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Abstract. The paper presents the novel concept of the magnetoelectric sensor constructed using the amorphous glass ribbon. Its output
characteristics (voltage pattern), conditions of work and experimental results are presented. The novel construction allows for minimizing the
demagnetizing field in the core of the sensor and linearization of the characteristics between the magnetic field and obtained voltage. Conducted
experiments were aimed at determining the sensor operation in the presence of the constant magnetic field (HDC). The main concern of the tests
was to verify the linear dependency between the HDC value and the amplitude of the output voltage. Next, the computer model representing
the sensor behavior in the constant magnetic field is described. The model implements the parameter identification task based on the regression
algorithms. The presented work shows that the proposed device can be used to measure the weak magnetic field and the dependency between
the output signal amplitudes and the constant component in the measured magnetic field is approximately linear. This enables measurements of
even weak fields.
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1. INTRODUCTION
Measurements of the magnetic field strength have important ap-
plications in the operation of mechanical and electronic sys-
tems. They are used in magnetic field sensors or biomedical
applications. The proposed new concept is low-power energy
harvesting, where the existence of the magnetic field may cause
the acquisition of the electric charge as the result of the weak
current flow. The important problem to solve here (leading to
new sensor inventions) is the ability to detect even the weak-
est signal changes and obtain the linearity of the characteristics
combining the magnetic field amplitude and the generated volt-
age in the whole range of operation. To maximize the sensor
sensitivity it must operate in the resonance frequency (which is
one of the design parameters).

Characteristics of the designed magnetic sensors have been
analyzed in the past [1, 2]. In [1] a review of magnetoelectric
sensors is presented, and in [2] the physical basics of magne-
toelectric sensors is given. In [3] the voltage characteristics on
the output of the sensor operating in the resonance were pre-
sented. The relation between the magnetic field and the volt-
age was close to linear, which is desired. On the other hand,
in [4] the output characteristics of the magnetoelectric sensor
were obtained based on the third harmonics analysis. Such a
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construct does not ensure the positive verification of the sensor
correct operation, because for the zero-field strength the sensor
response is also zero.

The more complex designs of the vortex magnetic field
sensor include ring or cylinder construct. In [5] the multifer-
roic heterostructures were put on the outside of the cylinder
with the controlled thickness of each layer. In [6] the Met-
glas/Piezoelectric (PZT – Plumbum Zirconium Titanium) lam-
inates with the open and closed magnetic circuit were designed
in the form of a ring. Such structures have high sensitivity and
are independent of the location of the center of the vortex field.
The sensitivity of 5.426 V/A in the resonance frequency of
174.4 kHz is obtained.

Presented designs show much potential for using magneto-
electric sensors in various applications. However, the remain-
ing problems include the maximization of the sensitivity and
maintaining the linearity of the voltage-magnetic field strength
characteristics. The following paper presents the analysis of
the magnetic field sensor operation which exploits the mag-
netoelectric effect. First, the device work regime is presented.
Next, the experiments revealing the relation between the mag-
netic field strength and the measured electric signals are de-
scribed. The experimental setup and results of examinations are
presented as well. After verifying the sensor capabilities (es-
pecially regarding linearity in the input-output characteristics),
these dependencies are confirmed by the computer, regression
model. The experiments show that it is possible to measure and
model the linearity of the sensor characteristics.
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The content of the paper is as follows. Section 2 presents the
fundamentals of the magnetic field sensor operation, explaining
its purpose and work regime. In Section 3, the magnetostric-
tion effect in the designed sensor is presented. Section 4 con-
tains the experimental setup for determining the linearity and
the hysteresis loop of the sensor. In Section 5, experimental re-
sults are presented. In Section 6, the mathematical model of the
sensor output of signal nonlinearity and linearity is discussed.
The summary and future prospects are presented in Section 7.

2. OPERATION OF THE MAGNETIC FIELD SENSOR
The considered sensors measure the strength of the magnetic
field, which is difficult because such fields are usually weak.
As they have the vector form, it is essential to determine their
length and direction. In most cases, sensors are designed to de-
tect a changing field [7]. Their work regime is to measure the al-
ternate components and extract the constant field strength from
them. This also allows one to measure electrical current in the
power lines. The advantage of the changing field sensors is their
ability to work without an external power source. The nonlin-
earity of the relation between the magnetic field and the gen-
erated voltage has a negative effect on measurement accuracy.
The measured voltage also depends on the type and thickness of
the piezoelectric material. It is desired to have lower resonance
frequencies (the kHz range), as the magnetic field generator in
the sensor will be simpler.

The hybrid magneto-piezoelectric magnetic sensors exploit
the magnetoelectric effect. Magnetoelectricity is the interaction
between the dielectric polarization of the material and the ap-
plied magnetic field [8].

Usually, the piezoelectric element is used to generate an al-
ternating oscillation signal responsible for strains in the amor-
phous ribbon that lead to the modification of the magneto crys-
talline anisotropy [9]. Both piezoelectric and amorphous ele-
ments are joined using the viscous fluid or glued avoiding the
mechanical tensions of a rigid adhesive and allowing for the
transmission of vibrations at high frequencies. The best work-
ing mode is in the resonance of the longitudinal vibrations in the
piezoelectric plate, where the amplitude oscillations are large
enough (in the range of single volts). Beyond this resonance
frequency [10], the sensor loses the null condition (i.e., zero re-
sponse to a zero external magnetic field), which allows for de-
termining if the device is working when no field is present [9].
The direction of the constant magnetic field may be determined,
though the vector length remains unknown. Such flat sensor
constructions (i.e., located on the two-dimensional surface) are
characterized by the open magnetic circuit. In consequence,
the demagnetizing field in the core of the sensor is created.
It is treated as a disturbance, which should be eliminated, be-
cause of suppressing the output signal. This problem can be
solved by introducing the closed magnetic circuit into the sen-
sor [5, 6].

The use of a closed magnetic core enables measurement of
the constant magnetic field (of single A/m). The approach ex-
ploits the alternating exciting field of the known frequency su-
perimposed on the unknown constant magnetic field strength.

3. SENSOR WITH THE MAGNETOSTRICTION EFFECT
IN RING-SHAPED AMORPHOUS MATERIALS

The designed sensor (initially presented in [10], where the influ-
ence of the Earth’s constant field on the magnetic field strength
measurement accuracy was analyzed) detects the constant mag-
netic field (in contrast to [11], for instance, where alternating
fields are processed) using the magnetostriction effect. Its ad-
vantage over other existing approaches is the closed magnetic
circuit thanks to the cylindrical shape. This allows for maximiz-
ing sensitivity thanks to reducing the demagnetizing field. It is
treated as a disturbance because its direction is opposite to the
measured field thus decreasing its strength.

3.1. Sensor structure
The designed sensor consists of magnetic and piezoelectric el-
ements combined into one structure [12]. The former has the
ring shape of the magnetostrictive amorphous ribbon (Magnetic
Alloy 2605Co) and is placed around the piezoelectric tube as
presented in Fig. 1. The x and y axes are in the plane of the
tube base, while the height of the ring is located along the z
axis (which is important for the resonance frequency calcula-
tions). The tube-shaped sample PZ27 produced by the Ferrop-
erm Piezoceramics A/S was used for the tests due to the maxi-
mum relative dielectric constant at 1 kHz, giving the maximum
deformation sensitivity [13]. The selected materials determine
the sensor sensitivity. The magnetic components define the
magnetostrictive strain, while the piezoelectric one is respon-
sible for the strain sensitivity. The concept of the closed mag-
netic circuit creates new possibilities for detecting and measur-
ing constant magnetic fields.

Fig. 1. Schematic diagram of the cylindrical magneto-piezoelectric
magnetic field sensor [12, 15]

The physical dimensions of the sensor are as follows. The
PZ27 tube has external (de) and internal diameters (di) of
24 mm and 20 mm, respectively, while its height l is 15 mm.
The amorphous ribbon is 10 mm wide and 50 mm thick. The
tube thickness (2 mm) was selected to obtain the maximum ma-
terial transverse resonance frequency frt (where the sensor sen-
sitivity is maximal) [14]:

frt =
1

π · (de−di)
·

√
1

shk ·ρ1
, (1)

where shk is the elasticity coefficient and ρ1 is the material
density. For PZ27 shk in the directions h = 1 (x axis) and
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k = 3 (z axis) is equal to 28.6 · 10−12 m2/N, while ρ1 = 7.7 ·
103 kg/m3 [13]. To suppress the cost of the device, the off-
the-shelf tube was used with the maximum thickness available
(user-defined tube construction is possible, though complicated
and expensive). This allowed for calculating frt ≈ 170 kHz. The
longitudinal resonance frequency is calculated as follows [14]:

frl =
n

2 · lh
·

√
1

ρ1 · shk
, (2)

where n is the harmonic number (here 1) and lh is the sensor
height (as above, equal to 15 mm). For PZ27 in the direction z
(i.e. h = 3 and k = 3) shk = 23 · 10−12 m2/N [11], which gives
the first harmonic component for frl ≈ 79.2 kHz.

The application of the amorphous ribbon, instead of the well-
established Terfenol-D [6, 11], allows for obtaining a higher
measurement resolution, which makes it sensitive to a weak
magnetic field around the wire with the current. The piezo-
electric tube deformation (as a reaction to the increase of
the field strength) is nearly linear, induced around 0.1 µm/m
magnetostrictive strain (in contrast to highly magnetostrictive
Terfenol-D, which is around 2000 µm/m) [16]. Also, attach-
ing the ribbon to the external layer of the ring (and not to the
base as in [9]), enables the accurate measurement of the field
inside the ring and makes the solution useful as the sensor. The
closed magnetic circuit minimizes the demagnetizing field and
the noise including from eddy currents. Similarly, the proposed
solution is more accurate than the alternative design presented
in [6], because while sensing the magnetic field strength around
the dc cable, the measurement is done in a position equally dis-
tant from the wire. The measuring element, i.e., amorphous rib-
bon, is 50 mm thin, while the thicker layer will collect more
disruptions and could be used for energy harvesting.

3.2. Magnetostrictive properties of the sensor
An external field (through the magnetostrictive effect [17]) pro-
duces a mechanical strain which is transferred into the piezo-
electric element, causing the dielectric polarization P [18]. It is
proportional to the magnetic field strength H through the sec-
ond rank ME-susceptibility tensor α [18]:

P = αH. (3)

In the magnetic field, the magnetostriction (depending on the
magnetostrictive component – here the amorphous ribbon) gen-
erates the mechanical strains transmitted to the piezoelectric
component. The strain drives the electric polarization of the
component through the piezoelectric effect [19]. The magneto-
electric effect can be used for many applications like smart sen-
sors [1–3,7,20], energy harvesters [21–25] or in signal process-
ing operations as the data acquisition module (working as the
antenna, receiving the data, further processed by the hardware-
based algorithms) [7, 24].

The main factor influencing the magnetoelectric properties of
composites is their magnetostriction λ . It depends on changes
in the physical dimensions of the soft magnetic materials in-
duced by the applied external magnetic field. Magnetostric-

tion is characterized by the relative change in the sensor body
size [26]:

λ = ∆l/l, (4)

where l is the initial length of the magnetic material and ∆l is
its change imposed by the external magnetic field.

Typically, the field drives changes in the physical dimen-
sions of magnetic materials while maintaining their volume.
This causes a positive change in one dimension while the other
one is negative, depending on the particular material. For this
reason, the longitudinal magnetostriction factor λ| = (∆l/l)| is
determined, characterizing the relative change in the length of
the magnetic material along the applied external magnetic field.
The transverse magnetostriction coefficient λ⊥ = (∆l/l)⊥ de-
notes the change in the length of the magnetic sample perpen-
dicular to the applied magnetic field. These parameters are used
to define the anisotropic magnetostriction λτ [27, 28]:

λτ = λ|−λ⊥ (5)

and the volume magnetostriction λυ :

λυ = λ|+2λ⊥ . (6)

If the starting demagnetized state is isotropic, the results ob-
tained at magnetostrictive saturation are: λ| =−2 and λ⊥ = λs.
This defines the saturation magnetostriction constant λs of the
isotropic material. For this reason, the volume magnetostriction
variation is indeed zero (longitudinal changes are cancelled by
the perpendicular ones) [29, 30].

It is assumed that λ can be approximated using the quadratic
function at low magnetic field strength H (i.e. λτ ≈ α ·H2) and
the saturation magnetostriction λs is present in the strong field
(i.e., H � Hs). Then the magnetostriction can be described as
follows [4]:

λ (H) = λs ·
(

1− eα·H2
)
, (7)

where α is the constant coefficient, measured in the units of the
magnetic field strength, i.e. [Oe−2] or [(A/m)−2]. The output
voltage from the magnetoelectric sensor as a function of the
constant magnetic field HDC can be expressed as follows [4]:

U (HDC) =U0 +U1 cos(2π f t)+U2 cos(4π f t)

+ U3 cos(6π f t)+ · · · , (8)

where U0 = A ·d31
[
λ (HDC)+λs(α−2α2H2

DC) ·h2
]

is the con-
stant voltage component, U1 = 2Ad31λsαh ·HDC is the am-
plitude of the first harmonic component, U2 = Ad31λs(α −
2α2H2

DC) · h2 is the amplitude of the second harmonic com-
ponent, U3 = 0.5Ad31λsα

2h3HDC is the amplitude of the third
harmonic component with h being the excitation magnetic field,
and so on.

The presented relations were used to generate the simulated
characteristics of magnetostrictive strain in the function of the
magnetic field strength and the voltage obtained on the out-
put of the sensor (Fig. 2). The characteristics were obtained
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through the MATLAB simulation, and then verified experimen-
tally (see Section 5). To create the model, characteristics of
materials used to build the sensor from Fig. 2 were applied:
λs = 20 ppm, HDC = 1 Oe (where 1Oe = 103/4π A/m), α =
1 Oe−2, h = 3 Oe, f = 1 kHz, A = 10, d31 = 5.8 E−9 Wb/N.
Low output voltage in the simulation of the magnetoelectric
sensor (Fig. 3) is the consequence of disregarding the actual
shape and the structure of the sensor. In the presented case the
simplified, flat (two-dimensional) model was considered, while
in the actual sensor the depth will also influence the generated
waveforms.

(a)

(b)

Fig. 2. The MATLAB simulation based on equation (7): magnetostric-
tion (a), output voltage (b) from the sensor model (8)

Fig. 3. Schematic block diagram of the measuring system

4. EXPERIMENTAL SETUP
To verify the characteristics of the sensor and confirm its linear-
ity, the experimental stand was prepared. It was aimed at deter-
mining the responses of the sensor to the known magnetic field
provided to its input with the weak constant field component in
the background. This way it would be possible to determine the
relations between specific excitations and responses.

The measurement system for measuring the sensor output
voltage is shown in Fig. 3. The system consists of the pick-

up coil producing an exciting magnetic field of the analyzed
device, a hybrid magneto-piezoelectric sensor and the digital
measurement system. The exciting field is driven by the current
generator working at 1 kHz (which is the standard frequency
for testing material properties of the sensor, such as relative
dielectric constant and dielectric dissipation factor [13]). The
output signal from the sensor is a function of the measured con-
stant magnetic field HDC. It is processed by the measurement
system containing the digital oscilloscope connected to the PC.
The system allows for the visualization of the magnetoelectric
field sensor characteristics.

The measurement setup allowed for determining the sensor
limitations, valid throughout experiments. The Limit of Detec-
tion (LoD), defining the sensitivity of the sensor was estab-
lished in the order of single A/m. This makes the device suscep-
tible to small field values (by comparison, the Earth’s field has
a magnitude of around 3 to 5 A/m). The magnetoelectric coef-
ficient αME [31] shows a relation between the magnetostriction
and the constant magnetic field strength. Small values (between
0.03 and 0.08 mV/A/m) were measured.

The oscilloscope measurements (Fig. 4) allow one to obtain
the voltage proportional to the excitation magnetic field Hs in-
duced in the pick-up coil (blue pattern) according to (9) and
voltage on the output of the sensor Upp (purple pattern). These
facilitate evaluating Upp in the function of the measured con-
stant magnetic field HDC with an additional value of Hs as a
parameter (see Section 5).

Hs =Um · sin(ωt). (9)

Fig. 4. Visualization of the input and output signals in regard
to the system #16 simulation

The principle of the sensor operation is in Fig. 5. To evaluate
its performance, the hysteresis loops were measured. They were
acquired using the oscilloscope. First, magnetic hysteresis was
acquired. The alternating magnetic field H was generated on the
ring-shaped core by the current flowing through the magnetiz-
ing (excitation) coil. Then the electromotive force U induced
in the measurement coil was measured. It is proportional to the
dynamics of changes in the magnetic stream present in the core.

The magnetostrictive hysteresis was measured by the semi-
conductor strain gauge in the Wheatstone half-bridge cir-
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Fig. 5. Principle of the magnetoelectric sensor [4, 31]

cuit [16]. It aims to determine changes in the measured resis-
tance ∆R based on the voltage in the imbalanced branch of the
circuit.

5. EXPERIMENTAL RESULTS
The quasistatic magnetic hysteresis (i.e., obtained for 1 Hz) for
the metal glass ribbon 2605 Co [32], used to construct the pro-
posed sensor, is presented in Fig. 6. It demonstrates the behav-
ior of the sensor (response of the material) in the changing field.
The hysteresis loop implies that the material is ferromagnetic.
The geometric field surrounded by the hysteresis loop deter-
mines the amount of energy required to remagnetize the ma-
terial (i.e., change the direction of the magnetic domain). The
magnetic induction B values are relatively large here, though
the geometric (coercion) field is narrow (as is for soft materi-
als). This implies that the energy losses during the demagne-
tization are small. The saturation of the hysteresis curve deter-
mines the maximum range of magnetic field changes visible for
the sensor material [33].

Fig. 6. Quasistatic (around 1 Hz) magnetic hysteresis loop
for the metal glass ribbon 2605Co

The hysteresis loop for the 1 Hz field changes after adding
the amorphous ribbon to the piezoelectric tube. This results in
the strong attenuation of the loop. Figure 7 shows the deformed
magnetic loop of the amorphous ribbon. Attaching it to the sur-
face of the piezoelectric caused the attenuation of the magnetic
hysteresis. Similarly to Fig. 6, the magnetostrictive loop is nar-
row. Both loops have identical values of the coercion field (i.e.,
the intersection of the magnetic hysteresis with the horizontal
axis).

Fig. 7. Magnetic hysteresis loop for the amorphous ribbon 2605Co
in the field frequency of 1 kHz

Figure 8 shows the magnetostrictive hysteresis loop. Mea-
surements aimed to determine the strain of the magnetic mate-
rial caused by the alternate and constant magnetic fields. The
sensor operation is driven by the alternate field created in the
coil wound up on the sensor, powered by the 1 kHz current. The
device is supposed to detect the constant field, but harmonic
components appear. They are the result of the time evolution of
the strain induced in the magnetic layer [4]. The strain should
be maximal and linearly proportional to the constant field. The
first harmonic component is dominant, while others can be ne-
glected.

Fig. 8. Magnetostrictive hysteresis loop for the amorphous 2605Co
ribbon attached to the piezoelectric material PZ27
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The shape of the measured hysteresis loop is similar to
that obtained from simulations (see Fig. 2a). Differences are
mainly due to the limited accuracy of the simulation, espe-
cially in approximating the hysteresis loop with the expo-
nential function. Magnetostriction values are different because
the two-dimensional model was used to represent the three-
dimensional ring.

Similarly, Fig. 9 shows the behavior of the sensor in the al-
ternating magnetic field, as was simulated in Fig. 2b. The wave-

(a)

(b)

(c)

Fig. 9. The operation of the sensor: (a) exciting magnetic field Hs,
(b) sensor output signal for HDC = 50 A/m, (c) sensor output signal

for HDC =−50 A/m

form of the exciting magnetic field Hs is shown in Fig. 9a. The
sensor output signal with the measured constant magnetic field
HDC = 50 A/m is shown in Fig. 9b. The output signal of the
sensor measured in the presence of the constant magnetic field
HDC = −50 A/m, (but in the opposite direction), is shown in
Fig. 9c.

6. MODELING AND MEASUREMENT
OF THE CHARACTERISTICS OF THE OUTPUT SENSOR

The measured characteristics indicate the ability of the device
to detect the magnetic field. The most important aspects are the
ability to detect the weak field and the measurement accuracy,
which also depends on the linearities of the characteristics. Al-
though the hysteresis curves (Figs. 6–8) are important in deter-
mining the sensor work regime, the practical aspect of its op-
eration requires determining the relation between the magnetic
field strength and the measured voltage. The linearity of the
sensor is its desired trait, as it determines the ability to assess
the actual value of HDC based on the voltage measurement. This
section covers the sensor analysis of the output characteristics,
including the measurements and modeling.

6.1. Measurement of output characteristics
The measurement system from Fig. 4 allows one to perform
measurements regarding the relation between Upp and HDC.
The former may be extracted either from the overall measured
voltage or its first harmonic component. Figure 10 shows that
the actual relation between HDC and the 1st harmonic peak-
to-peak voltage is linear. Unfortunately, this solution is not
practical, as isolating the harmonic component from the mea-
sured voltage requires using complex and expensive equipment.
Therefore, it cannot be used in the actual sensor.

Fig. 10. Characteristics of the 1-st harmonic peak to peak output volt-
age of the sensor as a function of the HDC with constant value of excit-
ing magnetic field Hs = 82 A/m, and straight lines approximating the

characteristics

The practical usage of the device (measurement applications,
energy harvesting, etc.) requires determining the relation be-
tween the actual value of HDC and the corresponding measured
Upp. This way the measured quantity would be, for instance,
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presented in digital form and make the device usable as a smart
sensor.

Figure 11 presents the spectrum of the magnetic field-
induced voltage. It shows the input of the subsequent harmonic
components to the acquired signal. The fundamental compo-
nent (at 1 kHz) dominates here. It is proportional to the mag-
netic field and influences the shape of the current waveform
most intensely.

(a)

(b)

Fig. 11. Voltage waveform in the sensor output (a) and its
amplitude spectrum (b)

Practical applications of the sensor require determining the
value of HDC based on the overall voltage, including all har-
monic components. It is measured in a presence of the exciting
magnetic field Hs of the known strength. As shown in Fig. 12,
this characteristic is nonlinear in the whole range of the mea-
sured field. This creates a problem for the practical sensor ap-
plication, especially regarding the accurate indications based
on the induced current or voltage signals. Although solving it
through sensor construction may be difficult (see [30]), the eas-
ier solution is heuristic modelling of the curve, as shown in Sec-
tion 6.2.

Fig. 12. Characteristics of the output voltage Upp of the sensor as
a function of HDC with constant value of exciting magnetic field Hs

6.2. Modeling of the output characteristics
Both types of characteristics, i.e., presented in Figs. 10 and 12,
were modeled using methods presented in Appendix A.1. Due
to the simplicity of characteristics in Fig. 10, the linear regres-
sion method was used (introduced in detail in Appendix A.1
and A.2). Coefficients of the functions, i.e., (12) and (13) gen-
erated on the available measurement points are presented in Ta-
ble 1.

Table 1
Values of the linear approximation coefficients (a and b) and R2

of Fig. 14 depending on the excitation field Hs

HDC range a b R2

positive 2.0111 –5E−15 0.9394

negative 2.9411 –1E−14 0.9424

The proposed modeling method is straightforward but re-
quires a complex and expensive measurement system. Charac-
teristics from Fig. 12 require a more sophisticated mathemat-
ical apparatus but can be performed in the typical measure-
ment procedure (without the additional equipment). Due to the
widespread popularity and high regression accuracy, Multilay-
ered Perceptron (MLP) was used (its configuration is presented
in Appendix A.3).

The MLP results are presented in Figs. 13–15, while the val-
ues of MSE (14) for optimal MLP configurations are in Table 2
and Table 3 (for LOOCV and RRSSCV, respectively – see Ap-
pendix A.3, where nh1 and nh2 represent the number of neurons
in the first and the second hidden layer). For Hs = 82 [A/m]
and 118 [A/m] the accuracy allows for a close representation
of the actual characteristics, though by using the more complex
ANN. For 161 [A/m] the problem is the range (–50; 50) [A/m],
where the characteristics are too flat. This is despite applying
rather large networks to the task. Although the optimal struc-
tures (minimizing MSE) is complex and may be affected by
overfitting, obtaining better results may be difficult due to two
factors. First, modeling a single input (besides the bias, which
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Fig. 13. Modeling of Upp characteristics for Hs = 82 [A/m]

Fig. 14. Modeling of the Upp characteristics for Hs = 118 [A/m]

Fig. 15. Modeling of the Upp characteristics for Hs = 161 [A/m]

remains constant, only its weights change) into the single out-
put requires the second hidden layer. The first one obtains only
one variable to weigh and adds it to the second weighted con-
stant. The second problem is the small number of training ex-
amples, which stipulates more sophisticated structures for re-
gression.

Table 2
Optimal MLP configurations with the corresponding MSE values

for LOOCV

Hs [A/m] nh1 nh2 MSE

82 6 52 0.0393

118 61 9 0.0740

161 12 54 0.0469

Table 3
Optimal MLP configurations with the corresponding MSE values

for RRSSCV (7:3 ratio)

Hs [A/m] nh1 nh2 MSE

82 5 26 0.2024

118 7 47 0.2733

161 11 62 0.1422

In reality, simpler networks can be used, as many configura-
tions have similarly low MSE. A comparison of various ANN
configurations (to change the number of neurons in the first hid-
den layer) is shown in Fig. 16. Although the optimal MSE val-
ues are around 0.1, similar results (between 0.14 and 0.16) can
be achieved for smaller networks. The compromise between
these two factors must be made during the practical implemen-
tation of the model.

Fig. 16. MLP MSE for increasing number of neurons in the first layer,
with nh2 = 5 (Hs = 82 [A/m])

Modeling the output characteristics is crucial in the case of
linearity enhancement. If the actual value of Hs is given, for
which the ANN was trained, the mirror reflection of the mod-
eled characteristics may be superimposed on the measured one,
giving the nearly linear curve. This, however, requires adding
the processing module to the sensor, which will be able to pro-
cess the measured voltage, linearize it and present the estimated
constant magnetic field in the digital form (similarly to [34]).
Experiments with the sensor extension are the next step of our
research.
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A comparison between cross-validation (see Appendix A.3)
approaches shows that indeed the number of samples for train-
ing MLP is too small, as MSE significantly increases if just their
fraction is eliminated from L (i.e., the learning data set; see Ap-
pendix A.3). Also, the complexity of networks increases with
the value of Hs (which can be explained by the higher range of
modeled values and the flatter central part of the characteris-
tics). The experiments were limited to changing the configura-
tion of two hidden layers.

For each curve (depending on the value of Hs), the optimal
ANN structure is different, which calls for a single, uniform
model of the sensor characteristics. Unfortunately, based only
on the Hs and HDC inputs, it is not possible to create a single
ANN architecture applicable to represent all measurement con-
figurations, unless the number of material parameters, for which
measurements are taken, will be significantly increased (which
requires multiple additional laboratory experiments). Simula-
tions performed for the single MLP with the aggregated data
from all sensors allowed only for the rough approximation of
the actual characteristics (with MSE) above 0.5, which is not ac-
ceptable). Therefore, currently, to properly model the particular
characteristics, the separate network must be selected, based on
the given value of Hs.

7. CONCLUSIONS
The development of the magnetoelectric magnetic field sensor
with the closed circuit creates new possibilities for measuring
low constant magnetic field HDC. This sensor is characterized
by the closed magnetic circuit, which minimizes the demagne-
tizing field in the core of the sensor. The device can be used
as a practical tool to test the constant magnetic field which is
comparable to the magnetic field of the Earth. This enables us
to find the direction of the DC magnetic field which was not
possible in the magnetoelectric field sensors with open circuits.
The cylindrical magnetoelectric sensor creates new possibilities
for producing highly magnetostrictive materials.

Modeling of the measured characteristics shows that it is pos-
sible to provide a relatively simple computing structure allow-
ing us to describe the relation between HDC and Upp. For practi-
cal reasons, the heuristic model should be as simple as possible,
which requires a compromise between the model accuracy and
its complexity. It can also be used to enforce the linearization
of the sensor characteristics by adding an ANN model as the
additional component of the device.

Future research requires implementing other modeling algo-
rithms, especially with respect to their applicability in an em-
bedded system that would be part of the smart sensor. In ad-
dition, an analysis of the computational requirements for the
actual embedded system should be performed.

A. APPENDIX: MODELING DETAILS
A.1. Modeling prerequisites
The modeling procedures were implemented to fit the measure-
ment data in both cases presented. The aim was to provide a
function that combined the values of HDC and Upp. In both

cases, the regression task must be solved, i.e., finding the func-
tion that best fits the measurement data points in a computation-
ally reasonable way. The obtained results would lead to a design
of the smart sensor providing information about the measured
magnetic field in the digital form, i.e., the binary codeword.

Modeling of sensors and their characteristics is usually per-
formed through analytical methods, where multiple differen-
tial equations must be constructed. An example is the mod-
eling of the Wiegand sensor, where the Simulink scheme was
applied [35]. As these are complex and do not consider all phe-
nomena, simplified approaches are searched for. For example,
hysteresis is often modeled using the Preisah operator [36]. The
relatively new approach is to use a heuristic approach, such as
the artificial neural network (ANN) [37]. The autoencoder is the
deep learning network applicable to represent the sensor behav-
ior in industrial process control [38].

To create such models, data sets are required. In the case of
the first harmonic component, three sets were created, accord-
ing to the performed laboratory experiments, as Fig. 12 shows.
Each set has the form of a table with two parameters: HDC and
Upp, the former being the input to the model, and the latter the
produced value of the evaluated parameter.

The standard tool for evaluation of the modeling accuracy is
the mean square error (MSE), which allows one to determine
the distances between the computed and measured voltages:

MSE =
1
N
·

N

∑
i=1

(Upp[i]−Um[i])
2 . (10)

Here, Upp is the measured voltage value for the specific mag-
netic field strength, Um is the modeled value, and N is the num-
ber of considered data points. Alternatively, the R2 measure
may be used.

Furthermore, the linear regression for the 1st harmonics of
Upp can be evaluated with the R2 measure, where a is the coef-
ficient of the Upp = a ·HDC + b modeling function (created to
represent the measurement points in Fig. 11).

R2 =

(
HDC ·Upp−HDC ·Upp

)2(
H2

DC

)
·
(

HDC
2
) = a2 ·

H2
DC−HDC

2

U2
pp−Upp

2 , (11)

where HDC and Upp are average values of the measured constant
magnetic field and the peak-to-peak voltage, respectively.

A.2. Linear regression modeling

The value of Upp extracted from the 1st harmonic component
may be modeled by the straight lines, depending on the range
of the actual values of HDC. The main problem is that the
measured quantity must be divided into two parts, each mod-
eled separately by the straight line, generally represented as
Upp = a ·HDC + b, based on the set of measured points. The
coefficients a (12) and b (13) are adjusted to minimize the used
measures (10) and (11) [39, 40]. This way, the best approxima-
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tion of the measured field characteristics is found.

a =
Upp ·HDC−Upp ·HDC

U2
pp−H2

DC

=

N

∑
i=1

(
HDC[i]−HDC

)
·
(
Upp[i]−Upp

)
N

∑
i=1

(
HDC[i]−HDC

)2
, (12)

b =Upp−a ·HDC =
Upp ·H2

DC−HDC ·HDC ·Upp

H2
DC−HDC

2 . (13)

A.3. Heuristic modeling of the output characteristics
The advantage of the heuristic regression method is the auto-
mated extraction of input-output relations. Among multiple ap-
proaches (such as support vector machines [41], kriging or M5
model Tree [42]), the MLP was selected. This type of ANN is
well established in industrial applications and widely used for
tasks where the modeled data are not affected by the extensive
amount of noise (as experiments in the presented case show).
The network consists of at least one hidden layer with computa-
tional units and a single output neuron with the linear activation
function. Applications of MLP for the parametric identification
of technical systems are known [43, 44]. In the presented re-
search the task was to model characteristics from Fig. 13 with
the maximum accuracy.

The application of the MLP (with the structure like in
Fig. 17) for the task consisted in training the network on the
available data sets for the preselected structure, i.e., the num-
ber of layers and the number of neurons in each layer. Training
is performed using the error backpropagation method, imple-
mented in the Python language (sci-kit framework). Its qual-
ity is determined using the MSE (10), although the R2 measure
(11) may also be used. The MLP optimization process consisted
of repeated training-evaluation schemes performed for the in-
creased complexity of the ANN (i.e., after adding neurons). The
network with the minimum MSE and the simplest structure is
selected.

Fig. 17. Structure of the MLP applied to model the output character-
istics of the sensor

Another problem to consider during the ANN regression ap-
plication is its evaluation, disregarding the actual training set.
Usually, cross-validation (CV) is used, where the training sam-
ples (forming the set L) are randomly selected from the original

dataset D, while all others form the validating set T. Repeat-
ing this scheme K times allows one to obtain more generalized
(averaged) information about the performance of the particular
ANN structure (where MSEk is the ANN error in the k-th trial):

MSE =
1
K
·

K

∑
k=1

MSEk . (14)

Usually, repeated random sub-sampling CV (RRSSCV) is used,
where the sizes of the ratio between the training and testing sets
(respectively, |L| and |T|) are parameterized (for example, as
7:3 or 8:2). Due to the small number of samples taken from
the experiments (that is, 35 for Hs = 82 and 118 and 67 for
Hs = 161), leave one out CV (LOOCV) was also used. This is
the exhaustive method where the number of iterations is equal
to the size of the data set and the validating set is always a
single sample (though different in every iteration). RRSSCV
was applied with |L|= 0.7 · |D| and |T|= 0.3 · |D|.
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