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ABSTRACT Currently, magnetic fluxgate circuits used for magnetic field measurements mostly adopt
parallel excitation second harmonic generation. The magnetic fluxgate developed by this method cannot
possess both low noise and high bandwidth at the same time. The orthogonal fundamental mode fluxgate
is used in this paper: the excitation magnetic field is orthogonal to the magnetic field to be measured, and
the external magnetic field is detected by measuring the voltage signal in the pick-up coil. The excitation
magnetic field changes with the parallel excitation second harmonic method while the direction of the
excitation magnetic field does not change in the orthogonal fundamental mode scheme, which can effectively
reduce the influence of Barkhausen noise. The magnetic fluxgate circuit is designed based on the orthogonal
fundamental mode scheme and its performance indexes are tested. The range of the magnetic fluxgate
is 100000 nT, the sensitivity is 100 u'V/nT, the output noise is 8.9 pT/rt(Hz)@1 Hz, and the bandwidth
is DC-15 kHz. The orthogonal fundamental mode fluxgate improves the bandwidth performance while

enabling low-noise magnetic field measurements in practical applications.

INDEX TERMS Low noise fluxgate, orthogonal fundamental mode, Barkhausen noise.

I. INTRODUCTION
Magnetic field detection equipment, geomagnetic navigators,
nondestructive testing equipment, electromagnetic tracking
devices and other magnetic measurement instruments and
equipment are widely used in many fields such as scien-
tific research, national economic construction (i.e., geology,
industry, medical care), national defense construction, etc.
As a common core part, a high-resolution triaxial weak mag-
netic sensor becomes the key to affecting the comprehensive
performance of these instruments and equipment [1], [2].
In all the types of high-resolution triaxial weak magnetic
sensors, fluxgate sensors can be used as the preferred com-
ponent for magnetic field detection, electromagnetic tracking
and other equipment applications due to their comprehensive
performance advantages, i.e., their low noise, high sensitivity
and small volume [3]-[6].

The parallel excitation second harmonic method is often
used for the probe excitation of a fluxgate, and the Mag series
of products of Bartington in England are relatively mature.
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A low-noise fluxgate has a noise of 10 pT/rt(Hz)@1 Hz,
a bandwidth of 3 kHz, with a linearity error of 0.0015%.
In 2002, I. Sasada et al. from Kyushu University in Japan
designed a fluxgate prototype of the orthogonal fundamen-
tal mode, which effectively suppresses Barkhausen noise,
the main noise source of the magnetic core, by using bias
excitation. In 2004, E. Paperno from Ben-Gurion University
in Israel reduced the noise to 10 pT/rt(Hz)@2 Hz by opti-
mizing the excitation parameters [7]. In 2009, P.Ripka et al.
of Czech Technical University designed an orthogonal
excitation fluxgate with multiturn glass-coated amorphous
wire magnetic core structure to improve sensor sensitiv-
ity. In 2013, I.Sasada et al. reduced the level of noise to
1.8 pT/rt(Hz)@1 Hz on 45 mm magnetic core structure by
improving the annealing process of amorphous magnetic core
material. In 2014, R.Bazinet et al. from Phoenix Geophysics
in Canada designed an orthogonal fundamental mode flux-
gate based on cobalt-based amorphous wire materials, reduc-
ing the amount of noise to 1.5 pT/rt(Hz)@1 Hz on a 25 mm
magnetic core structure, and proposed a fluxgate digitization
scheme. Judging from the new theoretical research, many
scholars’ research on the fluxgate of orthogonal fundamental
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mode systems is still at the theoretical stage and no cor-
responding products have been developed. In 2018, Mattia
Butta presented a method to reduce the low-frequency noise
of an orthogonal fluxgate in fundamental mode, consisting
of the application of a layer of silicone to the magnetic
core, which in turn reduces the speed of variation in its tem-
perature. This method can effectively reduce low frequency
noise [8]-[11].

Many scholars have studied how to reduce the noise of the
magnetic core, but have not combined the magnetic core and
a circuit to form a magnetic field measurement product.

II. PRINCIPLE OF ORTHOGONAL FUNDAMENTAL

MODE FLUXGATE

In the parallel excitation second harmonic method, the exci-
tation coil and the induction coil are wound around an iron
core made of soft magnetic material, as shown in Fig. 1. The
signal generating the excitation magnetic field is generally
a bipolar square wave signal, the excitation magnetic field is
parallel to the magnetic field to be measured, and the external
magnetic field is detected by measuring the second harmonic
component in the output voltage of the induction coil [12].
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FIGURE 1. Structural diagram of the parallel excitation second harmonic
method(He,y: External magnetic field, Vg¢: Pick-up coil output voltage,
Iy: Current formed by excitation voltage, Hy: Excitation magnetic field).

The structure of the orthogonal fundamental mode flux-
gate sensor is shown in Fig. 2. The magnetic core of
the sensor probe is a cobalt-based amorphous wire of
(Cog.94Fep.06)72.5S112.5B 15 with a diameter of 120 um. When
the amorphous wire is excited by an axial alternating mag-
netic field, its magnetic permeability can be changed by
changing the external magnetic field, and it has high sen-
sitivity. The longer the amorphous wire is, the higher the
sensitivity and the lower the noise. The amorphous wire used
in the design is 25 mm. The cobalt-based amorphous wire
is coated with a glass layer outside, the wire is placed in a
ceramic tube, enameled wires are wound around the outside
of the tube, the diameter of the enameled wires is 0.12 mm,
and 1200 turns of the enameled wires are wound. The output
voltage of the induction coil carries the information of the
magnetic field to be measured. The sensor probe is excited
by an alternating current with bias, and the magnitude of the
excitation current changes without changing the direction,
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thus effectively reducing the Barkhausen noise caused by the
alternating magnetic field [13], [14].
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FIGURE 2. Orthogonal fundamental mode fluxgate sensor
structure(lo: Excitation current, Vo: Pick-up coil output voltage).
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The amorphous wire after preparation is coated with a glass
layer outside. A microphotograph of the amorphous wire after
corrosion in HF solution is shown in Fig. 3. It can be seen that
the diameter and appearance of the amorphous wire are very
smooth and uniform except for some residual glass, and it is
uniformly coated by the glass layer.

BETRIR
Ameorphous wire

Glass layer

FIGURE 3. Microphotograph of corroded glass coating.

Before the amorphous wire is made into a sensor probe,
a circumferential dynamic hysteresis loop of the core wire
is created. The hysteresis loop, i.e., the magnetization curve,
reflects the relationship between the magnetic flux density
M and magnetic field strength H of a ferromagnetic material
during magnetization. A block diagram of the test principle
is shown in Fig. 4. The signal generator provides AC (alter-
nating current) or DC (direct current) voltage. The red part
in Fig. 4 is the location of the amorphous wire. R3 adjusts the
balance of the Wheatstone bridge. The preamplifier amplifies
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FIGURE 4. Circumferential dynamic hysteresis loop test circuit.

the voltage output at both ends of the Wheatstone bridge. The
two output voltages are connected to both chl and ch2 of the
digital oscilloscope to observe the Lissajous waveform.

The circuit consists of a bridge circuit, an RC integration
circuit and a noninverting amplifier. The value of R1,R2, Riis
49.9 Q. Excessive resistance value will affect the excitation
current stability. If the resistance value is too small, the signal-
to-noise ratio of the bridge output voltage signal will be too
bad, which will affect the test results. The time constant of the
integrating circuit is determined by Rp (2 k2), Cp (47 nF).
In this test, the time constant is 94 us. When observing
circumferential dynamic hysteresis loop curves at different
frequencies, the time constant should be adjusted accordingly.
The differential mode voltage output from the bridge to the
instrumentation amplifier is recorded as V. After integration
amplification, the obtained output voltage Vchl is displayed
by the oscilloscope chl and can be calculated with Eq. (1):

G
Venl = — | Vdt 1
chl = 2= (1

where G is the amplification factor of the circuit, then, Eq. (2)
is obtained. (a: The radius of the amorphous wire. [: The
length of the amorphous wire).
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Substituting the parameters into Eq. (3):
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Magnetic field intensity is obtained by collecting the volt-
age at both ends of the resistance Ri by ch2 and dividing the
resistance Ri by the current I of the wire. Refer to Eq. (4).
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A Lissajous curve composed of the chl and ch2 signals
displayed on the oscilloscope is shown in Fig. 5 to obtain
a circumferential dynamic hysteresis loop of core wire. The
waveform can be saved by the oscilloscope. The saved result
is the actual measured voltage value and is not affected by the
scale of each axis during display. When the diameter of the
tested wire is 120 pum, the length is 2 cm, and the time con-
stant is set to 94 us, it can be seen from the Lissajous diagram

“
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FIGURE 5. Circumferential dynamic hysteresis loop of core wire (120 xm).

in Fig. 5 that the hysteresis loop varies under different current
excitations. The better the square ratio of the hysteresis loop
is when the excitation current becomes larger, the better the
linearity is when the wire is applied to the fluxgate circuit
later.
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FIGURE 6. Structure of the amorphous wire probe.

The structure of the amorphous wire probe used in the
fluxgate circuit is shown in Fig. 6. The probe structure is
a U-shaped structure. This structure can effectively reduce
the influence of the output bias of the amorphous wire probe
under the unidirectional current excitation condition and can
effectively reduce the output noise. The diameter of the amor-
phous wire is 120 pum, the length is 2 cm, the resistance is
2.7 2, the diameter of the pick-up coil is 0.1 mm, the outer
layer of the amorphous wire is wound with 1200 turns, and the
resistance is 112 2. The two ends of the amorphous wire are
connected with an excitation current signal, and the pick-up
coil outputs a voltage signal that responds to the magnetic
field information [15]-[17].

Ill. PRINCIPLE OF ORTHOGONAL FUNDAMENTAL

MODE FLUXGATE

The magnetic fluxgate circuit can simultaneously mea-
sure the magnetic fields in the X-axis, Y-axis and Z-axis
directions.
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FIGURE 7. Block diagram of the principle of the orthogonal fundamental mode fluxgate circuit.

The circuit principle block diagram is shown in Fig. 7.
The magnetic fluxgate circuit is divided into an excitation
circuit and a measurement circuit. The MCU (microcontroller
unit) in the excitation circuit controls the DDS (direct digital
synthesizer) to divide the frequency of the clock signal to gen-
erate an excitation voltage signal of 100 kHz. The excitation
voltage signal drives the current source to generate an excita-
tion current signal of the corresponding frequency [18], [19].
It is a sinusoidal signal with bias as the excitation current
signal of the amorphous wire probe. The probes of the three
axes are connected in series to ensure that the amplitude and
phase of the excitation current passing through each axis are
consistent. The excitation circuit and the measurement circuit
are completely isolated. The excitation circuit contains digital
circuits, and the measurement circuits are all analog circuits.
Isolation can effectively reduce the influence of the excitation
circuit on the measurement circuit and is helpful to further
reduce the noise of the circuit [20], [21].

The amorphous wire probe modulates the magnetic field
signal at a frequency of 100 kHz. A measurement circuit
is designed to complete the demodulation of the signal.
The measurement circuit includes the preamplifier circuit,
bandpass circuit, analog demodulation circuit (AD630 ADI),
integration circuit (the time constant is 22 us.) and feedback
circuit which can form a closed-loop measurement system.
The feedback resistor adjusts the sensitivity of the circuit by
controlling the feedback. The reference signal used in the ana-
log demodulation circuit is provided by the excitation voltage
signal in the excitation circuit through the transformer. In the
process of demodulation, the phase of the modulation sig-
nal must be consistent with the reference phase. Therefore,
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the phase shift circuit is designed to control the phase of the
reference signal. The amplitude of the signal will not change
after passing through the phase shift circuit, but the phase can
be adjusted within the range of 0 °-180 °. In the design of the
three-axis probe, due to the limitation of the manufacturing
process, the complete orthogonality of the three axes can-
not be completely guaranteed. Therefore, an orthogonality
adjusting circuit is added behind the integrator to compensate
for the orthogonality of the probe. To reduce the measurement
noise of the whole circuit, the magnetic fluxgate circuit is
powered by a lithium battery, with a small power ripple and
high quality, thus reducing the influence of power noise on
the analog circuit.
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Excitation R2
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FIGURE 8. Schematic diagram of preamplifier for fluxgate.

The pre-amplifier circuit is shown in Fig. 8. It is designed
with the same comparative arithmetic circuit. The resistance
value of R1 and R2 is 200 €2, and the resistance value of
Rf is 510 2. The pick-up coil is connected in parallel with
the capacitor. Thereby improving the signal-to-noise ratio
of the output signal of the pick-up coil. The value of the
capacitance is related to the inductance of the pick-up coil
and the frequency at which resonance occurs.
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IV. EXCITATION PARAMETERS OF FLUXGATE
AMORPHOUS WIRE PROBE

The output noise of the amorphous wire probe accounts for a
large part of the fluxgate noise. The output noise of the probe
is directly related to the quality, the magnitude and frequency
of the excitation current, and the length of the amorphous
wire. Among them, the excitation current has the greatest
influence on the output noise of the probe when the wire
length is fixed. In addition, the magnitude of the excitation
current affects the sensitivity of the sensor probe. The larger
the excitation current is, the smaller the sensitivity of the
sensor probe and the larger the bias. The output noise of the
circuit under different excitation currents is shown in Fig. 9.
It can be seen that the output noise of the circuit will increase
if the excitation current is too large or too small. After testing
groups of excitation currents, the noise output by the probe
is smallest under the excitation of a 45 mA bias current and
30 mAp AC amplitude. By testing amorphous wires with dif-
ferent diameters of the same material, the results are basically
the same. This picture can help us better choose the appropri-
ate current excitation [22], [23]. Under the same excitation
condition, the longer the length of the amorphous wire with
the same diameter is, the smaller the noise. However, the
size of the magnetic sensor will become larger, which is not
conducive to use in engineering measurement.
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FIGURE 9. Impact of excitation current on output noise.

V. INDICATOR TEST

A. NOISE TEST

Noise performance is a very important indicator of the flux-
gate. All testing work is carried out in the underground mag-
netic shielding room. A noise test diagram is shown in Fig. 10.
The probe is placed in a small shielding barrel, and the barrel
and fluxgate measurement circuit are placed in a large shield-
ing barrel together, which can reduce the influence of circuit
noise on the probe. This test was conducted in a basement
to ensure a quiet test environment. When measuring fluxgate
noise, the sensor probe and measurement circuit are placed
in a high-performance magnetic shielding barrel to ensure a
zero magnetic field environment (approximately 1 pT). The
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output of the fluxgate is connected to a dynamic signal ana-
lyzer 35670A (Agilent). The noise test result is derived using
MATLAB. The noise observation bandwidth is 31.25 mHz-
6.25 Hz and 64 Hz-25.6 kHz. The test results are averaged
20 times. As shown in figure, the noise of the fluxgate is
8.9 pT/rt(Hz)@1 Hz.
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FIGURE 10. Noise test diagram.
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FIGURE 11. Fluxgate output noise spectrum (the noise observation
bandwidth is 31.25 mHz-6.25 Hz and the test results are averaged
20 times).
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FIGURE 12. Noise floor of fluxgate (the noise observation bandwidth is
64 Hz-25.6 kHz and the test results are averaged 20 times).

B. ORTHOGONALITY TEST

Magnetic field sensors are vector sensors. Due to the elec-
trical characteristics and processing technology of sensor
core materials, complete orthogonality cannot be guar-
anteed between the X-axis, Y-axis and Z-axis. Although
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compensation is made in the hardware circuit, an orthog-
onality error still exists. To test the orthogonality devia-
tion between each axis, the orthogonality test scheme is as
follows.

1) Select a space with a uniform magnetic field, and mea-
sure the magnetic field intensity BO in the uniform field area
at the center of the magnetic field generator in the magnetic
shielding chamber by using an optical pump magnetometer;

2) Rotate the sensor probe randomly in the uniform mag-
netic field area (the heading angle covers +180 degrees,
the pitch angle covers +90 degrees, and the roll angle covers
490 degrees), and continuously record the triaxial output
voltage of the sensor, with the sensor output data is recorded
being D1;

3) Repeat step 2) to measure the outputs of groups of
sensors, and record them as D2, D3, D4, .. .;

4) Based on the measured values D1, D2, D3,..., sequen-
tially extract the three-axis orthogonality error angles ul, u2,
u3 of the sensor with a digital correction method; ul angle
sequences as ull, ul2,..., the u2 angle sequences as u2l,
u22,..., and the u3 angle sequences as u31, u32, .. .;

5) Calculate the maximum deviations D(ul), D(u2) and
D(u3) of the ul, u2 and u3 angular sequences relative to
the mean value of each sequence, as shown in Eq. (5). The
maximum deviation of the three represents the maximum
deviation of the corrected sensor triaxial orthogonality error
angle.

Dyax = max(D(uy), D(uz), D(u3)) &)

The orthogonality error angles of 10 groups of sensors
were measured according to the above method, and the
measured results are shown in Fig. 13. The three colors
represent the X-axis, Y-axis and Z-axis, and the three-axis
orthogonality error of the sensors obtained according to the
abovementioned test method is 0.04°.

Orthogonality error distribution

0.04

Triaxial orthogonality error(°)

-0.04

Measurement sequence

FIGURE 13. Test results of sensor triaxial orthogonality error.

C. WORKING BANDWIDTH TEST
The fluxgate of the orthogonal fundamental mode mechanism
can effectively improve the working bandwidth index. The
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working bandwidth of the fluxgate of the parallel excita-
tion second harmonic method is mostly 3 kHz-6 kHz, and
the operating bandwidth of the orthogonal fundamental mode
fluxgate is 15 kHz. It has low noise and high bandwidth
performance. During the test, the fluxgate is placed in the
solenoid, and by supplying alternating current to the solenoid,
an alternating magnetic field is generated. The frequency
sweep function of the SR785 dynamic signal analyzer is used
to test the working bandwidth of the fluxgate. The test results
are shown in Fig. 14. The power frequency interference is
greater at 50 Hz.
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FIGURE 14. Amplitude-frequency characteristics and phase frequency
characteristics of the fluxgate sensor circuit.

This article takes the Mag-03 product of Bartington as an
example to compare some main parameters.

TABLE 1. Parameter comparison.

. . Dynamic

Instrument Noise(@1Hz)  Bandwidth Range
Orthogonal
Fundamental 8.9 pT/rt(Hz) DC-15kHz 159dB
Mode Fluxgate
Mag-03

. . 6 pT/rt(Hz) DC-6 kHz 162.5 dB

(low noise version)
Mag-03
(standard version) 10 pT/rt(Hz) DC-6 kHz 146 dB
Mag-03 20 pT/rt(Hz) DC-6 kHz 140 dB

(basic version)

VI. CONCLUSION

Different from the parallel excitation second harmonic
method, an orthogonal fundamental mode fluxgate is
designed in this paper, which can effectively reduce the
influence of Barkhausen noise on the fluxgate output
noise. After testing, the output noise of the fluxgate is
8.9 pT/rt(Hz) @1 Hz. The operating bandwidth of the orthog-
onal fundamental mode fluxgate can reach 15 kHz, which
is higher than that of the fluxgate with the parallel exci-
tation second harmonic method, providing a direction for
designing a high-bandwidth fluxgate. This paper introduces
several methods for fluxgate testing. The magnetic field mea-
surement range of the orthogonal fundamental mode fluxgate
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is £100000 nT, the sensitivity is 100 uV/nT, The dynamic
range of the fluxgate is 159 dB, and the error of triaxial
orthogonality after digital correction is less than 0.04 °, mak-
ing this fluxgate suitable for use in the field of high-precision
magnetic field measurement.
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