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Introduction

Interests in cheap 3D orientation determination is increasing as well as application to smaller appliances (i.e. mobile phones and smaller). First attempts to reach the market are currently happening, though not fully addressing high volume market needs (specialized sensors required) with a complete set of functionalities. Our group has been working, in the past years, at the development of various types of MEMS sensors as well as the appropriate electronic architecture for each one. The particularity of our team is to design MEMS that can be integrated either in a System on Chip (SoC) or in a System in Package (SiP) approaches.

In this work, we present a complete system that can make the 3D orientation determination. This system is based on 4 MEMS sensors and the appropriate electronic architecture, both previously designed by the Microelectronic Department at LIRMM. This paper will present the overall operation of the sensors first. Then, the combination of the sensors will give a brief sight of the overall system principle. The electronic architecture used in this demonstration will be, then, detailed. And finally, a method to calculate the attitude will be explained.

Sensors overview

Using a CMOS wafer with electronic parts on it, several techniques can be used to implement electro-mechanical sensors. FSBM appears as a very promising and cheap technique. Using this CMOS-FSBM process, LIRMM has developed 2 types of sensors: a thermal accelerometer and a magnetometer. In this study, we combine both to determine the attitude of the system. Therefore, details on these 2 sensors are given next.

Tilt sensors

A basic thermal accelerometer is shown in figure 1. It is made of three suspended resistors: the center beam is supplied by a current and acts as a heater while the two beams beside are temperature sensors. The detector resistors are arranged in a Wheatstone bridge and connected to an instrument amplifier. Under in-plane acceleration, the temperature profile created by the heater becomes asymmetric and the temperature gradient is converted into a resistance variation in the detectors. This sensor is sensitive enough to detect static acceleration such as the g-acceleration. Therefore this thermal accelerometer has tilt sensing capabilities. Such MEMS sensors have been previously introduced in [START_REF] Dumas | Development of a Low-Cost Piezoresistive Compass on CMOS[END_REF] and also commercialized [START_REF] Leung | Micromachined accelerometer based on convection heat transfer[END_REF]. 

MEMS Magnetometers

The operating principle is based on the interaction of a calibrated current flowing into the structure with the external magnetic field that produces a Lorentz force. This force causes the deformation of the cantilever, which is converted into an electrical signal by means of embedded polysilicon strain gauges. The use of this measurement principle in association with the FSBM technology is cost effective compared to the integration of magnetic cores in flux-gate devices, and allow better resolution than Hall effect devices [6]. The best sensitivity and resolution are obtained by driving the structure at resonance. An electronic compass can be obtained combining 2 magnetometers with an angle of 90° between them. Figure 2 shows a compass made of 2 U-Shaped cantilever beams that measure X and Y components of the earth magnetic vector. 

Sensor combination

As illustrated in figure 3, the combination of 2 thermal accelerometers and 2 magnetometers can give the attitude of the system. In this system, pitch and roll information are given with respect to the earth gravity field while yaw is provided relatively to the north magnetic direction. Details on the 3D orientation calculation are presented in part 5. 

Electronic Architecture

In this demonstration, all the electronic will be made of discrete components. However, such components could be easily integrated in a CMOS technology to make the system all in a single chip (SoC) or package (SiP). The electronic architecture presented in figure 4 is derived from an electronic system previously depicted, fabricated and characterized in [START_REF] Alandry | A CMOS Multi-sensor System for 3D Orientation Determination[END_REF].

Basically, each sensor is connected to a low noise amplifier to prevent the SNR from early noise degradation. Because the 2 magnetometer strain gauges are mounted in a Wheatstone bridge configuration on chip, only one low noise amplifier is needed for both. A multiplexing strategy is applied for the tilt sensors in order to minimize the electronic area and consumption.

The electronic conditioning chain is the same for each sensor. Because all electronic blocs suffer from high 1/f noise, the signal coming from the various sensors are shifted in the frequency domain thanks to the microcontroller. In fact, the magnetometers are operated at the mechanical resonance (16 kHz) while for the gravitational sensors a Wheatstone bridge biasing modulation has been implemented. A band pass filter and an amplification chain are implemented in order to give a clear signal. The microcontroller also trigs the Track and Hold circuit for synchronous detection. Low pass filters and differential amplifiers are, then, used to give a continuous single ended output. Finally this signal is sent to the 10-bit microcontroller A/D converter to provide a digital output. At the end, an averaging strategy is applied to have a better resolution and the RS232 microcontroller module sends the data to a computer through a Bluetooth connection.

The whole system is based on a time multiplexing strategy and is controlled by an 8-bit RISC microcontroller from Microchip. 

3D orientation determination

In this demonstration, calculations to determine the attitude as well as the 3D representation are done with a Labview application. These calculations are based on Cardan's angle representation. Cardan's angles are, basically, pitch, roll and yaw angles used in aeronautic. Figure 5 shows Cardan's angle representation. In order to solve the system of equations, the reference coordinates system is aligned on earth magnetic and gravitational fields: x(ref) points the north direction while z(ref) is vertical.

Then, for each matrix, sensors equations can be written and a set of Cardan's angle can be determined.

For the first matrix (Z->Y->X), the readings of the tilt sensors T1 and T2, measuring the acceleration along the x(body) axis and y(body) axis respectively, are expressed as follow:

(1)

(2) The readings of the magnetometers B1 and B2, measuring the magnetic field along the x(body) axis and y(body) axis respectively, are expressed as follow:

(3)

The system is, then, solved and gives the 3 Cardan's angles.

The same calculations can be done for the second matrix and give another set of Cardan's angle.

Because the resolution on every angle is decreasing whenever the cosines or the sinuses of the angles are close to one, a weighted algorithm is applied on the two matrixes to get a better resolution. This technique avoids "Gimbal lock" effects on the rotation around the z-axis and increases, particularly, precision and resolution on every orientation.

Conclusion

This demonstration proves the feasibility of the system and introduces an original sensor combination for 3D orientation determination. The electronic architecture presented can be easily integrated and optimized for SoC or SiP prototyping. A simple algorithm has been explained and implemented in a Labview software for attitude determination. Further work will give more details on system performances, and comparison with other system could be done. 
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 1 Figure 1. Picture of a tilt sensor based on thermal convection.
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 2 Figure 2. The micro-machined compass made of two U-Shaped cantilevers.
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 3 Figure 3. Attitude sensor made of the combination of 4 basic sensors.
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 4 Figure 4. Electronic architecture

Figure 5 .

 5 Figure 5. Cardan's angle representation Using this representation, 6 possible transfer matrixes can be written. All these matrixes represent the same final orientation. With our type of sensors only 2 of them are useful and give solvable equations. These 2 matrixes are presented in figure 6 and figure 7 illustrates the 3 successive rotations for each matrix.

Figure 6 . Cardan's matrixes used for attitude determination 7 .

 67 Figure 6. Cardan's matrixes used for attitude determination
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