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Abstract. Design, fabrication, characterisation and calibration of a three-axis, ring-core, second harmonic fluxgate
magnetometer is described in detail. Owing to the good material selection, precise structural fabrication, and highperformance processing unit, in addition to implementation of a novel and effective calibration algorithm, the
sensor features good characteristics such as 0.1◦ non-orthogonality, 0.03% accuracy and 0.08% linearity. The
power consumption of the fabricated sensor is 0.7 W. We have also compared the noise level of two types of
commercial ring cores and shown that the experimental findings confirm our expectation about the noise level of
the cores. In addition, a novel calibration method using the neural network was used to reduce errors of the fluxgate
sensor.
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1. Introduction
Magnetic field measurement, directly or indirectly, has
various applications in science and technology, especially in geophysical studies [1], positioning [2], attitude
determination [3] and medical equipments [4–6]. There
are different types of magnetic sensors which vary
in operation technology and measurement range [7].
The most popular sensors are: Hall-effect sensors for
large magnetic field (10 μT−3 T) measurement, magnetoresistive sensors for medium magnetic field (100
nT–1 mT) measurement, fluxgate sensors for small
magnetic field (1 nT–100 μT) measurement and superconducting quantum interference devices (SQUIDs) for
very small magnetic field (1 fT–1 nT) detection [8–
10].
Fluxgate magnetometers, due to many advantages
such as robustness against external conditions, high sensitivity, stable zero-field bias, linearity and appropriate
dynamic range, are used in many applications [11]. In
fluxgate magnetometers, a ferromagnetic core is wound
with a coil (the so called excitation or driving coil) and
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surrounded by another coil (pick-up coil), in which, a
voltage is induced. The core is usually excited with a
symmetric (mostly a square wave) signal [12]. In case
there is no external magnetic field, a symmetric signal would be induced in the pick-up coil, while the
existence of an external magnetic field would cause an
asymmetry in this signal, which is proportional to the
strength of the external field. Owing to their robustness
and well-predicted behaviour, second harmonic fluxgates are widely used in numerous applications [13].
In these types of fluxgates, the fluctuations of the second harmonic of the pick-up coil, made by variations of
external magnetic field, is detected and converted to a
DC voltage, which is proportional to the strength of the
magnetic field [14]. Performance of a fluxgate depends
on the precise selection of the core (its shape, geometry or material) and quality of electronics design and
implementation [15].
In this work, we designed, fabricated and characterised a three-axis, second harmonic, ring-core fluxgate
magnetometer. In the following sections, the particulars of our design, including core material, geometry
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selection and electronic interface design are presented.
Moreover, the test set-up, characterisation methods and
characterisation results of the sensor are explained in
detail.

2. Design and fabrication
Based on the principles of fluxgate magnetometer operation, which is discussed in [16], the functional blockdiagram of a typical second harmonic fluxgate sensor is
shown in figure 1.
The core of each axis is excited by a square wave
signal which is generated and controlled by the processing unit and fed into the excitation coil by means
of the driver unit. The induced voltage at the pick-up
coil of each axis is measured by the readout circuit unit
and converted into a DC voltage level which is proportional to the amplitude of the external magnetic field. For
further processing and calculation of the corresponding
magnetic field, the analog voltage is converted to a digital value by an analog to digital converter (ADC) and
transmitted to the processor. All the mentioned units are
provided with their required supply voltage by the power
supply unit.
2.1 Material selection and mechanical structures
Material selection for the core of the fluxgate magnetometers is of great importance because the sensitivity
of the sensor depends on how easily the core can
be saturated. Material selection depends on different
parameters including, type and geometry of the sensor, processing type of the output signal, excitation
frequency and required temperature range [17]. The
magnetic sensors made of bulk soft magnetic materials are more useful because
1. The magnetic properties of the bulk material are
usually better than those of the thin films [18].
2. The magnitude of the sensor signal depends on
the cross-section of the core. So, signal magnitude
can be improved by the reduction of core crosssection. This ability does not exist in thin filmbased sensors [18–20].
It can be said that among all the geometries, ring core
sensors have low noise, although their sensitivity is
low due to the large demagnetisation [12]. In addition,
these sensors have the ability to decrease the cross-field
effect by reducing the ring core diameter [21]. Generally speaking, the requirements for the core materials
are [12,17,18,21,22]:
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1. High permeability (μ), low coercively (Hc ) and
low saturation magnetisation (Bs ) resulting in
lower power consumption and low loss
2. Low magnetostriction and low Barkhausen noise
3. Uniform cross-section and large homogeneity
4. High resistivity to decrease the eddy currents
5. Low curie temperature

Point 1 leads to the smallest possible area of the B−H
loop, yet there is a point to which it should be paid
attention. The B–H loop should not have rectangular shape because rectangular loop increases the noise
[12,17,18,21]. In other words, the remnant magnetisation (Br ) should not be close to saturation magnetisation
(Bs ). The best ratio of Br /Bs should be about 0.5 [23].
Another point is that increasing the frequency of the
excitation current increases the sensitivity and improves
the dynamic performance. However, it leads to a situation where the eddy currents in the core material
become important [12]. Therefore, core materials with
high resistivity and lower thickness are preferred [21].
Considering all the above, materials suitable for fluxgate cores are permalloys (with 78–81% of nickel) and
Co-based amorphous alloys [12,17,18,21,22]. Ferrites
are used only rarely, as they give low sensor sensitivity [12]. The nanocrystalline alloys have shown no
advantage [24]. Supermalloy is a crystalline Ni–Fe alloy
(permalloys family) to which approximately 4 wt% Mo
is added in order to increase the resistivity and reduce
the eddy currents [25]. Wieserman et al [26] have shown
that the least losses are related to supermalloy and Vitrovac 6025 which is a Co-based amorphous alloys made
by Vacuumschmelze Co. [27]. Each core material has a
B−H hysteresis loop which is altered by different heat
treatment history, changing excitation frequency and
flux density [25,26]. In the present work, supermalloy
was chosen as the core material in the 3D axis fluxgate
sensor. In order to better illustrate the effectiveness of
this material, its performance from the noise level viewpoint is compared with orthonol, which is another type
of crystalline Ni–Fe alloy with higher loss with respect
to the supermalloy [26] (see §3.2). Three cores were
wound by 0.1 mm diameter copper wire as the excitation coil systems and each of them was placed in a
bobbin around which the pick-up coil was wound (figure 2). Three bobbins were made from tough resin by
3D printing with the tolerance of 0.01 mm.
The bobbins were placed in a holder which is made
from PTFE by CNC machining. The tolerance of 0.1mm
was considered during fabrication. Also, axes of voids
in the holder are maintained perpendicular to each other
by 0.1◦ error. The 3D design of the holder is illustrated
in figure 3.
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Figure 1. Functional block-diagram of the fluxgate sensor.

Figure 2. Magnetic core (right) and bobbin (left) with the excitation and pick-up winding system

Figure 3. (a) Front, (b) top and (c) 3D view of the holder for holding three bobbins and the magnetic cores (all dimensions
are in millimeters).

2.2 Electronic interface design
Figure 4 depicts the functional block diagram of the
implemented electronic interface of the sensor. Electronic circuitry of this sensor includes power supply,

excitation coil driver, readout circuit and processing
unit, which are going to be explained now.
Power supply: The power supply unit is supposed to
supply three voltage levels: +3.5 V, −3.5 V and +5 V
to supply analog units (i.e. readout circuit of each axis).
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Figure 4. Functional block-diagram of the electronic interface.

Moreover, the +3.5 V and −3.5 V lines, provided for
digital units (i.e. ADC, CPU and excitation driver) have
been isolated from the ones provided for analog units,
in order to protect analog units from the noise of the
digital supply lines. All required voltages of the board
have been provided from an input DC range of 5.5 to 15
V, using TPS 6211 (integrated step-down converter of
Texas Instruments). Moreover, to protect the electronics from potential electromagnetic interference (EMI)
effects, a filter is placed at the input side of the power
supply circuit (figure 5).
Excitation coil driver: This unit is employed to provide
the excitation coil with a square wave current signal. To
this end, a CMOS H-bridge configuration (figure 6) is
used. This circuit should be designed in a way that it can
saturate the core of the excitation coil. The minimum
current required to saturate the core is determined by
identifying the saturating field (Hsat ) from the characteristic hysteresis curve of the core. Once the respective

current (Isat ) is determined, one should check out if
the circuit supplies the required current. Therefore, the
impedance of the coil at the selected excitation frequency should be considered.
Readout circuit: The readout circuit is supposed to make
a DC voltage proportional to the external magnetic
field (Bext ). To this end, the second harmonic detection method was used which is described in [17,23]. A
phase-sensitive detector (PSD) selects the second harmonics of the induced voltage at the pick-up coil ends.
An integrator generates the output DC voltage from the
selected second harmonics after their amplification with
a non-inverting preamplifier. The gain of the preamplifier stage of this circuit needs to be carefully tuned, so
that its output voltage does not saturate for the maximum
external fields of the dynamic range. Moreover, the time
constant of the integrator should be carefully selected so
that the readout circuit can follow the variations as well
as suppress the undesired harmonics. To implement the

Pramana – J. Phys.

(2021) 95:119

Page 5 of 12

119

Figure 5. Schematic of the implemented EMI filter.

Figure 6. Schematic of the excitation coil driver of one axis.

PSD, we have used ADG 619 (an integrated single pole
double throw switch of Analog Devices) as the gate control unit. The implemented readout circuit is depicted in
figure 7.
Processing unit: The processing unit is responsible for
analog to digital conversion, generating the readout control signal and the excitation signal, calculating the
magnetic field from the measured voltage, calculating
the ambient temperature from the output voltage of the
thermometer circuit, performing some signal processing
such as digital filtration and thermal compensation. The
analog to digital conversion is done using 24-bit ADC
(ADS1254 of Texas Instruments) at a data rate of 20
kHz. The processing unit which was used in this work
is TMS320F2803.

3. Results and discussion
3.1 Sensor characterisation set-up
All the measurements and characterisation tests have
been performed in the Magnetics Lab of the Mechanics Institute. Here, we describe the DC test set-up, AC
test set-up and passive test set-up of this lab in which
the characterisation tests of the fabricated sensor were
performed.
DC test set-up: We used the DC test set-up, schematically depicted in figure 8, to characterise the sensor in
its measurement range of DC magnetic fields (±75 μT).
The goal is to generate precisely controlled magnetic
fields and, simultaneously record the output of the sen-
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Figure 7. Schematic of the readout circuit.

sor at each axis. A pair of Helmholtz coils is utilised
for generating the required DC magnetic field. The
required current for the Helmholtz coils is provided and
controlled by the Source-Measure Unit (SMU) of the
Keysight (MODEL: B2900A). The correctness of the
applied magnetic field is verified using a precise magnetometer (RM100 nano-tesla meter, Meda). To prevent
the reference and fabricated sensor from influencing
each other’s measurement, they were not put in the
set-up at the same time, but, the DC magnetic field
sweep was performed on them separately. DC functional
parameters of the sensor such as sensitivity, linearity,
accuracy and non-orthogonality are determined using
this test set-up.
To this end, the SMU is set to sweep the current of the
Helmholtz coils in such a way that the magnetic field
generated by the Helmholtz coils sweeps in the measurement range of the sensor (i.e. −75 to +75 μT). The
sweep process is scheduled such that the sweep range is
divided into a proper number of levels (about 50), and
the Helmholtz coils are forced to keep the applied magnetic field in each step for an adequate time so that the
data acquisition system can log the sensor data before
increasing the applied field value to the next level. In
each particular applied magnetic field, the output of the
sensor is recorded for several seconds, while the current is recorded as well. Then, the SMU steps up the
current to generate the next level field. Figure 9 demonstrates the measured output voltages of three axes of
the sensor. Subsequently, we average the recorded data

of each step to achieve a particular value for that step.
Then, B−V characteristic curve of the sensor is obtained
and the linearity, accuracy and sensitivity of the sensor
are calculated using this curve. To determine the nonorthogonality of the sensor, the outputs of the other two
axes of the sensor are also recorded when a specified
axis is under the test.
AC test set-up: The AC test set-up is used for determining the sensor frequency response. Figure 10 depicts
the schematics of the AC test set-up. In this set-up, the
Helmholtz is fed with a sinusoidal current, which is provided by a function generator (MEGATEK, MODEL:
MFG 3102), amplified by a bipolar power amplifier
(nF, MODEL: BA4825), and the sinusoidal output voltage of the under-test axis is monitored simultaneously.
The frequency of the input signal is increased from
zero until the peak-to-peak value of the output signal
drops to 3 dB below its DC value. The corresponding
frequency is specified as the cut-off frequency of the
sensor.
Passive test set-up: This set-up (figure 11) is used for
noise measurements. To this end, the magnetometer is
put in the zero Gauss chamber (ZGC) of MAGNETIC
SHIELD (ZG-209), and the output of its main axis (the
one aligned with the main axis of the ZGC) is measured
for a suitable time. The zero Gauss chamber eliminates the magnetic disturbances of the environment. The
stored data is then processed with MATLAB to obtain
power spectral density (PSD) of the noise.
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Figure 8. DC test set-up.

Figure 9. Output voltages of the sensor axes in response to the magnetic field sweep. The horizontal axis shows the elapsed
time from the beginning of the test.

3.2 Sensor characterisation results
Here we present the calculation methods and the attained
results of each sensor parameter. Linearity, accuracy and
non-orthogonality of the sensor are evaluated using the
DC test. Firstly, as explained already, B −V characteristic curve of the sensor is obtained from the DC test
measurements. Figure 12 shows the B−V curves of the
three axes of the sensor. From the obtained B−V curves,

linearity, scale factor, accuracy and non-orthogonality
are calculated, as described now.
Linearity: For each axis, a line is fitted to the experimentally obtained B−V curve. The linearity of each axis is,
in turn, calculated from eq. (1).
Linearity =

max {V i }
× 100%,
VFS

(1)
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Figure 10. AC test set-up.

where B i is the difference between the measured and
the actual magnetic field for each applied magnetic field.
The accuracy of the proposed sensor is calculated to be
0.27%.

Figure 11. Passive test set-up.

where V i is the deviation of the measured voltage
from the fitted line at each applied magnetic field and
VFS stands for the full-scale range of the measurement
voltage. For this sensor, linearity is calculated as 0.16%.
Scale factor: Scale factor of each axis is, simply, determined as the slope of the line fitted to the B−V curve.
Therefore, it can be obtained from eq. (2). This value is
23.27 μV/nT for the fabricated sensor.
Scale factor =

Vmax − Vmin
.
Bmax − Bmin

(2)

Accuracy: The accuracy of each axis of the sensor is
defined as the maximum deviation of the measured
value, from the actual value of the corresponding magnetic field. Using the formula of the fitted curve, the
measured voltage is converted to the measured magnetic
field. Therefore, the accuracy of the sensor is calculated
from the following formula:
Accuracy =

max {B i }
× 100%,
BFS

(3)

Non-orthogonality: Ideally, when the exact axis of the
sensor is aligned to the main axis of the test set-up, the
outputs of other axes are expected to remain constant.
However, in practice, the output voltages of other axes
are affected from the variations of the applied magnetic
field to the main axis. This non-ideality is called nonorthogonality. To obtain this property of the sensor, one
of its axes (e.g. z) is aligned with the direction of the
applied magnetic field. Then, outputs of other axes (x
and y) are monitored, while the applied field is being
swept over the dynamic range of the sensor. If we name
maximum variations of the axes, V x , V y , V z , as
illustrated in figure 13, the non-orthogonality of y on z,
can be calculated using eq. (4):


V y
Non-orthogonality y/z = tan−1
.
(4)
V z
Similarly, non-orthogonality of x on z can be calculated from eq. (5).


−1 V x
Non-orthogonalityx/z = tan
.
(5)
V z
These calculations are repeated for the other two axes
sweeps, so that six non-orthogonality values are gathered. The worst (greater) value should be reported as
the non-orthogonality of the sensor. Non-orthogonality
of this sensor is less than 1◦ .
Frequency response: To obtain the frequency bandwidth
of each axis of the sensor, AC test set-up is used. The
frequency of the Helmholtz current is incremented with
steps of 0.5 Hz, from DC until the amplitude of the
output voltage of the corresponding axis drops to 3 dB
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Figure 12. B−V curves of the three axes of the sensor.

Figure 13. B−V curves of the three axes of the sensor. Maximum variations of the axes, Vx , Vy , Vz , are illustrated
here.

below its near-DC amplitude. This would be the cutoff frequency of that axis of the sensor. The least value
among the obtained cut-off frequencies would stand for
the sensor bandwidth. Based on the test results, the bandwidth of this sensor is determined as 10.8 Hz.

noise of the sensor at 1 Hz is −4 dB for the supermalloy
and +5 dB for the orthonol, showing that the performance of the supermalloy is better. This is because
more loss leads to greater noise level in magnetic cores
[24].

Noise level: Noise measurements of the sensor were performed for two different magnetic cores. The first core
(type-1) is made of supermalloy and the second one
(type-2) is made of orthonol. The frequency spectrum
analysis of the sensor output is depicted in figure 14 for
the two implemented cores. The power of the output

3.3 Sensor calibration
A calibration approach is performed on the three-axis
data to compensate the measurement errors. Among
various algorithms such as nonlinear least square,
unscented Kalman filter, etc. a neural network function
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Figure 15. Schematic diagram of the implemented neural network.
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Table 1. Comparison of two commercial magnetometers with the fabricated magnetometer.
Sensor parameter

FLC3-70 (Stefan Mayer Instruments) [28]

Power consumption (W)
Scale factor (μV/nT)
Linearity
Accuracy
Non-orthogonality
Frequency response (Hz)
Mass (g)

FGM-A-75 (ZARM Technik) [29]

0.12
28.57
–
0.5%± 0.05 μT
< 1◦
1000
33

was proposed for calibration based on discussions done
in [14].
The structure of the network used for calibration is as
follows: the network has 3 layers and each layer contains 15, 5 and 3 neurons respectively (as depicted in
figure 15). The algorithm used in training the network
is Bayesian regulation and a tan-sigmoid nonlinear function was used as output function in each layer. Output
data of the sensor collected in DC-test set-up was used to
train the network, and the output of the reference magnetometer (RM 100) was considered as the target dataset.
This network is trained by using regression between the
data obtained from the reference sensor and the sensor
under test. The proposed network has improved both
accuracy and orthogonality of the sensor significantly.
Mean square error (MSE) of accuracy is reduced from
0.747 to 0.032 and misalignment has been reduced from
0.81 to 0.074◦ .
3.4 Performance evaluation
Characterised parameters of the fabricated sensor are
gathered in table 1.
In comparison to other two fluxgates, the fabricated
sensor shows good performance. The sensor’s good
accuracy is due to the application of digital filtration
and noise elimination, in exchange for time (frequency
response). However, the bandwidth of 10 Hz is shown to
be adequate for many applications such as attitude determination. Good linearity of the sensor indicates not only
the appropriateness of core selection and its quality, but
also affirms the appropriate design and performance of
the core driving circuit. In general, the performance of
the designed and fabricated sensor is good, making it a
suitable sensor for many applications.

4. Conclusion
In this paper we have presented the design, fabrication and characterisation of a three-axis, ring core
fluxgate magnetometer. Implementation of an efficient

1
66.67
0.1%
0.5%
< 1◦
11
300

This work
0.7
32.3
0.08%
0.03%
< 0.1◦
10.8
270

processing and calibration algorithm, using the high performance TMS320F2803
microcontroller and the high

precision – ADS1254 analog-to-digital converter,
in addition to precise material selection and fabrication
process, winding of core and pick-up coils, have made
the device an appropriate sensor with suitable characteristics in comparison with similar devices.
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