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Abstract 

This habilitation thesis is a commented collection of author’s post-doctoral publications 

on the topic of improving the precision (and accuracy) of magnetometers in the geomagnetic 

field range with their prospective use in geophysics and exploration, and their metrology. 

The author focused on room-temperature magnetometers (parallel and orthogonal fluxgate) 

and a high-temperature-superconductor quantum magnetometer (SQUID). The author’s 

research is presented and organized in two fundamental branches: establishing and 

improving magnetometer precision and accuracy, and its application and performance in 

geophysical observations. The first topic is addressed by research in establishing and 

improving magnetometer parameters, such as their (ultra-) low-frequency noise and offset, 

and by researching magnetometer calibration methods which can compensate for the effects 

of anthropogenous noise. The second topic deals with applications of such precise and 

accurate, i.e. low-noise and well calibrated magnetometers in geophysics – the developed 

orthogonal fluxgate magnetometer is shown to have a perspective of replacing search-coils 

and even SQUIDs for geophysical exploration due to its noise below 1 pT/√Hz at 1 Hz.  
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Glossary of symbols and abbreviations 

Symbol Description 
Unit 
 

 
B Magnetic flux density vector T 
F Total value of B (B scalar magnitude) T 
Φ0 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/magnetometer)  
CMI Czech Metrology Institute  
ASCR Academy of Sciences of the Czech Republic  
DUT Device under test (calibrated device)  
VGHMUr Office of Military Geography and Hydrometeorology  
PTB Physikalisch-Technische Bundesanstalt  
INTERMAGNET International Real-time Magnetic Observatory Network  
SANSA South African National Space Agency  
PPM Proton-precession magnetometer  
ULF Ultra-Low-Frequency (<< 1 Hz)  
OVM Overhauser magnetometer  



 

- 1 - 

Introduction 

Magnetometers are instruments used to measure an estimate of the magnetic flux density 

vector B and are used in a variety of scientific and socio-economic applications. In this 

thesis, the author presents his post-dissertation [Q1] contribution to the research of highly 

accurate −i.e. precise and well-calibrated [1]− vectorial magnetometers of fluxgate and also 

SQUID type. Two topics are addressed:  

1. research in improving magnetometer resolution and accuracy by improving their noise 

parameters and calibrations, respectively, and 

2. their subsequent application in precise geophysical observations.  

The need for a precise and accurate, i.e. a low-noise and calibrated magnetometer is 

mostly stressed in metrology applications, this can be the magnetometer itself as a part of 

magnetic flux density standard, traceable [2] magnetic calibrating system [3]-[8] or an 

auxiliary device used to calibrate magnetic instruments. For example, a nulling 

magnetometer is used for indirect calibrations of coils or coil systems with respect to a 

secondary magnetic flux density standard, typically established as a wire-wound solenoid 

with high homogeneity [9][10]. It is required to be of high precision (low noise) with low 

short-term (temperature) drift of its offset; but the gain calibration is not important since the 

desired value is near zero. On the other hand, a fluxgate magnetometer used as a reference 

for a coil system [3]-[6] needs all of its nine parameters calibrated; magnetometer 

calibration, together with its stability and noise adds to the calibrating coil system accuracy.  

Lowering the magnetometer noise is not an easy and straightforward task. The author 

focused on fluxgate magnetometer technology where he presents research in reducing the 

noise of a parallel and orthogonal [11] fluxgate – see Chapter 2.1. There are other low-noise, 

room-temperature, vectorial sensors than fluxgate [11], however with larger low-frequency 

noise. The most sensitive of magneto-resistive sensors –the HMC 1001 AMR– is limited to 

about 100 pT/√Hz at 1 Hz [12], even with a “set-reset” modulation / demodulation technique 

[13]. A room-temperature quantum magnetometer utilizing diamond nitrogen-vacancy center 

[14] shows promising results in measurements requiring high spatial resolution, however 

even the recent laboratory results show about 10 pT/√Hz noise amplitude spectral density 

(ASD) at 1 Hz. Vectorial, optically-pumped magnetometers have a limited field range (~tens 

of nT) suitable for biomagnetic measurements in shielded rooms [15]; for fields in the 

micro-tesla range (i.e. geomagnetic measurements), field-nulling has to employed. Another 
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approach is utilizing a rotating field around a scalar sensor with wider range, using field 

modulation and demodulation in the three axes [16]. In both of these techniques, the overall 

magnetometer performance is dominated by the noise limits of room-temperature 

semiconductors, and yield in units of pT ASD at 1 Hz [17], hindering the actual fT-level 

performance.As the 1/f noise level in a parallel, second harmonic fluxgate, reaches about 

2.5 pT/√Hz at 1 Hz, it is increasingly difficult to reduce it further by means of magnetic 

material annealing and sensor design [18]. Only a few articles regarding state-of-the-art 

sensors claim noise levels around 1 pT − results of Marusenkov [17] and of Koch [19] 

remain isolated reports, indicating low reproducibility for parallel, second harmonic 

fluxgates. Moreover, these results were achieved for optimum laboratory conditions - they 

indicate noise of the sensor with minimal dynamic range, but embedding the sensors in a 

magnetometer would bring further challenges. The author’s focus thus later shifted from 

parallel fluxgates –Chapter 2.1.2− to the relatively new technology of fundamental-mode 

orthogonal fluxgate [20] where finally the “1-pT/√Hz @ 1 Hz barrier” was crossed [21] and 

state-of-the-art noise level below 1 pT was reached even in a practical geomagnetic 

magnetometer – see Chapters 2.1.3 and 2.1.4. 

A low noise magnetometer alone is not enough for a precise estimate of the magnetic flux 

density vector orientation and magnitude. The author presents his research in magnetometer 

calibrations –see Chapter 2.2– covering two topics: calibrations using off-the-shelf 

instruments under the presence of magnetic disturbances; and a metrologically rigorous 

calibration of magnetometer parameters. Although the topic on well-defined, traceable 

magnetometer calibration might seem well developed and achieve low uncertainties, mainly 

when using complex systems utilizing atomic magnetometers [7][8][10], it faces one 

substantial challenge. The already established infrastructure (calibrating coils, workplaces), 

which was magnetically „quiet and clean“ i.e. free of static and dynamic disturbances, is 

challenged by a steady increase of magnetic disturbances due to urbanization, increased 

usage of DC inverter technology and DC power in transportation and industry [22]. Because 

of the gradient nature of anthropogenous disturbances, compensating them with a remote 

reference is not effective. One solution is a feedback-operated coil system with reference 

magnetometer in the homogeneous area [23], prohibiting calibrations for devices which 

create (disturb) magnetic fields; another one (and effective) is „running away“, which is 

increasingly difficult. New methods of (numerical) compensation for such disturbing 

magnetic fields were researched, with the ultimate aim of a magnetometer calibration 

procedure with a uncertainty below 100 ppm in the geomagnetic range – Chapter 2.2.1.  
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Out of all the various magnetometer applications in industry and research, the author’s 

focus lies in geomagnetism/geophysics [24] – magnetometer feasibility as a precise magnetic 

observatory instrument and its prospective use in geophysical exploration where inductions 

coils and/or SQUIDs are used – see Chapter 3. Geomagnetic observations are used in 

research of the geodynamo, Earth’s field modeling and space weather effects [25]; a world-

wide network of magnetic stations under the umbrella of INTERMAGNET association [27] 

provides such data quasi real-time. To further improve the models and predictions based on 

observations (e.g. of low-level pulsations [28],[29]), the requirements on resolution of the 

instruments have recently risen substantially: the INTERMAGNET standard for 1-second 

geomagnetic data requires a noise ASD less than 10 pT/√Hz at 0.1 Hz [30] which is difficult, 

if not impossible, to achieve with instruments deployed currently [17] [31]. As in the case of 

calibrations facilities, there is a global interest in identifying and possibly suppressing the 

man-made magnetic noise due to urban development [22][32].  

The interest of the exploration industry in research towards lowering the ultra-low-

frequency (ULF) noise of magnetometers lies in the geophysical principle of one the 

exploration methods: in magnetotellurics (MT) /transient electromagnetics (TEM) [33], the 

penetration depth at ultra-low frequencies (tens of µHz to units of Hz) theoretically allows 

for conductivity profiling from up to hundreds of km’s in depth. At the same time, however, 

when utilizing the „natural“ ULF excitation by geomagnetic pulsations and storms, the 

excitation amplitude is only in nT-level with a response several magnitudes below. 

Magnetometer noise floor is thus a hindering parameter to further increase depth and/or 

sensitivity of the method [34][35]. The state-of-the-art of ULF noise in magnetometers used 

for MT is 10 pT/√Hz at 10 mHz, which is achieved by search-coils with no less than 

10 kg / 1.5 m in mass and dimensions, respectively [36]. The HTS SQUID with relatively 

cheap liquid nitrogen cryostat exhibits 1/f noise in the ULF region when operated unshielded 

due to flux trapping and is difficult to produce it in substantial quantities [37]. LTS SQUID 

seems like an ideal candidate [34][38], but is still prohibitably expensive and impractical for 

long-term operation in large numbers due to the He-filled cryostat. SQUID is also sensitive 

up to radio-frequency (RF), EMC/EMI and RF shields may further increase its noise [39].  

Research on lowering the OFM fluxgate magnetometer noise is presented in Chapter 3. 

Noise ASD below 0.1 Hz was same or better when compared to an HTS SQUID or a search-

coil. As the fluxgate has an advantage of reduced size and mass and response down to DC 

when compared to a search coil, and a cheap as well as room-temperature operation when 

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

Substantial part of the author’s focus in non-cryogenic magnetometers was towards the 

fluxgate magnetometer, either of parallel or orthogonal type [9].  

In the following, introductory book chapter „Parallel Fluxgate Magnetometers“ [B1], the 

author described the fundamental principles, noise limits and state-of-the-art in parallel 

fluxgate magnetometers and gradiometers, summarizing his own research in the topic [Q1] 

and the state-of-the-art (as of 2015). The limitations of a parallel fluxgate basically lie in its 

mode of operation: during the alternating saturation cycles, any residual Barkhausen noise 

and non-reproducibility of hysteresis loop between the excitation cycles [40] will directly 

affect the low frequency noise performance due to the domain wall movements. This implies 

the need for extensive research in ferromagnetic core material selection, treatment and 

proper, noise-less excitation techniques. Author’s further research in parallel fluxgate 

[J18],[J19],[J22] brought a conclusion that a different principle, although still fluxgate, is 

needed to consistently achieve an 1-Hz ASD below 1 pT/√Hz  at room temperature. 

To address the abovementioned limitation, the author was involved in collaborative 

research towards noise reduction of a fundamental mode, orthogonal (OFM) fluxgate, based 

on an annealed or as-cast amorphous, Cobalt-rich ferromagnetic wire [20][21]. The OFM 

fluxgate has been researched and developed at the CTU since 2010’s and its theory is well 

described in [41]. The main advantage of the OFM fluxgate as compared to the second 

harmonic fluxgate is its largely static operation point on the B-H curve with a minimum 

(ideally zero) influence from Barkhausen noise of the ferromagnetic material. The 

orthogonal mode further simplifies the sensor to only one (pick-up) coil. However, there are 

peculiarities to address: power requirements are significant due to the sinusoidal excitation 

with a large DC component [41], and any residual (e.g. capacitive or inductive) coupling of 

the excitation signal affects sensor noise, since the excitation and detection occur at the same 

frequency. Also, the sensor offset and mainly offset drift are 1−2 order of magnitudes higher 

than with a parallel fluxgate [J25]. Despite these limitations, however, we were able to 

reduce the noise ASD of an OFM fluxgate below 1 pT/√Hz at 1 Hz [21] − see Chapter 2.1. 

 

[B1] Parallel fluxgate magnetometers (2016).  

Author contribution:  100%.             Citations: 23  
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2 Improving magnetometer precision and accuracy 

Improving the magnetometer precision (resolution) is directly connected with lowering 

the magnetometer noise. Improving the magnetometer accuracy means not only improving 

its precision (which is part of the overall accuracy [1]), but also the uncertainty of 

magnetometer calibration and long-term stability of its parameters. Given the considered 

applications (geophysics and metrology), the author focused mainly on establishing and 

decreasing the ultra-low-frequency (ULF) magnetometer noise − between 1 mHz and 1 Hz. 

2.1 Precision: noise and offset instability 

The precision of a magnetometer reading is largely affected by its noise parameters and 

instability of its offset, which can be either corrected numerically, or is a random variable 

increasing the ULF noise. The author focused on establishing and improving the parameters 

of two types of Earth’s-field-range magnetometers: the in-house developed parallel [44] and 

orthogonal fluxgate [41], and a commercial HTS SQUID. As the noise of a magnetometer 

sensor is improved, the noise contribution of the electronic has to be considered too: the 

additional sources to the actual fluxgate / SQUID sensor noise include and are not limited to 

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

2.1.1 Establishing and decreasing noise during magnetometer deployment 

The following article „Low frequency noise investigation of pT-level magnetic sensors by 

cross-spectral method“ [P2], presented at IEEE Sensors 2021 conference, deals with 

estimation of magnetic noise of fluxgate and SQUID sensors while in operation i.e. during 

geomagnetic measurements. As opposed to establishing the noise in a magnetic shield, this 

method shows the actual noise performance of the whole system including digitizer noise, as 

the noise of a typically used delta-sigma ADC near zero-voltage does not contain the voltage 

reference noise which dominates in high-resolution systems. Also, for HTS SQUID sensors, 

the noise strongly depends on the amount of flux „frozen“ in the ring material: due to 

impurities of the superconducting material, flux vortices are pinned in normal areas of the 

superconducting film and their distribution is unstable in time, increasing the 1/f noise [42]. 

 

[P2] Low frequency noise investigation of pT-level magnetic sensors by cross-spectral 

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

and processing, article structuration and finalization. 
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2.1.2 Parallel fluxgate noise reduction - demagnetization factor 

During 2012-2014, the author was involved in a collaborative project with the exploration 

industry aimed at reaching parallel fluxgate magnetometer noise ASD of 1 pT/√Hz @ 1 Hz, 

which has been reported in the state-of-the-art only twice − in [17] and [19].  

The results with a 50-mm tape-wound ring-core (cobalt-rich amorphous tape), as shown 

in the article “Effects of Core Dimensions and Manufacturing Procedure on Fluxgate Noise” 

[J23], were promising, although consistently only 2 pT/√Hz 1-Hz ASD was reached. The 

aim of the research was to verify the dependence of fluxgate noise on the demagnetization 

factor of its core [43], i.e. that by reducing the demagnetization factor the noise should 

decrease towards the actual limits of the material. (More detailed results, mainly regarding 

the core-annealing were not published due to non-disclosure agreements.) 

 From the data shown in [J23], Fig. 4, there was an indication that the excitation noise at 

2nd harmonic plays a significant role: excitation noise does not change as the 

demagnetization factor improves, so there will be a limitation on the noise improvement 

with decreasing demagnetization factor. Unfortunately, this will be more pronounced for 

larger cores with lower demagnetization factors, which require more excitation energy for 

the same levels of saturation (increased winding resistance due to larger core circumference, 

in our case). Theoretically, excitation noise would be cancelled for a perfect parallel fluxgate 

but the there is always a residual coupling to the excitation field due to imperfect geometry 

and core and winding inhomogeneity [44]. Another limitation, when decreasing the 

demagnetizing factor simply by decreasing the material cross-section, would be the 

decreased sensitivity, however this can be compensated for with increased number of turns 

of the secondary winding, and did not pose a problem in our study.  

The requirement for excitation field “purity” is even more pronounced if the Barkhausen 

noise was further reduced with perpendicular annealing (field-, stress-, Joule-heat-) of the 

magnetic material: the excitation levels for deep saturation [40] need to be even higher – the 

author reported up to 10 kA/m p-p in [J27] for a field-annealed amorphous ring-core.  

 

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

Author contribution:  60%.  Theory, data collection (minus simulations), processing and 
article composition.                Citations: 2 
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2.1.3 Noise reduction in an OFM fluxgate 

The article „ Reduction of magnetic noise limits of orthogonal fluxgate sensor“ [J4] 

focuses on addressing the limitations of signal electronics for an OFM fluxgate. Demands 

are higher than for a parallel fluxgate: the corresponding ~1 pT/√Hz voltage levels of a 

properly annealed sensor are already reaching the 1 nV/√Hz region; moreover, the signal and 

excitation of the sensor occur at the same frequency, so common-mode rejection of the 

amplifier is of great importance. By redesigning the electronic; we were able to lower the 

1 Hz noise ASD to 0.7 pT/√Hz and the white noise ASD below 0.3 pT/√Hz. This result has 

been since a new state-of-the art for a room-temperature, vectorial sensor. 

The next article „Very low frequency noise reduction in orthogonal fluxgate“ [J12] shows 

significant reduction of ULF 1/f noise with the means of thermal damping of the sensor core. 

Care was taken to research the material parameters in order not to influence the sensor by 

mechanical stresses during curing and operation due to non-zero magnetostriction of the 

ferromagnetic core. We have found that the 0.1 Hz noise dropped almost three times − down 

to 8 pT/√Hz. The principle has been patented - [X1], [X3]. 
 

[J4] Reduction of magnetic noise limits of orthogonal fluxgate sensor (2021) 

Author contribution: 30%. MOKE image processing, noise theory and results review, 

article finalization.              Citations: 4 

[J12] Very low frequency noise reduction in orthogonal fluxgate (2018)  

Author contribution: 30%.  Proposal of testing methodology, setup of experiments, results 

review and interpretation.                   Citations: 4 

2.1.4 OFM – field-induced excess offset drift 

The article „ Offset drift in orthogonal fluxgate and importance of closed-loop operation“ 

[J2] is an outcome of collaborative research in the OFM fluxgate offset drift. During 

extensive experiments trying to identify and link offset drift and ULF noise, we have 

discovered a previously unknown phenomena: the OFM fluxgate, when exposed to non-zero 

fields, suffers from an induced, excess offset-drift, similar to „perming“ [44] in parallel 

fluxgate, however the sensor state (original offset) recovers. The settling slope / settling time 

was found as proportional to the magnitude of applied field and also its duration.  
 

[J2] Offset drift in orthogonal fluxgate and importance of closed-loop operation (2022) 

Author contribution:  20%. Effect observation, proposal of experiments and methodology, 

data review and interpretation              Citations: 2 
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2.2 Accuracy: calibration methods 

2.2.1 Suppression of anthropogenous noise effects 

The existing calibration methods of magnetometers in the presence of anthropogenous 

noise mostly rely on two principles. One is to reduce the field disturbances in a coil system 

by utilizing a compensating magnetometer in a large distance [3]; this does not work well in 

the case of gradient, man-made noise. Another solution is placing a reference sensor inside 

of the feedback-operated coil system, slightly off-centre to allow for device-under-test 

(DUT) placement [23]. However, these approaches are not feasible for every DUT: a 

magnetometer can produce substantial stray fields (e.g. by large feedback coils), influencing 

the reference sensor. Another example is the calibration of coil-based magnetic flux density 

standards with a field-subtraction method [10]. The author has researched two alternative 

possibilities of suppressing the effect of man-made disturbances − [J7] and [J17]. 

The first option is utilizing a closely (units of meters) co-located vectorial magnetometer, 

whose alignment with the respect to the coil system is established numerically using actual 

field disturbances. The software of the coil system keeps track of the baseline value of the 

vector which is measured by the reference magnetometer and “locked-in” at the beginning, 

and is subsequently updated before and after each measurement point. During the acquisition 

of the DUT response at one measurement point, the field disturbances are actively 

compensated – see Magnetic Calibration System With Interference Compensation [J7]. 

The second option was numerical: we did not employ any field compensation, we used a 

co-located Overhauser magnetometer and a specific calibration method [45], which allowed 

for compensation of noise and field drift without the need for a vectorial magnetometer, 

which would have to be aligned to the coil system. The article Precise calibration method 

for triaxial magnetometers not requiring Earth's field compensation [J17] is an extended 

version of the proceedings article [P12].  

 

[J7] Magnetic Calibration System With Interference Compensation (2019). Author 

contribution:  50%. Principle proposal, methodology, defining and overseeing experiments, 

article composition.             Citations: 2 

[J17] Precise calibration method for triaxial magnetometers not requiring Earth's field 

compensation (2015). Author contribution:  25%.  Experiment and methodology oversight, 

data review, interpretation.         Citations: 49 
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2.2.2 Precise zero field – „magnetic vacuum“ 

 

In calibrations of low-level magnetometers with their range less than the minimum range 

of accurate Overhauser or Proton magnetometers (≪10,000 nT) which are normally used as 

reference instruments for calibrations [46], fluxgates are used for ambient field and noise 

cancellation in the coils, either in open or closed-loop [3]−[5]. However, despite their precise 

once-off calibration, fluxgate offsets are not stable in time, which is increasing the overall 

calibration uncertainty. The same applies to offsets of current-supplies and/or of the digital-

to-analog converters used in the coil system. A well-defined magnetic zero, when initially 

established and locked-up in the coil system is a promising approach to solve this problem, 

moreover with a further perspective of integrating a noise-cancelling method. Theoretically, 

also a SQUID could be employed to establish the field value − in the fundamental, open-

loop mode, its „Φ0-counting“ behaviour lacks the additional uncertainty of a semiconductor-

based, feedback-loop current readout circuitry. A “digital feedback” SQUID with higher 

resolution than one flux quantum could serve this purpose well [47][48]. 

At IEEE Sensors 2020, the author has presented and subsequently published an approach 

using rotating AMR and fluxgate sensor, respectively with the title “Stabilized magnetic 

vacuum using a rotating fluxgate sensor” [P3]. The principle is derived from the legacy field 

cancellation system utilizing rotating search coils installed in the geology laboratory in 

Pruhonice of the Academy of Sciences of the Czech Republic (ASCR) [49]. The coils 

however rotate at several thousand revolutions per second and thus have a limited 

mechanical life, need pressurized air supply etc. Our approach used embedded synchronous 

demodulation of a rotating AMR/fluxgate, using wireless data transfer overcomes these 

limitations and is capable, with a single sensor, to perform a total field cancellation (i.e. the 

horizontal but also the vertical field component). 

Further research on utilizing more sensitive fluxgate sensors, an embedded 90 degrees 

rotating device and a noise cancellation integration is currently ongoing in the scope of a 

collaboration with the Czech Metrology Institute (CMI) and the South African National 

Space Agency (SANSA). 

 

 

[P3] Stabilized magnetic vacuum using a rotating fluxgate sensor (2020). Author 

contribution:  50%.  Principle proposal, initial device design and measurements, theory and 

article composition.                
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2.2.3 Estimating the Overhauser magnetometer accuracy 

The Overhauser magnetometer (OVM) is used an for accurate estimate of the total 

magnetic flux density value F = ||B||, i.e. the scalar magnitude of the field vector, based on 

the measurement of the hydrogen proton precession frequency in magnetic field after an 

initial polarization [50]. Due to its precision better than 15 pT [51], its high off-the-shelf 

accuracy and insensitivity to magnetic field gradient –as opposed to proton-precession 

magnetometers (PPM)– it is widely used in geophysics as a reference instrument at magnetic 

observatories providing the total field value F; for geology; archaeology and exploration 

[25], and for calibrations of magnetometers and coil systems [52]. Its accuracy is 

theoretically given only by the frequency measurement accuracy –by the precision of 

frequency estimation and accuracy of its ovenized reference oscillator– and the agreed value 

of the gyromagnetic Larmor constant. The precision of frequency measurements [53] in an 

OVM is higher than for a PPM magnetometer mainly by the superior signal-to-noise-ratio 

and longer duration of its precession signal [50]. However, similarly to a PPM, OVM 

accuracy is given also by magnetic cleanliness of the mechanical sensor assembly (threads, 

bolts, cable, etc.); by the residual heading error1 and also by any contamination of the 

proton-rich fluid due to its ageing or leakage. The overall accuracy of a custom-built OVM 

in [51] has been found as ± 0.25 nT (1σ-uncertainty) including all these effects. 

CMI and CTU were participating in an international comparison of a „travelling 

standard“ OVM [54] in order to verify the calibration capabilities in the geomagnetic field 

range of the individual participants. This comparison turned out to be useful for establishing 

the uncertainty of two GSM-19 [59] OVM’s of the CTU and CMI. The results in 

“Determination of the Overhauser magnetometer uncertainty” [J13] show up to ± 0.5nT 

reading difference, i.e. ± 100 ppm, after accounting for the calibration method uncertainty: 

this is 5× higher than the manufacturer specification. The large reported uncertainties of 

NPL and PTB seem to be a direct result of uncompensated anthropogenous noise (see 

Chapter 2.2.1). 

 

[J13] Determination of the Overhauser magnetometer uncertainty (2015). Author 

contribution:  16.7% (1/6). Proposal of methodology, data acquisition, and comparison 

result.                             Citations: 1 
                                                 
 

1 – For geophysical measurements with static attitude, i.e. in geomagnetic obseratories, however, the 
heading error is stable and can be excluded from uncertainty budget when calibrated as an systematic error. 
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2.2.4 Uncertainty of angular calibrations  

The article „Estimation of angular deviations in precise magnetometers“ [J6] focuses on 

establishing the uncertainties of triaxial magnetometer non-orthogonal angles. The author 

used a calibrated, non-magnetic, triaxial gimballing / tilting device with electronic readout to 

confirm and compare the results of multiple magnetometer calibration methods providing the 

three misalignment angles. The goal was to establish the uncertainty of angular calibrations 

at SANSA [4], as these are a result of a „scalar calibration“ in the coil system, utilizing an 

iterative, non-linear solver of the nine non-linear equations describing the magnetometer 

gains, offset and mutual axes misalignments [55]. The 2.5-m compensated triaxial 

Helmholtz coil system at SANSA has the additional benefit of very low magnetic noise 

during the calibration compared to other sites (on a magnetically quiet day, the noise is 

below 0.5 nT peak-to-peak). The standard deviation of multiple calibration batches was 

below 1×10-3 degree, which is however not yet the final result: it is necessary to include the 

calibration uncertainty estimate, uncertainty of current sources, etc. The final uncertainty has 

risen to about 60×10-3 degrees and we were able to match the results of direct measurements 

and scalar calibrations within their uncertainty estimates. Our estimated coil orthogonality 

uncertainty was probably too pessimistic – in a calibration study of a 50-cm coil system with 

a NMR magnetometer [56], the orthogonality uncertainty was below 10×10-3 degree. We 

have also shown that the spread of angular alignment in multiple pieces of the same fluxgate 

magnetometer type follows Gaussian distribution, since the fluxgate sensor alignment and 

assembly of the researched magnetometer [57] is a manual operation.  

Another topic which was researched mainly by the 2nd co-author, was the increase of 

calibration yield for routine calibrations of large batches of sensors, i.e. an effort to decrease 

the required calibration time while not compromising the uncertainty. This is of importance 

e.g. for calibration of spacecraft attitude magnetometers used in large orbital constellations. 

As the desired calibration result is a matrix including the sensor-to-frame attitude, we 

proposed a „stopper“ in the coil system: its attitude can be calibrated in few steps. For 

subsequent calibrations (i.e. during a day) the attitude is deemed constant, the time-

consuming procedure of laser-and-mirror alignment to the coil system could be avoided. 

 

[J6] Estimation of angular deviations in precise magnetometers (2019). Author 

contribution:  40%. Establishing the uncertainty, supervising the research and experiments; 

and article composition.                    Citations: 2 
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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 used utilized at author’s workplace [U2] 

[58] and has been improved in terms of noise and size [18]. The advantage of the race-track 

sensor is its lower demagnetizing factor than of a ring-core, yielding in lower noise for 

compact dimensions. The article „Low-noise magnetic observatory variometer with race-

track sensors“ [J6] shows 1–Hz noise ASD about 5 pT/√Hz, achieved with 30-mm race-

track sensors; the sensor core has been wet-etched and embedded in a fibre-glass sandwich 

[18]. The as-cast state of the amorphous core was chosen for long-term stability: temporal 

relaxation of any induced anisotropy –supported by the “easy-axis” magnetization cycles of 

the 2nd harmonic fluxgate mode– might theoretically introduce long-term parameter drifts. 

 

[J6] Low-noise magnetic observatory variometer with race-track sensors (2016). Author 

contribution:  40%. Instrument design – analog part, sensor construction; 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 magnetocardiography“ [J5]2  describes summarization of 

research and development towards „bridging the gap“ between the OFM fluxgate in a 

laboratory (performing well in an open-loop, with a lock-in amplifier and a magnetic shield); 

and a practical magnetometer with dynamic range covering full Earth’s field vector. The 

trials at the low-noise site of SANSA proved its low-frequency noise ASD of 1.5 pT/√Hz at 

1 Hz, which turned out to be comparable or better than a co-located HTS SQUID. Also, the 

feasibility of OFM magnetometer for magneto-cardiography (MCG) is shown: its low noise 

allowed for an unshielded MCG measurement with signal processing limited to just 

subtracting the reading of a 12-cm distant sensor in transverse gradiometer configuration.  

 

[J5] 1-pT noise fluxgate magnetometer for geomagnetic measurements and unshielded 

magnetocardiography (2020). Author contribution:  28%. Geophysical part: planning and 

setting up experiments, data processing and presentation; article composition. Citations: 36 
                                                 
 

2 Earlier results appear in a preceding a conference publication [P4]; the presented article [J5] is the 
extended version of it. 
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3.1.3 Increasing accuracy of geomagnetic observations 

As stated in previous chapters, not only calibration sites but also magnetic observatories 

[22] are subject of increasing urban noise, unless the planning of their layout was well 

planned at the time construction – i.e., the INTERMAGNET HER observatory of SANSA 

has its instruments in a square, 16-ha site, serving as cordon sanitaire. However, this might 

not be enough in the long term: the ever-increasing demand for new on-site instruments and 

development is increasing the noise, too. Also, with the recent introduction of fast (1-s) data 

requirement for geomagnetic observatories [31], disturbances which would be suppressed by 

the previously used 1-minute filtering, start to appear in observatory data.  

In the article Improving Earth’s magnetic field measurements by numerical corrections of 

thermal drifts and man- made disturbances [J10], the author studied increasing accuracy of 

observations at two localities: the station POLOM operated jointly by the Institute of 

Geophysics ASCR and by the Office of Military Geography and Hydrometeorology 

(VGHMUR), with a fluxgate variometer at ambient temperatures; and an experimental 

underground station with the same sensor, temperature-stable but close to a busy road. For 

the latter case, a „moving-dipole-fitting“ algorithm was proposed, in order to correct for the 

disturbances by car traffic without losing the original information. Further, the feasibility of 

running the POLOM instrument at ambient temperatures is shown, only with light thermal 

shielding and damping by the sensor enclosure / hut, but with numerical corrections. The 

fitted linear temperature sensitivity coefficients were enough to suppress the temperature 

effect by at least one magnitude; better results require much larger thermal-damping [60]. 

The second article Identification of geomagnetic pulsations in SQUID data for Space 

Weather research [J1] shows the research towards utilizing an HTS SQUID magnetometer 

for determining the occurrence of sub-nT geomagnetic effects even at a noisy location. The 

SQUID not only sensed the anthropogenous noise but also generated additional noise due to 

its sensitivity to thermal oscillations in the cryostat. By cross-correlating the data with a 

remote observatory, however, we were able to detect weak pulsations [29] due to the fact 

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

[J10] Improving Earth’s magnetic field measurements by numerical corrections of thermal 

drifts and man- made disturbances. Author contribution: 60%. Algorithms, data processing 

and presentation, article composition. Citations: 3 
 

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

Author contribution: 40%. Method proposal, data and algorithms. 
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Conclusions 

The author presents selected topics of his research in the field of precise, room-

temperature magnetometers (parallel and orthogonal fluxgate), and a high-temperature-

superconductor quantum magnetometer (SQUID), with the emphasis on their metrology and 

geophysical applications. As the overall magnetometer accuracy is given not only by its 

precision −mainly governed by magnetometer noise− but also by the calibration uncertainty, 

relevant publications on both of the topics are presented. 

After a brief discussion of the limitations of parallel fluxgate magnetometers, it is shown 

that the (ultra-) low-frequency noise of the orthogonal, fundamental-mode (OFM) fluxgate 

magnetometer could be decreased below 1 pT/√Hz at 1 Hz, which brings a new state-of-the-

art and a prospect for its use in geophysical exploration, possibly replacing search- coils and 

even HTS SQUIDs (in the ultra-low-frequency range). 

Metrological aspects of magnetometer calibration procedures were covered, e.g. 

establishing the real-world uncertainties of angular calibrations, creating and maintaining a 

precise magnetic zero and suppressing the effects of anthropogenous noise on the calibration 

uncertainty. The latter topic is of increasing importance: the ever escalating man-made noise 

at legacy metrological installations results in higher uncertainties than anticipated. Several 

procedures for compensation and/or suppression of anthropogenous noise were presented 

with the aim to reduce the calibration uncertainty below 100 ppm, even at a sub-urban 

location. 

The magnetometer noise at mHz frequencies is also affected by its parasitic temperature 

sensitivity (be it due to the magnetometer sensor or its electronics) - it was shown that this is 

not only the case of the OFM fluxgate, but also a property of a HTS SQUID, where any 

temperature oscillations in the cryostat (Dewar flask) can result in significant parasitic signal 

if the SQUID’s temperature sensitivity is high enough. Further decreasing the OFM fluxgate 

magnetometer temperature sensitivity, which is currently about one order of magnitude 

greater than for a parallel fluxgate, is a current topic. Also, another low-frequency effect was 

discovered while investigating the temperature properties of the OFM fluxgate − an excess 

offset drift due to uncompensated field changes, which is however different from perming 

because of its reversibility − the underlying physics of this effect is still under active 

research.  
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