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Abstract: Encapsulation of MEMS accelerometers in vacuum is advantageous, since it allows
integration with other sensors, leading to size and cost reduction. One technique to operate MEMS
accelerometers in vacuum is the use of closed-loop Sigma-Delta modulation, which has many
advantages. In this paper, the design of a vacuum encapsulated small size MEMS accelerometer (0.2
mm?) and the preliminary measured results are presented. Experimental devices were fabricated
and operated in 2nd and 3rd order Sigma-Delta modulators, achieving a noise figure of 389 ug/NHz
for a bandwidth of 200 Hz and a measurement range of at least +1 g.
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1. Introduction

Vacuum encapsulation of MEMS accelerometers can be advantageous, since it enables
integration with other MEMS sensors that require vacuum operation, such as gyroscopes, resonators,
barometers, and magnetometers. This kind of integration allows for size and cost reduction,
improvement of the mechanical Brownian noise performance, and realization of new devices, such
as ten degrees-of-freedom (DOF) sensing microsystems, to accurately map the position of objects in
space, and six DOF inertial measurement units, for image stabilization in digital cameras, or
electronic stability control systems in robotics and automobiles [1]. However, low damping makes
the accelerometer more difficult to operate.

Typically, MEMS accelerometers encapsulated in vacuum are operated in a closed-loop or use
frequency modulation. Frequency modulated accelerometers require large polarization voltages and
complex compensation techniques [1]. In other hand, closed-loop operated accelerometers don’t have
these problems and have some additional advantages, such as improved bandwidth, linearity, and
dynamic range [2,3]. Sigma-Delta modulation (first used by H. Inose et al. in 1962 [4]), is well suited
for low-frequency signals, such as environmental accelerations, and its output signal is inherently
digital, leading to the realization of high-performance accelerometers [5-7].

In the literature, one can find vacuum encapsulated high performance MEMS accelerometers
using Sigma-Delta modulation, however, all present a common characteristic: large size proof-mass
[1,8-11]. An accelerometer with a large seismic mass, in addition to reducing the size advantages of
integration with other sensors, may present some additional problems, such as reduced full-scale
range and added complexity in the manufacturing process, leading to cost increase [12].
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In this work, a small size and low-pressure MEMS accelerometer, which is operated with a
closed-loop Sigma-Delta modulator implemented in an FPGA, is presented. Preliminary
experimental data is shown.

2. System Design

Part of the read-out circuit (digital lock-in amplifier and low-pass IIR filter), as well as the phase
lag compensator and Sigma-Delta modulator were implemented in FPGA, as seen in the diagram
presented in Figure 1. This approach enables to perform a fast and effective fine tuning of the phase
lag compensator and the feedback gain for the third order modulator (kf), which is typically
performed by simulation [6]. This aims to achieve stability of the loop, more difficult for low-damping
devices, and to improve the system’s performance.
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Figure 1. Implemented configurable Sigma-Delta architecture.

Six units of the MEMS accelerometer, shown in Figure 2, were fabricated and encapsulated with
a pressure of 1.4 mBar using a Bosch MEMS process. Their size is approximately 450 x 450 um, with
a suspended mass of 2.83 g, an elastic coefficient on the sensing axis of 0.75 N/m, and a nominal
sensing capacity of 246 fF (for a gap at rest of 1.6 um). Table 1 presents the theoretical and measured
experimental values, as well as the respective error, for the pull-in voltage, resonant frequency, and
quality factor of each fabricated device.

Figure 2. Fabricated MEMS accelerometer.
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Table 1. Mechanical characterization of the fabricated devices.

Pull-in Pull-in Resonant Resonant Quality
Voltage Voltage Frequency Frequency Quality Factor Factor
V) Error (%) (Hz) Error (%) Error (%)
Theorectical 1.962 - 2591 - 58.6 -
Device 1 1.910 2.7 2498 3.6 61.1 43
Device 2 1.839 3.5 2535 22 58.3 0.5
Device 3 1.892 3.6 2537 2.1 56.0 44
Device 4 1.893 3.5 2543 19 53.9 8.0
Device 5 1.888 3.8 2526 2.5 61.4 4.8
Device 6 1.888 3.8 2536 2.1 58.6 0.0

The closed-loop operates with a sampling frequency of 454 kHz, the one-bit DAC uses a 3.3 V
actuation voltage, and the decimation filter outputs a 20-bit result with a decimation ratio of 2272.
The phase lag compensator, which was implemented based in the approach followed by William
Messner in [13], was tuned for 64° phase advance at 9105 Hz, to minimize the delay introduced by
the MEMS device and low-pass filter. Figure 3 depicts the experimental setup used to achieve the
presented results.

Figure 3. Experimental setup.

3. Results

The performance of the system was evaluated using 2nd and 3rd order Sigma-Delta modulators.
For second order, the feedback gain is irrelevant, since the MEMS accelerometer behaves as the
second order integrator, however, for the third modulation order, the kf used was 382.

Figures 4 and 5 present the Allan variance and the power spectrum density of the output
bitstream, respectively, obtained for all six devices. The experimental sensitivities, measured for an
acceleration range of +1 g, are presented in Table 2. As expected, the overall results highlight the
better performance obtained by the higher-order modulation.
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Figure 4. Allan variance.
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Figure 5. Power spectrum density.

Table 2. Experimental sensitivity.

Sensitivity (bit/g)

Order2 Order3
Device 1 14.511 13.640
Device2  14.437 13.543
Device3  14.463 13.690
Device4  14.330 13.760
Device 5 14.353 13.651
Device 6  14.496 13.502

As seen in Figure 4, the best noise level achieved with a 2nd order modulator was 3.82 mg/NHz
for device 3, and with a 3rd order modulator, device 4 achieved a noise level of 389 pg/NHz. In Figure
5, is visible that the noise is being shaped into the higher frequencies for the higher-order modulation.
These results are in accordance with the fundamental theory of Sigma-Delta modulators [14].

4. Conclusions and Future Work

A small size and low-pressure MEMS accelerometer using Sigma-Delta modulation, was
presented in this paper. The closed-loop was implemented in FPGA, enabling the fast and accurate
tuning of the parameters in an experimental environment. The best noise figure achieved was 389
ug/NHz for a bandwidth of 200 Hz and a minimum measurement range of +1 g. As expected, the
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overall results highlight the better performance achieved by the higher-order modulator. The
platform is now going to be used for testing different modulation orders and architectures aiming
better performance.
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