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ABSTRACT 

This paper presents a design procedure to enhance the 

sensitivity of a poly-SiGe-based MEMS Xylophone Bar 

Magnetometer (XBM). Based on a novel characterization 

method proposed in previous work, the XBM is treated as a 

two-port network and the measurement of the magnetic 

field is performed by monitoring resonant peak amplitudes 

of forward/backward transmission gains S21/S12. More 

specifically, the optimization is performed using an 

equivalent circuit that models the electro-magneto-

mechanical behavior of the system. A simplified expression 

of the S21 parameter and its sensitivity to the magnetic field 

are developed, highlighting the design parameters useful for 

the optimisation. In order to enhance the sensitivity, the 

shape of the release holes as well as the gap are chosen to 

increase the sensitivity by a factor 15. 
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1 INTRODUCTION 

MEMS-based inertial measurement units (IMUs) have 

gained the status of mainstream commodities for consumer 

electronics in the past years. From the simple 1-axis 

accelerometer, IMUs have evolved to provide 3 degrees-of 

freedom (DOFs) accelerometer sensing and eventually 6 

DOFs modules, including angular rate sensors. In 

particular, the synergy of multi-DOF inertial sensors turned 

out to be key in improving the navigation capabilities of 

inertial modules. The trend towards development of multi-

DOF modules goes on [1]. On-chip magnetometers are seen 

as key components to further improve the performance of 

IMUs and navigation modules [2]. 

The first xylophone bar magnetometers (XBMs) 

designed using imec’s poly-SiGeMEMS technology were 

reported at IEEE Sensors 2012 [6], based on the multi-

physics simulations presented in [5]. In [7], the 

magnetometers were electrically characterized using a 

Vector Network Analyzer (VNA). These measurements 

were shown to be in good agreement with a proposed 

equivalent circuit. In particular, the real parts of the S21 and 

S12 parameters showed a clear linear dependency on the 

applied magnetic B-field. 

This paper presents analytical expressions for 

transmission parameters S21 and S12, and in particular their 

real parts, establishing their representativity as measurant 

for the magnetic field as well as their representativity for 

later measurements through, for example, transimpedance 

amplifier readout. Finally, we present design-based 

optimization strategies to enhance the sensitivity of the 

device. 

2 XBM MODEL 

2.1 Working Principle 

The working principle of the magnetometer under study 

is based on a classical resonating xylophone bar [3]. 

Xylophones are mechanical structures supported at the 

nodes of the first fundamental transverse mode of vibration. 

Placed at the non-moving part of the oscillating structure, as 

shown in Figure 1, the supports have a lower effect on the 

dynamics of the bar. A sinusoidal current is supplied to the 

system at its first resonance frequency and when an external 

magnetic field is present, the resulting Lorentz force causes 

the bar to vibrate at its fundamental frequency with an 

amplitude directly proportional to the y-component of the 

ambient magnetic field.  

 
Figure 1: Sketch of a typical Xylophone Bar Magnetometer. 

The material properties of the imec’s Poly-SiGe [4] and 

the initial dimensions used for the design optimization in 

this paper are listed in Tables 1 and 2. 

Table 1: Material properties of the poly-SiGe [4]. 

Young Modulus E 130GPa ±10% 

Mass density  4400kg/m3 ±5% 

Poisson ration  0.22  

Resistivity e 7.6µΩm ±15% 

Table 2: Initial dimensions of the poly-SiGe XBM. 

Length L 500µm Support length Ls 10µm 

Width b 50µm Support width ws 2µm 

Thickness t 4µm Hole length Lh1 1µm 

Gap d0 3µm Hole width Lh2 1µm 

2.2 Model Description 

The magnetometer is seen as a two-port system with an 

electrodynamic port (Port 1) and an electrostatic port (Port 

2), cf. Figure 2. As explained in the previous section, the 
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magnetometer can be driven electrodynamically via port 1 

by applying an AC current that creates a Lorentz force. The 

resulting vibrational motion is measured capacitively via 

port 2. This is described by the S21 parameter of the VNA. 

Alternatively, the system can be actuated electrostatically 

via port 2 and the resulting motion creates a voltage at port 

1 by electromagnetic induction: v1=0.552LBdw/dt , where 

dw/dt is the velocity of the plate. This mode is described by 

the S12 parameter. The amplitude of vibration, which is 

measured by the real part of S21 or S12, depends linearly on 

B and thus provides a measure for the applied B-field. A 

bias voltage is applied on port 2 in order to increase and 

linearize the electrostatic transduction. In the optimization 

procedure reported in this paper we focus on the S21 

parameter. The same principle can be used for S12. 

 
Figure 2: Description of XBM as a two-port network. 

2.3 Equivalent Circuit 

The equivalent circuit of the two-port system is 

presented in Figure 3. The mechanical behavior of the 

structure (in blue) is modeled by modal projection using an 

equivalent mass (Meq), stiffness (keq) and damping (req). The 

effect of the Lorentz force is translated by a gyrator element  

where  = 1BL, with 1=ϕn
2dx, the modal participation of 

the Lorentz force (projection of the force on the first 

eigenmode of the structure). The same projection factor is 

also used for the electrostatic force appearing between the 

bar and the lower electrode. In that case the force is 

modeled by a transformer [8] with ratio =10LbVb/d0
2, 

where 0 is the permittivity of vacuum, b the width of the 

bar, Vb the bias voltage and d0 the initial gap. The external 

electrical circuit is composed of the impedance of the bar 

2Zs and the capacitance C0 between the structure and the 

lower sensing electrode. The mechanical quality factor for 

these structures is about 2000. For a bias voltage of 20V, 

the different elements of the equivalent circuit are presented 

in Table 3. 

 
Figure 3: The equivalent circuit composed of the 

mechanical part in blue and the electrical circuit in purple. 

Table 3 : Estimated parameters of the equivalent 

circuit at resonance. 

Variable Expression Order of magnitude 

f0 
 

≈100kHz 

Zs .5*(2*Rsupport+Rbeam) ≈30 Ω 

Zeq = req 0 Meq/Q ≈0.14µΩ 

YC0 j0C0 ≈2.5e-8 Ω-1 

 1Lb0Vb/d0
2 ≈0.22µN/V 

 1BL ≈0.22µN/A 

2.4 Y-Parameters 

From the equivalent circuit shown in Figure 3, Y-

parameters of the system are expressed as explained in [9]: 

 

       (3) 

where Zeq is the equivalent impedance of the mechanical 

structure. From these expressions, the S-parameters can be 

derived using relations presented in [9], considering a 

reference impedance Z0 of 50Ω.  

2.5 S21 parameter and Sensitivity 

In order to obtain a simplified expression for the S21 

parameter amenable to an analytic optimization procedure, 

negligible contributions in (3) are removed. The resulting 

S21 parameter (valid for small variations around the initial 

design) is: 

     (4) 

Figure 4 shows the polar plot of S21 as well as the real 

part versus the frequency. We can observe the typical 

circular behavior of resonators. These results are plotted for 

different magnetic fields from  -100mT to 100mT.  

  
Figure 4: Polar plots (left) and real part (right) of the 

S21 parameter around the bar’s resonance frequency. 

 

Figure 5 shows the linear relation between the peak of 

the S21 parameter and the magnetic field. Indeed, applying 
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the same simplification procedure to the sensivity (S21/B) 

as was done for the S parameters, one obtains: 

                    (5) 

which is independent of the magnetic field. The sensor 

system is thus linear and show a transition (real part of S21 

passing by zero) at  ≈Zs.  

For a magnetic field of 1mT, the amplitude of the S12 

parameter at the resonance frequency is about -50dB (10e-

6) and its sensitivity -65dB/mT (3e-7/mT). The resolution 

of this type of magnetometer is limited by the 

thermomechanical noise and the Johnson noise [3]. For a 
1mA drive current, the resolution is about 1µT for a 

measurement bandwidth of 100Hz. The design procedure 

proposed here will then be based on the optimisation of the 

system sensitivity. 

 
Figure 5: Variation of the real part of S21 for different 

magnetic fields. 

3 OPTIMIZATION 

In order to apply an analytic optimization procedure, the 

real part of the S21 parameter at resonance is expressed in 

terms of the design parameters: 

 
(6) 

and the goal of this work is to maximize the sensitivity of 

the system , which can be expressed as: 

    (7) 

The optimization can then be performed by varying the 

electrical circuit elements (Zs and Vb), the dimensions 

(L,t,d0) and the material properties (E, ). Indeed, from (6) 

and (7), we can see that the width b has an effect on the 

amplitude of S21 but not on the sensivity. 

 

3.1 Electrical Design Parameters 

Considering that Z0 is fixed at 50Ω, the two electrical 

parameters that we can modify are the impedance Zs and the 

bias-voltage Vb. Based on the analytical expressions, 

increasing the bias voltage will increase both output signal 

and sensitivity of the system. The only limitation appears in 

the nonlinear effect of the electrostatic force leading to pull-

in instability (which is not included in this linear model). 

By finite element simulation, the pull-in voltage is 

estimated at 100V. Thus the output signal level and the 

sensitivity can be doubled by doubling the bias voltage. The 

effect of the impedance Zs on S21 and its sensitivity is not 

trivial and is plotted in Figure 6. If the impedance of the 

circuit is increased due to the device or the connection 

wires, S21 is also increased but the sensitivity will decrease 

dramatically. So the impedance of the set-up should be as 

small as possible. 

 
Figure 6: Effect of the impedance Zs  for B = 1mT. 

3.2 Geometrical Design Parameters 

An unconstrained optimization of the geometry would 

lead to infinitely long and thin devices with infinitely small 

gap. In practice, the device dimensions are limited by 

internal residual stresses (compressive buckling or gradient-

induced deflection), adhesion forces and process issues. 

Moreover decreasing the gap increases the electrostatic 

effect and can lead to pull-in. Figure 7 shows the effect of 

reducing the gap on the radius and the sensitivity of the 

XBM. In order to keep the same level of electrostatic 

nonlinearity, the voltage is adapted proportionally to d0
3/2 to 

avoid pull-in. Imec’s Poly-SiGe technology has already 

demonstrated devices with very small gaps and thin 

thicknesses. For example, in the process proposed in [10], 

the gap can be chosen as small as 100nm with a maximum 

length of 500µm. In that case, the amplitude of the peak is 

increased by a factor 30 and the sensitivity by 6. For the 

Poly-SiGe nanorelay devices presented in [11], the 

thickness and the gap are about 100nm, but in that case, due 

to adhesion forces, the longest beam allowed is about 3µm, 

which leads to a reduction of the signal and the sensitivity. 

 

 
Figure 7: Effect of the gap on the radius of S21 and the 

sensitivity for B = 1mT keeping the same level of 

electrostatic nonlinearity. 
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3.3 Material Design Parameters 

Mechanical material properties influencing the device 

performance can be tailored by modifications of their 

deposition process. However, the design is usually 

performed for a specific technology for which the material 

properties are imposed. In order to obtain the desired 

material properties, we can also modify geometrical design 

parameters such as the release holes as proposed in [12]. 

Three different configurations are considered: square 

holes (1x1µm² to 6x6µm²) and rectangular holes (1x1µm² 

to 1x6µm²) with two different orientations: one with the 

longest dimension along the x axis and one with the longest 

dimension in the y direction. Figure 8 shows finite element 

simulations of resonance frequency for the different shapes 

and sizes of the holes. Simulation and measurement results 

are in good agreement. 

 
Figure 8: Resonance frequencies for different hole shape 

obtaine by FEM (solid line) and measurements (circles). 

 

Using this data in the equivalent circuit and adapting the 

electrostatic transduction factor  as well as the impedance 

Zs due the presence of the holes, we can compare the radius 

of S21 and its sensitivity for the different hole shapes. 

Designing holes larger in the y direction increases both 

amplitude and sensitivity by 1.2 and enhances the 

performance of the device. Figure 10 shows a picture of 

magnetometer with 4x1µm² holes. 

 
Figure 9: Effect of the holes on the radius of S21 and its 

sensitivity for B = 1mT. 

 

 
Figure 10: Photograph of the devices fabricated with Poly-

SiGe technology. 

4 CONCLUSIONS 

Based on the equivalent circuit proposed in [7], we propose 

different strategies to optimize the performance of a 

xylophone bar magnetometer. First, approximated 

expressions of the S21 parameters and its sensitivity to 

magnetic field is derived around an initial design 

configuration. These expressions allow to highlight the 

effect of the different design parameters. Low impedance 

increases the sensitivity of the sensor and a double bias 

voltage increases the system output signal and sensitivity by 

a factor 2. Long devices with small thicknesses and small 

gaps also enhance the performance, but the process and 

reliablity limitations have to be taken into account. A thin 

gap as proposed in [7] improves the sensitivity by a factor 6 

and by designing the release holes properly, the mechanical 

properties of the magnetometer can be tailored to further 

increase the output signal and the sensitivity of the system. 

Finally grouping all these features, we would able to 

enhance the sensitity of the system by a factor 15. 
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