
 

 

 

Patrick Wiegand*, Fatih Ilgaz, Benjamin Spetzler, Robert Rieger 

Extended mBvD Model for MEMS Delta-E 

Magnetic Field Sensors 

https://doi.org/10.1515/cdbme-2025-0148

Abstract: In this paper, thin film magnetoelectric resonators 

are used to underpin an extension to the (modified) 

Butterworth-van Dyke (mBvD) model. These resonator types 

are being investigated for applications in the bio-medical 

domain for e.g., movement analysis or localization by sensing 

magnetic fields. The mBvD model provides an electrical 

equivalent circuit for such resonators, enabling the analysis of 

their response to applied currents or voltages. However, the 

resonators studied here change their properties - specifically, 

their resonance frequency - when exposed to a magnetic field. 

To better understand this behavior and adapt the resonator 

sensors to (medical) applications, the mBvD model is 

extended to include this property. Thus, to reflect the changes 

in the mBvD model, a dependency between the electrical 

components and the surrounding magnetic field is introduced. 

It is shown, that 4th order polynomial functions are suitable to 

map the changes and provide a robust model. 

Keywords: Magnetic field sensor, MEMS resonator, delta-E 

effect, mBvD model, equivalent electrical circuit. 

1 Introduction 

Microelectromechanical system (MEMS) magnetic field 

sensors have shown to be usable for magnetic fields in the sub 

nano-Tesla range and to have a high spatial resolution [1,2]. 

They can be used in a wide variety of applications including 

biomedical applications, e.g., healthcare [3,4], motion tracking 

[5] or object localisation [6]. This offers usability for medical 

treatments and diagnosis like movement analysis or tracking 

surgical tools inside the human body. 

Here, a MEMS resonator with a thin film magnetostrictive 

layer is used to measure magnetic fields. To characterize 

resonant sensors, the (modified) Butterworth-van Dyke 

(mBvD) [7] model is often used. The mBvD model represents 

the physical behaviour of the resonator as an equivalent 

electrical circuit. With this circuit model, resonator 

characteristics and the electrical behaviour can be described. 

Based on this, external circuitry can be adapted to the found 

resonator characteristics and simulation of a whole sensor 

system becomes possible. 

2 Sensor 

The MEMS resonators used are double wing resonators with a 

clamping in the middle of the long axis of a free-standing 

beam. They measure 150 μm x 900 μm as shown in Fig. 1. The 

resonator consists of four thin film layers. From bottom to top 

these are: A magnetostrictive layer made of (Fe90Co10)78Si12B10 

(FeCoSiB, 0.2-μm thick), which is used as the sensing 

element, as it changes its stiffness due to magnetic fields, a 

silicon layer (10-μm thick) as a bottom electrode, a 

piezoelectric layer (AlN, 1-μm thick) to excite and read out the 

cantilever and a top electrode made of aluminium (1-μm 

thick). The resonators are produced in a commercially 

available process, while the magnetostricive layer is applied at 

Kiel University [8]. 
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Figure 1: The resonator used in this paper is a cantilever 

measuring 900 μm x 150 μm. It is clamped in the middle of 

its long axis. The thickness of the used layers is given in 

parentheses. 
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To measure magnetic fields, the delta-E effect is exploited 

[9,10]. When a magnetostrictive material, such as FeCoSiB, is 

introduced to a magnetic field, it changes its elasticity and 

thus, its elastic modulus E. In case of the presented resonator, 

a change of the elastic modulus E of the FeCoSiB layer leads 

to a shift of the resonator’s resonance frequency fr. This shift 

can be detected by measuring the resonator’s impedance Z. 

Therefore, the resonator is electrically excited at its resonance 

frequency fr at a given magnetic field BDC with an alternating 

voltage uex. By measuring the current io through the resonator, 

the impedance can be calculated. If a magnetic signal BAC is 

superimposed to the static magnetic field BDC and the electric 

excitation frequency fex is kept constant, this leads to a change 

of the measured current io. In the time domain, this is visible 

as an amplitude modulation of the current io. For the resonators 

used, this method can measure magnetic frequencies up to 

1kHz and magnetic amplitudes as low as 7 nT [1]. 

3 Sensor Model 

The mBvD model is an equivalent electrical circuit used to 

represent the electrical and mechanical properties of a 

resonator. It consists of an RLC series tank (Rr, Lr, Cr) parallel 

to a resistor RME and a capacitance CME, as shown in Fig. 2. 

RME and CME can be attributed to the AlN layer as piezoelectric 

loss (RME) and piezoelectric capacitance (CME), while the RLC 

tank describes the resonating behaviour. 

The model works well to analyse noise sources [11,12] or 

compare resonators [13] and has been adapted for many other 

applications [14,15]. By adding or leaving out parts of the 

model it can be customized to model different problems. 

However, since all these models employ constant values for 

the electric components of the equivalent circuit, they cannot 

take into account a change of the resonator. For the resonator 

presented here, this change is due to the delta-E effect.  

It is not possible to retrieve the magnetic sensitivity 

directly from a single model fit. Instead, to calculate the 

magnetic sensitivity, multiple mBvD fits with varying 

magnetic fields BDC are measured. The derivative of the 

resonance frequency change across these fits then yields the 

desired sensitivity [8]. 

Here, we present an approach to extend the mBvD model 

by including a dependency on a magnetic field BDC. Since RME 

and CME are given by the geometry of the resonator, due to the 

electrodes forming a leaky capacitor with the piezoelectric 

layer, these values are not impacted by magnetic field changes. 

In contrast, the resonance frequency of the resonator changes 

with the magnetic field. Therefore, the RLC tank branch and 

thus, Rr, Lr and Cr depend on BDC. In the following, it is shown 

that the behaviour of the RLC tank components can be 

represented well by fourth-order polynomial functions. 

As of now, the model is designed for an excitation voltage 

amplitude of 100 mV. In principle, it can be adjusted to other 

amplitudes as well, as long as additional nonlinearities due to 

excitation amplitude variation are of no concern. 

4 Measurement 

To fit the mBvD model properly, impedance measurements 

over frequency are necessary. The measurements are done 

with a lock-in amplifier (MFLI, Zurich instruments, 

Switzerland) and conducted in an electrically and magnetically 

Figure 3: With the measurement over a broad frequency range 

from 1 Hz to 1 MHz a fit for for CME and RME can be found. 

Figure 2: The electrical equivalent circuit of the mBvD model 

consists of a resonant RLC series tank, parallel to CME and 

RME. The RLC tank components of the resonator used in this 

paper depend on the magnetic field BDC. 

Figure 4: The impedance measurement and mBvD simulation 

match well for the resonator. This measurement was taken at 

BDC = -0.72 mT. 
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shielded chamber. The shielding setup is described in detail in 

[16]. To generate different magnetic fields, a constant current 

source (B2962a, Keysight Technologies, USA) is used 

together with a coil. The resonator is placed inside this coil to 

obtain a homogeneous magnetic field. The voltage output of 

the lock-in amplifier is set to an amplitude of uex = 100 mV 

and excites the resonator while the current input is used to 

measure the current io through the resonator. By dividing the 

excitation amplitude uex by the measured current amplitude io, 

the relevant real part of the resonator impedance Z is obtained. 

Measuring the impedance across a wide frequency range 

from 1 Hz to 1 MHz, the values for RME and CME can be 

deduced, as shown in Fig. 3. Additional measurements with 

higher frequency resolution in the vicinity of the resonance 

frequency are made. Here, the values for Cr, Rr and Lr can be 

found with an iterative fitting algorithm. This yields a 

complete electric equivalent circuit matching the sensor very 

well, as the comparison between model and measurement in 

Fig. 4 shows for a randomly selected measurement with 

BDC = -0.72 mT. 

Measuring impedance curves at different magnetic fields 

BDC from -1.5 mT to 1.5 mT yields varying values for Cr, Rr 

and Lr as the resonance frequency of the resonator changes and 

thus the RLC tank impedance changes. 

5 Analysis 

The mBvD values obtained for the Cr, Rr and Lr are shown in 

Fig. 5. Between -1 mT and 1 mT they change continuously, 

before dropping/rising suddenly outside of this interval. 

However, the most relevant operating points of the resonator 

are given inside of this interval, namely at the steepest points 

of the resonance frequency curve. Those occur at 

approximately ±0.5 mT. Therefore, the analysis of the model 

should be restricted to values inside of this interval. As shown 

in Fig. 6, the measurement fits can be approximated well with 

a polynomial function of 4th order. A polynomial function was 

chosen, as it is easy to implement in many simulation 

environments. The 4th order strikes a favourable balance 

between computational effort and a good match with the 

measurements. 

To test this extended model, two signal measurements are 

compared to simulations. In one case, a static magnetic field 

BDC = 0.43 mT is used to bias the resonator to an operating 

point where the magnetic sensitivity is maximized. In the other 

case, no BDC field is applied. The resonator is excited with a 

voltage of uex = 100 mV at fex = 343.17 kHz (resonance 

frequency for this bias point), respective at fex = 344.09 kHz in 

the case without BDC. Additionally, the magnetic field BDC is 

superimposed with a magnetic sinusoidal test signal at 

fBac = 10 Hz with a field amplitude of BAC = 1 μT. 

Both cases show a good match with the provided model 

in Fig. 7. The difference in amplitude at the carrier and signal 

peaks is approximately a factor of two in the worst case. The 

increased noise floor of the measurement at the magnetic 

working point is due to the noise of the current source 

providing the current to the BDC coil, which is switched off for 

the measurement without a BDC field. 

Figure 6: The black dots show mBvD fits found for impedance measurements at the corresponding magnetic field. The blue lines are 4th 

order polynomial functions approximating the behavior of the RLC tank components. 

Figure 5: In blue, the values of Cr, Rr and Lr at varying magnetic fields BDC are drawn. The curves are normalized to their corresponding 

values Cr0, Rr0 and Lr0 at BDC = 0 T. The dashed red lines show the resonance frequency fr. 
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6 Conclusion 

The presented extension to the mBvD model can be used 

to simulate the resonator not only in noise analysis, but also 

for dynamic magnetic signals at different magnetic bias points. 

It is planned to further extend this model by including the 

additional dependency of the sensor response on the excitation 

voltage amplitude, which is currently not modelled. The 

analytical model can efficiently be implemented in the future 

in Spice or other circuit simulators to simulate the resonator 

together with supporting circuitry e.g., a frequency generator 

or an ADC, yielding system level results for circuit designs.  
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Figure 7: A comparison of signal measurements with signals 

somulations based on the extended mBvD model is shown. 

The magnetic field BDC is given in the plots. An excitation 

frequency of fex = 343,17 kHz resp. fex = 344,09 kHz is used 

with uex = 100 mV. The magnetic signal is excited at 

fBac = 10 Hz with an amplitude of BAC = 1 μT. 

BDC = 0 T 

BDC = 0.42 T 
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