular
deviation calibrations is about 6 x 102 degrees of arc, which we found
as the coil-system nonorthogonality, which can improve down to 3 x
10~* degrees with a numerical coil recalibration. The numerical results
were comparable with direct measurements within this uncertainty. We
also see that with hand-assembled fluxgate magnetometers, it is crucial
to calibrate the orthogonal angles.

The proposed method to obtain body-frame-related magnetometer
calibration was verified. Its advantage is not only time saving, but
avoidance of tilting and leveling of the device under test, to align it
with the coil system, which brings further uncertainties. Even with
a nonideal reference block and magnetometer enclosure, the body-
frame-referenced calibration resulted in a spread of £0.1°. Also, the
agreement to the current procedure with leveling and laser alignment
is within 0.1°, which also corresponds to inclinometer resolution. In
order to improve the results, a more precisely machined reference
block and reference enclosure are required—with 10 pm manufactur-
ing precision, 6 x 10~ degrees would be possible.
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3 Precise magnetometers in geophysical observations

3.1.1 Race-track fluxgate variometer

The race-track fluxgate sensor has been widely usged at author’'s workplace [U2]
[58] and has been improved in terms of noise apel [di8]. The advantage of the race-track
sensor is its lower demagnetizing factor than afng-core, yielding in lower noise for
compact dimensions. The articlegw-noise magnetic observatory variometer with race
track sensors[J6] shows1-Hz noise ASD about 5 piiz, achieved with 30-mm race-
track sensors; the sensor core has been wet-etetftedmbedded in a fibre-glass sandwich
[18]. The as-cast state of the amorphous core Wwasen for long-term stability: temporal
relaxation of any induced anisotropy —supportedhey“easy-axis” magnetization cycles of

the 2 harmonic fluxgate mode— might theoretically intiod long-term parameter drifts.

[J6] Low-noise magnetic observatory variometer with raeek sensors (2016)Author
contribution: 40%. Instrument design — analog part, sensor aaigin; field testing, data

processing and article composition.

3.1.2 The ,1-pT* OFM fluxgate magnetometer

The following journal article 1-pT noise fluxgate magnetometer for geomagnetic
measurements and unshielded magnetocardiogragh§}® describes summarization of
research and development towards ,bridging the dagtiveen the OFM fluxgate in a
laboratory (performing well in an open-loop, witthoak-in amplifier and a magnetic shield);
and a practical magnetometer with dynamic rangesrwog full Earth’s field vector. The
trials at the low-noise site of SANSA proved itsvrequency noise ASD of 1.5 piiz at
1 Hz, which turned out to be comparable or bettanta co-located HTS SQUID. Also, the
feasibility of OFM magnetometer for magneto-cardamny (MCG) is shown: its low noise
allowed for an unshielded MCG measurement with aigorocessing limited to just

subtracting the reading of a 12-cm distant senmstmansverse gradiometer configuration.

[J5] 1-pT noise fluxgate magnetometer for geomagnetiasurements and unshielded
magnetocardiography (2020Author contribution: 28%. Geophysical part: planning and
setting up experiments, data processing and pirsamtarticle compositiorCitations: 36

2 Earlier results appear in a preceding a confergndaication [P4]; the presented article [J5] i€ th
extended version of it.
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Abstract. We present a low-noise, high-stability observatory magnetometer with race-track
sensors, as developed by the Czech Technical University in Prague for National Observatory of
Athens. As opposed to the standard instruments, we used our novel race-track fluxgate sensors
with planar oval core which were cut by state-of-the art pico-second UV-laser. The noise
performance of the complete electronics and sensor chain is below 6 pT/NHz @ 1 Hz. The
electronics uses 24-bit 200-Hz A/D converter with simultaneous sampling and all digital
processing is done in FPGA. The variometer with the sensors mounted on a MACOR cube has
been successfully calibrated by scalar method.

1. Introduction

The requirements on observatory variometers, as they are in service either officially in IAGA network,
or for other purposes, are very demanding. It is necessary to achieve very high stability and low noise
to record truly the diurnal Earth’s field variations and possible magnetic storms (the IAGA dynamic
range requirement is + 3000 nT). Standard full-field magnetometers can be used for this purpose, if
their limited dynamic range (about 130 dB for 24-bit converters) is not a problem. However, if there is
a requirement of achieving very low noise, i.e. «20 pT/VHz @ 1 Hz, compensation of the main Earth’s
field components (horizontal and vertical in the northern hemisphere) is inevitable [1]. Such low noise
variometer, if having suitable bandwidth, can be used for advanced ionospheric or geomagnetic
studies (i.e. observing Schumann resonances and other effects). We have implemented a low noise
compensation of the main field components, which allowed us to use our low-noise race-track sensors
(<6 pT/\/HZ) in the variometer.

2. Magnetometer construction

For the variometer, we used in-house race-track fluxgate sensors with laser-cut cores, slightly
modified and downscaled of the heritage CTU sensor [2]. Two of the sensors (N-S and vertical) have
an additional coil wound, which is used for main field component offset in the respective direction.
For that purpose, we have implemented an ultra-low-noise (< 0.5 pT/VHz) current source using
LTC6655 reference, which feeds the additional coil wound directly on top of the feedback coil of the
sensor. In that manner, the possible mutual angular imperfections and mainly their temperature
instabilities are minimized. The sensor triplet (each sensor dimension are approx. 30x8x1mm”) is
mounted on a solid MACOR holder maintaining large thermal conductivity and geometric stability,

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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nevertheless, also the temperature of the holder is monitored — see Fig. 1. The sensor holder is attached
to marble base plate, which is to be leveled. The “standard part” of the magnetometer electronics relies
on a “standard low-noise magnetometer” manufactured by the CTU and CSRC (Czech Space
Research Centre) company, it uses FPGA for signal clock generation and ADC driving and the power
supply for the analog part is galvanically isolated. The electronics returns uncalibrated ADC data on
RS232 for the three magnetometer axis and also the head temperature measurement. With the help of
the low-noise current-source for the NS and vertical field offsets, the baseline noise due to
electronics/ADC resolution is less than 1 pT/NHz@ 1 Hz in the final variometer range of +3750 nT.

Figure 1. The presented variometer — left: the triaxial race-track fluxgate triplet mounted on MACOR
holder on marble base plate, right: the electronics (cover removed).

3. Variometer calibration

A non-trivial task is variometer calibration. We used following approach using scalar calibration
technique [3, 4]:

= First, the offset fields have been disabled and the magnetometer has been operated in £75000 nT
range, and a scalar calibration was done. The calibration RMS error was < 2nT.

= After the calibration, the sense resistor (the magnetometer is feedback operated) was measured .

= The resistor has been replaced with 20x larger value (again precisely measured after soldering),
and the gain coefficients have been recalculated.

= In this manner, we can use the scalar calibration results, which are comparable or superior to
standard techniques utilizing coils and flux density standards [5].

Valuable information has been obtained in trial tests of the magnetometer (before range expansion)
during 1-month testing at the Budkov observatory (IAGA BDV). As seen from table 1, we could see
ageing of the sense resistors (Vishay PLT thick film series) — the values changed by 250-300 ppm
after one-month burn-in. 7, of the gain channels could be also computed: it was 8, 16 and 9 ppm/K,
respectively which is a combination of thermal expansion of the compensating coil and sense resistors.
From the table, it can be also seen that the mutual angular position was stable with temperature.

From the comparison of the total field computed from the variometer and values from standard
instruments at the observatory, we can see that the gains have finally settled after 14 days (Figure 3).
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Table 1 — The calibration results — after one month of running and with changed temperature.

Calibration | temp S$1 S2 S3 o1 02 o3 P1 ®2 | 3
date [C] [|[normalized] | [normalized] | [normalized] | [nT] [nT] [nT] [1 1 1
14.12.2014 12 1.2996 1.3068 1.2935| -18.77| -189.59 8.46( 0.71] -0.09] 0.11
23.1.2015 19 1.2991 1.3064 1.2933| -17.30| -190.25 7.95|( 0.72| -0.08 | 0.08
23.1.2015 6 1.2989 1.3062 1.2931] -18.22| -197.94 9.58| 0.71] -0.09| 0.08

Total field F difference [nT]

time [s]

x10°

Fig. 3 — Instrument stability (before range expansion and with offsets off) — 14 days of total field (F)

are displayed. Blue — CTU variometer, red and black — instruments of BDV observatory

4. Noise performance

Since the sensor head is too large to be tested in our in-house magnetic shield and also because of the
need of creating a low-noise counter-acting magnetic field (simulating the NS and vertical Earth’s
field component), we have decided to do this test in the calm magnetic field at the BDV observatory.
Typical record is depicted in the spectrogram on Figure 4: it can be seen that even at the quiet locality,
man-made AC noise is present in the low-frequency spectra. AC traction noise at 16 2/3 Hz from
Austria / Germany railways is also visible as burst. The source of the 3 Hz noise is still unknown.

Frequetcy He)

o

21:13 UTC

EEEEEE e

06:30 UTC

Fig. 4 — The 0.01-20 Hz spectrogram during 8-hours of logging (vertical axis)
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If we have chosen a quiet part of the day, we were able to compute noise spectra as depicted in Fig.5:
it can be seen, that in the vertical axis, the measured magnetic noise PSD was better than
6 pT/NHz @ 1 Hz; however the EW and NS axes were noisier which is presumably by the magnetic
field noise at the locality since the sensors in the triplet perform equally well.

-10

PSD [Trms / sqrtHz]

-
01

10"

Frequency [Hz]

Fig. 5 — The magnetic field noise at the BDV observatory as logged with the variometer.
5. Conclusion

We have successfully built and calibrated a closed-loop operated, observatory variometer with race-
track sensors. Its measured noise performance in real conditions of < 6 pT/NHz @ 1 Hz is up to our
knowledge on the state of the art in the field. We have used a simple yet effective calibrating method
to obtain the instrument parameters. Further improvements are sought in terms of fluxgate sensors
performance with a target of <3 pT/VHz. In this case however, from our experience, a large shielded
room and low-noise artificial magnetic field generator would be necessary to confirm the instrument
performance.
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I-pT Noise Fluxgate Magnetometer for
Geomagnetic Measurements and
Unshielded Magnetocardiography
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Abstract—We present the development of a low-noise,
fundamental-mode, orthogonal fluxgate magnetometer with four
amorphous, annealed ferromagnetic wires. The 1-Hz noise
obtained in the open and closed loop is as low as 0.75 and
1.5 pTims/v/ Hz, respectively, with the white noise level about
0.6 pTrms// Hz. This is to the best of our knowledge the lowest
figure published for a fluxgate magnetometer so far. By using
the annealed sensor cores, we also found the offset drift to
decrease approximately six times to 2.5 nT/K. We compared
the instrument performance to a low-noise observatory magne-
tometer when doing geomagnetic measurements and show that
it is fully suitable for measurements at mHz frequencies, e.g.,
magnetotellurics. The magnetometer performance enables room-
temperature, unshielded magnetocardiography. With a gradio-
metric arrangement of two sensors, we were able to perform an
MCG measurement in ambient field, and even without averaging,
the signal could be clearly resolved.

Index Terms— Fluxgate, fundamental-mode, noise.

I. INTRODUCTION

OW-NOISE fluxgate magnetometers (with amplitude

noise density below 10 pTyms//Hz) are mostly built as
instruments for measuring weak magnetic fields in the Earth’s
field range (up to 50 uT). They are used at geomagnetic
observatories [1], for navigation and prospection [2], attitude
correction, and scientific experiments in aerospace [3], in mag-
netotellurics [4], [5], nondestructive testing and evaluation [6],
nanoparticle detection [7], and in other subjects where vec-
torial response to magnetic fields and a room-temperature
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Fig. 1. Overview of applications of 1-pT level sensors [16].

operation are required. Low-noise sensors were used even
for shielded magnetocardiography [8], [9]. Fig. 1 shows the
requirements for these applications—it is evident that 1-pT
performance would be beneficial, together with the desired
frequency range of about 1 mHz to 100 Hz.

As for parallel-type fluxgates, the state-of-the-art magne-
tometers exhibit noise levels of about 3-4 pTyms//Hz at
1 Hz [9]-[12]. The 1-pT noise was obtained with cross corre-
lation measurements and special sensor arrangement in [13];
however, the principle was not exploited any further. Design
requirements to use such a low-noise sensor in an observatory
variometer were discussed recently in [14].

The other branch of fluxgate sensors, the orthogonal-type,
brings low-noise performance only with the fundamental-mode
operated fluxgates. They were introduced by Sasada [15]
in 2001, and since then, the parameters have continuously
improved—the noise decreased from the initial 10 pT down
to about 1.5-2 pTims/+/Hz for laboratory devices [17]; with
the help of core annealing, sub-pT noise was reported
recently [18].

We have to state that the generally accepted disadvantage
of fundamental-mode fluxgates is their offset-drift—about
50 nT/K was shown in [17]. This was addressed previously,
and the solutions were implemented either in the digital or
analog domain [19]-[21], 0.7 nT stability within a 60 °C range
was shown in [20]. However, we decided not to use any of
these techniques because they tend to increase noise.

In this article, we show the peculiarities of embedding
such a low noise fluxgate sensor in a practical magnetometer

0018-9456 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 2. Sensor structure—two ferromagnetic wires are soldered to an
FR-4 printed-circuit-board, forming a “II shape,” and inserted in a ceramic
cylinder (silicone filling not shown) with the pickup coil. The excitation
voltage Uycqde is connected to the ferromagnetic wires.

for real-world measurements out of the laboratory. The noise
achieved is actually so low that we were able to perform a
magnetocardiography experiment in ambient field.

This article is an extended version of the proceedings
article [22] with additional details and results.

II. SENSOR MANUFACTURING

For the fluxgate sensor core, we used Unitika
125AC20 amorphous wires of 125-um diameter, with
the chemical composition (Cog.94Fe.06)72.55112.5B15-

The sensor was manufactured in two versions: as-cast and
joule-annealed [18]—annealing and increasing the effective
cross section improved the sensitivity and decreased the mag-
netic noise (our initial results in [22] used only as-cast, two-
wire sensor). The amorphous wires form a “Il-shaped” circuit
on an FR-4 printed circuit board (see Fig. 2). In order to
further decrease the noise, the FR-4 board with the sensor core
was embedded in silicone providing thermal damping [23].
The pickup (also compensation) coil was wound with mul-
tiple layers on a ceramic tube, with approximately 1600 and
2000 turns for the as-cast and annealed core, respectively. The
core of the annealed sensor was approximately 1-cm longer
than that of the as-cast sensor (see Fig. 3). When tuned to the
working frequency (cca 47 kHz), and with excitation current
of 100-mA p-p and 48-mA ac and dc values, respectively,
the sensor sensitivity was about 170 kV/T.

As the fundamental-mode fluxgate operates at a relatively
high excitation frequency, the sensor wiring is critical and
sensitive to capacitive pickup, e.g., from lights with electronic
ballasts. We used subminiature, PTFE insulated cable with
two twisted-shielded pairs for excitation and pickup. Balancing
and/or shielding the common-mode were found to be critical
in the instrument design, as it will be shown later.

III. ELECTRONICS DESIGN

A practical magnetometer should meet the noise figures
obtained in the laboratory. For the annealed sensors, the lab-
oratory results indicated about 0.7 pTyms/</Hz at 1 Hz [18].

The electronics relies on a precise direct-digital-synthesis
(DDS) waveform-generator chip AD9106 and a precise,
feedback-loop stabilized power stage. The electronics block
diagram is shown in Fig. 4, and its individual parts are
thoroughly described in [22].
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Fig. 3.  Photograph of manufactured sensors—both the two-wire, as-cast
sensor (top) and the 4-wire, annealed sensor (bottom) are shown.

Fig. 4. Block diagram of the magnetometer electronics. A single channel is
shown, and the excitation stage is common for all sensors in series.

In the following, we will concentrate on a few critical points
and changes in the design that had to be addressed during the
transition to annealed, sub-pT sensors.

A. Parasitic Coupling of the Excitation Signal

Because we did not use any push—pull technique for
the excitation generator, our excitation is inherently single
ended, thus asymmetric with respect to ground. A large ac
common-mode voltage (about 3.2 Vj,_,, for annealed wires)
is present along the excitation wires, with possible coupling
to the wiring of the input coil. This is a disadvantage of
first-harmonic fluxgates when compared to second-harmonic
types, where the excitation and useful signal are not at
the same frequencies simplifying the wiring and balancing.
This excitation-to-pickup coupling will, in turn, result in
offsets, and their instability will manifest as low-frequency
noise. To keep the offsets in the nT-range, we had to use
common-mode chokes for decoupling the inputs and the exci-
tation and a fast differential amplifier built with LT6234 for
amplifying the input signal.

B. Capacitive Coupling of Ambient Common-Mode Noise

The sensitivity of our sensors is about 200 kV/T at 47 and
100 kHz for the annealed and as-cast sensors, respectively,
which for 1 pT results in 7 nV input signal (differential ampli-
fier has a gain of 30). We have found that even when running
on batteries, carefully balancing our differential amplifier with
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Fig. 5. Detail of the front-end circuitry with a sensor wrapped by a grounded
aluminum foil.
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Fig. 6. Spectrum of EMI at the pickup coil (after amplification)}—excitation
is OFF, and the sensor is an EMI antenna only (TP_A of Fig. 5).

precise resistors, and using common mode chokes and twisted
shielded leads, it was finally necessary to shield the sensor
with an aluminum foil to obtain 1 pTyms/+/Hz and better
performance. By wrapping the sensor in a thin conductive foil,
we were able to suppress most of the capacitive (common-
mode) coupling of unwanted signals to the differential ampli-
fier via the sensor wiring—Fig. 5 demonstrates the solution.
We verified this problem by observing the differential
amplifier output—TP_A test point shown in Fig. 5—with the
excitation switched OFF, i.e., the sensor acted as an antenna
only and we were observing only the effect of EMI coupling.
Theoretically, with a perfect differential amplifier and infinite
common-mode rejection, we would not observe any signal
when in the magnetic shield. However, as seen in Fig. 6,
connecting the Al foil shield to the instrument ground was
necessary to reduce the amplified EMI even in the shielding.
In Fig. 7, we see the noise spectra when such a para-
sitic signal is demodulated by the synchronous detector of
our magnetometer; again, we see that connecting the Al
foil shield to the instrument ground is beneficial. Moreover,
we could verify that the majority of unwanted noise is due
to capacitive coupling; with the sensor in the magnetic shield,
the actual noise signal increased because of the metallic shield
plates (any EMI induced by magnetic coupling would be
eliminated in the shield). Thus, for any further operation, we
decided to use the aluminum shielding foil since it does not
introduce any significant bandwidth restriction. Also, an alter-
native excitation frequency should be chosen in areas with
high EML. As the switching synchronous detector behaves as
a comb filter on odd harmonics of the switching frequency,
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Fig. 7. Demodulated EMI in magnetic units (excitation OFF) in and out

of the magnetic shield (In/OutMS)—TP_B of Fig. 5. Various grounding
configurations shown—no ground or mag. shield or Al foil was grounded;
0.7 pT limits the magnetometer performance.

therefore, not only the first but also the third-harmonic should
stay out of local EMI (see Fig. 6).

C. Closed-Loop Operation

Originally, for closing the feedback loop, we used the
OPA2335 amplifier as an integrator [22]. The choice of
this particular amplifier was unfortunate because of its high
voltage noise despite its excellent dc properties and low bias
current. This broadband noise was actually coupled through
the pickup/compensation coil itself: the coil constant is about
26 nT/pA. With a 1-kQ resistor in the feedback loop and
anticipated amplification of the error signal G = 1, the
60 nV-white amplifier noise results in

(60 nV/1000 Q) x (26 nT/uA) = 1.6 pT. )

By replacing the op-amp with another type (LTC2058) with
5x lower noise, we would be able to obtain a theoretical
noise floor of 0.32 pT. However, as shown later for annealed
sensors, this noise limit in a feedback loop was not met, and
it is understood to occur due to the imbalance of the pickup
coil with respect to ground, which happens when closing the
single-ended feedback loop, thus decreasing the achievable
CMRR.

D. Output Signal Digitizer

The output of the magnetometer is analog with a £2.5-V
range corresponding to 12 uT in open-loop (with annealed
sensor) or 25 uT in closed loop (with as-cast sensor).

For the geomagnetic measurements, we used a 24-26-bit
DAQ module type “AD-USB24” manufactured by
Janascard [24] for data conversion and acquisition. This
module uses a custom dual-slope integrating analog-to-digital
converter and is galvanically isolated from the USB bus.
Moreover, it employs a unique input “chopping” function
to avoid the influence of parasitic thermoelectric voltages
and uncorrelated noise [25]. The integrating time fi, and
USB latency limit the bandwidth of the digitized signal;
for 80-ms integration time and two samples chopping, our
bandwidth was about 2 Hz (220-ms sampling time). When
using a gain of 102x (approximately 100 nT range), the
equivalent 1-Hz noise was about 50 fT/,/Hz, whereas, for
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!

Fig. 9. Magnetometer box shown open. Single printed circuit board with the
electronics provides all functions as that of Fig.4.

gain of 2x (full magnetometer range of £2.5 V), the noise
was 0.7 pTime/+/Hz (see Fig. 8). It can be also seen that
without chopping, the low-frequency noise increases even
with fjy =320 ms.

For MCG measurements, where the required bandwidth is
higher (about 20 Hz), the outputs of the two channels of
the magnetometer were digitized using a NI PXIe-4303 data
acquisition card connected to a regular desktop PC. This dig-
itizer features simultaneous 24-bit analog-to-digital converters
and a maximum sampling frequency of 51.2 kHz.

E. Final Instrument and Its Noise Performance

The magnetometer in its improved second version compared
to [22] is powered by either an external power supply or a
12-V rechargeable battery. Fig. 9 depicts the magnetometer
box open to show the electronic board.

The 1-Hz noise of the magnetometer with as-cast sen-
sors was measured in a six-layer shield and was about
1.5 pTims/s/Hz [22]. Noise with the annealed sensors was
then measured in a three-layer Permalloy shielding chamber at
SANSA Space Science; the shielding factor of about 1000 was
enough due to the low ambient field noise, which is below
100 pTims/+/Hz even in a laboratory.

Fig. 10 shows the noise performance with an annealed
sensor, as measured with the Janascard DAQ and a gain
of 512x. In open loop, the noise was 0.8 pTrms/y/Hz at 1 Hz
with approximately 0.6-pT noise floor. In closed loop, the 1-Hz
noise deteriorated to 1.5 pTme//Hz; however, at 100 mHz,
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Fig. 11.  Offset drift measured in a nonmagnetic thermostated box (sensor

head was heated) for the annealed and as-cast sensor.

it is 2.5 pTims/+/Hz, which is the same as in open loop. The
DAQ noise was negligible on this range (tens of fT yms//Hz).

F. Offset Drifts With Temperature

The temperature drift of the magnetometer offset was estab-
lished in a nonmagnetic, unshielded chamber, where the sensor
head was placed in the E-W direction and temperature swept
between room temperature and 33 °C. Because the observed
drift was much larger than the change in Earth’s field during
the measurement, unshielded measurement was sufficient.

The offset temperature coefficient was established as a local
derivative of the offset temperature dependencies (see Fig. 11).
For the annealed sensor, it was approximately —2.5 nT/K,
which is better than —15 nT/K with an as-cast sensor and
50 nT/K reported previously [20].

IV. GEOMAGNETIC MEASUREMENTS AT
SANSA SPACE SCIENCE

A. Instruments at SANSA—SQUID and 1-s Observatory
Magnetometer LEMI-025

SANSA Space Science, located in Hermanus, South Africa
(INTERMAGNET designation HER), operates an unshielded,
HTS (LN3) de SQUID system, in collaboration with Stellen-
bosch University and LSBB in Rustrel, Provence, France [26].
Currently, two axes (horizontal and vertical) are running, and
the SQUID is measuring geomagnetic field variations [27].

However, as shown previously in our proceedings arti-
cle [22], the SQUID noise was found to be much
higher than anticipated. Even though zero-field cooling and
EMI-enhancement techniques were utilized, we were not
able to reach the manufacturer noise of 0.3 pTme//Hz at
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Fig. 12.  Sensor placement in the “quiet” hut. The laptop PC with the USB
DAQ logger is at a distance of 5 m.

1 Hz; it was actually about 6 and 20 pTns/+/Hz in the
X-axis and Z-axis, respectively (Z-axis is noisier due to local
disturbances).

For the purpose of a low-noise geomagnetic comparison,
we are, thus, comparing our measurements only to the LEMI-
025 observatory magnetometer, manufactured by the Institute
for Space Research in Lviv, Ukraine, with a sampling fre-
quency of 1 Hz and resolution of 10 pT. The claimed noise
level is <10 and 3 pTms/+/Hz at 0.1 and 1 Hz, respectively,
which is the state of the art in this field [14], [28].

B. Comparison Methodology

The general difficulty when comparing two vectorial mea-
surements is their alignment. However, for a longer record
of the geomagnetic field, diurnal variations and magnetic field
fluctuations can be used to mutually align the instruments. The
disadvantage of numerical alignment is, however, the propaga-
tion of noise from any noisy axis to the other axes. In the case
of geomagnetic measurements with anthropogenous noise,
the noisiest axis is the vertical one. Thus, numerical “tilting”
of the coordinates and noise computation should be avoided,
e.g., by precisely leveling the sensor. Numerical rotation in
the horizontal plane will not deteriorate the results in terms
of noise since the local noise in the E-W and N-S axes is
approximately the same.

For this comparison, we used a single sensor mounted on the
Askania circle in the “quiet” hut located approximately 50 m
away from the next building and 100 m away from the main
building area. The magnetometer was powered by batteries,
and the USB DAQ unit was connected to a battery-operated
laptop PC, approximately 5 m away (see Fig. 12).

The horizontal sensor was rotated to the E-W direction,
where the noise at SANSA is lowest. Also, we can then set the
gain of our DAQ to 102x (range about £70 nT) to obtain the
noise floor as low as possible. We, thus, rotated it to coincide
with the magnetic E-W direction (~0 nT) since the magnetic
field component in the geographic E-W direction is about
—4700 nT in Hermanus. The approximate vertical alignment
was done with the help of spirit levels.

In order to numerically align the axis of the 1-pT magne-
tometer to LEMI-025, the following optimization problem has

TEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 69, NO. 5, MAY 2020

-1789.5 T T T

= 1790 -
k=
& 17905
s
& -1791+
>
L
‘q:j -1791.5
= —LEMI 025
T 1792 - .
£ ___1-pT mag aligned
2 W and moved by 0.5nT|
o -1792.5° 1

-1793 - - - -

0 1000 2000 3000 4000 5000
time [s]

Fig. 13.  Alignment of LEMI-025 and 1-pT fluxgate E-W axis sensor. LEMI
data offset by 0.5 nT for clarity (17 September, 2018).

10 i i
—1-pT fluxgate 8-Hz data
I —1-pT fluxgate 1-Hz data
I —LEMI 025 1-Hz data
E‘n 10_10 X LEMI 025 noise
E
=
[m)]
7]
<
8 10
©
=
1072
1072 107 10°
frequency [Hz]

Fig. 14. Geomagnetic field noise spectra as measured with the as-cast sensor
and LEMI-025 (17/09/2018). At 1 Hz, 2 pTims//Hz was obtained. LEMI-
025 noise limit [14] is shown with crosses.

been solved:

B25x
Br=[sin(f) cos(p) sin(@)sin(p) cos(@)]| Basy 2)
Bas,
Br — Blpx—O]pX(l + 7x % )= min 3)

where Bys is the magnetic flux density (x, y, and z com-
ponents) as measured with LEMI-025 and Bg is the rotated
horizontal (EW) field vector component. Bjpx is the x-axis
component as measured with the 1-pT instrument, Oppy is its
initial offset, and 7 is the offset temperature coefficient in
this axis. In addition to our initial results in [22], we also
added the tilting angle 6 because the sensor was not perfectly
horizontal. However, for the reasons described earlier, for
noise calculations, we assumed that the tilting angle is to be
6 = 0 not to introduce any noise from the noisy vertical
component into the comparison.

As we see in (3), because we were not able to measure
the temperature of the sensor head without disturbing the
magnetic field, we assumed that the offset drift within a 3-h
recording window is linear, and we were fitting on the sample
time rather than temperature. The fit coefficient z was about
0.2 pT/s.
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Fig. 15. Night-time (04 August, 2019, 02-03 A.M.) geomagnetic measure-

ment with the 1-pT magnetometer and an annealed sensor; instrument noise
floor also shown, using the same data as that of Fig. 10.

The optimization problem was solved in MATLAB with
Jminsearch function, and the resulting alignment is shown
in Fig. 13. From that result, we can conclude that even when
the sensor drifts in its offset inherently, we can compensate for
it and use it even for ultralow frequency (mHz) measurements.

C. Geomagnetic Measurement—As-Cast Sensor

The results of geomagnetic measurements with the as-cast
sensor are shown in Fig. 14 (night-time data were used because
of the anthropogenous noise during the day). The 1-pT sensor
was placed in the “quiet hut,” as shown in Fig. 12. From the
comparison with simultaneously obtained observatory magne-
tometer data, we see that the LEMI-025 noise is limited by
about 6 pTrms/+/Hz for frequencies above 0.3 Hz. This can be
either due to the instrument noise itself or by higher field noise
at the LEMI-025 position—its “instrument bunker” is about
100 m from other buildings that might generate local noise. For
lower frequencies, measurement with both instruments results
in the same noise (about 15 pTime/</Hz @ 100 mHz).

D. I-pT Geomagnetic Measurement—Annealed Sensor

We repeated the geomagnetic measurements once more
with an annealed sensor to verify the possibility of (sub)
pT geomagnetic measurements. The measurement was done
between 12 P.M. and 4 A.M. in the same quiet location as in
part C, and the same methodology was used to verify that the
geomagnetic measurement was comparable to LEMI-025.

Fig. 15 shows the geomagnetic field noise spectral density
as measured by the magnetometer with an annealed sensor;
we can see that in a low-noise location, it is actually possible
to obtain 1 pTyms//Hz at 1 Hz, which is an interesting result,
e.g., for magnetotelluric applications.

V. MAGNETOCARDIOGRAPHY EXPERIMENT

In order to perform measurements of the magnetic field of
a human heart, we placed two magnetometer sensors on a
marble plate located on top of a nonmagnetic pillar. The mea-
surements took place at the Budkov geomagnetic observatory
of the Academy of Sciences of the Czech Republic, in South
Bohemia. The two sensors were arranged as a transverse,
dBy /dy gradiometer (with x denoting the sensor axis), and the
y-distance—or gradiometric base—was 12 cm (see Fig. 16).
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Fig. 16.  Arrangement of the two fluxgate sensors for gradiometric MCG
measurement. The gradiometric base was 12 cm.
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Fig. 17.  Top: signal recorded by channel A (in front of the heart). Bottom:
signal recorded by channel B.

The first sensor was located at chest level and the approximate
heart position of the subject freely standing in front of it,
whereas the second sensor was located toward the left side.
Chest-to-sensor tip distance was about 4-5 cm.

The magnetometer was located at a distance of 1.5 m
and powered by batteries. The magnetometer outputs were
connected to the NI PXIe-4303 data acquisition module by
2-m-long coaxial cables. In order to minimize the noise
due to the digitizer, we selected the +0.1-V input range
that corresponds to £450 nT. For this reason, the sensors
were placed in the E-W direction in front of the subject.
Following the digitization of the magnetometer output at a
1-kHz sampling rate, we applied a 30-Hz digital low-pass
filter, which is enough for the signal of a human heartbeat
and removes 50 Hz effectively. The signals of both magne-
tometer channels (sensors) are shown in Fig. 17: the top trace
corresponds to the sensor A (i.e., the sensor in front of the
heart), whereas the bottom trace corresponds to the reference
sensor B.

As we can see, both signals share a common variation of
the magnetic field corresponding to the noise in the envi-
ronment where the measurements took place. In addition to
that, the first sensor also shows the peaks corresponding to
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the heart’s magnetic field, which are missing in the signal
measured by the second sensor.

When the signals from the two sensors are subtracted,
the common variation of the magnetic field due to environ-
mental noise is suppressed and the MCG signal is eventually
revealed. In order to be sure that the peaks of the magnetic field
corresponded to the heartbeat, we simultaneously acquired
ECG on the third channel of the data acquisition module,
by connecting two copper plates to the test subject’s hands.
As we can see in Fig. 18, the MCG signal obtained as
difference of the two channels A and B corresponds to the
ECG signal.

It must be noted that the MCG signal shown in Fig. 18 has
been obtained without applying averaging, as opposed to other
systems that rely on averaging in order to reduce the noise.
We should also note that the subject was not secured to any
support and, therefore, was free to move. Despite the best
effort to be stable, his/her position oscillated about 3 cm.
In order to prevent the chest from touching the sensor, we,
therefore, had to keep the sensors about 4-5 cm from the
chest of the test subject. This made the signal from the heart
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Fig. 20. Noise ASD spectra of both individual channels and their difference
(sensor arrangement as that of Fig. 16). Also, the cross-power spectrum is
shown (in amplitude units), indicating that most of the observed noise is
correlated, i.e., homogenous.

just about 20-25-pT peak when, typically, it can even reach
100 pT. Therefore, with a better arrangement, we expect the
signal-to-noise ratio to increase by a factor of four to five.

The signal-to-noise ratio is commonly improved by aver-
aging at the cost of losing the dynamic information in a
single-beat cycle. For instance, Fig. 19 shows a peak of
MCG signal obtained by averaging 30 peaks recorded by our
fluxgate gradiometer, without the use of any synchronization
by ECG (the peaks are large enough to allow easy detection
and selection for averaging). We can identify not only the main
peak but also the negative peak, which reaches —7 pT.

The efficiency of the gradiometer arrangement to suppress
the environmental noise is illustrated in Fig. 20. The graph
shows the spectral density of the fluxgate outputs without the
MCG signal (the test subject was not present, while the sensors
were kept in the same arrangement). Both sensors show noise
components that are removed in their difference. Notably,
the spikes above 10 Hz are very efficiently suppressed. Unfor-
tunately, however, the spike at 7.1 Hz is almost not affected
by the gradiometric arrangement. We believe that it originated
from the magnetic field gradient signature of the electronic
circuits (for instance the fan of the PXI frame) or from local
EMI that coupled in a different way to both sensors.

This was confirmed by the cross-spectral analysis (green
trace in Fig. 20) that suppresses the signal at this particular
frequency. A better arrangement of the instrument is expected
to improve the rejection of this signal.

The noise density of the difference of the two channels is
about 1.4 pTims/+/Hz at 1 Hz, which is slightly higher than
the noise of the individual channels multiplied by /2 (1.41 x
0.75 pTms//Hz, see Fig. 10)—we assume uncorrelated noise
in both channels. This indicates that the suppression of the
noise obtained by gradiometric configuration and numerical
subtraction is not yet perfect, probably because of the nonper-
fect alignment and calibration of the two probes. This might
pose a problem in environments where the sources of local
noise are larger and exhibit larger gradient.

VI. CONCLUSION

We have described the design of a portable magnetometer,
based on a fundamental-mode, orthogonal fluxgate sensor,
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where 0.6-pTyms white noise and 0.75-pTims noise density at
1 Hz can be achieved with an annealed sensor. This is to the
best of our knowledge so far the lowest published noise of a
room-temperature vector magnetometer.

Even when considering the inherent sensor offset drift of
—2.5 nT/K for the annealed sensor, the magnetometer can
be utilized in a range of applications including biomedical
measurements, where the frequency range of 10 mHz-25 Hz
is sufficient. We have also shown later that the offset drift
can be successfully numerically compensated with the help of
an additional stable magnetometer, allowing even for geomag-
netic measurements at much lower frequencies.

We have tested the instrument side-by-side to a state-
of-the-art observatory magnetometer LEMI-025 and verified
its low-noise performance during geomagnetic measurements.
A comparison to HTS SQUID was also done; however, in this
case, the SQUID exhibited high noise in the X-axis.

We have successfully demonstrated the applicability of
the instrument in a room-temperature, unshielded magneto-
cardiography experiment, where the MCG signal is clearly
discernible even without averaging. After the initial MCG
experiment with search coils [29] 56 years ago, magneto-
cardiography measurements were mostly limited to shielded
rooms with SQUID magnetometers [30] because, until now
fluxgate magnetometers did not achieve noise figures better
than few pTms/+/Hz at 1 Hz. Recently, optically pumped
magnetometers (OPM) have been used for MCG with noise
figures of about 50-300 fTyns/i/Hz at 1 Hz [31]. Despite the
noise of our fluxgate magnetometer still being higher than
that of OPM devices, we believe in broadening the MCG
usability not only by avoiding the necessity for cryogenic
operation and expensive magnetic shields but also by providing
a simple and affordable sensor and electronics. However, when
judging our MCG results, noisier environments than that of
the magnetic observatory has to be expected in reality and the
common-mode rejection should be further improved. One pos-
sibility would be adding a (noisy, cheap) triaxial magnetometer
close by.

As the HTS SQUID sensors currently available state
0.2—0.6 pTimg/+/Hz at 1 Hz [32], it is evident that the
instrument presented meets HTS SQUID performance at least
in terms of low-frequency noise. The future improvement
of the 1-pT fluxgate magnetometer lies in its electronics
where the closed-loop performance should be improved. Also,
as we have shown, by further improving the input stage
common-mode rejection, with better shielding and differential
amplification, we should be able to further decrease at least the
noise of the electronics, if not of the complete magnetometer.
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3.1.3 Increasing accuracy of geomagnetic observations

As stated in previous chapters, not only calibrasdges but also magnetic observatories
[22] are subject of increasing urban noise, unkdesplanning of their layout was well
planned at the time construction — i.e., the INTERRBINET HER observatory of SANSA
has its instruments in a square, 16-ha site, sg@@tordon sanitaire However, this might
not be enough in the long term: the ever-increademand for new on-site instruments and
development is increasing the noise, too. Alsohwhe recent introduction of fast (1-s) data
requirement for geomagnetic observatories [31judignces which would be suppressed by
the previously used 1-minute filtering, start tgoear in observatory data.

In the articlelmproving Earth’s magnetic field measurements byewcal corrections of
thermal drifts and man- made disturban¢&$0], the author studied increasing accuracy of
observations at two localities: the station POLOIlgdemted jointly by the Institute of
Geophysics ASCR and by the Office of Military Geamgny and Hydrometeorology
(VGHMUR), with a fluxgate variometer at ambient f@enatures; and an experimental
underground station with the same sensor, temperatable but close to a busy road. For
the latter case, a ,moving-dipole-fitting“ algomithwas proposed, in order to correct for the
disturbances by car traffic without losing the orag information. Further, the feasibility of
running the POLOM instrument at ambient temperatuseshown, only with light thermal
shielding and damping by the sensor enclosure,/lbutt with numerical corrections. The
fitted linear temperature sensitivity coefficieM®re enough to suppress the temperature
effect by at least one magnitude; better resutjgire much larger thermal-damping [60].

The second articlédentification of geomagnetic pulsations in SQUIBtal for Space
Weather researcliJ1] shows the research towards utilizing an HTBJ8® magnetometer
for determining the occurrence of sub-nT geomagreftects even at a noisy location. The
SQUID not only sensed the anthropogenous noisalbatgenerated additional noise due to
its sensitivity to thermal oscillations in the csyat. By cross-correlating the data with a
remote observatory, however, we were able to deteeik pulsations [29] due to the fact

that the Earth’s magnetic field and its naturatymdsations are homogenous on a large scale.

[J10] Improving Earth’s magnetic field measurements bgnerical corrections of thermal
drifts and man- made disturbancésithor contribution: 60%. Algorithms, data processing

and presentation, article compositi@itations: 3

[J1] Identification of geomagnetic pulsations in SQUIBal for Space Weather research.

Author contribution: 40%. Method proposal, data and algorithms.
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This contribution deals with challenges encountered in real-world geomagnetic measurements and is focused on improving the
performance of two variometer stations of Kel¢any and Polom, which have been recently established in the Czech Republic. It is
shown that a carefully designed full-field instrument, despite lacking temperature stabilization, can provide vectorial and scalar
data accurate to a few nT, if the raw data were postprocessed by compensating for gain temperature coefficients—we show how
this can be obtained by a precise calibration and long-term scalar measurements. We also show a method for suppressing
nT-level spikes in the data due to nearby car traffic, by utilizing gradiometric measurement for detecting the car occurrences
and by employing a linear optimization problem in order to find the parameters of the moving magnetic dipole and compensate
for it. In this manner, we were able to reduce the anthropogenous noise due to car traffic while keeping as much original

information as possible.

1. Introduction

Vectorial magnetometers which serve for monitoring of
Earth’s field variations due to diurnal field changes, geomag-
netic storms, etc., are standard instruments deployed at
geomagnetic observatories and variation stations; they are
mostly based on fluxgate sensors [1]. To achieve the best
magnetometer (variometer) performance, it will usually be
installed in a temperature-stabilized environment, either by
the use of an active and magnetically clean heating-system
or by selecting a highly temperature-stable location, prefera-
bly underground. This approach is of course demanding on
the site selection and/or the necessary infrastructure. How-
ever, the variometer performance improved recently not only
in terms of noise (the current state-of-the-art noise limit of
fluxgate sensors is about 3-5pT/4/Hz @ 1Hz) but also in
temperature stability [1-3]. Also, with the advent of dc-
precise 24-bit A/D converters, it is possible to build a “full-
field” instrument which not only can monitor the magnetic
field variations but also can provide the vector magnitude
(scalar) from the three vector components. To achieve this,

precise magnetometer calibrations are needed [4, 5], and
the calibration parameters need to be long-term stable. The
calculated total field value can be further used for tempera-
ture compensations.

An important aspect of real-world deployment of variom-
eters is the anthropogenous noise at the selected site, which is
at least in the Central European region difficult to obey by
placing the instrument in a remote locality—due to extensive
urban development, DC-railways, pipelines, etc. [6]. Thus,
the anthropogenic noise should be estimated and, if a better
location is not viable, a compensating or at least a detection
method should be developed; the latter is the case mainly if
the occurring disturbances are on local-scale, ie., car
traffic—we will show this is the case of one of our localities.

The following results were obtained from magnetometers
running at three different localities in the Czech Republic.
The reference low-noise data was obtained from the
established INTERMAGNET geomagnetic observatory
Budkov (BDV) in Southern Bohemia, which employs passive
and active temperature stabilization. Two variometer stations
were recently established—Polom (PLM) in Eastern

-94 -



Map modified
from www.szdc.cz

== AC32KkV
=== DC3kV

Journal of Sensors

Ficure 1: Budkov (BDV), Polom (PLM), and Kel¢any (KEL) sites location. The background image is the Czech railway network
electrification—green is DC traction; red is AC 50 Hz (modified from [7]). Ex-observatory site Prihonice (PRU) is shown to illustrate

moving away from human-made noise.

Bohemia at the Czech-Polish border and Kel¢any (KEL) in
south Moravia—see Figure 1. The motivation to have all
three stations is clear—first, having data redundancy is
important for magnetic field observations, forecasts, and
data services; moreover, from the three measurements, it
would be theoretically possible to suppress the anthropo-
genous noise which occurs on local-scale—the only corre-
lated information is the Earth’s field variation, which is
homogeneous enough across the three stations span
(100-200km). From Figure 1, it is evident that mainly
the DC railways (which are far away from BDV observa-
tory) will have a detrimental effect on anthropogenic noise
on both variometers running at PLM and KEL. The site of
Prithonice (PRU) just at the outskirts of Prague is also
shown; it served as a geomagnetic observatory station
from 1946 to 1967, when the magnetic observations have
been moved to a much quieter location of Budkov.

2. Instrument Setup and Site Limitations of
PLM and KEL Stations

The station of Polom (PLM) has been in service since late
2016. The site is a property of Czech Army and is being
run in collaboration with the Institute of Geophysics,
CAS and provides important seismic, meteorological, and
geodetic data [8]. CTU and IG CAS took the opportunity

to install a fluxgate variometer instrument [4] in the
already magnetically prescreened and prepared locality.
Because of the recent installation, the temperature-
stabilized hut is not yet available, and therefore, the
variometer sensor and also electronics are operating at
ambient temperatures, although protected from the ele-
ments. The site is also equipped with nonmagnetic pillars
for obtaining “absolute” magnetic measurements, i.e., mea-
surements of local inclination and declination hand-to-
hand with total field intensity, which are usually obtained
using a portable Overhauser magnetometer [9].

The station of Kel¢any (KEL) is privately owned and is
being run by the members of Magnetic Laboratory at the
Department of Measurement, FEE CTU Prague. The
advantage of the site compared to PLM is the underground
location of the sensor and electronics (in a dual-purpose
wine-cellar), which allows for less than +5°C yearly temper-
ature variation. Careful magnetic mapping has been done
before installation, the site was cleaned of ferromagnetic
objects and a nonmagnetic pillar for the instrument was
built. The site is running since 2015 and is, advantageously,
on roughly the same latitude as the BDV observatory. The
data are publicly available [10].

The magnetometers installed both at KEL and PLM
stations were manufactured at the CTU using low-noise
race-track fluxgate sensors, exhibiting ~20 pT digital noise
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(b)

FiGURE 2: (a) The triaxial sensor head (1) at PLM station is placed in an unheated hut made of PVC (3) and is surrounded by nonmagnetic
white bricks to increase the thermal mass. The hut is painted with special sun-reflecting paint. (b) The sensor at KEL variation station is

located 6 m underground.
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FiGURE 3: (a) 1-day total field variation recorded at Budkov (BDV: black), Polom (PLM: green), and Kel¢any (KEL: red). It is clearly seen that
lowest-noise occurs at BDV, followed by PLM showing distant anthropogenic noise and KEL exhibiting large, fast spikes, most probably from
car traffic. Offsets are caused by different site geology and instrument calibrations. (b) KEL and BDV in detail.

floor and showing high geometrical and temperature stabil-
ity. The triaxial sensor head at PLM is moreover made from
MACOR machinable ceramics; the head is further fixed on
a marble plate [3]—see Figure 2. Neither KEL nor PLM
facilitate a scalar magnetometer; thus, the total field data
are calculated from the three orthogonal field components.
After initial trials at the PLM station, where the ambient
temperature can change from —20°C to +40°C, we decided to
orient the sensor to the “UVZ” orientation [11]. This means
that the two horizontal axes are oriented +45° from local
meridian—in this manner, both horizontal axes are measur-
ing roughly the same magnetic field (about 15,000 nT at our
location). The NEZ or HDZ components are computed
numerically [9], so the offset drifts and mechanical instability

in azimuth are of less significance than if measuring the E or
D component directly. Also, the compensating current in all
axes is large enough (few mA) not to be influenced by cable
leakage currents. The UVZ orientation is also beneficial for
obtaining a simple thermal drift model as shown later.

A comparison of anthropogenous noise observed at
BDV, KEL, and PLM stations is shown in time-domain
in Figure 3, where the calculated total field from both
KEL and PLM vectorial readings is compared to total field
measurements at BDV observatory provided by Overhauser
magnetometer.

The anthropogenous noise at both PLM and KEL is
larger than at the BDV observatory (about 0.2 nT peak-peak);
however, at KEL also isolated peaks occur with an amplitude
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F1GURE 4: The power spectral density of 1 Hz magnetic data (vertical component, diurnal variation removed) at BDV (a), PLM (b), and KEL
(c) shows that the anthropogenic repeats on a daily-scale, with quiet night periods and noise bursts in the daytime.

up to several tens of nT p-p, which have been later traced
down to be caused by nearby car traffic, as further shown in
Section 2.1.

Figure 4 further shows aligned spectrograms from three
days of 1-second data obtained at all three sites (21-23/7/
2017). At PLM, the clean nights are alternated with noisy
daytime periods due to the ~40 km distant DC railway and
light urban rail. Although the noise at BDV station is very
low, the used instrument (DMI fluxgate variometer) has large
intrinsic noise, so actually, during the quiet night periods
(with almost no electric train traffic), the PLM data are less
noisy due to the used variometer. The KEL data on the other
hand suffer from increased anthropogenic noise even during
the night, since the sensor is located in a residential loca-
tion—the broadband daytime noise is another 10 dB above
PLM. Another 10-20dB noise increase in short bursts has
been traced down as local car traffic.

2.1. Car Traffic and Magnetic Noise. To confirm the origin of
the excess-noise at KEL site, the passing cars (the local street
is about 25m away from the sensor location) have been
observed by a web-camera and by a cellphone video record-
ing, respectively, and compared to magnetic data—a sketch
displaying the actual setup at KEL site is shown in Figure 5.
To be able to detect, mark, and possibly remove the pass-
ing car’s magnetic signature, an axial (dB,/dy) fluxgate gradi-
ometer has been created in N-S direction by placing a second
sensor coaxial to the variometer head. This second sensor has
been placed approx. 5m away from the variometer (position
1), closer to the street; later also a short-baseline gradiometer
was placed at position 2. The peaks obtained from the axial

FiGure 5: Sketch of the situation at KEL station: the variometer
sensor (0) is located approximately 25m from a frequent local
street, which is running roughly in E-W (x) direction. The car
occurrences were measured at the central line in the N-S direction,
thus in the magnetic sensor “y” coordinate. Positions 1 and 2 show
the locations of the second sensor and gradiometer, respectively.

gradient data correspond with the peaks of the variometer
data; however, the gradiometer noise floor is still high for
detecting spikes less than about 5nT p-p.

In Figure 6, the vehicle occurrences have been drawn into
the magnetic field recorded. Axial gradient (in N-S direction)
and magnetic field (N-S component) are shown—the
recorded spikes are in the order of tens nT p-p (even larger
for vans/busses); we show that there is a clear correlation of
the spikes and car traffic.
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3. Methods of Improving the Real-World
Performance at KEL and PLM Stations

At KEL and PLM sites, we are experiencing two difficulties:
temperature drifts due to seasonal and diurnal changes of
the ambient temperature (PLM) and large noise due to car
occurrences (KEL). It should be noted that the car-induced
spikes cannot be simply filtered out with a low-pass filter
since the peaks in the individual axes are not bipolar, thus
any low-pass filtration would introduce artefacts in the mea-
sured data. Moreover, for a strong magnetic source (e.g., a
bus-coach), the disturbance occurs even for 20 seconds.

3.1. Correcting for Temperature Drifts (PLM). It is obvious
that if the temperature coeflicients of the sensor are known
(i.e., offset and gain temperature coefficient), one could recal-
culate and obtain drift-free data. However, the temperature
drift in a fluxgate magnetometer (assuming that the
electronic is drift-free) is caused by multiple effects [12],
e.g., by the temperature of the excitation tank capacitor, by

the dimensional expansion of the feedback/pick-up coil, or
due to the expansion of the triaxial holder material and its
base. Moreover, it is difficult to calibrate the whole setup as
the sensor, and its base are quite bulky. As we have selected
the UVZ orientation of the sensor, the ~20-30 ppm-K™*
sensitivity drifts dominate in all axes, simplifying further
modeling of thermal response (With NEZ orientation, the E
axis drift would be dominated by the offset drift which is a
combination of electronic and sensor drifts; however, the
electronics and sensor head are in our case at different posi-
tions and temperatures and exhibit different thermal mass.
With HDZ orientation, the D component (~2000 nT) would
be influenced both by the offset and gain drifts. In both NEZ
and HDZ cases, also mechanical directional instability would
have to be modeled.). The predicted sensitivity drift is
0.4nT-K ™" for each horizontal axis and 1.1nT-K ™" for the
vertical axis, respectively. Utilizing a “full-field” variometer,
thus measuring in a feedback loop all the three vector
components of the magnetic field at once, allows us for
calculation of the total magnetic field (the scalar vector
magnitude). Both variometers at PLM and KEL have been
calibrated with the “scalar method” [4] for their offsets,
gains, and orthogonalities, so the only difference to a
drift-free scalar measurement from an Overhauser magne-
tometer are then the magnetometer drifts itself.

We did this for the PLM variometer by comparing the
Overhauser readings obtained at BDV observatory to the cal-
culated total field from PLM—in this case, we assume that on
the local scale, the measurements at the two localities, which
do not exhibit geologic anomalies, will differ only by a stable
offset B This was also verified during multiple onsite mea-
surements with an Overhauser magnetometer at different
times and temperatures (we could not yet perform a long-
term scalar measurement due to the lacking infrastructure).

To find the actual variometer drifts in all three axes, we
have utilized a least-squares fitting method, which generally
minimizes the difference Bp; between the scalar reading
By at the BDV observatory and the calculated scalar value
at PLM from the three individual components B,, B,, B;.
Thus we try to minimize B4 from a large set of following
equations:

Bppy - \/[(1 +a6) - Bippy]® +[(1+0)

The solution of equation (1) was found with a con-
strained fminsearch function in MATLAB R2015 [13], and
the offset B¢ agreed well with the one obtained from onsite
Overhauser measurements. After correcting on the obtained
drift constants &, B, and y [T-K™'], we were able to largely
suppress the temperature drifts in all three axes. The dataset
we have used was from February 2018, which allowed for
large temperature span between +17°C and -12°C, see
Figure 7.

“Bopiwi]” + [(1+90) - Bspra]” = Bogr = By )

We could improve the results even further by introducing
a lag of 800 s which was experimentally obtained by calculat-
ing the cross-correlation between the total field differences
and temperature—this delay is believed to originate from
the fact that the temperature measurements occur at the
MACOR cube where the sensors are located, but significant
part of the drifts can be caused by the excitation capacitor
temperature coefficient [14]—the capacitor is heated only
by radiation, since it is thermally connected to the MACOR
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F1GURE 7: (a) Without temperature compensation, the difference between PLM and BDV scalar values (Bpq) is temperature-dependent and
varying between —30nT to +50nT. (b) After temperature compensation, the Bp¢; decreased one order of magnitude (to about 5nT
maximum during the freezing temperatures). The data were obtained in February with —12 to +17°C temperature swing.

cube only by its thin leads. After introducing this delay, the
calculated values were the following:

a=1.11, B=-2.5,y=0.37[nT-K |, B¢ =417[nT].
)

The value of & roughly corresponds to the 30 ppm pre-
dicted drift (vertical axis measuring approx. 44,000 nT). Also,
the y value corresponds to an expected value for a horizontal
sensor. However, the obtained value of 3 is unexpected, since
both horizontal sensors should exhibit the same values or at
least the same order of magnitude. We cannot currently offer
other explanation than a faulty sensor deployed at this
position.

After rotating the temperature-compensated PLM vector
readings with a 3 x3 matrix, which reorients the sensor at
PLM to the orientation at BDV, we were able to show that
the temperature compensation was successful also in the
individual components, see Figure 8.

3.2. Suppressing the Car-Induced Disturbances (KEL). As we
have shown in paragraph 2.1, there is a clear correlation
between the disturbances occurring at KEL and the car
traffic. Thus we decided to create a simple model, assuming
the following simplifications:

(1) The car at the ~25 m+ distance can be well modeled
as a single magnetic dipole

(2) We neglect the road curvature and assume it in E-W
direction (x-axis)

(3) The magnetic moment magnitude and orientation
are stable during the car passage, since it keeps its ori-
entation to the Earth’s magnetic field

40 4
20 A
=
£
g
5 -20-
>
_40 4
-60 T T -
Jul 11,12:00  Jul12,12:00  Jul 13, 00:00
— Z
— EW
— NS

Ficure 8: Comparison of aligned BDV and PLM magnetometer
readings (the mean is removed to show only Earth’s field
variations) during three days in July 2017. The difference is well
below 5nT during the observed 14°C ambient temperature swing.
The divergences near the dataset end were caused by false
temperature readings.

(4) The occurrence of the maximum axial gradient in the
y-axis, which occurs when the car radial distance to
the sensor is smallest, defines the symmetry point of
the car movement

(5) The maximum axial gradient in the y-axis (N-S
component) occurs defines symmetry of the car
movement

(6) The car does not change its speed significantly

(7) In 10 seconds, the car is distant enough not to give
any significant (>0.1nT) disturbance

(8) During the ~20s car passage, the Earth’s magnetic
field changes only linearly
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FIGURE 9: Histogram of magnetic moment components—m, (a), m, (b), and m, (c). The vertical m, component is statistically larger and
unipolar, i.e., it does not change its sign depending on car trajectory orientation.

(9) The occurrences of cars in both lanes are not
frequent.

Thus when fulfilling the above assumptions, we can write
for the vectors of observed field By, = [B,, B,, B.] and vector
of car disturbance field B,,, = B, By, B,| utilizing the well-
known equation for magnetic field of a magnetic dipole with
magnetic moment m [m,, m,, m,| position vector r [r,, r,, 1]
and an (orthogonal) rotation matrix R:

— = — —
- - = = Ho 3r(m-r) m
BObs= BEarth+ BCar= BEarth+RE P _1’_3 >

where the position vector size (radial distance) r is calculated

as
r=y/ri+ritrl (4)

The position vector coordinates of equations (3) and (4)
are aligned with the magnetic moment coordinates of the
dipolar source (hence the need for rotational matrix R to
align with the By, coordinates). However, we are not inter-
ested in the real orientation of the magnetic moment vector
in this case, so there is no need to calculate for R, which
would further complicate the problem.

To find the “true, disturbance-free” By, ., of equation (3),
we have implemented a least-squares fitting-based algorithm,
which relies on reading from a gradiometer placed close to
the street, allowing for detection of the passing cars through
the “point of symmetry”. In other words, we are trying to
fit the magnetic field By, at every sampling point using
equation (3). To achieve this, we implement a set of equa-
tions which describe the magnetic field during the short dis-
turbance, which occurs due to the moving magnetic moment.
The dataset for the optimization is centered at the gradient
peak and is usually 10+ 10 seconds long (Figure 4). Since
we assume a simple trajectory as of Figure 4, we are trying
to find position components x and y, whereas the only chang-
ing is the x, since y is constant and z equals zero in our case.
Due to the constant sampling time, we can express x as a

linear function of time ¢ and vehicle speed v, both of which
we assume constant. Since the sensor at KEL is sampling at
206.5 samples-s !, there are enough equations during the
car passage, even after FIR filtering of the data (to remove
50 Hz mains disturbances) and smoothing. The optimization
result of equation (3) is then the “true” Earth’s field vector
B, the magnetic moment vector m, the car speed v, the
initial position x,, and the constant y distance together with
the time-derivative of the Earth’s magnetic field during the
fitting period.

The optimization started only when the G, gradient
amplitude in the observed interval crosses a preset threshold
in order to run only for disturbances significantly larger than
overall system noise. In our case, the threshold has been set to
2nT-m"". The algorithm also contains bounds and tests to
compensate only using the expected values (car speed ~5-
20m-s”", y between 20 and 30 meters, fitted |m| below 600
A-mz). For details of the algorithm and used functions, see
Appendix.

3.2.1. Webcam-Trial: Magnetic Moment Statistics. We
applied the compensating algorithm on the dataset from
the verification video trial (see Chapter 2.1) in order to check
the feasibility of our model. In the 50-minute dataset, we had
~270 car passages: 2 bus-coaches, 4 vans, and 17 motorbikes
and the rest were passenger cars (see Figure 6 for the induced
disturbances); they were evenly distributed in the close
and far lane (130 vs. 133 occurrences). The resulting
“typical” magnetic moment for passenger cars and busses
was found as 250+50 A-m? and 520+50 A-m? respec-
tively (the compensating algorithm did not start for the
motorbikes due to the gradient threshold). In Figure 9,
we show statistics of the individual magnetic moment
components (only passenger cars shown), from which it
is evident that the largest component is the vertical one
which tends to be oriented along the magnetic flux lines,
ie, the m, component does not change its sign depend-
ing on car trajectory orientation.

3.2.2. Compensating the Disturbances. An example result for
compensating a single car disturbance is shown in
Figure 10—the original data, the fitted dipole from moving
the car, and the data after disturbance compensation are
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F1GURE 10: The original data (black), the fitted curve (blue), and the resulting cleaned-up data (red) for the NS-y (a), EW-x (b), and vertical-z
component (c) of the magnetic field, respectively. The car passage occurs at t = 7.5 s. Fitted values were x, = 56 m, v=-7.8 m-s_', y = 19.8 m,

m=[7,23.6,43.5] A-m>.
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FiGure 11: The original (red) and cleaned (black) KEL data compared to the aligned BDV data (5 minutes shown). (a) NS-y component, (b)
EW-x component. The 15:42 (left) peak is not being well compensated, since it occurred when two cars were passing in adjacent lanes and our
model fails to find the correct solution. The small uncompensated peaks (about 15:46) did not fit the gradient threshold and/or result tests (see

text).

shown for x, y, and z field components. The noise clearly
decreased in the cleaned-up dataset—see Figure 11 for a
close-up of time-domain and Figure 12 for two spectrograms
of 14-hour data.

4. Conclusion

We show an approach on how to deal with (1) unstabilized
ambient temperature and (2) man-made disturbances occur-
ring at two variometric stations. Whereas the first problem is
usually solved by temperature stabilization—active or passive
[15]; our approach shows that a “moderate” performance can
be achieved even at ambient temperatures. Although the pre-
sented method seems straightforward, we are not aware of
other ambient-temperature magnetic field stations utilizing
such long-term calibration and compensation. The overall
maximum residual drift of 50T p-p during 30°C temperature
swing was achieved, which is even in accordance with
INTERMAGNET standards [16], where the instrument
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should keep 0.25nT-C ™' for vectorial readings, but it still
does not fulfill the required 1 nT accuracy for scalar values.
However, for our purposes, this approach brings fast and reli-
able results as we can really choose the ambient-run site at
PLM as a redundant source of magnetic data. The steps and
results shown here can be beneficial to many “repeat” sta-
tions, which usually run at ambient temperatures and which
are supplementing the magnetic observatories. Even better
results can then be expected if the sensor is, i.e., buried at
1-2 meters to avoid such large temperature fluctuations,
and of course, when utilizing at least a moderate temperature
stabilization (+2°C), the residual drifts after fitting would be
one order of magnitude less than those presented.

As for the second problem, fitting and cleaning of a 14-
hour 1-second dataset took less than 60 seconds on a Core-
i7 PC using MATLAB R2015, so off-line postprocessing of
daily data could be viable even in embedded systems running
Linux and using Python fitting libraries. The fitting speed
and accuracy can be improved by having an a priori
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FI1GURE 12: Spectrograms of 14 hours of KEL data (NS-y)—original data with car disturbances (a) and after disturbances compensation (b).

function F = field-fit(x,t)
x0=x(1); % initial x-distance [m]
v=x(2); % car speed [m/s]
y=x(3); % y-distance [m]

m2=x(5); %

m3=x(6); %

Bx=x(7); % Earth’s field components [nT]
By =x(8); %

Bz=x(9); %

dBdtY =x(11); %
dBdtZ =x(12);%

F(;,1) = Bx + bbx + dBdtX*t;

F(:,2) = By + bby + dBdtY*t;

F(:,3) =Bz + bbz + dBdtZ*t;
end

ml =x(4); % magnetic moment components [A-m2]

dBdtX =x(10); % Earth’s field variation (linear) during the disturbance

[bbx,bby,bbz] = dip2B(x0 + t*v,y,0,[m1,m2,m3]); %% calculating the disturbing field by

x = Isqcurvefit(@field-fit, guess, xdata, Bobs, Ib, ub)

%% moving dipole along x-coord.

ArGoriTHM 1: Appendix - Matlab code.

knowledge of the target y-distance (i.e., knowing the lane)
and/or the car speed. For achieving this, distance calculation
from axial gradiometer reading [17] or speed measurement
with magnetic sensor [18] could be used. Also, improved
detection of the passing cars can be facilitated with a
short-baseline gradiometer placed as close to the street as
possible, which also results in a better approximation of
the gradient by the calculated field difference. As for the
problem with two cars passing in adjacent lanes, it could
be possibly solved by employing a second order model

with two car trajectories and vector summation of the
magnetic signature; for detection of this situation could
symmetrically deploy two short-baselines along the street
and observe their output in time.

We again emphasize that this method, when compared to
the usual ways—disregarding or interpolating the data heavy
low-pass filtering [9, 19]—allows not only to keep the true
DC value but also does not destroy the “high frequency”
component originating from various physical phenomena
(field oscillations, solar storm onsets, etc.).
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Appendix

The basic MATLAB function utilized in the optimization
problem for car-induced disturbances cancelling is shown
in this appendix. The field-fit function enters the least-
squares curve-fitting algorithm Isqcurvefit of the Optimiza-
tion Toolbox (MATLAB 2015) with a guess of the values
and lower and upper bounds, where xdata is the time vector
and By, is the vector of the observed magnetic field. The
function dip2B to calculate the field from a point-like dipolar
source follows the dipolar term in equation (3); an example
implementation can be accessed, e.g., in [20].
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Abstract—A High Temperature Superconductor (HTS) SQUID
magnetometer is located at the INTERMAGNET Hermanus Mag-
netic Observatory (HER) site in South Africa. The LN-cooled
SQUID is operated unshielded and records the geomagnetic field
continuously. If validated, the SQUID may be used as a space
weather instrument. The SQUID records small geomagnetic vari-
ations such as pulsations, which are short period fluctuations of
the geomagnetic field at ULF frequencies. Although the SQUID
magnetometers are about 10 X more sensitive than fluxgate mag-
netometers, it is running in an urban environment contaminated by
anthropogenous noise. It was also found that one of the SQUIDs is
prone to thermally induced oscillations due to thermo-acoustic os-
cillations in the dewar. To distinguish pulsations from uncorrelated
noise, the SQUID data is correlated with fluxgate data from the two
closest INTERMAGNET observatories, Hartebeesthoek (HBK)
and Keetmanshoop (KMH), both located more than 1000 km away.
Man-made noise and SQUID oscillations should give low coherence
between SQUID/KMH and SQUID/HBK pairs. Coherence higher
than 0.9 was found when pulsations were present in the data and
the algorithm has also proven effective on data contaminated with
the thermal SQUID oscillations.

Index Terms—Geomagnetic field, pulsations, space weather,
SQUID, thermal oscillations.

I. INTRODUCTION

HIGH Temperature Superconductor (HTS) SQUID mag-
A netometer is located at the Hermanus Magnetic Observa-
tory (HER) in South Africa and has been in operation for the
past 13 years, with near continuous operation (95%) during the
past 3 years. The LN3-cooled SQUID is operated unshielded
and records the three components of the geomagnetic field
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continuously [1], including small geomagnetic variations such
as pulsations.

The HER observatory in South Africa also boasts a 24/7 space
weather prediction centre, and it is with this application in mind
that the SQUID is investigated as a space weather instrument,
which is a novel application for SQUIDs - similar studies in
remote locations were done with He-cooled, shielded, Low
Temperature SQUIDs [2], [3] but were not aimed at a long-term
operation as a geophysical instrument.

The SQUID magnetometer utilized in this study is co-located
with observatory grade fluxgate magnetometers which validate
the SQUID data. The SQUID magnetometer is an order of
magnitude more sensitive than the fluxgate magnetometers, but
operates in a semi-urban environment where it suffers from
anthropogenous noise. The monitoring of geomagnetic pulsa-
tions using the SQUID magnetometer would be an excellent
space weather application, however, the surrounding anthro-
pogenous noise often falls within the same frequency range as
the geomagnetic events, mainly for sub-nanotesla magnitudes.
This paper investigates the possibility of identifying the SQUID
recorded pulsations in the presence of anthropogenous noise by
correlating the data with magnetic observatories some distance
away, where the anthropogenous noise will not be correlated to
the SQUID.

‘We show that the most sensitive SQUID magnetometer suffers
from thermal noise due to an apparent high temperature coef-
ficient of the instrument, coupled to thermal oscillations in the
LN, bath. The frequency of these oscillations is unfortunately
close to that of the geomagnetic pulsations under investigation,
creating a significant challenge. The oscillation effect is pre-
sented as well as an algorithm for coherence calculations, which
was shown as effective to mitigate this parasitic effect, allowing
us to use the full SQUID data, not only the “quiet days” without
temperature oscillations.

1. BACKGROUND
A. Geomagnetic Pulsations

Geomagnetic pulsations are small fluctuations of the near-
Earth magnetic field typically falling within the ultra-low fre-
quency (ULF) range between about 1 mHz to 1 Hz [4], [5],
[6]. ULF pulsations can be driven by various types of mech-
anisms in the magnetosphere and the upstream solar wind.
The nature of the plasma instabilities and the efficiency of
coupling with different plasma populations and their transfer
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to the inner magnetosphere and ionosphere is dependent on
prevailing conditions in the solar wind and magnetosphere. ULF
waves show oscillations with a quasi-sinusoidal waveform (Pc)
orirregular waveforms (Pi), which are further divided into period
bands that isolate a specific type of pulsation. The geomagnetic
pulsations most commonly observed at low to middle latitudes
during local daytime are Pc3 (22-100 mHz) and Pc4 (7-22 mHz)
quasi-sinusoidal continuous pulsations [5] with amplitudes of up
to a few nT. Pc3 and Pc4 waves are routinely caused by waves
in the upstream solar wind propagating into the magnetosphere
where wave power is transferred to the ionosphere. The ULF
wave signals detected at ground level provide information about
the region it has propagated through, rather than from the region
(magnetosphere) it was generated.

Historically the spectral structure of Pi, Pc3 and Pc4 ULF
pulsations [7], [8] has been studied using low latitude ground-
based stations in South Africa, which usually consisted of 1 Hz
induction magnetometer data. These have been replaced in 2013
by LEMI-025 fluxgate magnetometers [9].

Geomagnetic storms are multi-day events characterized by
the impact and subsequent disturbance of the geomagnetic
field by fast, dense solar wind plasma, typically originating
from coronal mass ejections (CME) [10]. The disturbance of
the geomagnetic field can cause various negative impacts on
technological systems on the Earth and in space [11]. Geomag-
netic pulsations can serve to indicate the current state of the
magnetosphere during the onset, expansion and recovery phases
of a geomagnetic storm, as different types of wave-particle
interactions are indicative of different coupling and recovery
processes. Pulsation events are heavily affected by any change
in orientation of the interplanetary magnetic field or an increase
in solar wind velocity [5], [12]. Pi2 pulsations (6—25 mHz) occur
during magnetospheric substorm onsets and intensifications [13]
in mid- or low latitudes on the nightside [14], which makes it a
good indicator of substorms [15] and an important tool in space
weather monitoring and forecasting [9], [11]. The high fidelity
of SQUID observations would enable increased sensitivity and
time resolution of Pc and Pi pulsation events.

B. SQUID Setup at the Observatory Site

The three-axis HTS SQUID magnetometer has an
M2700 SQUID from Star Cryoelectronics (25 nT/®,
<300 fT/+/Hz) as vertical axis and both horizontal axes are
HTM-8 SQUIDs from FZ Jiilich (4.5 nT/®, <45 T/ i Hz). The
SQUID magnetometer is LN2-cooled in a 34-litre unpressurised
dewar and operated unshielded. The LNy dewar is manually
refilled every 3.5 weeks due to the high boil-off rate, limited by
the selected dewar and losses due to the SQUID installation.
The SQUID magnetometer is located in a non-magnetic
building and co-located (2 m) with a low noise triaxial fluxgate
magnetometer from the Czech Technical University, as well as
the HER observatory DMI FGE [16] fluxgate magnetometer
(70 m); both are used as references for the SQUID that is a
relative instrument [17]. The SQUID magnetometer is generally
at least 10x more sensitive to changes in the magnetic flux
density than the reference fluxgate magnetometers.
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Fig. 1. 5 mHz SQUID and LN»> temperature oscillations, time domain (top),
and amplitude spectrum (bottom).

The 16 ha HER magnetic observatory site [18], where the
SQUID is located, is magnetically clean to INTERMAGNET
standards. However, it is located in a semi-urban environment
where it is surrounded by a general residential area, three hospi-
tals, a light industrial area, and located 400 m from the Atlantic
Ocean. These factors add to the increased anthropogenous noise
present.

The final purpose of the SQUID magnetometer as additional
space weather instrument would be to add sensitivity and higher
temporal resolution to space weather measurements [1].

III. THERMAL OSCILLATIONS IN THE DEWAR

During installation of the horizontal HTM-8 SQUIDs it was
observed that these SQUIDs exhibit excess noise as a low
frequency oscillation up to 2 nTy,, T ~ 200 s or f = 5-6 mHz.
Unfortunately, this falls well within the frequency range of
geomagnetic pulsations, which are the subject of this study, and
is very close to Pc pulsation frequencies.

All possible sources of oscillations were investigated, includ-
ing monitoring during an unrelated complete absence of elec-
tricity grid supply at the site and surrounding town; the observed
oscillations persisted. A non-magnetic resistive temperature
sensor was inserted in the LNy bath, and 6 mK,,,, temperature
oscillations were recorded at 5-6 mHz [19]. Correlation between
the oscillations on the SQUIDs and the temperature oscillations
measured implied that 6 mK,, temperature oscillations yield
2 nT,,, SQUID oscillations (Fig. 1). After additional tests in
an alternative dewar of similar shape and volume [19] it was
concluded that the temperature oscillation in the LNy bath is
caused by irregular boil off rate [20] and the specific thermal
resonance is determined by dewar shape, heat influx and pressure
changes.

The LNy dewar is refilled every 3.5 weeks, when the level
drops to 42 cm below the neck. The dewar is refilled into the
neck to the top completely, so for the first 24 hours after refill the
LNs does not fall below the shoulder of the dewar. Long term
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Fig. 2. Frequency spectra of HTM-8 oscillations.

data has shown that the amplitude and frequency of oscillations
changes slightly as the level of the LN5 decreases, implying that
the increasing volume of vapor phase in the dewar plays a role.
Fig. 2 shows the change in the 5 mHz oscillations, also showing
that the oscillations disappear towards end of LN, refill period
and 1 day thereafter. Thus, initially the use of horizontal SQUID
data for geomagnetic pulsations was limited to these thermally
quiet days.

IV. COHERENCE OF MAGNETIC DATA
A. Pulsations Vs. Anthropogenous Noise

In order to identify geomagnetic pulsations in SQUID data,
it is necessary to distinguish pulsations from anthropogenous
noise. Although the SQUID utilizes two on-site fluxgate magne-
tometers as references, these magnetometers would suffer from
the same or similar man-made noise. Thus, we correlated the
SQUID data with fluxgate data from INTERMAGNET magnetic
observatories located far away, where anthropogenous noise
correlation is not expected. The SQUID data were correlated
with fluxgate data from the Hartebeesthoek (HBK) observatory,
with 9° difference in both longitude and latitude (1400 km NE),
as well as the Keetmanshoop (KMH) observatory 1000 km North
of HER. The lower sensitivity and higher noise of HBK and
KMH magnetometers do not affect the coherence calculation.

B. SQUID and Observatory Data Processing

The 4 Hz SQUID data is down-sampled using a digital filter
to 1 Hz to compare with 1 Hz INTERMAGNET observatory
data. The data from both the SQUID and KMH/HBK magne-
tometers are bandpass filtered between 3-250 mHz with a 20th
order infinite impulse response (IIR) filter to remove the diurnal
geomagnetic field variation and higher frequency signals not of
interest. Coherence using the Welch method estimation of the
power spectral density (PSD) [21] is computed using MATLAB
software and “mscohere” package [22]. Coherence is calculated
in a sliding window with 30 or 60 minutes length, 93% overlap,
using a fast Fourier transform (FFT) of 1024 points. Coherence
throughout the day is plotted in a “coherogram”.

C. Coherence in Z: SQUID and HBK

The advantage of the Z-axis (B,, vertical) SQUID is its
immunity to the oscillations in the dewar, so first trials were done
using the Z component of the magnetic field. Fig. 3 shows data
from 2022-10-04. The difference between the SQUID and HBK
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data is mainly due to anthropogenous noise in Z at the SQUID
location. As depicted in the spectrograph, during the daytime
Pc3 pulsations were observed in the SQUID and HBK data sets
with coherence higher than 0.9 at 36, 41 and 44 mHz. During
night-time Pi pulsations were observed in both data sets with
coherence of 0.97 at 12.7 to 22.5 mHz. During the remainder
of the 24 hours coherence between the data sets were around
0 with peaks up to 0.17.

D. Coherence in H: SQUID and KMH, Before and After Refill

For coherence in the H axis (By, local magnetic north) two
days with observed pulsations are presented (Figs. 4 and 5),
which are oscillation free (1 day before and after refill).

Pulsations are observed in both KMH and SQUID data both on
2023-05-18 and 2023-07-03 with coherence about 0.62 to 0.93,
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between 11-46 mHz. The time-domain plot in Fig. 4 with
pulsation amplitudes of only ~0.1 nT shows the advantage of our
method. In the time domain one could not identify anthropoge-
nous noise from pulsations with certainty, especially given that
these levels are on the edge of the KMH fluxgate magnetometer
resolution, as opposed to the SQUID which has much higher
sensitivity.

E. Coherence in H: SQUID and KMH, 3 Days Before Refill

Coherence results in the H axis are shown for 2023-03-04 at
14:00-14:30 UTC; 3 days before refill. Although the 5 mHz
oscillations were still present, the amplitude is already low.
Fig. 6 shows the bandpassed time-domain data. The pulsations
recorded on the SQUID show excellent correlation with both
HBK and KMH (Fig. 7). The results, which show almost no
coherence at 5 mHz, indicated that this method could be feasible
for remaining days with 5 mHz oscillations present.

F: Coherence in H: SQUID and KMH, High 5 mHz
Oscillation

We are showing results for 2023-09-20 with clearly observed
pulsations as well as 5 mHz oscillations in the time domain
(Figs. 8 and 9). During the first 30 minutes the SQUID data
coincides with the KMH data, but during the last 30 minutes
the inherent 5 mHz SQUID temperature induced oscillations
are evident. The SQUID shows excellent correlation with both
HBK and KMH for pulsation frequencies, and with minimal
coherence at 5 mHz (theoretically it would be zero).

V. CONCLUSION

Coherence calculations between unshielded SQUID and flux-
gate data from magnetic observatories located 1000-1500 km
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away was shown as a useful tool to obtain information on
whether we are observing anthropogenous noise or actual geo-
magnetic signal. We are able to confirm Pc and Pi geomagnetic
pulsations both in the vertical and horizontal axes. Pulsations
even smaller than 0.1 nT in amplitude were successfully de-
tected, which would not be possible with a single observatory
fluxgate magnetometer.

In the H axis, where the more sensitive SQUID is installed,
the data is contaminated with its response to a 5 mHz thermal
oscillation in the LNy bath. Envisioned solutions to mitigate the
oscillations range from keeping the LNy dewar 100% full all
the time to keeping the system below atmospheric pressure to
stabilize the temperature well below the critical temperature of
the SQUIDs. Also, alternative dewars with extended holding
times may be available, but their thermo-acoustic properties
would need to be investigated. However, we have shown that
calculating the coherence is useful not only to suppress the
man-made noise, but also the SQUID thermal oscillations.

The data and solution presented indicate that an unshielded
HTS SQUID magnetometer could be generally useful as a space
weather instrument for detecting low-amplitude Pc and Pi pulsa-
tions. Given its high resolution, an improvement in forecasting
of geomagnetic storms should also be possible.
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Conclusions

The author presents selected topics of his resemrcthe field of precise, room-
temperature magnetometers (parallel and orthogtinagate), and a high-temperature-
superconductor quantum magnetometer (SQUID), wighetmphasis on their metrology and
geophysical applications. As the overall magnetematcuracy is given not only by its
precision —mainly governed by magnetometer noisg-also by the calibration uncertainty,
relevant publications on both of the topics arespneed.

After a brief discussion of the limitations of plehfluxgate magnetometers, it is shown
that the (ultra-) low-frequency noise of the ortbogl, fundamental-mode (OFM) fluxgate
magnetometer could be decreased below iZ/at 1 Hz, which brings a new state-of-the-
art and a prospect for its use in geophysical eagpln, possibly replacing search- coils and
even HTS SQUIDs (in the ultra-low-frequency range).

Metrological aspects of magnetometer calibratiorocpdures were covered, e.g.
establishing the real-world uncertainties of angekibrations, creating and maintaining a
precise magnetic zero and suppressing the efféetstoropogenous noise on the calibration
uncertainty. The latter topic is of increasing imtpace: the ever escalating man-made noise
at legacy metrological installations results inh@g uncertainties than anticipated. Several
procedures for compensation and/or suppressiomibir@ogenous noise were presented
with the aim to reduce the calibration uncertaibglow 100 ppm, even at a sub-urban
location.

The magnetometer noise at mHz frequencies is dleotad by its parasitic temperature
sensitivity (be it due to the magnetometer sensds@lectronics) - it was shown that this is
not only the case of the OFM fluxgate, but alsor@pprty of a HTS SQUID, where any
temperature oscillations in the cryostat (DewasK)acan result in significant parasitic signal
if the SQUID’s temperature sensitivity is high egbuFurther decreasing the OFM fluxgate
magnetometer temperature sensitivity, which is emity about one order of magnitude
greater than for a parallel fluxgate, is a curtepic. Also, another low-frequency effect was
discovered while investigating the temperature progs of the OFM fluxgate — an excess
offset drift due to uncompensated field changeschvis however different from perming
because of its reversibility — the underlying plegsiof this effect is still under active

research.
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