Lucas Hudeley 
email: lucas.hudeley@onera.fr
  
Olivier Le Traon 
  
Thomas Perrier 
  
Raphaël Levy 
  
Jean Guerard 
  
Alain Bosseboeuf 
email: alain.bosseboeuf@c2n.upsaclay.fr
  
Planar Foucault pendulum silicon gyro

Keywords: Gyro, Axisymmetric, whole angle, navigation grade, silicon, MEMS

This paper presents theoretical performances of a novel silicon MEMS Coriolis Vibratory Gyroscope (CVG). Since whole-angle (WA) operation is promising to reach navigation grade, in this work we designed a new cell to obtain isotropic in-plane movement of a central mass. We project a high Q thanks to the original design of link elements between the outer frame and the central mass. They allow the movement of the central mass without energy losses in the outer frame. A FEM calculation gives very low energy losses in the outer frame, of order of 10 -7 of the total energy contained in the resonator. So, for an under vacuum device only the thermoelastic losses will limit the Q-factor, it is estimated for our design above 8.5 × 10 5 . This allowing promising scale-factor and angular random walk (ARW). Numerical model gives scale factors of 3 aF/(°/s) for 100Hz mismatch in open-loop operation. The ARW model predicts 0.1 °/√h for a 100 Hz mismatch and 0.007 °/√h with degenerated modes for a device of 2.5 mm  2.5 mm  80 µm. The operating frequency is about 8 kHz and the first eigen mode is upper 4.7 kHz making the device robust to harsh vibratory environments.

I. INTRODUCTION

Several works reported MEMS tuning fork out of plane gyroscope with very promising results for near navigation grade. The well-known and historic Honeywell's silicon cell [START_REF] Johnson | Development of a Navigation-Grade MEMS IMU[END_REF] and the quartz crystal cell from Systron Donner / Emcore [START_REF] Zotov | In-Run Navigation Grade Quartz MEMS-Based IMU[END_REF] are one of them. University of California demonstrated WA operation capability of an axisymmetric in plane silicon MEMS gyroscope, the quad mass gyro [START_REF] Askari | Performance of quad mass gyroscope in the angular rate mode[END_REF]. Thales [START_REF] Vercier | A new Silicon axisymmetric Gyroscope for Aerospace Applications[END_REF] and Safran [START_REF] Jeanroy | Inertial angular sensor of balanced mems type and method for balancing such a sensor[END_REF] also develop axisymmetric silicon in-plan MEMS gyroscope for WA operation. Boeing also demonstrated a fused silica or silicon axisymmetric Disc Resonating gyro with WA operation [START_REF] Challoner | Boeing disc resonator gyroscope[END_REF]. In consequence, WA in-plane silicon MEMS gyro seems to be an ideal concept for low size, weight and power (SWaP) navigation grade angular rate sensors. This paper presents an original design of a gyro cell [START_REF] Le Traon & Al | Gyromètre vibrant à structure plane[END_REF] applied to a silicon MEMS. A section details the model of open-loop operation. We present the methods to limit bias instability. A following section describes FEM simulations of this cell and its theoretical performances. Lastly, the paper mentions the first realization of the gyroscope.

II. GYRO CELL

The cell presented here is a symmetric in-plane CVG that sense the angular rate around the normal axis of the device. Its design is as insulated as possible from external conditions, thanks to the new concept that composes the gyro cell. The idea is to obtain a similar operation to a Foucault pendulum. A proof mass has an isotropic in-plane vibration that depends on the rotation around the normal axis to the vibration plan. For a simple gyro such as in Fig. 1, when the outer frame is free in space, the momentum of the inertial mass naturally induces an outer frame movement in compensation. This leads to the relation: Mc vC = M vM and an energy loss through this movement, where M (kg) is the mass of the central mass, vM its velocity (m/s), MC is the outer frame mass and vC its velocity.

In order to avoid this loss, we need a way to compensate the momentum of the proof mass. In that purpose, we propose an original design of link element (equivalent of springs in Fig. 1) that fulfil this role.

A. An original link element

The original link element has a configuration where its arms momentums themselves balance momentum of the proof mass (see Fig. 2). In this figure, the angle α depend on the material used; this angle needs to be wisely chosen to ensure that the physical properties are the same in each arms. For silicon <100> in our case, α needs to be 90° (180° is an alternative) since its crystal has a cubic symmetry. This is necessary for both arms to have the same mechanical properties to allow the translation movement of the mass onto the bisector direction.

In a balanced configuration, the resonator permits the referred point M to translate onto the bisector direction In [START_REF] Johnson | Development of a Navigation-Grade MEMS IMU[END_REF], choosing the right ratio between masses balances the configuration, which cancels ||vc||. Four of these link elements compose the final silicon cell.

B. Full cell 1) Mechanical behaviour

The proposed design uses Silicon On Insulator (SOI) technology. A proof mass connects the link elements in an axisymmetric configuration, which forms the gyroscope. This allows two orthogonal in plane modes. Those are a requirement to obtain two matched modes and the whole angle operation of the gyro cell. One mode along the common bisector of two link elements and the second mode is identical with a 90° rotation around the normal axis of the device. The number of link elements depends on the material used. An equivalent cell in quartz is also in development and uses three link elements to fit with the trigonal symmetry of the quartz crystal [8].

In open-loop operation, a transduction mechanism (described in the following section) excites one of the two orthogonal modes of the CVG to its resonance frequency. The coupling between the drive mode and the angular rotation of the structure generate the movement of the sense mode. Fig. 3 depicts both modes of the structure. The drive amplitude x excited at its resonance pulsation x is linked to the drive Q-factor Qx and the exciting force fx by [START_REF] Lynch | Vibratory Gyro Analysis by the Method of Averaging[END_REF]:

 ẍ + ω x Q x ẋ + ω x 2 x = f x  
The sense amplitude y is expressed as a function of its pulsation y, Q-factor Qy and the Coriolis force. This force depends on the angular velocity  (°/s) and k the angular gain. In a perfect realization model:

 ÿ + ω y Q y ẏ + ω y 2 y = -2kΩẋ 
However, in reality, fabrication processes introduce diverse defects that affect the vibration behavior and generate undesired coupling. We then rewrite (3) as in [START_REF] Lynch | Vibratory Gyro Analysis by the Method of Averaging[END_REF]:

ÿ + ω y Q y ẏ + ω y 2 y = -∆( ω 0 Q 0 )ẋsin(2θ c ) + … ω 0 ∆ω x sin(2θ k ) -2kΩẋ (4) 
Where:

ω 0 Q 0 = ω 1 Q 1 + ω 2 Q 2 ; ∆( ω 0 Q 0 ) = ω 1 Q 1 - ω 2 Q 2 ω 0 2 = ω 1 ² + ω 2 ² 2 ; ω 0 ∆ω = ω 1 ² -ω 2 ² 2

 

The real vibratory modes are indexed 1 for the drive and 2 for the sense. In ( 2) and ( 4), pulsation and quality factors also depends on θ c and θ k . These two angles represent an angular shift of the stiffness (k) or damping (c) of the vibratory modes. This is a consequence of fabrication defects. Different sources such as a temperature variation may affect both of these shifts. This generates bias and bias instability.

To improve bias stability over temperature each arms are in the same crystallographic direction. Thus, as long as the temperature variation is even over the entire cell, the properties of the four link elements stay strictly the same. It guarantees the isotropy of vibration whatever the temperature (x(T) = y(T)) for WA operation or the stability of scale factor versus temperature (x(T) -y(T) = Cste) for an open-loop configuration.. Another anticipated way of improvement for the bias instability is the use of highly doped silicon. A high doping value (over 10 18 cm -3 ) allows reducing or nullifying the temperature coefficient of frequency (TCF). It is the case for n-doped silicon [START_REF] Jaakkola | Design Rules for Temperature Compensated Degenerately n-Type-Doped Silicon MEMS Resonators[END_REF]. Hence, we chose a heavily doped substrate (over 10 18 cm -3 ) for our gyroscope.

2) Electromechanical transduction

The material used for this gyroscope being silicon the electrostatic driving and capacitive sensing is appropriate. To keep the symmetry of the device, both driving and sensing will use the same transducer. To maximize the sense signal it is important to increase the capacitive surface. The use of interdigitated combs allow maximizing the capacitive surface on a limited area of the substrate. We choose variable gap transduction to ensure higher sensitivity of the vibratory cell. To be able to generate force with interdigitated combs it is mandatory to have an asymmetric configuration between gaps.

With these configurations, we can express the variation of charges (in C) due to an angular rate as:

Q sense (Ω) = 4V DC εh y(Ω) ( 1 g 1 2 - 1 g 2 2 )(2N E L E R+N c L c )
Where y() is the sense displacement. In Fig. 3., amplitude of the counterbalance masses is larger than the central mass amplitude, the ratio between both amplitude is R. Fig. 4. presents last variables of [START_REF] Challoner | Boeing disc resonator gyroscope[END_REF]. N is the number of fingers on counterbalances mass combs (indexed E) or on the proof mass (indexed C). L is the overlap length of the fingers (with same indexation as N) and h their width. In a low range of polarization and displacement (below static pull-in) this relation could be used to compute the collected electric charges. We compute a static pull-in bias of about 15 V in our case. III. FEM SIMULATIONS The geometry of the design affects every parameters of the CVG. That is why we realized numerical simulations to optimize dimensions. The software used was Simcenter 3D with the OOFELIE::Multiphysics solver. The performance parameters evaluated to discriminate each device geometry were the Q-factor (Q thermoelastic or QTED and Qinsulation), the frequency and the scale factor.

The simulations take into account the doping of the substrate by using elastic parameters of the doped silicon referenced in [START_REF] Ng | Temperature dependence of the elastic constants of doped silicon[END_REF]. We measured the resistivity of three of the SOI wafers used for the realization with a four-pointprobe method. We computed a mean doping value of 1.7e 18 cm -3 over these wafers. Our SOI are antimony doped so the use of the values of elastic parameters given in [START_REF] Ng | Temperature dependence of the elastic constants of doped silicon[END_REF] for 1.3e 18 cm -3 antimony doped silicon is relevant.

A. Parameter evaluation methods

Our model only computes modal deformations, Eigen vectors and harmonic displacements. We need to evaluate each parameters from theses simulations results.

1) Q insulation:

We compute this parameter with a modal simulation of the free structure. We evaluate Qinsulation by the ratio between the kinetic energy of the whole structure over the kinetic energy of the anchor region. This represent the quantity of energy kept in the vibratory structure.

2) Angular gain:

Reference [START_REF] Bryan | On the Beats in the Vibrations of a Revolving Cylinder or Bell[END_REF] define the angular gain and we can evaluate it thanks to the expression:

 K ⃗⃗ = 1 V ∭ (k p ⃗⃗⃗⃗ ∧ k d ⃗⃗⃗⃗ ) dV V  
Where the angular gain is the component of K along the out of plane axis, kp is the Eigen vector of the drive displacement, kd the Eigen vector of the sense displacement and V the volume of the vibratory cell.

3) Q thermoelastic:

A harmonic simulation taking into account the thermoelastic properties of silicon allows access to the Qfactor. In harmonic simulation anchor are fixed. We impose a prescribed force F on the structure to excite it. We then extract the displacement of the proof mass. Thanks to a A least square method, we fit the resonance amplitude A with a Lorentzian expressed as:

 A=A s √ 1 Q TED 2 ((1 - ω 2 ω 0 2 ) 2 + ω 2 ω 0 2 Q TED 2 )
 

Where As is the static amplitude due to F force.

4) Scale factor and bias:

We perform two harmonic simulations with a structural damping to prescribe a quality factor as computed previously. One without prescribed angular rotation to access bias and one with a known prescribed rotation to access scale factor. We compute these harmonic responses in phase and in quadrature. From (4), we can extract the scale factor (m/(°/s)): 4) and ( 9), we can express the bias (°/s):

SF mecha = y(Ω) -y(Ω=0) Ω = -jω x 2k ω y 2 -ω x ² + jω x ω y Q y x(ω x )  From (
Ω Bias = y(ω x ,Ω=0) SF mecha

 

We then use [START_REF] Challoner | Boeing disc resonator gyroscope[END_REF] to convert this mechanical scale factor in an electro-mechanical scale (C/(°/s) or F/(°/s)):

 SF em = Q sense (SF mecha ) 

B. Theoretical performances

Table I reports the theoretical performances resulting from simulations based on the design shown in Fig. 3. This value of Qinsulation indicates an excellent insulation; this is encouraging for confining energy in the vibratory part. QTED is the limiting factor in this system. In our case, the cell is in the isothermal regime, thus Q depend on f/e² (f the frequency and e the width of the beam). Then, we may reduce beam's widths that are already small to increase the Q-factor. The perfect angular gain would be one, but this is only obtainable if all the mass of one mode is used to transfer the energy through the Coriolis effect. In our case, a part of this mass is used to compensate the momentum and insulating the vibratory part (m2 in Fig. 1). The QTED value is near the highest Q in gyro MEMS sensors [3][6]. Fig. 5 is a representation of the harmonic results. In this figure, we see that for a 0.34 µm drive amplitude, 100 Hz mismatch and 1 °/s of angular velocity, a sense displacement of 1.75 pm is generated. This leads to a mechanical scale factor of 1.75 pm/(°/s) computed with [START_REF] Lynch | Vibratory Gyro Analysis by the Method of Averaging[END_REF]. This represents 3 aF/(°/s) computed with [START_REF] Ng | Temperature dependence of the elastic constants of doped silicon[END_REF]. Nominally, for a perfect symmetric design, bias will be zero. However, bias and its stability are strongly fabrication dependent, which is why we do not anticipate their values.

We can improve the overall performances by several means. The first one is by increasing the mechanical scale factor by lowering the mismatch. We need to keep in mind that the bandwidth of the sensor decreased with the mismatch but the scale factor evolving with 1/f. Another way is to reduce the gaps, but this depends more on the fabrication feasibility and the comb stability.

These results allows us to compute a first approximation of the ARW using the model presented in [START_REF] Jaakkola | Design Rules for Temperature Compensated Degenerately n-Type-Doped Silicon MEMS Resonators[END_REF]:

 ARW mecha = √ k B Tω y A 2 M ω x 2 Q y 1 1 + ω d 2 γ 2

 

Where A is the drive amplitude, kb the Boltzmann constant, M the mass of the proof mass, T the temperature, Qy the quality factor of the sense mode. y the sense angular frequency of the sense mode and x the one of the drive mode. We also define d = (y² + x²) / (2x) and y / (2Qy). For electrical ARW we use the noise on the charge amplifier to express it:

 ARW elec = en (C f + C 0y ) 1 SF em

 

Where en is the noise of the amplifier (usually ~10 nV/√Hz), Cf the counter capacity of the amplifier and Coy the sense capacity without rotation.

The theoretical ARW computed in open loop is 0.1 °/√h for 100Hz mismatch (electrical noise dominant). In matched modes, we compute an ARW of 0.007 °/√h (mechanical noise dominant). These values are computed for 10 V polarization, a higher polarization voltage improve the ARW when modes are mismatched however increasing the voltage might increase the asymmetry of the excitation and so the mismatch. The match mode configuration seems promising to reach the navigation grade that require less than 0.05 °/√h. The close loop configuration is one of our best chance to attain our objective since we can lower f while keeping a non-zero bandwidth. The WA is also a way to improve performances because of the direct extraction of angle that remove integration errors.

IV. FIRST REALISATION

We now need to compare these theoretical results to the real cell to verify their veracity. Moreover, we do not talked about bias instability here because it substantially depends on fabrication.

The process used to fabricate the vibrating cell is common in the MEMS silicon field. We use 4 inches SOI wafer and as mentioned before these SOI are highly Sb-doped. First, we deposit 17 nm/200 nm thick Cr/Au electrodes by evaporation and liftoff process. Then we use inductively induced plasma deep reactive ion etching (ICP DRIE) to obtain large aspect ratio (20 in our case). A HF based etching allows the release the vibratory part. The nonreleased cell in presented in Fig. 4.

In the near future, we will electromechanically characterize the fabricated cells to evaluate the real performances.

V. CONCLUSION

This paper propose a FEM study of novel design of MEMS Silicon CVG oriented on the insulation of the vibration to the outer conditions. This gyro cell has promising results in term of Q factor (> 8  10 5 overall). The ARW in a match mode configuration of 0.007 °/√h might allow attaining navigation grade with this structure. The design aims whole angle operation, thus near future fabrication and characterization will address this possibility and will allow the evaluation of bias and its instability. 
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 2 Fig. 2. One of the four link elements of the device
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 3 Fig. 3. Modal deformation of both gyro modes of the proposed structure. Electrostatic combs are not represented here.
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 4 Fig. 4. Comb configuration where y is the excited or sensed direction depending on VDC (excitation if alternative and detection if constant). Differences and positions of combs.
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 56 Fig. 5. Optical microscopy image of the gyro cell after silicon deep reactive ion etching step
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	.	THEORETICAL PERFORMANCES OF THIS WORK
	f in Hz	Qinsulation	QTED	Angular gain
	7950	9 × 10 7	8.5× 10 5	0.19
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