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Abstract

A new important advantage has been discovered for the fundamental-mode operation of the orthogonal fluxgate employing an amorphous
wire. It has been found that a great enough dc bias practically completely suppresses the magnetic noise generated in the fluxgate core
by the ac-bias field; the fluxgate resolution becomes limited only by the excess electric noise in the ac-bias current. As a result, the
magnetometer resolution increases by a factor of 60 and reachesJBp@t frequencies above 2 Hz. The suppression of magnetic noise
can be explained by excluding magnetization reversals in the fluxgate core. In the fundamental mode, the fluxgate core is kept saturated
continuously due to the unipolar bias, and magnetization varies by coherent rotation. Practically no magnetic noise is generated in this
case. In the second-harmonic mode, magnetization is reversed by the bipolar bias. This causes nucleating domains and generating intensiv
magnetic noise in the fluxgate core.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Conventional orthogonal fluxgates are described in
[6-11] The simplest of thenj9—-11] consist of a single
Fluxgate magnetometers are currently one of the bestmagnetic core and a single pick-up coil. The excitation
choices for industrial and field applications, where precise electric current is applied directly to the core. The main
unshielded measurements should be performed at relativelyadvantages of these fluxgates are their simplicity and small
high, non-cryogenic temperaturgis-4]. size compared to parallel fluxgates: a conventional parallel
The fluxgates are miniature (their active area can be fluxgate is usually built by a differential scheme and em-
as small as a few cubic millimeters), robust, inexpensive, ploys either two separate cores or a single ring core. It also
and precise. Commercially available fluxgates provide a employs an excitation coil, which is absent in the simplest

100 pTA/Hz resolution and 10nT absolute precisifi. orthogonal fluxgates.

The state-of-the art fluxgates provide a 104z resolu- Conventional low-noise fluxgates, either parallel or or-
tion, 1nT Iong—term stability, and 0.1 2 thermal drift thogonaL are usua”y operatemond_ha”nonicmode[S]:
[1,2]. the fluxgate core is excited with a periodic bipolar magnetic

Compared to unshielded high-temperature superconduct-field and the output signal is detected at a frequency that
ing quantum interference devices (SQUIDs), fluxgates may is twice the excitation one. Some other conventional modes
have a similar noise level, but their measurement range isof operation are also usdf], however they do not provide
much wider[1,2]. low-noise performance.

There are two main types of fluxgate magnetometers The main disadvantage of conventionatthogonal
[5-7]: aparallel one, where both the measured and excita- fluxgates operated imecond-harmonic mode is their in-

tion fields have the same direction, andathogonal one,  ferior noise performance compared to parallel fluxgates
where the excitation field is perpendicular to the magne- [5].
tometer axis. In this work we have revealed—for the first time to
the best of our knowledge—that the inferior noise perfor-
* Tel.: +972-8-647-7775; fax:-972-8-647-2949. mance of conveptlonal orthogonall fluxgateg is caused by thg
E-mail address paperno@ee.bgu.ac.il (E. Paperno). second-harmonic mode of operation, and it can be dramati-
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_ Fundamantal friode tometers for precise detection of weak magnetic fields in a
et | Soeondhamonic mode wide frequency band.
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! _ g 2. Experiments and discussions
I Amorphous wire Sensing coil (400 turns)
} 50 Q
—3—= | 2.1. Experimental setup
= |
] S
- é : L The experimental setup includes an orthogonal fluxgate
— W (seeFig. 1), two DS345 function generators, SR760 FFT
" spectrum analyzer, SR830 DSP lock-in amplifier, Agilent
> Vou 54622D digital oscilloscope, and a magnetic shield with an
bl i o 1000 shielding factor.
. 20mm + The fluxgate was fabricated with a Co-based amorphous

wire (AC-20 type made by Unitica) of a 120m diameter
and 20 mm length. The sensing coil was wound directly on
i . the fluxgate core with a 50m copper wire and consists of
cally improved due to the new mode of operation suggested 409 tums. The fluxgate was placed in the magnetic shield.
in [12]. The external field was applied along the fluxgate core with a

_ Itis recently suggested i12] to turn the bipolar excita-  c5jiprated solenoid. The bias currents, both dc and ac, were
tion of the orthogonal fluxgate core (an amorphous wire) into applied with the function generator.

a unipolar one by adding a dc component to the ac-bias cur-

rent (seerig. 1). With this new operating mode, the ac-bias 2.2, Magnetic noise suppression

fundamental, rather than the second harmonic, carries infor-

mation on the external axial fiefd2]. Our main aim was to investigate whether the fundamental-
The proposed ifil 2] fundamental mode doubles the flux- mode operation suggested[it?] has an effect on the flux-

gate sensitivity and—what is more important—allows one to gate resolution, compared to the resolution achieved with the

drastically reduce the fluxgate’s offset. The latter is achieved same fluxgate in the conventional, second-harmonic mode

in [13] due to the flipping of the fluxgate transfer character- [9-11].

istic with changing the dc-bias polarity. To reach this aim, we first investigated the dependence
In this work, a further important advantage is discovered of the fluxgate noise on the dc-bias magnitude: we mea-

for the fundamental-mode operation. It is found that a great sured spectrum of the voltage generated in the sensing coll

enough dc bias practically completely suppresses magneticfor different magnitudes of the dc bias, while keeping the

noise generated in the fluxgate core by the ac-bias field;ac bias at a fixed amplitude of 40 mA (sEwy. 2(a)). The

the fluxgate resolution becomes limited only by the excess ac-bias frequency was set at 40 kHz. At this frequency, the

electric noise in the ac-bias current. As a result, the magne-chosen ac-bias intensity corresponds to the nearly maxi-

tometer resolution increases by a factor of 60 and reachesmum sensitivity of the fluxgate in both the fundamental and

Fig. 1. Orthogonal fluxgate employing an amorphous wire.

10 pTA/Hz at frequencies above 2 Hz. second-harmonic modes: 1.1 and @\WnT, correspond-
Achieving in this work a tens of pico-tesla resolution ingly. The external magnetic field was not applied.
along with the possibility of eliminating offsdi3] paves We have found in this experiment that the intensive

the way for the constructing of low-cost miniature magne- noise (>100n\4/Hz) observed at the fluxgate output for
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Fig. 2. (a) Comparison between the output signal voltage spectra obtained for different dc bias currents. A 40mA dc bias corresponds to a purely
unipolar excitation of the fluxgate core (fundamental mode) and a zero dc bias corresponds to a purely bipolar excitation (second-harmonic mode). (b,

Normalized ac-bias spectrum (BMH window).
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Fig. 3. Comparison between the sensitivity thresholds in the fundamental and second-harmonic modes: (a) with a 40 mA dc bias and the lock-in amplifier
synchronized with the fundamental, (b) without dc bias and the lock-in amplifier synchronized with the second harmonic. Detecting bandwiddeis 0.1-5

the second-harmonic mode (with a zero dc bias) is dras-
tically decreasing with increasing the dc-bias magnitude.

Lock-in amplifier bandwidth

This noise disappears almost completely—not considering =
the excess noise near the harmonics—just before the flux-% 1000 S \
gate excitation becomes unipolar. For a 40 mA dc bias, the & AN f= Second-hamonic made 1
residual noise floor is nearly equal to the input noise of the & 100 | TR A |
spectrum analyzer (6 n\/Hz). 3 5 E +
Secondly, we investigated the threshold of the fluxgate & ' —~ Y
sensitivity—the smallest external field that can still be de- % p& 10 %
tected (we actually regard it as the resolution). S ‘i;jf AR
We detected with the lock-in amplifier the voltage noise ; L VAN
generated in the sensing coil for a zero external field (see £ E Noise caused by the ar bias =
Fig. 3. The lock-in amplifier time constant was set at 30 ms, © ) ‘%ﬂ(“"t Ll A
which corresponds to a 5Hz bandwidth. The lowest noise [ [ 1] HHi [ " o kS sl

|
L . 0.1 100
frequency was 0.1 Hz due to the limiting of the signal record-
ing time by 10s. Thus, the measurements were done in a
4.9 Hz frequency range. Fig. 5. Noise spectrum of the fundamental-mode orthogonal fluxgate as
The lock-in amplifier sensitivity was set at 10 mV, and the compared to the noise of the same fluxgate operated in the second-
amplifier’s 10V output range was expanded by a factor of harmonic mode and to the noise part that is caused by the ac bias.
100, which correspond to a3ain. The offset in the lock-in
amplifier output was compensated. The lock-in amplifier was compared to a 5nT z—p field in the second case (see
synchronized either with the fundamental or with the second Fig. 4(b)).
harmonic, depending on the operating mode investigated. In Fig. 5we compare in frequency domain the fluxgate
We have found in this experiment that the sensitivity noise signals shown iRig. 3a) and (b).
threshold, 23.5pT rms, measured in the fundamental mode
is by a factor of 60 better than that (1.5nT rms) measured 2.3. Fluxgate noise origin
in the second-harmonic mode.

As a result, a 0.1nT zero-to-peak (z—p) external field Our next aim was to reveal the fluxgate noise origin.

Frequency (Hz)

can quite easily be detected in the first case {Sge4(a)) To reach this aim, we first compared kig. 3(a) the total
| | | . | | [ [ |
Derec!_ed output signal Qerecred output signal
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Fig. 4. Comparison between the detected output signals. The lower traces represent a 1 Hz external longitudinal field. The upper traces arg obtained (a
with a 40 mA dc bias and the lock-in amplifier synchronized with a 40 kHz fundamental and (b) without dc bias and the lock-in amplifier synchronized
with the 80 kHz second harmonic.
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Fig. 6. Measurement of the output signal sensitivity to the ac-bias modula- & %‘ | s
tion in the fundamental-mode. DC bias is of a 40 mA magnitude. AC-bias & S | o el
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fluxgate noise against the noise of the lock-in amplifier.

One can see from this figure that relatively high-frequency (b)

components are nearly equal in the both signals, and the

increase in the total fluxgate noise is due to a low-frequency Fig. 7. Comparison between th_e fluxgate output spectra in (a) the funda-

component. In the fluxgate voltage spectrum Big 2(a)) mental and (b) second-harmonic modes.

this low-frequency component is represented by the excess

noise near the fundamental and harmonics. Fig. 7 reveals an additional advantage of the fundamental
Thus, our task was to investigate the origin of the above mode. The bandwidth of the fluxgate response in this mode

excess noise: whether it was of purely magnetic nature andonly by about a decade exceeds the ac-bias frequency. In

was generated within the fluxgate core, or it was a translationthe second-harmonic mode, the bandwidth of the fluxgate

of the ac-bias noise (sddg. 2(b)). response is much wider. This complicates antialias filtering
In order to estimate the contribution of the ac-bias noise while using digital signal processors for handling the flux-

to the fluxgate output, we measured first the sensitivity of gate output.

the fluxgate output to the ac-bias current: the envelop of the

ac-bias current was modulated with a 0.4 mA peak-to-peak,

1 Hz square-wave, and the fluxgate output was detected withg  conclusions

the lock-in amplifier (se€ig. 6). The sensitivity was found

to be of a 4.5nT/mA value. A new important advantage has been discovered for the
We then measured the excess electric noise in the ac-biagyngamental-mode operation of the orthogonal fluxgate em-

current near the fundamental (sB@. 2(b)) in the same,  ploying an amorphous wire. It has been found that a great

02 0.4 08 0.8 1 12 1.4 1.6 1.8 2

Frequency (MHz)

0.1-5Hz, bandwidth as that of the fluxgate noisEim 3(a). enough dc bias practically completely suppresses the mag-
The ac-bias noise was of a 412 rms magnitude; hence, npetic noise generated in the fluxgate core by the ac-bias field.
its translation to the fluxgate output was: A& rms x The fluxgate resolution becomes limited only by the excess
4.5nT/mA = 19pT rms. electric noise in the ac-bias current. As a result, the magne-

In order to compare between the total fluxgate noise gen-ometer resolution increases by a factora0 and reaches
erated in the fundamental mode and the translation of the 10 pTA/Hz at frequencies above 2 Hz. (The long-term sta-

Fig. 5 The comparison given iRig. Sreveals that the flux-  The suppression of magnetic noise can be explained by
gate noise is almost exclusively caused by the excess electriexcluding the magnetization reversals in the fluxgate core.
noise in the ac-excitation current. Fig. &a) illustrates that in the fundamental mode, the flux-

We conclude, therefore, that in the fundamental mode gate core is kept continuously saturated due to the unipolar
practically no magnetic noise is generated within the fluxgate pjas, and magnetization varies by coherent rotation. Practi-

core. cally no magnetic noise is generated in this case. Whereas
in the second-harmonic mode (deig. 8b)), magnetization
2.4. Spectral purity is reversed by the bipolar bias. This causes nucleating do-

mains in the fluxgate core and, consequently, generating an
Our final aim was to investigate the spectral purity of intensive magnetic noise.
the fluxgate output in the fundamental and second-harmonic  Another advantage discovered for the fundamental mode
modes. The results of this experiment are showRim 7 is related to a much better spectral purity of the fluxgate
for a zero external field. output signal. This alleviates antialias filtering while using
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constructing of low-cost miniature magnetometers for pre-

cise detection of weak magnetic fields in a wide frequency Eugene Paperno received his BSc and MSc in Electrical Engineering from
band. the Minsk Institute of Radio Engineering, Minsk, Republic of Belarus in
1983. From 1983 till 1991, he was with the Laboratory of Optical Meth-
ods for Information Processing, the Institute of Electronics, Belorussian
Acknowledgements Academy of Sciences. In 1992, he joined the Department of Electrical
and Computer Engineering, the Ben-Gurion University of the Negev, Is-
. . rael and in 1997 obtained his PhD Summa cum laude, which was a
The au,thor wishes _to thank PrOf_essor Ichiro Sasada Whosestudy of magnetoresistive sensors applications in magnetometry. After 2
cooperation made this work possible. years as a JSPS Post-Doctoral Fellow with the Department of Applied
This work was supported in part by the Analog De- Science for Electronics and Materials, Kyushu University, Japan, he re-
vices Inc., National Instruments Inc., and Ivanier Center for turned to the Ben-Gurion University of the Negev, Israel and is now a
Robotics Research and Production Management. Staff Member of the Electrical and Computer Engineering Department,
Head of the Instrumentation, Circuits and Devices Track, and Head of

the Analog Design Laboratory. His current interests are magnetic tracking
systems for human computer interface and virtual reality systems, mag-
netic shielding, magnetometry, electronic, magnetic, and optoelectronic

instrumentation.

References

[1] P. Ripka, Advances in fluxgate sensors, Sens. Actuators A 106 (2003)
8-14.



	Suppression of magnetic noise in the fundamental-mode orthogonal fluxgate
	Introduction
	Experiments and discussions
	Experimental setup
	Magnetic noise suppression
	Fluxgate noise origin
	Spectral purity

	Conclusions
	Acknowledgements
	References


