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Background

A parallel fluxgate sensor dates back to the 1980ysand most of this early knowledge remains valitil
today, although refined by recent findings in theldf of sensor noise, core magnetic materials agd n
principles of signal extraction. Since the eariyds, the noise level of several nanoteslas hasncouisly
decreased due to evolution in electronic circuiid eore materials to units of pT in a 10-Hz bandkid

The parallel fluxgate sensor in its simplest fosrsketched on Fig. 1la — the time-varying excitaflar &g
created in the ferromagnetic core via the excitafield intensityHg (producecby the excitation coil) and the
“measured” fieldHy, are inparallel.

Fig. 1.a) Simplest parallel fluxgate with a rod-cdseModification with two cores

A fluxgate sensor is basically a magnetic fieldsserrelying on induction law. For its simplest foohFig. 1a,
its output voltagédJ; present at the pick-up coil terminal P is appratied by the following equation:
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whereHy, is the measured external magnetic field intensitih an eventual time-varying componeBt, is the
alternating excitation flux density in the ferromatjc core due to the excitation field intendity, N is the
number of turns of the pick-up cof,is the core cross-sectional arpgjs the permeability of vacuum aidis

a dimension-less coupling coefficient of the cardhe fieldHy, (real core geometry is far from an ellipsoid).
The first term in parentheses is present becaissithple sensor directly transforms also the etion flux @

to the pick-up coil, which is the basic disadvaetafthis design. The second term is due to thataedly time-
varying measured fieltl,,. However the key principle of a fluxgate sensoinishe last term of the equation -
the alternating excitation (“drive”) fieltg, which periodically causes the saturation of thegnetic material
used in the fluxgate core, modulates the core pagbitily which has in turn a non-zero time derivativ

The sensor presented in Fig. 1a is however impactlthough sometimes used in low-cost devicem gores
can be used instead of one core, with each coriadan opposite direction of the excitation fluxheveas the
pick-up coil shares both of the cores — see Figlfithe core magnetic properties are same for bbthem, the
first term of Eq. 1 - with eventually large distimg amplitude - is effectively suppressed by thmown pick-
up coil.

If the measured magnetic fieldy, is constant, the second term is also zero and thelythird term of Eq. 1
remains as fluxgate output. In agreement with {] 8] we can then write for the fluxgate outputtage:
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The “coupling coefficient”K in Eq. 1 was replaced by an equation introducihg tlimension-less
demagnetization factor D of a ferromagnetic botlyx(fate core).

1.  The physical model

1.1 Fluxgate transfer function

The sensor depicted in Fig. 1b can be used fovidgrihe parallel fluxgate operation principle. e have two
core slabs sharing the same, but opposite-in-direetxcitation fieldHg (yieldingin time-varying®e / B in the
core), we can draw the corresponding B-H loops#arth core (which correspond to one-half of the ratiging
cycle) as seen in Fig. 2a. The core B-H loop wapHied to an ideal one with no magnetic hysteregith Hg
standing for the field intensity where it becomatugated; the red curve corresponds to the lower abFig. 1b
and the blue one to the upper core. Without angreat fieldHy (solid curves), if both characteristics are
summed, the net change Bfduring the half excitation cycle is zero. A noneexternal measured fieldy,
however effectively adds to the exciting figtg and the resulting B-H loops are shifted (dashedejuAfter
their summation for both cores we obtain an effectB-H transfer function“ TF or ,gating-functionthe flux
in the core (core flux density) is being periodigaated by the excitation field, the thresholdsét by theHg
value and size of the external figit;.

Now considering a triangular waveform of the exaita field Hz as in Fig. 2b and applying the transfer function
TF to it, we can derivehe output voltage at the pick-up coib ds the core flux density derivative. It can be
seen that the output voltage is at twice the fraqueof Hg and its magnitude and also phase lag would be
proportional to the measured fiettj.
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Fig. 2.a) Transfer function — ideal BH cuni® Output voltage derivation with triangular excitati
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Fig. 3. a)Gating function with hysteresis. From [B). Real gating function. From [3]

When taking into account also the material hystsrdbe transfer function will modify accordingl2][ as
shown in Fig. 3a. However the approach-to-satunattmown in Fig. 2b and Fig. 3a is not realistion+ig.3b a
real BH loop and the corresponding gating functimnsinown.

An analytical approach to derive the fluxgate otitsignal was done as early in 1936 [1] and sinea timany
improvements in the model were achieved, also Ipyyapg a Fourier-transform to the pulse-train shawrig.

2b, see [2]-[5]. However the original Aschenbrermapproach is shown below since it gives a simple
analytical demonstration of the origin of seconchi@nic in the fluxgate output signal.

Let's have a very simple approximation of the BH m&tging curve [1], assuming the coefficieatsd, b>0:



B=alH -bH?® (3)

At each of the magnetic cores of Fig. 1lb, the mesbuield Hy and the harmonic excitation field
H. = Asinat are summed up:

H,,=H, £Hg =H, * Asinat 4
The corresponding flux density B in each of the twoes is then expressed using Eq. 3:
B, =a(H,, £ Asinat)-b(H,, + Asinat)’ (5)

B, =alH, —bEHM3—ngA2EHM + (aDA—SbDAmMz—%bDAP’jsina,t ®)

+ngﬁ\2HM cos2at * %bDAasinsax

If both cores are of equal cross-section S, theiithen added by the means of common pick-uparull after
summing we get the remaining terms:

® =SB, + Bz):zstéaEHM —bEHMS—ngAZEHM +ngA2HM coszax) @)

The only time-varying component is at the seconthbaic of excitation field frequency:
o(t) =3SbIA? [H,, cos2at ®)

Again we see that the time-varying output is at seeond harmonics of the excitation frequency aad i
amplitude is directly proportional to the measursgdtic fieldHy. If Hy, was time-varying, there would be also a
signal at the fundamental frequency. In realitywéeer, also higher-order even harmonics are preseet to
the nature of the B-H loop (hysteresis, approachatiration) and non-sinusoidal excitation wavefmmith
higher harmonics. These effects are taken intowatday the modern fluxgate models [2]-[5].

1.2. The fluxgate as a modulator

A real-world output of a fluxgate sensing a fiélgl with both AC and DC component can be seen in Figfid —
is the frequency of alternating component &nid the excitation signal frequency. Signafatvhich is present
due to non-ideal symmetry of the sensor: i.e. thimementary terms of Eq. 6 are not exactly of shme
amplitude and phase, so they do not subtract caeipléhe signal exactly at the second harmo@fgds due
to the DC component dfly. The measured fieltty, is thus modulated on the excitation second harosoni
However due to the non-ideal symmetry of the serisappears modulated also on the fundamentatagian
frequencyfe. This applies not only to DC but also to the AC sigatfy, which appears &fc#\, andfgH )y, .
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Fig. 4. The AC-driven fluxgate output spectrum

It can be concluded from the spectrum in Fig. 4 #malternating signal is amplitude-modulated vaitbarrier
on the 2 harmonics of fluxgate excitation frequency, whttie amplitude of the carrier is proportional to the
DC component of the signal. This can be proven IpgtsutingHy+B-cosft) for Hy in Eq. 8. If the excitation
field would contain higher harmonics, there will &lso higher modulation harmonics present in treetsp and
the higher-order even harmonics will contain tHerimation about the measured magnetic field.



2. The parallel fluxgate noise

The fluxgate noise generally exhibits & héhavior with a noise amplitude spectral densk$@ = VPSD) as
low as 2-3 ple HZ%®@ 1 Hz, typically ~10 pifs HZ®®. However, the noise due to the magnetometer
electronic circuitry mostly limits at least the whinoise floor (amplifier noise, detector phaseseditc.), which
makes measuring the fluxgate noise difficult anojett to large statistical errors.

The actual fluxgate noise can be related to thfleets — stochastic behavior of the Barkhausen noiseetter
explained as irreversible rotation and domain wéaplacement process during the fluxgate magnetizircle

[6, 8, 10], thermal white noise [13] and an excesssmall-scale noise [7] which is seen at manygftes with
supposedly low Barkhausen noise. The latter is batieto originate from inhomogeneous, stochastic
magnetoelastic coupling of the non-zero magnetdstei core to external stresses [14] rather to
magnetostrictive movement itself [15]. The whitéseoof the pick-up coil does not have much infllsrgince
although with increasing coil turns resistanceéases but also the voltage sensitivity increases.

An important factor is the coupling of the “intefhfiuxgate core noise to the actual sensor noisetive core
demagnetization factor D. It can be written [9]:

B L DBCoreNoise (9)

SensorNois
For Barkhausen noise, it was shown by van Bregljéi}, minimum detectable signid}, which is equal to noise
for SNR 0dB, can be expressed as

— BS r
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wherer is the magnetization period lower limit (inverdeescitation frequency),, is the measurement timg,
is the saturation flux density amd; is the density of Barkhausen volumes after Bittel 8torm [10]. For the
lower limit of Ng = 1¢f, = 10% s, t= 1 s andy, = 8000 [6],H, vields in about 2x1®A/m (2 pT in air) which
corresponds to the state-of-the art materials lwithBarkhausen noise [11].

The white noise is usually estimated accordinghto (thermal) fluctuating current in the core: tlenponent
perpendicular to the core axis creates magnetit fieise, which couples to the pick-up coil [13qg. 11.

| [Am}: AKT (11)
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This “white-noise current” is also present at th&Harmonics. In this case, Eq. 11 should take intmant the
core “effective resistance” Re{Z} due to the skiifeet. However, since now we are considering otlg t
correlated component at th&harmonics, the noise couples to the pick-up coly dy the (low) residual
transformer term of Eq. 1.

For usual core volumes, the predicted white naisa ieast an order of magnitude below the obseiugdate
noise: for the race-track sensor [13] with 2pTHZ%°@ 1 Hz the white noise was about 0.39,8Hz%>. In a
single-domain fluxgate [11], white noise about 50Was reported utilizing a cross-spectral measuntme
technique.

A typical fluxgate noise is depicted below in Fig— the low-noise TFM100G2 magnetometer of Billiegsl
A&D exhibits approximately 1/f character betweenrtiBlz and 300 mHz and almost white response staating
1 Hz with ASD about 4.5 pfs HZz%5 which is a limit of the electronics, not the samisself .
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Fig. 5. Typical fluxgate magnetometer noise (TFM100G2, R@0r, SR770)



3.  Fluxgate geometry and construction

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

3.1. Rod sensors

The design using two magnetic rods as in Fig. 1ifn wi common pick-up coil was used already in 1986 b
Aschenbrenner and it is also often referred asstedrconfiguration” after the researcher and mastufar F.
Forster who utilized it. An example is in Fig. 6thviwo thin Permalloy cores in glass tubes, onabwhich the
excitation coils are wound (compare to Fig. 1b)teMatively, there can be two pick-up coils antially
connected which would be wound directly on the tticin coils — the so-called “Vacquier configurafio
patented by V. Vacquier in 1941.

The advantage of rod sensors is low demagnetiz&iior due to the favorable ratio of cross-sectind length
which is in the direction of measured field. Theatlvantage is that due to the open magnetic pattetel of
saturation is different across the core length siceyi problems with sensor offset. The pick-up dsithen
placed not to cover the noisy, unsaturated cors Ei6].

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

3.2. Ring-core and race-track

As stated previously, the construction of a pakdlilxgate should assure good symmetry to supprassanted
excitation signal and also possibly to reduce thisenby strong excitation field: this can be obeairwith a
closed-path magnetic core. In terms of Eq. 4, #mesasr can be virtually divided to two “core halvesgith

opposite excitation field direction - see Fig. helkey advantage of the ring-core (Fig. 7a) ispbssibility to
rotate the pick-up coil in order to obtain bestm@ssion of the residual excitation signal (duéramsformer
term in Eqg. 1). Its disadvantage is the relatidelsge demagnetization factor decreasing its seitgitivhen
compared to the rod designs. To decrease the detizgion factor, a sensor with an oval, race-trsttéape of
ferromagnetic core (Fig. 7b) is often designed. Elesv its balance is not easily achieved as for-ciongs.

P

Fig. 8. a)The real 12-mm-dia ring-core is a typical bulksmrb) the 30-mm long race-track is created in PCB
technology



3.3. Bulk sensors and micro-fluxgates

The classical parallel fluxgate is a bulk-type, iteuses magnetic core material from magnetic tapiee or
even a bulk material with wire-wound excitation gick-up coils. The final core shape in larger segass then
obtained by winding the magnetic tape [17] or theemled wire [11] to a core holder (Fig 8a); assireee
alternative is etching or arc-cutting the final e@hape from a wide magnetic tape [18]. The adgentd bulk
fluxgates is their high sensitivity due to largess-section and high number of pick-up coil tuars] also low
demagnetization factor achievable with long senddisadvantages are their cost and mass whichtstée a
limiting factor even in aerospace applications wehleulk fluxgates still find use [19]. An approachat least
simplify the manufacturing design has been donk RIEB fluxgate sensors [20] — Fig. 8b, however degpi
comparable size their parameters are inferior & tf classical ones mostly due to residual steesster
manufacturing (bonding of the ferromagnetic cor)][ Electroplated ring-core fluxgates on PCB sudistr
have been presented by Butta [14], the thin layes a@dvantageous for high-frequency performance ef th
sensor.

Fluxgate micro-sensors appear since the end of'498Beir limitation is mostly very low sensitivityesulting

in 1-Hz ASD about 1 nfsHz%® even when using excitation frequencies in the eamigl MHz. The way of
magnetic core manufacturing is often limited by id&b sensor design: the need for solenoid coils and
integrating the core mostly leads to MEMS devi€alstOS devices rely on flat-coils with worse coupliegthe
ferromagnetic core. An integrated micro-sensor eeoeld require electrolytic deposition [22], intating the
etched tape [23] or sputtering [24].

4, Fluxgate noise and ferromagnetic core

During the 80 years of fluxgate development, it basn finally understood that the core parametershe key
for a low-noise, high-sensitivity sensor [11], [LT25]. The ferromagnetic core for a parallel flaxg should
fulfill several requirements arising from Eq. 2 ah@ principle of operation; these requirementsdfseveral
different parameters. Tab. 1 shows the list of ieglparameters and the most affected property:

Table 1.Influence of core parameter on fluxgate perforneanc

Core parameter Primary effect Secondary

Low demagnetization factor Sensitivity Noise

Low Barkhausen noise Noise -

Low magnetostriction, low applied stresses Offset oisN

High permeability Sensitivity Power consump.
Approach to saturation Noise -

Thickness / resistivity Losses Hidgloperation
Curie temperature Operating range  Noise

4.1. Core shape - demagnetization factor

Keeping the core demagnetization fadolow (lowest for rod-type sensors) not only allofes high sensitivity
to external fields (Eq. 2) but also provides betédio to the ,core noise” — see Eq. 9. Thus arom practice
to decrease sensor noise, if the limits of imprguime magnetic material are reached, is to deciase

The demagnetization factor of a ring-core with antltterd and effective core thickne3swasestimated from a
number of calculations and measurements [9]:

D C 0223(T/d) (12)

However it is relatively easy to modBl it in today’'s FEM packages for arbitrary shapes.Fig. 9a, the
demagnetization factor of a 10-mm ring-core wasulated using ANSYS and also FLUX 3D software. The
ferromagnetic tape was 26n thick and 2.6 mm wide with,=15 000. The resulting demagnetization factors for
5, 18 and 46 tape turns agree well with that catedl by Eq. 12. The relation between fluxgate narse the
demagnetizing factor due to Eq. 9 as proposed bydahl was later proved for large ring-core sen$d2$ —

the typical dependence is depicted in Fig. 9b. iflceeased noise at very o values appears due to the fact
that a smaller cross-section causes loss of SNfR@sg the existence of external induced noiseresité¢o the
2" harmonic.
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Fig. 9. a)Calculated demag. factor D of 10-mm ring [b2]Noise vs. D for 50-mm rings

4.2. Core material and processing

Historically, the core materials were iron [1] errites [3]. Later crystalline Ni-Fe started toused in the form
of tapes or rods ending up with specially annedfedybdenum-Permalloy tapes [26] which are still fgpi
utilized in space research [19]. With these criisiaimaterials, the cores have to be annealed twéhmaterial
already in its final shape. The inherent advantfgBermalloys is their high Curie temperature, ailmyfor

high temperature operation, however special catee@Mmaterial composition is necessary to achi@ar-nero
magnetostriction. Since 1980’s there is a widegprese of amorphous materials, mostly in form ofi ttsipes
and wires, which do not require hydrogen annealinghe final form and are less mechanically sewsiti
Cobalt-based amorphous materials tend to be thechaslidates for the sensors [17] however alsoighdhse
sufficient annealing process is necessary to olittensame or better performance than the heritagePi
cores.

Low Barkhausen noise is generally obtained in metewith very low area of the hysteresis loop witlevalent
domain-wall rotations rather than domain-wall moeens. This is achieved usually by perpendicukeldfior
stress annealing of the magnetic material to intcedperpendicular anisotropy, thus promoting dormah
motion rather than sudden jumps due to the domaihmovement [17], [25]. Influence of Curie temptera
on noise was studied by Shirae for various amorgtemmpositions [28] - a strong correlation betwé&mm
Curie temperature and low fluxgate noise was found.

Since the end of the #@entury, nanocrystalline materials receive gréanéon because of their good thermal
stability and stable phase, which makes them deitalb down-hole drilling [27] and possibly in sgaesearch.
However their disadvantage is the relatively higlusation induction, requiring high excitation powand
higher noise even after proper annealing.

5.  The feedback compensated magnetometer

The diagram of a typical feedback-compensated #texgnagnetometer is on Fig. 10. The magnetometelys
uses feedback in order to achieve better stalaility linearity of the device: the measured fieldasoed by an
artificial field with opposite sign, created eithgy a coil shared for also for voltage pick-up,bgra separate
compensating coil. The standard means of achietringcompensation field is using an integrating letgu
feeding a feedback resistor or driving an activeent source.

Alternatively, for full-vector magnetometers, treefiback coils can be integrated to a triaxial £ggtem where
the orthogonal sensor triplet is placed, assurigg homogeneity of the compensating field and segging the
parasitic sensitivity to perpendicular fields [2@]lso the mutual influence of feedback fields oé tblosely
located sensors is suppressed.
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Fig. 10. The feedback compensated magnetometer. From [30]

The sensitivity of the compensated magnetometegrtip- by its operating principle - only on thel coinstant
of the compensating coil. The open-loop sensitiiiiven by number of pick-up coil turns, core vokim
demagnetization factor, permeability, drive wavefoetc.) then affects the noise or resolution of the
magnetometer, which ideally remains the same agpén-loop. The magnetometer linearity can be is t&h



ppm and its gain stability better than 20 ppm/Kjalihin a good design is limited by the thermal exgian of
the compensating coil (and its support) rather thgnthe electronics itself [29]. However, even foest
magnetometers, the real-world limiting factor afiieg the magnetometer resolution is the sensoebéad its
temperature drift, which are not suppressed byfekdback loop. The offset is frequently causedheyrion-
ideal excitation waveform, which may contain pafasignal at second-harmonic, which is not supgedsdue
to finite balance of the pick-up coil and the twasrbmagnetic cores (or core halves). The corefitssl be
further affected by perming (i.e. large field shoekhich causes change in the core remanence). Anoth
significant contribution to the offset is the com-homogeneity and its magnetostrictive coupling to
inhomogeneous external stresses [15]; much lowetribation is to be expected from the electrongssh as
amplifier non-linearity and detector offset. A digd study of influence of the electronics on magneeter
parameters was presented by Piel [31].

5.1 Magnetometer electronics

5.1.1. Analog

Signal processing of the pick-up voltage in an egalesign normally uses an appropriate circuitpoase-
sensitivite, DC-coupled down-conversion of the natkd signal on ¥ excitation harmonics (synchronous
detector — phase sensitive detector / mixer) —ithikone mainly when the fluxgate output signahat pickup-

coil can be “tuned” by a resonant capacitor to sepp higher-order even harmonics. Another detection
possibility is “in time-domain” by integrating theutput voltage [21]. Alternatively, it is possibie “short-
circuit” the output fluxgate terminals by a curréotvoltage converter and then process the puksedignal
proportional to the gated flux [32]. Other techréquuse the information of time-lag of the fluxgatgput
pulses in a special detector circuit [33], [34].

After the detector circuit, the feedback reguldintegrator) stage assures the feedback currenthvig sensed,
filtered and its value processed in an A/D convertde fluxgate excitation (oscillator + driver kig. 10) in

reality does not use sine-wave or triangular ekiogasignals, as shown in the derivation of thexdlate output
function. In order to save power, either pulse tticin using H-bridge is used [21] or the excitatmrcuit is

“tuned”, i.e. the excitation waveform is generatgdswitches and the non-linear inductance of thetaton

circuit is tuned to serial-parallel resonance dbitaj sharp excitation peaks. In that way the loseethe

excitation circuit can be lowered only to ohmicdes of the excitation winding, moreover it was shakat the
amplitude of the excitation signal has an inverspeprtional effect on sensor noise [35].

51.2. Digital

Early digital magnetometer designs ended up wigihdxi noise than the analog fluxgate with its D/Agerter,
however at least in space applications the trend istegrate the electronics to an ASIC which carfusther
radiation-hardened for aerospace applications.signeal path historically utilized appropriate ampto-digital
converters and signal processing in DSP/FPGA tegetith D/A converters for feedback [36].

Recently, the fluxgate sensor was successfully iated in an higher-order delta-sigma feedback loop
electronics [37] - the power consumption of theresponding ASIC (Fig. 11), which carries out tlgnal
demodulation, feedback compensation and digitaloet was only 60 mW and the magnetometer perfocaman
was at least equivalent to 20-bit+ analog magnetersevith delta-sigma ADC's [41].

Fig. 11. Microphotograph of the MFA fluxgate ASIC. Repridtieom [37] with kind permission of the author.



6. Applications

The first fluxgate applications appeared in thédfief geomagnetic studies [1] and later also inrttiktary or
defense sector — “flux-valves” served for detectadrships or submarines [38]. After WWII, fluxgathave
been extensively used in compasses / gyrocompassiipping and aviation [39], they have also fouheir
use in attitude control of rockets or missiles #atér they started to be used also on satellit®s Bluxgate
sensors have been used in planetary studies diecearly Apollo missions [26] and remained in tHeim
almost unchanged - despite improved electronias thé aerospace segment up to today [19]. Geopiysic
prospecting used aircraft-mounted fluxgates from tery beginning, and since 1980’s, sufficient rodth
appeared to precisely calibrate the sensors, wallokved their use even onboard spacecraft for lgatblhsed
geophysical research [42], [43].

One of the most common applications of a fluxgate ground-based surveys is a magnetic gradiometer,
consisting mostly of two aligned uniaxial sensar$vm triaxial sensor heads. For a single-axis igraéter, the
estimated gradierB,/dx would be an approximation from two sensor readBgsndB,, in a distancel:

an Bxl — B><2 O Bxl - Bx2 — ABX (13)

=lim =
OX  d-0(x —X,) d JAVY

Eq. 13 implies the high requirements on individflakgate sensor noise if the sensor spaanghould be

reasonable, i.e. below 1 m. Metal or UXO (Unexptb@dnance) detectors using fluxgate find applicatlso

in underwater mine-hunting [44] and because ofdeap computational power now available, they amne
constructed as full-tensor gradiometers which allomiocalizing the magnetic dipole.

There also exist fields in biomedicine where fluwegégradiometers) have found their application: nedg-
relaxometry (MRX) [46] and magneto-pneumography (MIPB]. Parallel fluxgate - or at least their piiple -
are also used for contact-less, precise DC/AC cumeatsurements [34, 47].

7.  Commercial fluxgates

7.1. Magnetometers

There are actually very few suppliers who would gelod-quality fluxgate sensors separately — coteple
magnetometers are mostly offered. One common aanafipn is a triaxial magnetometer with analog otgp
the transfer constant (sensitivity) is mostly 100 ®/T. Such instruments are for example of TFM1R0G
(Billingsley Aerospace & Defense, USA), MAGO3 (Bagion, UK), FGM3D (Sensys, Germany), TAM-1 or
LEMI 024 of Laboratory of Electromagnetic Innovat® (Lviv, Ukraine). Digitalization of these analog
instrument outputs is upon the user or a speci@were is available from the manufacturers. Magmeters
which feature digital outputs (d-) are e.g. theliBjsley DFMG24, LEMI-029, the 3-axis magnetomebér
Forster, Germany and FVM-400 of MEDA, USA. Tab. @msnarizes most important parameters of the
mentioned magnetometers.

7.2. Fluxgate gradiometers / UXO detectors

Tab. 3 shows parameters of several commerciallilabla gradiometers (UXO detectors), as manufadtime
Schonsted (WV, USA), Forster (Germany), Geoscan)(@Bartington (UK). Although the gradiometer noise
can be a parameter for selecting the best instrymenreality, the gradiometer resolution is givey
gradiometer calibration (astatization) which limits real-world performance: the large, homogenddaigh’s
field will cause false response unless the gradienis perfectly aligned or calibrated.

Table 2. Parameters of several commercial magnetometers

Magnetometer type Range Noise (1Hz) 3-dBBW Offset drift Power

[£uT]  [PTmsVHZ]  [kHZ] [nT/K] W]
TFM100G2 100 5-10 0.5/4 0.6 0.4
MAGO3 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 50/100 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 3-Axis 100 35 1 1 3.6

Table 3. Parameters of several commercial gradiometers

Gradiometer type Base Resolution Mass Power
[m] [nT/m] [ka] W]
Schonsted GA52Cx 0.5 N/A 1.1 0.2
Forster Ferex (0.6m, w/0.65 1.5 4.9 2
logger)
Geoscan FM256 0.5 2 2.5 0.5
Bartington GRAD601 (w/ 1 <1 1.3 1.1
logger)

8. State of the art — recent results

Recent achievements, either in the field of sensorsin final magnetometers/ gradiometers, are mgainl
determined by improving the ferromagnetic core miateand sensing technologies.

8.1. Bulk sensors, magnetometers and gradiometers

A fluxgate magnetometer with high-temperature giiri +250°C was presented by Riuhmer [27], the sensor
core utilized nanocrystalline Vitroperm VP800R. Samistudy was done before by Nishio [48] for Mescur
exploration satellite, where the sensor charatiesisvere measured in -160 to + 200 °C range.

Noise of a miniature, 10-mm diameter amorphous-coig fluxgate was shown to decrease by field-dimgea
down to 6 pTms HZ%® @ 1 Hz [25] which is comparable to the statehsf-art 17-mm aerospace sensors of the
Danish Technical University [29] and also crystali Mo-Py sensors used by the Geophysics and
Extraterrestrial Physics group of the Technical v@rsity Braunschweig, Germany [19]. By decreasing the
demagnetization factor by optimizing core geomatryl the core cross-section of large ring-coresag shown

by the author that 2 pde HZ®® can be achieved even with an as-cast tape [12. ffoblem with low
sensitivity of miniature fluxgates was addressedJeng [49] who showed an improvement of 2x in the
miniature magnetometer noise by using informatiromf multiple even harmonics.

A study relating the magnetostrictive coupling lokfjate core to external stresses with fluxgats@eias done
by Butta [14]. The origin of the fluxgate offset weecently studied by Ripka [15] and it is - togethéth
excessive noise - believed to be the effect ofafjomagnetoelastic coupling, if other non-magnstiarces like
perming or offset due to electronics are excluded.

In the field of gradiometers, the state-of-theiaraixial devices is still the construction of DTB0] with two
triaxial vectorially-compensated heads, separateds®cm: the achieved resolution was 0.1gTi% An
underwater “real-time-tracking autonomous vehiadeVeloped at Naval Surface Warfare Center, FL, US4 [
exhibited noise below 0.3 nT-WHZ%*@ 1 Hz, after compensating the vehicle noise. Ricemtsimilar full-
tensor gradiometer vectorially compensated by apamtspherical-coil was shown by Sui [52], whicls tilae
perspective to further decrease the gradiometer and increase its sensitivity due to common carsgion of
the homogeneous field for all the 4x3 sensors.

8.2. Micro-fluxgates

A low-noise MEMS microfluxgate with nanocrystallirmre embedded by chemical etching and with 3D
solenoid coils was presented by Lei [23]. The sesi&e was 6x5 mfrand the noise was as low as 0.5 nT-Hz
%*@ 1 Hz. Texas Instruments has recently publishe@MOS-integrated Forster-type micro-fluxgate for
contactless current sensing using a gradiometrengement [53]. It is also intended for closed-lapprent
measurement, where it replaces the common Hallepiolthe yoke gap. Its microphotograph is in Fig. the
Forster sensor is shown together with the excitatimd signal-processing electronics. The microffugg
operates at 1 MHz, achieves 0.2 mA resolution and weleased as “DRV421”". Recently, also a standalone
micro-fluxgate in a 4x4 mAQFN chip was released, with a noise of 1.5 nT>H@ 1 kHz [54].



Fig. 12.The CMOS integrated Forster fluxgate, reproduceh lind permission of Texas Instruments, Inc.

8.3.  Space applications

An offset-reduction technique proposed by DTU fatedlite missions [55] allowed to decrease offgét df the
heritage analog magnetometer design [29] to +0.5im®& 73°C range - the temperature changes in the
excitation resonant circuit were compensated bgdaptive control of the detector phase. The digitaéction
delta-sigma magnetometer of the THEMIS missionntied 2007, still active) achieved offset stabitify
approximately 0.05 nT/K in the -55 to 60°C temperatrange [19]. These parameters became the dttie-o
art in space fluxgate magnetometers.

The recently successful ROSETTA Explorer and itsdéa PHILAE used fluxgate magnetometers; the
instrument noise was about 22,pJin 0.1-10 Hz band [56]. The SWARM multi-satellitg@ssion, launched in
2013, carries onboard several atomic magnetomatetsalso traditional fluxgates from DTU Denmarkd as
now producing valuable data for a new Earth’s fielddel and other geophysical observations [43]irAilar
NASA “Magnetospheric Multiscale Mission” was laumchin March 2015; the spacecraft carries analog and
also delta-sigma-loop-integrated magnetometers aigtom ASIC developed at the IWF Graz, Austria [37]
see Fig. 13. Multiple magnetometers have been asddarge effort was made to achieve magnetic tifesss
[41].

Fig. 13. The magnetic sensor and digital electronics of Miidsion (flight model, not to scale) — reproduced
with kind permission of Werner Magnes / IWF Graz.
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