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This paper reports a novel axisymmetric quartz MEMS gyroscope, named GYTRIX, able to work -for the first time to our knowledge-as a whole angle gyro. The proposed GYTRIX cell differs from the state of the art by the use of balanced vibration modes, naturally decoupled from the support, and a very simple and pure axisymmetric design, implementing an original principle of decoupling of the useful modes, which gives the resonators very high quality factors. As a proof of concept, the gyroscope presented is designed to operate in open-loop mode in order to facilitate the first characterizations of the cell. Thanks to its symmetry, isotropy and high quality factor, the gyroscope characteristics give up towards a theoretical angular random walk of 0.003°/√h and a bias stability better than 0.1°/h.

I. INTRODUCTION

This paper reports a novel axisymmetric quartz MEMS gyroscope, named GYTRIX, able to work as a whole angle gyro. Quartz MEMS gyros are well known and demonstrate impressive performance in open loop configuration [START_REF] Zotov | In-Run Navigation Grade Quartz MEMS-Based IMU[END_REF], as well as silicon MEMS gyros [START_REF] Johnson | Development of a Navigation-Grade MEMS IMU[END_REF]. GYTRIX should take a new step to reach bias stability lower than 0.1°/h, all errors combined. To operate in whole angle mode a gyroscope needs stiffness and damping isotropy allowing an in plan degenerate vibration as well as a high quality factor [START_REF] Lynch | Vibratory gyro analysis by the method of averaging[END_REF]. To achieve these assumptions, MEMS gyroscopes are most of the time based on axisymmetric designs and generally made in silicon to take advantage of the micromachining technologies of this material [START_REF] Ayazi | A HARPSS polysilicon vibrating ring gyroscope[END_REF]- [START_REF] Kelly | Evolution and Capitalisation of a Family of MEMS Vibrating Structure Gyros (VSG)[END_REF]. Other gyro architectures use lumped masses, as in the Quad Mass Gyro (QMG) which has recently demonstrated whole angle working principle [START_REF] Prikhodko | Foucault pendulum on a chip: Rate integrating silicon MEMS gyroscope[END_REF], [START_REF] Askari | High quality factor MEMS gyroscope with whole angle mode of operation[END_REF]. All these architectures use capacitance based readout and complex electronic schemes.

Here we propose to take advantage of the simple piezoelectric transduction of quartz resonators. Generally, quartz is not a material of choice to obtain mode matching gyroscope because, despite progress in Deep Reactive Ion Etching (DRIE) of quartz [START_REF] Chapellier | High Q 2D-length extension mode resonators for potential time-frequency applications[END_REF], this material is generally machined by anisotropic wet etching. The wet etching of quartz reveals crystallographic facets which break symmetry of the cell, making it difficult to match frequencies [START_REF] Hedlund | Anisotropic etching of Z-cut quartz[END_REF]. However, by designing a cell that respects the crystal symmetry, it is possible to obtain a perfectly symmetric cell by wet chemical etching of quartz.

In order to prove the basic concept of the GYTRIX cell, we decided to make a first design with an open loop configuration. Indeed, this measurement mode does not require complex electronic servo loops contrary to closed loop or whole angle modes. This way, it will be easier to obtain a working prototype to validate the decoupling technique and the low mechanical coupling that is expected. The first part of this paper will focus on the working principle of the developed gyro. In a second time, simulations results will be exposed and finally the gyro characteristics will be extrapolated from previous measurements.

II. WORKING PRINCIPLE

A. Decoupling structure

The main idea behind the GYTRIX cell is the used of innovative link elements between a proof mass and an outer frame, where the momentum of the proof mass is perfectly balanced by the momentum of the link elements [START_REF] Le Traon | Résonateur en vibration de flexion à haut facteur de qualité pour la réalisation de références de temps, de capteurs de force ou de gyromètres[END_REF]. To do this, one solution is to use "Y"-shaped tuning forks (Fig. 1), comprising two vibrating beams P1 and P2, oriented along two different axes forming an angle of 60°. A fixing area connects the two beams and serves as an anchor of the link element. A longitudinal slot is also present on each of the beams and connects at the level of the fixing area in its middle. When the structure is well balanced there is no movement exerted on the fixation area in free-free boundary conditions, allowing once fixed no energy loss in the anchor and thus preserving the intrinsic quality factor of the cell. There are many ways to obtain a balanced structure so the design is mainly guided to limit thermoelastic damping, as discussed in the next section.

B. Drive and Sense operating modes

The GYTRIX cell uses three elementary "Y" type link elements. This cell being perfectly symmetrical, there is a coupling between the "tuning fork" modes of the three link elements which lead to two degenerated vibration modes (Fig 2). These modes of vibration induce a movement in two orthogonal directions of the central mass of the resonator. The vibration mode in which the three link elements are in motion is called "sense mode" and the mode in which one of the link elements is motionless is referred to as "drive mode" (Fig 2). This choice has been made for limiting the in phase coupling with the drive motion, called mechanical coupling later. For an open loop gyro, the drive and sense modes are not at the same frequency in order to provide a bandwidth. The drive mode is locked at its natural resonance frequency by mean of an oscillator circuit. In the presence of an out-of-plane angular velocity, the central mass will undergo a force orthogonal to its initial movement (Coriolis force); exciting the sense mode, and the amplitude of the sense mode is proportional to the input angular velocity. It is the classic operation of an open loop CVG.

The actuation and detection of drive mode and sense mode are obtained by using the quartz piezoelectric effect. Figure 5 shows the electrodes scheme for drive mode (E1, E2) and sense mode (S1, S2). For the actuation of the drive mode, a voltage V is applied on E1 electrode and electric charge is collected by the means of a charge amplifier on E2. An oscillator circuit allows the drive mode to be locked at its resonance frequency and an automatic gain control keeps the drive amplitude constant. A differential charge amplifier connected to S1 and S2 collects the Coriolis signal, and a synchronous demodulation between the Coriolis signal and the E2 signal gives the output voltage proportional to the outof-plane applied rotation speed.

III. SIMULATIONS RESULTS

A. Quality Factor Under vacuum, there are mainly three energy loss mechanisms that can degrade the quality factor: thermoelastic and viscoelastic damping and energy losses in the anchor:
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The overall gyro has been arbitrary designed to fit in a 2 cm diameter with the objective of a first eigenmode above 3 kHz to avoid shock sensitivity and an operating mode below 20 kHz. For those dimensions and frequency, it is known that the main source of energy losses is thermoelastic damping. In Fig. 3, the Lifshitz model [START_REF] Lifshitz | Thermoelastic damping in microand nanomechanical systems[END_REF] is applied to a simple beam and shows that to obtain quality factor above 200 000 at a frequency below 20 kHz, it is necessary to use tuning-fork with width above 400 µm.

These first dimensions criteria give a rough estimation of the gyro design. To evaluate the balancing of the overall structure, one solution is to simulate the ratio between the kinetic energy included in the anchor relatively to the total kinetic energy . An equivalent quality factor can then be deduced:
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Then an easy way to finely balance the structure is to find the maximum of while one dimension varies (Fig. 4).

Finally, after previous optimizations, a multiphysics finite elements analysis taking into account thermoelastic coupling allowed a precise evaluation of the thermoelastic and viscoelastic damping [START_REF] Le Traon | LGS and GaPO4 piezoelectric crystals: New results[END_REF] of the GYTRIX cell. As shown on TABLE I, a quality factor of 180 000 is achievable with the held design, with a limitation mainly due to thermoelastic damping, for an operating frequency of 20.8 kHz and a motional resistance of 54 kΩ.

B. Scale Factor

As said previously, this first prototype is designed to work in open-loop mode to demonstrate more easily the high stability of this concept. So, a natural difference of 170 Hz between the drive and sense mode is set in the design in order to obtain a bandwidth around 85 Hz. To do this, a small asymmetry is introduced in the arm of one of the three resonators by variation of 10 µm of its width. The decoupling mechanism having a low sensitivity to small asymmetry, a finite element analysis proved that the quality factor is not affect by its change.

From the routing diagram of the electrodes on a cell (Fig. 6), we can define the scale factor as the difference between the charges collected on the electrodes, and , when a rotation speed Ω is applied, divided by the angular velocity. The fact of using the difference between these electrodes makes it possible to increase the signal by differential effect because the charges are of opposite signs on the pair of detection electrodes. Moreover, the differential signal allows achieving a lower bias. By taking into account the bias at zero angular velocity, we can thus define the scale factor according to equation (3). This equation is used to numerically determine the scale factor of the prototypes.
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With an excitation allowing to apply a maximum stress of 50 MPa inside the device, the scale factor simulated is around 0.76 fC/(°/s) which is comparable to the VIG gyro [START_REF] Guérard | Advances in Quartz Coriolis Vibrating Gyroscope for space applications[END_REF].

C. Mechanical and capacitive coupling

In the same way, the mechanical ( and capacitive ( ) coupling can be defined from the charges collected in absence of rotation speed:
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. * + ,% , * + ,% $ -" [START_REF] Challoner | Boeing Disc Resonator Gyroscope[END_REF] These couplings represent the bias of the sensor and have to be as low as possible and very stable to obtain an excellent bias repeatability. The mechanical (phase) coupling is due to charges collected on sense electrodes without angular speed. By design, the movement of the sense resonator is low (Fig 2) so the computed mechanical coupling is small, with a value of 2 °/s. Regarding capacitive (quadrature) coupling, this one is due to the capacitance between electrodes on drive resonator and those on sense resonator. Due to the distance between resonators, this coupling is very low, with a value of 2 °/s too. In comparison with the VIG gyro, the mechanical and capacitive coupling are respectively divided by a factor 1000 and 100. With a nominal bias divided by 100, its repeatability should be divided by the same factor that is why we expect a bias repeatability around 0.1 °/h.

D. Angular Gain

As the goal is to operate in whole angle mode, the angular gain / 0 of this design has also been simulated. Indeed, this quantity is directly linked to the scale factor of the device in whole angle mode [START_REF] Askari | High quality factor MEMS gyroscope with whole angle mode of operation[END_REF]. Simulations has given a value around 0.21 for this peculiar design using the following equation:
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where 3 is the volume of the device, 5 and 5 are respectively the drive and sense displacement field.

This value is smaller than the one obtain for DRG or quadmass silicon devices, which are typically around 0.6-0.8. This was predictable because the decoupling structure uses modes that are not well coupled through Coriolis effect due to momentum compensation. However, this value is of the same order as the previous cited devices and, even if the value is slightly lower, the innovative decoupling structure combined to the quartz properties will lead to a better bias instability.

IV. EXPECTED PERFORMANCES

A. Angular Randow Walk

In the case of an open-loop architecture, and assuming that the only main contributor of white noise is the operational amplifier used for the detector mode charge amplifier, the angular random walk (ARW) of the gyro electronic can be written as:
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where F is the voltage noise of the operational amplifier used in the charge amplifier, ( G is the feedback capacitance of the charge amplifier and ( is the capacitance between drive and sense electrodes. Considering a typical noise of 5 nV/√Hz for an operational amplifier, a feedback capacitance of 4 pF and an capacitance between drive and sense electrodes of 1 pF, the achievable ARW for GYTRIX is theoretically around 2e-3 °/√h, i.e. an order of magnitude lower than the value obtain for the VIG gyro [START_REF] Guérard | Advances in Quartz Coriolis Vibrating Gyroscope for space applications[END_REF]. With the objective to work in a force to rebalance architecture, the ARW will not be limited by electronic noise but by mechanical thermal noise [START_REF] Leland | Mechanical-thermal noise in MEMS gyroscopes[END_REF]. In this case, the ARW can be expressed as: where 5 N is the Boltzmann's constant, O is the temperature, / is the drive amplitude, Q is the equivalent mass of the mode and R is the operating pulsation. With an equivalent mass of 50 mg and an amplitude of 5 µm, the expected ARW would be around 3e-5 °/√h, i.e. a gain two orders lower than the open loop scheme.

B. Bias repeatability

In order to remove the capacitive coupling, a differential amplifier makes it possible to reject the signal in common mode on the two detection electrodes with an accuracy of the order of 10 ppm. With an initial coupling of 2 °/s, the contribution to the bias repeatability is around 0.1 °/h. In the same way, the synchronous detection makes it possible to reject the signal in quadrature of Coriolis (mechanical coupling) with an accuracy of the order of 10 ppm, which is also equivalent to a bias repeatability of 0.1 °/h. These estimations are made from experimental data on the VIG gyro. Finally, the total bias repeatability for the GYTRIX cell is estimated to be around 0.2 °/h V. CONCLUSION This paper reports a novel concept of axisymmetric quartz gyroscope in open loop mode. The innovative decoupling structure, based on momentum compensation thank to link elements, allows fixing the cell without altering the intrinsic quality factor of the cell. Moreover, the specific design which is aligned on crystallographic axis of quartz, make it theoretically possible to obtain a perfectly symmetric cell by wet chemical etching of quartz and thus a perfect match of sense and drive mode and temperature stability. Numerical simulations gave expected performances of this concept. They show high quality factor of 180 000, mainly limited by thermoelastic damping. In addition, the angular gain, a key parameter in whole angle mode, is of the same magnitude order (0.21) than classical gyro. Moreover, a scale factor of 0.76 fC/(°/s) is estimated which lead to a typical ARW of 2e-3 °/√h in open loop mode. This value should be considerably reduce with a force to rebalance architecture. Finally, the bias repeatability is estimated to be around 0.2 °/h for this design. Cells are currently being packaged (Fig. 5) and global characterizations will be exposed in a next paper.
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 1 Fig. 1 : Representation of an elementary link element used to translate the proof mass in the GYTRIX cell.
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 2 Fig 2 : Illustration of the drive (up) and sense (down) eigenmodes of the GYTRIX cell.

Fig. 3 :

 3 Fig. 3 : Thermoelastic quality factor of a simple bending beam relatively to frequency and width of the resonator. The red polygon is the region with Q > 200 000 and f < 20 kHz.

Fig. 4 :

 4 Fig. 4 : Illustration of the balancing of the modes by variation of the dimension of the central proof mass.

Fig. 6 :

 6 Fig. 6 : Schematic view of the electrodes pattern on a cell. E1 and E2 are used to actuate the drive mode and have opposite potentials. S1 and S2 are the sense electrodes, with a null potential.

TABLE I SYNTHESIS

 I OF THE MAIN SIMULATED CHARACTERISTICS OF GYTRIX

	KΩ @ 50MPa	Cmech Ccapa	Q	f	Rm	BW
	(fC/(°/s))	(°/s) (°/s)	-	(kHz)	(kΩ)	(Hz)
	0.76	2	2	180e3	20.8	54	85
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