Parallel Fluxgate Magnetometers

Michal Janosek

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

1 Background

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

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

A fluxgate sensor is basically a magnetic field sensor relying on induction law.
For its simplest form of Fig. 1 (left), its output voltage U, present at the pick-up coil
terminal P is approximated by the following equation:

U=-N-§S-|—+K- —— + K- uy- H, 4 1
( o K oty — = Ky Hy— (1)
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P

Fig. 1 (Left) Simplest parallel fluxgate with a rod-core. (Right) Modification with two cores

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

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

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

du, 1-D
di [14D(n, — D)

Uilt) = —NS - poH - 2)

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

2  The Physical Model

2.1 Fluxgate Transfer Function

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

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

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

When taking into account also the material hysteresis, the transfer function will
modify accordingly [2] as shown in Fig. 3 (left). However the approach-to-saturation
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Fig. 3 (Left) Gating function with hysteresis from [2]. (Right) Real gating function from [3]
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shown in Figs. 2 (right) and 3 (left) is not realistic—in Fig. 3 (right) areal BH loop and
the corresponding gating function are shown.

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

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

B=a-H—-b-H® (3)

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

Hy\» =Hy £ Hg = Hy £ A sinwt (4)

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

B> = a(Hy + A sin o) — b(Hy £ A sin 1)’ (5)
;3 2
B]72:Cl’HM7b'HM7§b'A ’HM
2 3 3 o
+ a~A—3b‘A~HM—Zb-A sin wt (6)
3, 1o,
+ Eb-A Hy;cos2wt + Zb~A sin 3wt

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

®=S-(B+B)

3 3 7
=258 <a.HM—b-H§4—§b-A2~HM+Eb-AzHMcoszwt) )

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

®(1) = 3S - b - A% - Hy cos 2wt (8)

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

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

2.2 The Fluxgate as a Modulator

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

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

3 The Parallel Fluxgate Noise

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

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

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

BSensorNoise = DBCoreNoise (9>

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

H N BS T
o = Holty NB “Im

(10)

where 7 is the magnetization period lower limit (inverse of excitation frequency), ¢, is
the measurement time, By is the saturation flux density and Ny is the density of
Barkhausen volumes after Bittel and Storm [8]. For the lower limit of Ng = 104,
7=10"%s,1, = 1 sand u, = 8000 [6], Hy yieldsinabout2 x 107° A/m (2 pTin air)
which corresponds to the state-of-the art materials with low Barkhausen noise [14].

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

; {Am} _[&T an
core vV Hz Rcore

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

For usual core volumes, the predicted white noise is at least an order of mag-
nitude below the observed fluxgate noise: for the race-track sensor [9] with
2 pTims Hz %% @ 1 Hz the white noise was about 0.39 PTims Hz%. In a
single-domain fluxgate [14], white noise about 50 fT was reported utilizing a
cross-spectral measurement technique.
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Fig. 5 Typical fluxgate magnetometer noise (TFM100G2, 100 kV/T, SR770)

A typical fluxgate noise is depicted below in Fig. 5—the low-noise TFM100G2
magnetometer of Billingsley A&D exhibits approximately 1/f character between 10
and 300 mHz and almost white response starting at 1 Hz with ASD about
4.5 pTims Hz *3, which is a limit of the electronics, not the sensor itself.

4 Fluxgate Geometry and Construction

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

4.1 Rod Sensors

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

The advantage of rod sensors is low demagnetization factor due to the favorable
ratio of cross-section and length which is in the direction of measured field. The
disadvantage is that due to the open magnetic path the level of saturation is different
across the core length, causing problems with sensor offset. The pick-up coil is then
placed not to cover the noisy, unsaturated core ends [15].
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Fig. 6 The rod fluxgate
(Forster type) before
assembly

4.2 Ring-Core and Race-Track

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

4.3 Bulk Sensors and Micro-fluxgates

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

i

E

Fig. 7 (Left) The ring-core with Hg in “core halves.” (Right) The race-track sensor
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Fig. 8 (Left) The real 12-mm-dia ring-core is a typical bulk sensor. (Right) The 30-mm long
race-track is created in PCB technology

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

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

5 Fluxgate Noise and Ferromagnetic Core

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

Core parameter Primary effect Secondary

Low demagnetization factor Sensitivity Noise

Low Barkhausen noise Noise -

Low magnetostriction, low applied stresses Offset Noise

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

5.1 Core Shape—Demagnetization Factor

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

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

D = 0.223 (T/d) (12)

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

5 layers 18 layers 46 layers
D=8x107 D =27 x 10° D=61x10" —+—Different cores
12 —+—Unwinded core

Noise RMS [pT]

1 15 2 25 3 35 4
Demagnetization factor <107

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

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

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

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

6 The Feedback Compensated Magnetometer

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

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

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

6.1 Magnetometer Electronics

6.1.1 Analog

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

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

6.1.2 Digital

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

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

7 Applications

The first fluxgate applications appeared in the field of geomagnetic studies [1] and
later also in the military or defense sector—“flux-valves” served for detection of
ships or submarines [39]. After WWII, fluxgates have been extensively used in
compasses/gyrocompasses in shipping and aviation [40], they have also found their
use in attitude control of rockets or missiles and later they started to be used also on
satellites [41]. Fluxgate sensors have been used in planetary studies since the early
Apollo missions [26] and remained in their form almost unchanged—despite
improved electronics—in the aerospace segment up to today [18]. Geophysical
prospecting used aircraft-mounted fluxgates from the very beginning, and since
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Fig. 11 Microphotograph of the MFA fluxgate ASIC. Reprinted from [37] with kind permission
of the author

1980s, sufficient methods appeared to precisely calibrate the sensors, which allowed
their use even onboard spacecraft for satellite-based geophysical research [42, 43].
One of the most common applications of a fluxgate for ground-based surveys is

a magnetic gradiometer, consisting mostly of two aligned uniaxial sensors or two
triaxial sensor heads. For a single-axis gradiometer, the estimated gradient dB./dx
would be an approximation from two sensor readings B,; and B,; in a distance d:
an . Bxl - Bx2 Bxl - Bx2 o ABx

— ~

a_d—@ (xl—xz) d n Ax

(13)

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

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

8.1 Magnetometers

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

8.2 Fluxgate Gradiometers/UXO Detectors

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

Table 2 Parameters of several commercial magnetometers

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

Gradiometer type Base Resolution Mass Power

(m) (nT/m) (kg) (W)
Schonsted GA52Cx 0.5 N/A 1.1 0.2
Forster Ferex (0.6 m, w/logger) 0.65 1.5 4.9 2
Geoscan FM256 0.5 2 2.5 0.5
Bartington GRADG601 1 <1 1.3 1.1
(w/logger)

9 State of the Art—Recent Results

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

9.1 Bulk Sensors, Magnetometers and Gradiometers

A fluxgate magnetometer with high-temperature rating of +250 °C was presented
by Rithmer [28], the sensor core utilized nanocrystalline Vitroperm VP80O0R.
Similar study was done before by Nishio [48] for Mercury exploration satellite,
where the sensor characteristics were measured in —160 to +200 °C range.

Noise of a miniature, 10-mm diameter amorphous ring-core fluxgate was shown
to decrease by field-annealing down to 6 pT,s Hz *° @ 1 Hz [24] which is
comparable to the state-of-the-art 17-mm aerospace sensors of the Danish Technical
University [30] and also crystalline Mo-Py sensors used by the Geophysics and
Extraterrestrial Physics group of the Technical University Braunschweig, Germany
[18]. By decreasing the demagnetization factor by optimizing core geometry and
the core cross-section of large ring-cores, it was shown by the author that
2 pTems HZ ™7 can be achieved even with an as-cast tape [25]. The problem with
low sensitivity of miniature fluxgates was addressed by Jeng [49] who showed an
improvement of 2 X in the miniature magnetometer noise by using information from
multiple even harmonics.

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

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

9.2 Micro-fluxgates

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

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

9.3 Space Applications

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

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