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Abstract— We present the development of a low-noise,
fundamental-mode, orthogonal fluxgate magnetometerwith
four amorphous, annealed ferromagnetic wires. The Hz noise
obtained in open-loop and closed-loop is as low &75 and
1.5 pTie/ ¥ Hz, respectively, with white noise level about
0.6 pT,ms/ ¥ Hz. This is to our knowledge the lowest figure
published for a fluxgate magnetometer so far. By usg the
annealed sensor cores, we also found the offsetftltb decrease
approx. 6-times to 2.5 nT/K. We compared the instrurant
performance to a low-noise observatory magnetometewhen
doing geomagnetic measurements and show that it felly
suitable for measurements at mHz frequencies, e.g.
magnetotellurics. The magnetometer performance enabs
room-temperature, unshielded magnetocardiography. Wh a
gradiometric arrangement of two sensors, we were &b to
perform a MCG measurement in ambient field and even
without averaging, the signal could be clearly redeed.
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I INTRODUCTION

Low-noise fluxgate magnetometers (with amplitudes@o
density below 10 pf4VHz) are mostly built as instruments
for measuring weak magnetic fields in the EartRefdfrange
(up to 50 pT). They are used at geomagnetic obseies
[1], for navigation and prospection [2], attitudermection
and scientific experiments in aerospace
magnetotellurics [4][5], non-destructive testing dan
evaluation [6], nanoparticle detection [7] and ithey
subjects, where vectorial response to magnetidsiiand a
room-temperature operation are required. Low-neesgsors
were used even for shielded magnetocardiograph@]{8]
Fig. 1 shows the requirements for these applicatioit is
evident that 1-pT performance would be benefit@dether
with the desired frequency range of about 1 mH@ Hz.

As for parallel-type fluxgates, the state-of-thet a
magnetometers exhibit noise level about 3-4,$THz at
1 Hz [9][11][12]. 1-pT noise was obtained with cses
correlation measurements and special sensor amemngen
[13], however the principle was not exploited amytter.
Design requirements to use such a low-noise sensan
observatory variometer were discussed recentl¢4h [
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The other branch of fluxgate sensors, the orthdgona
type, brings low-noise performance only with the
fundamental-mode operated fluxgates. They weredoted
by Sasada in 2001 [15] and since then the parasnbtare
continuously improved — the noise decreased framirttial
10 pT down to about 1.5-2 p\Hz for laboratory devices
[17]; with the help of core annealing, sub-pT noisas
reported recently [18].
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Fig. 1. Overview of applications of 1-pT level sensorsonir[16]

We have to state that the generally accepted disddge
of fundamental-mode fluxgates is their offset-drifabout
50 nT/K was shown in [17]. This was addressed presly
and solutions were implemented either in digitalaoalog
domain [19]-[21] — 0.7 nT stability within a 60 ¥@nge was
shown in [20]. However, we decided not to use anthese
techniques, because they tend to increase noise.

In this article, we show the peculiarities of emtied
such a low noise fluxgate sensor in a practicalmaggmneter
for real-world measurements out of the laboratofpe
achieved noise is actually so low, that we weree &l
perform a magnetocardiography experiment in amlifielot

This article is an extended version of the proaegsli
article [22] with additional details and results.
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II.  SENSORMANUFACTURING
For the fluxgate sensor core, we used Unitika 125AC

amorphous wires of 125 pum diameter, with chemical

composition (Ceos €y 08)72.55012.B1s

The sensor was manufactured in two versions: d&s-cas

and joule-annealed [18] - annealing and increading
effective cross-section improved the sensitivity d an
decreased the magnetic noise (our initial resnl{22] used
only as-cast, two-wire sensor). The amorphous vioes a
“II-shaped” circuit on a FR-4 printed circuit boarsee Fig.
2. In order to further decrease the noise, the FRatd with
the sensor core was embedded in silicone provittiagnal
damping [23]. The pick-up (also compensation) cais
wound with multiple layers on a ceramic tube, vagprox.

The electronics relies on a precise direct-digitaithesis
(DDS) waveform-generator chip AD 9106 and a precise
feedback-loop stabilized power stage. The eleateohiock
diagram is shown in Fig. 4 and its individual pasis
thoroughly described in [22].

In the following paragraphs, we will concentratesofew
critical points and changes in the design which tade
addressed during the transition to annealed, sukep$ors.

A. Parasitic coupling of the excitation signal

Because we did not use any push-pull techniquehior
excitation generator, our excitation is inherentiingle
ended, thus asymmetric with respect to ground.rgelaAC
common voltage (about 3.2,Y for annealed wires) is

1600 and 2000 turns for the as-cast and annealesl copresent along the excitation wires, with possildapding to

respectively. The core of the annealed sensor \ppso&
1 cm longer than of the as-cast one - see Fig.l®&nAuned
to the working frequency (cca 47 kHz), and with igaton

the wiring of the input coil. This is a disadvareagf first
harmonic fluxgates when compared to second harmonic
types, where the excitation and useful signal atean the

current of 100 mA p-p and 48 mA AC and DC value,same frequencies simplifying the wiring and balagciThis

respectively, the sensor sensitivity was aboutk\i0 .

As the fundamental-mode fluxgate operates at
relatively high excitation frequency, the sensoring is
critical and sensitive to capacitive pickup e.gnir lights
with electronic ballasts etc. We used subminiatt®€FE
insulated cable with two twisted-shielded pairs or f
excitation and pickup. Balancing and/or shieldinige t
common-mode were found to be critical in the insieat
design, as it will be shown later.

Uncsde pick-up CO?|-S s
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Fig. 2. Sensor structure — 2 ferromagnetic wires are settier a FR-4
printed-circuit-board, forming dT shape”, and inserted in a ceramic
cylinder (silicone filling not shown) with the piakp coil. The
excitation voltage kk.oc is connected to the ferromagnetic wires.

Fig. 3. Photo of manufactured sensors - both the two-weise;ast sensor
(top) and the 4-wire, annealed one (bottom) acsvah

A practical magnetometer should meet the noiserdigu
obtained in the laboratory. For the annealed ssndbe
laboratory results indicated about 0.7p/NHz at 1 Hz [18].

ELECTRONICSDESIGN

excitation-to-pickup coupling will in turn resulh ioffsets,
and their instability will manifest as low-frequgnigoise. To

"f’(eep the offsets in nT-range, we had to use commaae

chokes for decoupling the inputs and the excitationd we
had to use a fast differential amplifier built with6234 for
amplifying the input signal.

B. Capacitive coupling of ambient common-mode noise

The sensitivity of our annealed sensors is aboQt0T
at 47 kHz and 100 kHz for the annealed and asseasors,
respectively, which for 1 pT results in 200 nV wdefignal.
We have found that even when running on batteries,
carefully balancing our differential amplifier witprecise
resistors and using common mode chokes and twisted
shielded leads, it was finally necessary to shikekl sensor
with an aluminium foil to obtain 1 pfJVHz and better
performance. By wrapping the sensor in a thin cotide
foil, we were able to suppress most of the capeciti
(common-mode) coupling of unwanted signal to the
differential amplifier via the sensor wiring - Figh
demonstrates the solution.
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Fig. 4. Block diagram of the magnetometer electronics.mylsi channel
is shown, the excitation stage is common for alkses in series.
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Fig. 5. Detail of the frontend circuitry with sensor wrapped b'
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We verified thisproblem by observing thdifferential
amplifier output — TP_A test point ifig. £ - with the
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excitation switched offi.e. the sensor ¢ed as an antenna Fig. 7. Demodulated EMI immagnetic units (excitation o in and out of

only and we were observing only tafect of EMI couplin.
Theoretically, with perfect differential amplifiend infinite
commonmode rejection, we would not observe any sit
when in themagnetic shield. However, as seenFig. 6,
connecting the Al foil shield to instrument gror was
necessary to reduce the amplified EMI even in tieldinc.

In Fig. 7, we see the noise spectra when such a par
signal is demodulated by theynchronous detector of o
magnetometer again we see that connecting the Al
shield to theinstrument ground is beneficial. Moreer, we
could verify that the majority of unwantenoise is due to
capacitive coupling with the sensor in the magnetic shie
the actual noise signal increased because of thallitO
shield plates. Any induced EMI by magnetic couphnguld
be eliminated in the shiel@hus, for any further operatio
we decided to use the aluminium shielding foilcsifit does
not introduce any significant bandwidth restricti@nd
provides efficient shielding from capacitively céegh EMI.
Also, an alternative excitation frequerslyould be chosen
areas with high EMI. Because of the switching syanbus
detector which behaves as a comb filter on-harmonics of
the switching frequency, not only the first buta the 3
harmonic should stay out of local EN#e¢ Fig. 6).
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Fig. 6. Spectrum of EMI at the piclp coil (after ampfication) -
excitation is off, sensor sn EMI antenna on. (TP A of Fig. 5)

the magnetic shield (In/OutM-~ TP-B of Fig. 5. Various grounding
configurations shown ro grountor mag. shield or Al foil were
grounded. The 0.7 pT lim the magnetometer performance.

C. Closed loop operation

Originaly, for closing the feedback loop, we us
OPA2335 amplifier as aimtegrato [22]. The choice of this
particular amplifier was uortunate because of its high
voltage noisedespite its excellent DC properi and low
bias current. Thisbroadbandnoise was actually coupled
through the pickup/compensation coil itself: theil
constant is about 26 nTAL With a 1kQ resistor in the
feedback loop and anticipated amplification of theor
signal G = 1, the 68V white amplifier noise results

(60 nV/10009) x (26 nT/pA) = 1.6 pT 1)

By replacing the ommp with another type (LTC20Et
with 5x lower noise, wevould beable to obtain a theoretical
noise floor of 0.3pT. Howeve, as shown later for annealed
sensors, this noise limit a feedback loowas not met and it
is undestood to occur due to imbalance of the -up coil
with respect to groundwhich happens whe closing the
singleended feedback loop, thus decreasing the achie
CMRR.

D. Output signal digitizer
The output of the magnetomelis analog with +2.5V

range corresponding to £ 1 in open-loop (with annealed
sensor), or = 2R T in closed loop (witlas-cast sensor).

For the geomagnetic measurements, we 1a 24-26 bit
DAQ module type “ADUSB2¢" manufactured by Janascard
[24] for data conversion and acquisit. This module uses a
custom duaklope integrating anal-to-digital converter and
is galvanically isolated from the USB b Moreover, it
employs a unique inputchoppin¢’ function to avoid the
influence of parasitic thermoelectric voltages
uncorrelated noise [25].The integrating time ;t; and USB
latency limits the bandwidth of the digitized sig for 80-
ms integration time and ample chopping, our bandwidth
was about 2 Hz (22fs sampling time When using gain of
102x (approx. 100 nfange), the equivalen-Hz noise was
about 50 fT#Hz, whereasdr gain of x (full magnetometer
range of £2.5V), the noise was 0.7 .nJVHz - see Fig. 8. It
can be also seen that without chopping, the-frequency
noise increases even with4320ms.
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Fig. 8. Equivalent noise of AD-USB24, shown for differemtigs (2% and
102x), 80ms and 320ms integration with and withehatpping. F. Offset driftswith temperature

For MCG measurements, where the required bandwidth Temperature drift of magnetometer offset was eistax
is higher (about 20 Hz), the outputs of the tworcteds of  in @ non-magnetic, unshielded chamber, where thsose
the magnetometer were digitized using a NI PXle48ata head was placed in the E-W direction and tempezatwept
acquisition card connected to a regular desktop RGs  between room temperature and 33 °C. Because theveiols
digitizer features simultaneous 24-bit analog-witdl  drift was much larger than the change in Eartielsl fduring

converters and a maximum sampling frequency of E&i2 the measurement, unshielded measurement was snffici

E. Thefinished instrument and its noise performance ® ‘ ‘ ——annealed

The magnetometer in its improved second version as or ——ascast |
compared to [22] is powered by either an extermalgy-
supply or 12V rechargeable battery. Fig. 9 depitis
magnetometer box open to show the electronic board.
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The 1-Hz noise of the magnetometer with as-castiasn
was measured in a 6-layer shield and was about
1.5 pTrmE/\/Hz [22]. Noise with the annealed sensors was 125 i
then measured in a three-layer Permalloy shieldiramber 20 2 30 35
at SANSA Space Science; the shielding factor ofiatk600 Fig. 11.Offset drift measured in a non-magnetic thermodthtex (sensor
was enough thanks to the low ambient field noideclvis head was heated) for the annealed and as-castsenso
below 100 mesl\/Hz even in a laboratory.

-100 -

temperature [°C]

] ] ) The offset temperature coefficient was establishea local
Fig. 10 shows the noise performance with an andealeyerivative of the offset temperature dependencisee-Fig.
;igsorl' as melasure% W'th.the Jang;ﬁHDAQlaﬁmq)fﬁa 11. For the annealed sensor it was as appt@% nT/K
x. In open-loop, the noise was 0. z at 1 Hz wit L . ’
; : which is better thar-15 nT/K with an as-cast sensor, and
approx. 0.6 pT noise floor. In closed loop, the A-hbise better than 50 nT/K reported previously [20]
deteriorated to 1.5 pf/VHz , however at 100 mHz it is P P y 1€U].

2.5 pTmdVHz , which is the same as in open-loop. The DAQ |y GEOMAGNETIC MEASUREMENTS ATSANSA SPACE
noise was negligible on this range (tens of,fHz ). SCIENCE

A. Theinstruments 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 (LH) DC SQUID system, in collaboration
with  Stellenbosch University and LSBB in Rustrel,
Provence, France [26]. Currently, two axes (hotiaband
vertical) are running and the SQUID is measuring
geomagnetic field variations [27].

However, as shown previously in our proceedingslart
[22], the SQUID noise was found to be much highemt
Fig. 9. Magnetometer box shown open. Single printed-citoo&rd with anticipated, Even though zero-field cooling and EMI

the electronics provides all functions as of Fig.4. enhancement techniques were utilized, we were biet ta
reach the manufacturer noise of 0.3,V Hz at 1 Hz; it
was actually about 6 and 20,pJ v Hz in X-axis and Z-axis,
respectively (Z-axis is more noisy due to locatatibances).

For the purpose of a low-noise geomagnetic compayris
we are thus comparing our measurements only thEhdl-



025 observatory magnetometemanufactured by th
Institute for Space Research in LyviWkraine, with a
samplingfrequency of 1 Hz and resolution of pT. The
claimed noise level is <10 p/VHz and 3 p mdVHz at 0.1
and 1 Hz, respectively, whicls the stat-of-the-art in this
field [14][28].

B. Comparison methodology

The general difficultywhen comparin two vectorial
measurementss their alignment. However, for a long
record of geomagnetic field, diurnal variations anagnetic
field fluctuations can be used to mutually aligne
instruments. The disadvantage wfimerical alignment is
however propagation of noise from any noisy axisthe
other axes. In the case of geomagnetic measuremséttit
anthropogenous noise, the noisiest axis is thdcad one.
Thus, numerical “tilting” of the coordinatesand noise
computation should be avoideslg. by precisely leveling tt
sensor. Nmerical rotation in the horizontiplane will not
deteriorate the results in terms of noisiece the local nois
in E-W and N-S axes is approximatelg thame

For this comparison, we usediagle sensomounted on
the Askania circle in the “quiet” hdbcated approx. £m
away from the next building and 180 away from the mai
building area. The magnetometer waswered by batterie
and the USB DAQ unit wasonnected ta battery-operated
laptop PC, approx. 5-m away, see Fig.

The horizontal sensor was rotated to t-W direction,
where the noise at SANSA is lowest. Also, we camthke!
the gain of our DAQ to 102x (range about + 70 rolpbtain
the noise floor as low as possibM/e thus rotated it t
coincide with the magnetic ®¢ direction (~0 nT), since tr
component in the geographic V- direction is abou
—4700nT in Hermanus. The approximate vertical alignn
was done with the help of spirit levels.

Fig. 12.Sersor placement in the “quiet” hut. The lap-PC with the USB
DAQ logger are a& distance of m.

In order to numerically aligrthe axis of the of -pT
magnetometer to LEMI-025, theolfowing optimization
problem has been solved:

B25x
Bg = [sin(B) cos(@) sin(8) sin(p) cos(8)] [Bzsy Q)
BZSZ
Br — Bipx — O1px(1 + T4 * t) = min (2)

B,s is the magnetic flux densil(x, y andz components)
as measured with LEMD25, By is the rotated horizontal
(EW) field vector componenBis the x-axis component
as measured with thedF instrumer, O, is its initial offset
and . is the offset temperature coefficient in this . In
addition to our initial results i[22], we also added the tilting
angle 0, because the sensor was not perfectly horiz:
However, for the reasons described above, for 1
calculations, we assumed the tilting angle tc6=0 not to
introduce any noise from the noisy vertical compuriato
the comparison.

As wesee in Eq. 2, because we were able to measure
the temperature of the sensor head without disturbire
magnetic field,we decided to estimate that the offset ¢
within a 3-hour recordingvindow is linear, and we fitted on
the sample time rather than tempere. The fitted
coefficientr was about 0.pT/s.
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Fig. 13.Alignment of LEMI-025 and -pT fluxgate E-W axis sensor. LEMI
data offset by 0.5 nT for clari{{1 7/09/2018.

The optimizatiorproblem was solved in MATLAB witl
fminsearch functionand the resulting alignment is shown
Fig. 13 From that result we can conclude that even whe
sensor drifts in its offset inherently, we can cemgate for i
and use it even for ult-low frequency (mHz)
measurements.

C. Geomagnetic measurement - as-cast sensor

The results of geomagnetic measurements with t-
cast sensor are shown kig. 1< (night-time data was used
because of thanthropogenous noise during the day). T-
pT sensor was placed in the “quiet I as in Fig. 12. From
the comparison withsimultaneously obtained observat
magnetometer data, we séleat the LEM-025 noise is
limited by about 6 p,J\VHz for frequencies above3 Hz.
This can be either due toethinstrument noise itself, or |
higher field noise at the LEMI25 position - its “instrument
bunker” is about 100-m fromather buildings which might
generate local noisd-or lower frequencies, measurem
with both instruments results in the same nc(about
15 pTmdVHz @ 100 mHz).
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Fig. 14.Geomagnetic field noise spectra as measured with afrcast measurement. Gradiometric base was 12 cm.
sensor and LEMI-025 (17/09/2018). At 1Hz, 2@WNHz was .
obtained. LEMI-025 noise limit [14] is shown withosses. The magnetometer was located at 1.5 m distance and

powered by batteries. The magnetometer outputs were
connected to the NI PXle-4303 data acquisition nediy
2-m long coaxial cables. In order to minimize tlwse due

We repeated the geomagnetic measurements once maeethe digitizer range and noise, we selected tBel &/ input
with an annealed sensor to verify the possibilitfsub) pT  range which corresponds to + 450 nT. For this neasioe
geomagnetic measurements. The measurement was dasensors were placed in E-W direction in front & tubject.
between 12 pm and 4 am in the same quiet locasiom part  Following the digitization of the magnetometer auitgat
C and the same methodology was used to verify et 1 kHz sampling rate, we applied a 30 Hz digital Ipass
geomagnetic measurement was comparable to LEMI-025. filter, which is enough for the signal of a humasahbeat
affmd removes 50 Hz effectively. The signals of both

density as measured by the magnetometer with aeateth magnetometer channels (sensors) are _shown in_ Fighé
sensor - we can see that in a low-noise locattds,&ctually t(;p rt]racr? corresl%onds to r:hebsensor A (i.e. thecsan fg)bnt
possible to obtain 1 pf/VHz at 1 Hz, which is an of the heart), whereas the bottom trace corresptmdbe

interesting result e.g. for magnetotelluric applmas. reference sensor B.

D. 1-pT geomagnetic measurement - annealed sensor

Fig. 15 shows the geomagnetic field noise spectr
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Fig. 15. Night-time (04/08/2019, 02-03 AM) geomagnetic mgament € _4e-11 : : : :
with the 1-pT magnetometer and an annealed senstmyment noise Se-11 ; ; ; ;
floor also shown, using the same data as of Fig. 10 0 2 4 6 8 10
timel[s]
Fig. 17.Top: signal recorded by channel A (in front of theart). Bottom:
V. MAGNETOCARDIOGRAPHYEXPERIMENT signal recorded by channel B.

In order to perform measurements of the magnetid fi

of a human heart, we placed two magnetometer seesoa As we can see, both signals share a common variatio

marble plate located on top of a non-magnetic pillthe  magnetic field corresponding to the noise in therenment

measurements took place at the Budkov geomagnetighere the measurements took place. In additiomat the

observatory of the Academy of Sciences of the Czechirst sensor shows also the peaks correspondititetbieart's

Republic, in South Bohemia. The two sensors wenanged  magnetic field, which are missing in the signal seed by

as a transverse, ¢#d, gradiometer (withx denoting the he second sensor.

sensor axis), thg-distance - or gradiometric base - was 12

cm (Fig. 16). The first sensor was located at thestlevel When the signals from the two sensors are subttatite

and approximate heart position of the subject yre&nding  common variation of the magnetic field due to eonimental

in front of it, whereas the second sensor was ¢actdwards noise is suppressed and the MCG signal is eveptuall

the left side. Chest to sensor tip distance wastabto 5 cm.  revealed. In order to be sure that the peaks ohetagfield
corresponded to the heartbeat, we simultaneousjyirzcl
ECG on the third channel of the data acquisitiomuf®, just
by connecting two copper plates to the test sulbjantls. As



we can see in Fig. 18, the MCG signal obtainedféereince
of the two channels A and B corresponds to the Eig@al.
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Fig. 18.Top: MCG signal obtained subtracting the recordgdads shown
in Fig. 17. Bottom: ECG used a validation referetmweonfirm the
heart origin of the MCG signal.

It must be noted that the MCG signal shown in BEg.
has been obtained without applying averaging, aosgd to
other systems which rely on it in order to reduoe hoise.
We should also note that the subject was not sédorany
support, and therefore was free to move. Despitebibst
effort to be stable, his position oscillated ab®&em. In order
to avoid the chest to touch the sensor we had ftireréo
keep the sensors about 4 to 5 cm from the chettteofest
subject. This made the signal from the heart jbosus 20 -

25 pT peak, when typically it can reach even 100 pT 1(;0

Therefore, with a better arrangement, we expecsityeal-
to-noise ratio to increase by a factor of fourite f

The signal-to-noise ratio is commonly improved by

averaging at the cost of losing the dynamic infdromain a
single-beat cycle. For instance, Fig. 19 shows ak pef
MCG signal obtained by averaging 30 peaks recobyealur
fluxgate gradiometer, without use of any synchratian by
ECG (the peaks are large enough to allow easy titwiesnd
selection for averaging). We can identify not ottlg main
peak but also the negative peak, which reache$.-7 p

The efficiency of the gradiometer arrangement
suppress the environmental noise is illustratdéign 20. The
graph shows the spectral density of the fluxgatguds
without the MCG signal (the test subject was naspnt
while the sensors were kept in the same arrangénigoth
sensors show noise components, which are removtgbin

difference. Notably the spikes above 10 Hz are very

efficiently suppressed. Unfortunately, however, $pike at
7.1 Hz is almost not affected by gradiometric ageament.

We believe it originated from magnetic field gradie
signature of the electronic circuits (for instatice fan of the
PXI frame) or from local EMI which coupled in a fdifent

way to both sensors.

30

magnetic field [pT]
= N
o =}

o

-10

300 400 500

time [ms]

0 100 200 600

Fig. 19. MCG signal obtained when avearaging 30 peaks.

This was confirmed by the cross-spectral analygrisen
trace in Fig. 20) which suppresses the signalistptirticular
frequency. Better arrangement of the instrumemxjsected
to improve the rejection of this signal.

= T
10 ——channel A ASD

——channel B ASD
cross-ASD
—difference ASD

[N/ HZ]

rms

10712 ¢
14pT _IVHz

noise ASD [T

10718 :
10"
frequency [Hz]

Fig. 20.— Noise ASD spectra of both individual channels ahéir
difference (sensor arrangement as of Fig. 16). ,Alse cross-power
spectrum is shown (in amplitude units) indicatifatt most the
observed noise is correlated, i.e. homogenous.

The noise density of the difference of the two ctes is
about 1.4 pf.dVHz at 1 Hz, which is slightly higher than the
noise of the individual channels multiplied by?2
(1.41x0.75 pF.dVHz, see Fig. 10) - we assume uncorrelated
noise in both channels. This indicates that themgsion of
the noise obtained by gradiometric configurationd an
numerical subtraction is not yet perfect, probdiggause of
non-perfect alignment and calibration of the twoh@s. This
might pose a problem in environments where thecssuof
local noise are larger and exhibit larger gradient.

VI. CONCLUSIONS

We have described the design of a portable
magnetometer, based on a fundamental-mode, ortabgon
fluxgate sensor, where 0.6 pJ white noise and 0.75 ps
noise density at 1 Hz can be achieved with an dedea
sensor. This is to our knowledge so far the lowestlished
noise of a room-temperature vector magnetometer.

Even when considering the inherent sensor offsétafr
—-2.5 nT/K for the annealed sensor, the magnetonceteibe
utilized in a range of applications including biatel
measurements, where the frequency range of 10 mi25 t
Hz is sufficient. We have also shown later thatdfiset drift
can be successfully numerically compensated witlelp of



an additional stable magnetometer, allowing evem fol2]
geomagnetic measurements at much lower frequencies.

We have tested the instrument side-by-side to ta-sfa
the-art observatory magnetometer LEMI-025 and estifts
low-noise performance during geomagnetic measurtmen
A comparison to HTS SQUID was also done, however ir?4
this case the SQUID exhibited high noise in thexica ]

(3]

We have successfully demonstrated applicabilitthef  [5]
instrument in a room-temperature, unshielded
magnetocardiography, where even without averaghey t -

MCG signal is clearly discernible. After the initisMCG
experiment with  search-coils [29] 56-years ago,
magnetocardiography measurements were mostly tinige
shielded rooms with SQUID magnetometers [30], bseau [7]
until now, the fluxgate magnetometers did not aghiroise
figures better than few pJ/VHz at 1 Hz. Recently,
optically-pumped magnetometers (OPM) have been fosed [8]
MCG with noise figures about 50-300 £JVHz at 1 Hz
[31]. Despite the noise of our fluxgate magnetometédl
being higher than that of OPM devices, we beliene i

broadening the MCG usability not only by avoidinget [g]
necessity for cryogenic operation and expensive neiig
shields, but also by providing a simple and affotdasensor
and electronics. However, when judging our MCG ltssu 110}

noisier environment than of the magnetic obseryatas to
be expected in reality and the common-mode rejectio
should be further improved. One possibility woutddiding

a (noisy, cheap) triaxial magnetometer close-by. [11]

As the HTS SQUID sensors currently available state
0.2-0.6 pTmdVHz at 1Hz [32], it is evident that the [12]
presented instrument meets HTS SQUID performance at
least in terms of low-frequency noise. The future[;3
improvement of the 1-pT fluxgate magnetometer iedts
electronics where the closed-loop performance shdd
improved. Also, as we have shown, by further imprgv
input stage common-mode rejection, with better Idmg
and differential amplification, we should be abdeftirther
decrease at least the noise of the electroniasotifof the
complete magnetometer.

(14]
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