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ABSTRACT 

This work demonstrates a 3-axis Lorentz force 
magnetometer for electronic compass purposes. The 
magnetometer measures magnetic flux in 3 axes using a 
single structure. With 1 mW power consumption, the sensor 
achieves sub-30 nT/√Hz resolution in each of the 3 axes. 
Compared to the 3-axis Hall sensors currently used in 
smartphones, the 3-axis magnetometer shown here has the 
advantages of 10× lower noise floor and the ability to be 
co-fabricated with MEMS inertial sensors. 
 
INTRODUCTION 

Unlike Hall-effect or magnetoresistive sensors, a 
Lorentz force magnetometer is a force sensor and typically 
operates at its mechanical resonance, fn. The sensitivity of the 
sensor is directly proportional to the bias current flowing 
through the structure and to the length through which the 
current travels (FL=Li×B). One type of Lorentz force 
magnetometer modulates a low-frequency magnetic field up 
to fn [1-3], thus the motion resulting from the Lorentz force is 
amplified by the mechanical quality factor (Q). Closed-loop 
operation of this type of sensor has also been demonstrated 
[4]. Another type of Lorentz force magnetometer has a 
frequency output; magnetic field is measured by monitoring 
the change in fn as Lorentz force changes the stiffness of the 
resonator. In both types of magnetometers, it is desirable to 
have a larger bias current and longer current-carrying beam 
to improve the sensitivity and resolution of the sensor. 
Moreover, having high Q is always desirable for resonant 
sensors, as it improves the signal to noise ratio (SNR).  

Multi-axis sensing and sensor integration is the trend of 
MEMS inertial sensors as they allow chip size and 
fabrication cost to be reduced while maintaining the same 
performance and reliability. Single-structure 3-axis 
gyroscopes are currently in full production and have been 
widely used in smart phones and portable devices [5]. 
Single-structure 3-axis accelerometers have also been 
demonstrated [6] whereas single-structure 3-axis 
magnetometers have not. Moreover, the lowest noise floor 
achieved in a MEMS Lorentz force magnetometer, fabricated 
in a process that requires electrically-isolated metal layers on 
top of the silicon MEMS structure, was reported as 
70 nT/√Hz for z-axis field and 10 nT√Hz for x-/y- axis field 
[7]. Most other Lorentz force magnetometers have noise 
levels greater than 200 nT/√Hz. Here, we demonstrate a 
single-structure 3-axis Lorentz force magnetometer for 
electronic compass purposes, which has a noise floor below 
30 nT/√Hz. The magnetometer is fabricated in the epi-seal 

process developed at Stanford University [8]. The process is 
currently used for high-volume manufacturing of 
micromechanical oscillators for timing applications by 
SiTime Inc. and provides a very low operating pressure 
(1 Pa). Pressure sensors, thermometers, accelerometers, 
gyroscopes [9] and magnetometers have been demonstrated 
using the same fabrication process. The magnetometer 
presented in this work is fully compatible with production 
MEMS processes such as the STMicroelectronics THELMA 
process and the Bosch’s surface micromachining process, 
and can be fabricated on the same die with accelerometers 
and gyroscopes. 

 
DESIGN 

The 3-axis magnetometer consists of a 1.8×1.8 mm2 
resonator fabricated in 40 μm thick (100) single-crystal 
silicon and wafer-level vacuum sealed at less than 1 Pa to 
reduce damping and increase quality factor (Q). An n-type 
wafer with doping level of 6E19 cm-3 (resistivity 1mΩ·cm) is 
used to reduce the resistance of the current-carrying flexure. 
Figure 1 shows the schematic view and SEM image (inset) of 
the magnetometer. The structure is long to maximize Lorentz 
force, while the area is optimized to only 0.72 mm2 (18% of 
the 2×2 mm2 die area). During operation, an ac bias current at 
a frequency close to fn is injected through the structure which 
generates Lorentz force and therefore movement of the 
structure in the presence of magnetic field.  

Figure 1:3-axis Lorentz force magnetometer. Inset: SEM 
image of the magnetometer before epitaxial sealing process. 
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mainly due to the overcompensation for over-etch in the 
device layout. Although all three axes have similar 1 μF/m 
displacement-to-capacitance sensitivities, they have different 
field-to-capacitance sensitivities due to different Q, an effect 
which can be compensated by the detection electronics. The 
difference in Q also results in slightly different 
thermomechanical noise-limited resolution. The 
magnetometer is linear (<1% nonlinearity) up to 400 μT in 
all three axes limited by the measurement setup.  
 
Earth’s Field Measurement 

We use a commercial geomagnetometer (Integrity 
Deisgn & Research IDR-321) to measure the Earth’s field in 
our lab (Davis, California) as a reference (13 μT). To 
demonstrate that the MEMS magnetometer is capable of 
measuring Earth’s field, the device is rotated 360° about its 
y-axis and the horizontal component of Earth’s field is 
measured from the sensor’s x- and z-axis outputs, showing 

the expected sin(θ) and cos(θ) dependency in Figure 5. This 
measurement was performed with the magnetometer excited 
slightly off-resonance (Δfx = 7.2 Hz, Δfz = 4.2 Hz), trading 
sensitivity for increased bandwidth (BWx = 12 Hz, 
BWz = 6.8 Hz) and reduced sensitivity to temperature, similar 
to an approach recently proposed for gyroscopes [12] . Since 
the Brownian (thermomechanical) noise is at least 10× larger 
than the electronic noise floor, the resolution is not sacrificed 
by operating off-resonance [10]. 

 
 
Cross-axis Sensitivity 

The cross-axis sensitivity is measured by mounting the 
magnetometer inside a 2-axis Helmholtz coil. The accuracy 
of the measurement is limited by the accuracy of the 
alignment in our measurement setup (tens to hundreds of 
millidegrees).  Note that a one-degree misalignment between 
the coil and the magnetometer introduces a -35 dB error in 
the cross-axis sensitivity.  

Table 2 shows the measured cross-axis sensitivity. The 
low cross-axis sensitivity results from using (a) three 
different resonating modes, (b) time-multiplexing and (c) 
three different capacitive sensing configurations. The y-axis 
output shows larger coupling from the x-axis input compared 
to other combinations. This is possibly because a voltage 
source rather than a current source is used to provide the 
Lorentz force bias current. A resistance-mismatch in the 
current-carrying flexure due to fabrication variation results in 
a mismatch of the bias current. The mismatched bias current 
is orthogonal with the original bias current, which increases 

Table 2. Measured Cross-axis Sensitivity 

Input X-OUT Y-OUT Z-OUT 

X 0 dB -29 dB -65 dB 

Y -37 dB 0 dB -63 dB 

Z -43 dB -36 dB 0 dB 

Figure 5: Magnetometer’s response to the horizontal 
component of Earth’s field (13 μT). 

Figure 4: Frequency responses (left) and measured 
capacitance change vs. input magnetic field (right). The 
magnetometer is linear up to 400 μT in all three axes. 

 

Table 1. Sensor Parameters 

Parameter X-field Y-field Z-field 

Natural 
Frequency 47.43 kHz 47.29 kHz 49.10 kHz 

Q 7100 3200 12700 

Bandwidth 3.3 Hz 7.4 Hz 1.9 Hz 

Power 1 mW 1 mW 1 mW 

Sense Cap. 1947 fF 1947 fF 990 fF 

Sense Gap 2 μm 2 μm 1 μm 

Sensitivity 17.44 pF/T 9.28 pF/T 24.2 pF/T 

Resolution 19 nT/√Hz 32 nT/√Hz 17 nT/√Hz 

82



the cross-axis sensitivity. This effect can be suppressed by 
using a current source instead of voltage source.  

Figure 6 compares the performance of recently reported 
MEMS Lorentz force magnetometers which are capacitively 
transduced. For both sensitivity and resolution, the bias 
current for Lorentz force generation is normalized to 1 mA 
for comparison. Kyynäräinen’s [7] torsional magnetometer 
and double-ended-tuning-fork magnetometer keep the record 
for sensitivity and resolution thanks to the 
electrically-isolated metal layer on the silicon MEMS 
structure, which increases the effective length of the current 
carrying beam by a factor of 5X-65X. 

 
 
CONCLUSION 

We demonstrate a 3-axis Lorentz force magnetometer in 
a single structure. By optimizing the mechanical design, it 
achieves sub-30 nT/√Hz resolution for all three axes. 
Experimental results verify that the device is capable of 
measuring Earth’s field. The cross-axis sensitivity is reduced 
by both mechanical design and time-multiplexing operation. 
Compared to previous single-axis and dual-axis 
magnetometers, the 3-axis magnetometer demonstrated in 
this work provides very good performance considering 
resolution, sensitivity and sensor size.  
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