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Abstract. We have further lowered the white noise of anagtinal fluxgate to about 0.3 piHz @ 8 Hz. So far, this is
the lowest noise reported for a fluxgate magneteméthe noise reduction was achieved by introduariddFET input
stage, embedded directly to the sensor head, aigp¥ar high common-mode rejection and negligiblading of the
resonant circuit. The origin of the noise was itigedged by correlation measurements and we condltiui, at least in
the white noise region, we observe the magnetisenof the sensor, with about 0.1 gfiz white noise contribution by
the electronics. We were finally able to obtain ssennoise floor below 1 p¥Hz @ 1Hz also in a feedback-
compensated closed-loop. Closed-loop operatiorwallfor higher magnetometer stability and operatiorEarth’s
magnetic field without deteriorating its noise penance.

INTRODUCTION

The orthogonal fluxgate sensors based on magnétiowires, when operated in fundamental mode wit D
bias?, show perspective for sub pT-level vectorial mdigngensors at room-temperature. However, decrgabim
magnetic noise values close or below 1 pT putsgtdemands not only on manufacturing the sérisbut also on
the performance of its conditioning electronics.f&g the lowest noise was achieved using fluxgaités I1-shaped
magnetic core made from amorphous wifesSpecifically, we used a sensor head with fourri€b-AC20
Unitika™ wires with 120 um diameter - see Fig. 1a. The svirave been annealed for 6 minutes by Joule heating
with a 2 second polarity switthThe process of annealing is necessary to incréseseircular anisotropy, which
leads to lower energy of the minor loops for a giexcitation current. The effect of annealing soalisible in the
MOKE images we have obtained with a Kerr Microsca® KerrLab software (evico-magnetics, Dresden,
Germany) - see Fig 1b. The as-cast (C) and annéAledires were fed by the same current with twéfedent
values - 0.2 and 2 mA. While the as cast wire ils @mposed of multiple bamboo-like domains witlet2-mA
excitation, the annealed wire already exhibitsalsi, large domain which flips polarity betweengsédwo levels.

The optimization of the wire core however pusheg diesign of our magnetometer to its limits. Regentie
were able to achieve about 0.8 giz noise density at 1 Hz and 0.8 gfiz noise floor with an open-loop operated
magnetometér The electronic unit consisted of a multichann®3) a stable current source for magnetic wire
excitatiorf and two independent pickup preamplifiers and dartaidrs - see Fig. 1c. The limiting factor in terofs
noise was found as the pickup coil preamplifier #melrejection of excitation feed-through and othbfil signals.
Also, we experienced an increase of the noiseS@IAHz when operated in the feedback loop.

If we want to achieve further noise reduction, vaewdd then reduce the noise of the input stage l{erp
which is a crucial component of the magnetometethis paper we address this noise and we propasgaircuit
which reduces the noise by removing the loadintpefpick-up coil.
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Fig. 1. a) The orthogonal fluxgate sensor head:sire. Reproduced with permission from IEEE Trans. INgas 69,
2552 (2020). Copyright 2020 IEEE. b) Superimposgbtogy and MOKE image of microwire magnetic donsadm as-cast and
Joule annealed wire. ¢) Simplified magnetometeaudiblock diagram.

IDENTIFYING THE LIMITATIONS

We have investigated the limitations of our initisigri®. Here, a simple difference amplifier with LT623g-0
amp was used — the equation for its equivalentigeltnoise &; is following:

@
eout = V2(i,Ry)? + (e,(NG + 1))2 + 8KT(R, + R, » NG2)),
)
NG = i
2-R1+Z¢

The gain of 30 was set with two feedback resiskirs 1 kK2 and R = 30 K2, the opamp input voltage noise
density was g = 2 nVAHz and its current noise wass 0.8 pANHz. In addition, we need to take into the account
the effect of coil impedance, At resonance on the noise-gain NG of the ampiifidtq. 2. Taking into account all
noise contributions of Eq. 1, the resulting noiggi®equal to 240 n\WHz or 8 nVAHz when referred to input.

Moreover, the low input resistance of the differ@hamplifier (~2 K2) dampens the pickup resonant circuit
(about 5 K equivalent LC tank impedance &t 40 kHz), resulting in lowering magnetometersivity approx. to
Y. The noise contribution of a switching-type delmator adds another 12 Mtz RTI (measured with its input
shorted). All these noise sources combined togetteate a hardware noise limit of 14.4 ’Mz. If we know the
sensor sensitivity (before amplification) - abo@tk¥//T - we end up with approx. 0.65 pfHz white noise, which
was the noise limit presenfedowever, having the noise of the electronichatsame level of the total noise of the
magnetometer does not allow to reveal the actuakraf the sensor, and this is the ultimate limiteduce the total
noise.

CIRCUITRY IMPROVEMENTS

In order to reduce the capacitively-coupled exiwtafeed-through, at the cost of lower sensitivitye have
decreased the pick-up coil number of turns from2@Blayers) to approximately 1000 (2-layers). Télso allowed
to decrease the pickup coil impedance from(5tk 2 K. We could also use higher gain in the input stiage
minimize noise contribution of following stages faedulator and acquisition circuits).
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J-FET Input Stage

In order to avoid loading of the resonant circuidahus maximize the sensitivity, we have addedrR&T
differential amplifier stage before the differenamplifier (Fig. 2). This stage consists of a lows®oLSK389
matched transistor pair with 1.9 mHz white input voltage noise density and negligitsiput current noise. The
gain of the J-FET pre-amplifier stage was set tad it is followed by a differential to single-ettireceiver with
gain 1. The JFET preamplifier is built on a PCBetbgr with the sensor, in order to obtain high cammmode-
rejection ratio and avoid long cabling with highgetdance signals Fig. 2.).
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Fig. 2. Simplified schematics of pickup coil inmiage (top) and a photo of finished board including independent input
channels (bottom) connected directly to sensor.head

Since the J-FET amplifier does not load the LC tawk observe a significant sensitivity increaseths
resonance frequency — see Fig. 3a. The magnetos@tsitivity with the same excitation paramete&ri¥A AC at
44 kHz) is five times higher than with the simpié dp-amp - 30-35 kV/T. Higher sensitivity leads an expected
decrease of the measurable sensor noise floorhvdrizpped from 0.6 p¥Hz to 0.15 pTWHz - Fig. 3b. More
importantly, we achieved a noise reduction alsthin1/f region; the noise density at 1 Hz measworethe sensor
dropped from 1 pWHz to 0.7 pTHHz. We can alsoee the effect of increased CMRR and noise suppmessy
having the preamplifier stage close to the sensiwe spikes seen with the previous design compléishppeared.
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Fig. 3. a) Comparison of magnetometer sensitiviégfiency dependence using simple diff-amp (dasdredian improved JFET
amplifier stage (solid). b) Magnetic noise spectiensity measured in a 6-layer Mu-metal shield.

INVESTIGATING THE NOISE ORIGIN

To further distinguish the noise of the electronfecsm the noise of the sensor, we have utilizedhbot
magnetometer input channels and two sensors foelatipn measurements. We have measured the gressism
density using only one sensor connected to twopeaddent inputs and acquisition channels in pardlefer, we
measured with two individual sensor heads, plaeaeral centimeters apart, pointing to the samectine and
again connected to independent inputs, but shaximgmon excitation current. The measurements showthis
chapter were done in a 6-layer Mu-metal shield, thiedsensors were operated in open loop modertonglie the
possibility of feedback compensation cross-talk.

Assuming no correlation in the amplifier stagestioé input channels, the possible remaining origifis
correlation are:

e Common excitation current nofse

« Demodulators reference jitter correlation (refeeeiscdriven from single four-channel DDS IC)
«  Shielding remanence noise (which is however inaiige)

« Magnetic field noise (residual noise in the shietddue to finite shielding factor)

«  Magnetic coupling of closely placed sensbrs

* Noisy feed-through signal (by capacitive and trarnsfer coupling from excitation)
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a) Single sensor head b) Two independent sensor heads
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Fig. 4. Noise density of simultaneously measure@pendent input channels CH1 and CH2. DIFF is CH2-@ifference and
CROSS is their cross-spectrum density. a) Corpelatieasurement of single sensor head connectegdtoriput channels.
b) Correlation measurement of independent sensatshe@ith common excitation.

From the theory, the DIFF (noise density of timepdin difference of CH1 and CH2) values in Fig. Howd
either increase for uncorrelated noise signals @kt CH2 by a factor of2, or for correlated signals it should drop
down to the noise floor limit of the acquisitionimarly, the CROSS (cross-spectrum density) vadheuld drop
for uncorrelated noise sources and should not ahéorgcorrelated signals.

From the cross-spectrum measurement on a singgmiseannected to two independent channels (Fig.wia)
conclude that the observed noise is fully correlaigo change of CROSS density and DIFF density 9itop
150 fTAHz floor.

The correlation measurement of two independentosdreads placed side by side about 5 cm apart Figedb
— gives evidence that the measured noise limituly ta property of the given sensors, as the naiséigher
frequencies is not correlated (DIFF increases, CRO®ps). On the opposite, the noise in 1/f sedbielow 1 Hz
seems to be correlated, most likely because ittisadly the Earth’s magnetic field noise not suéitly attenuated
by the Mu-metal magnetic shielding. To use the semsor heads as a gradiometer, also a properzastaii
(sensors axes numerical alignment) would be nepessa

CLOSING THE LOOP

Feedback loop operation of a magnetometer is adgantis not only for increasing the measurementrang
also for decreasing the effects of gain instabiltsh time and temperature. In order to close #edback loop, we
added a V/I converter with ADA4004-1 to our seniBead electronic; the V/I converter is driven byitfiedential
receiver-amplifier. In this manner, we could destge integrator (feedback I-controller) circuit aspart of the
remote electronic box and still achieve large sepgion of noise even with long cabling to the sehsad. Rather
than using the pick-up coil also for the generatibthe compensating field, we decided to add asp feedback
coil (1-layer, 500 turns) on top of the pick-up Icdihus, we did not create any additional commordendy
asymmetrical loading the pick-up.

Ideally, our feedback range would be =50 uT ineorth cover the Earth’s magnetic field. When redaied
with the estimated feedback coil constant (abo8t |18/ T) and the supply voltage available (2.5 feedback
current sense resistor would be 8)Gnaximum. We also used 10Qkand 4.7 K, which however limited the
feedback range to +25 uT and +4 uT, respectivalyrder to show the effect of V/I opamp noise om tbedback
noise-field generated in the compensating coil.

Fig. 5a depicts an open-loop measurement, whetea$eedback V/I converter input has been shorteds t
effectively only generating magnetic noise by teedback coil. We can see that the noise increagbdive 500R
resistor when compared to the lower range with #k@. 5b shows the closed-loop noise, i.e. with ¢henplete
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feedback loop running. Also, in this case, the lstwgoise is with the lowest range. The peaks detec to the
power grid frequency 50 Hz and its 1/3 subharmanréated by the powertrain of a nearby tramway line.
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Fig. 5. Trade-off between achievable feedback ramgeoutput noise density. a) The effect of feelBAt converter sense
resistor selection on the open loop noise. b) Tleetkof resistor selection on closed-loop noisepeeters.

CONCLUSIONS

We have managed to further lower the white noise aofmicrowire based magnetometer below
0.3 pTNHz @ 8 Hz by optimizing the preamplifier stage amegrating the circuitry and sensor on one PCBrdhoa
So far, this is the lowest noise reported for aghte magnetometer. By investigating cross-spentedsurements
with multiple sensors / electronic channels, weehserified that the noise of 0.7 pfHz @ 1 Hz is the sensor
magnetic noise. Closed-loop operation was alsonoptid and it finally allowed for sub-pT measurensemt
compensated feedback loop even for full-field magmetry.
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