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ADVANCES IN QUARTZ CORIOLIS VIBRATING GYROSCOPE FOR SPACE APPLICATIONS

This paper reports a status on performances of the Quartz MEMS gyroscope developed at ONERA, and introduces future ways of performance improvement. The Vibrating Integrated Gyro (VIG, in the CVG family) is a high-Q quartz tuning fork gyro with two close resonant frequencies: Drive (in plane) and Sense (out of plane). The planar design includes the tuning fork together with its decoupling frame in a single monolithic structure, manufactured by collective etching, thus preserving crystal integrity and allowing quality factors over 150 000. Concerning the associated electronics, innovative design of digital frequency synthesis and synchronous demodulation allowed a significant step in the performance, especially on the thermal bias stability, which is now in the range of 10°/h, and ARW in the range of 0.03°/√h).

Signal bandwidth and rate range are configurable by software, respectively up to 100 Hz and 100°/s, depending on the application. It is pointed out that no trimming is performed on the quartz cell and that all compensations are performed by the electronics. Besides, the architecture is still open loop: no force rebalance. So, thanks to this basic configuration, the VIG is a potential low cost tactical gyro, in the state of the art of Coriolis MEMS gyros and is now mature to be transferred to industry for aerospace applications.

The sensor electronic architecture ability to be synthesized on programmable devices (micro-controller, FPGA, ASIC) and to be spread over local resources (for example executing control software and signal processing inside the host computer) have been evaluated in the pre-development activities of the NEOSAT program.

Latest results concerning qualification and performance of the gyroscope will be presented. Then, beyond the assistance and safe mode gyroscope in the NEOSAT platform, possibilities will be discussed to higher increase performances, and access the 0.001°/√h ARW class, while remaining compatible with common collective micromachining process and flight environments. This opens the way to new fields of applications for this family of sensors, in the domain of precision pointing of payloads, for example new generation of inertial stellar compass (low noise quartz MEMS gyro hybridized star tracker).

I. INTRODUCTION

The Sensors & Micro-Technologies research unit in the Physics & Instrumentation Department of ONERA began specializing in Quartz inertial sensors twenty years ago. Activities started with a Vibrating Beam Accelerometer (VBA) made of a differential pair of monolithic quartz cells, including proof mass, hinges, vibrating beam, and decoupling frame, all together on the same die. The structures are achieved by wet etching in hydrofluoric acid after mask photolithography, all facilities being available at ONERA. Coriolis Vibrating Gyroscopes (CVG) were then developed, based on the same common concept : a monolithic (meaning mono-crystalline) design of a planar vibrating structure, including both the sensitive element (vibrating string for accelerometers, tuning fork for gyroscopes) and the decoupling frame [START_REF] Janiaud | Monolithic vibrating rate gyro structure[END_REF], and manufactured by collective etching on wafers. The two resonance modes of the tuning fork, in-plane and out-ofplane, are coupled by means of Coriolis effect under rotation around the fork axis [START_REF] Janiaud | The VIG vibrating gyro : a New Quartz Micromachined Sensor[END_REF].

The initial tuning fork design for the gyroscope has been optimized several times, and is now mature. Ongoing developments concern the associated electronics, which are now mainly digital, embedding hardware as well as software functions. While the space qualification of this architecture is in progress and will be described hereafter, the tuning fork design is limited by the well known quadrature error [START_REF] Descharles | Closed-loop compensation of the cross-coupling error in a quartz Coriolis Vibrating Gyro[END_REF], and time has come to introduce alternate designs to get performance one step beyond.

II. PIEZOELECTRIC ANGULAR RATE GYROSCOPE II.A. DESIGN

The first tuning fork gyroscope design was named Vibrating Integrated Gyroscope (VIG). It is a piezoelectric Coriolis Vibrating Gyro (CVG) based on a tuning fork which operates two main eigen modes (Fig. 1). The Drive mode (in-plane flexure) is excited at resonance ( ) in x-direction with adequate electrodes using piezoelectric properties of Quartz. When the gyro is exposed to an angular rate in the z-direction, the Coriolis acceleration ( 2Ω ∧ ) initiates the Sense mode in the y-direction. Although it is forced to the drive pulsation (Sense mode resonance pulsation is ), the amplitude of this vibration is significant ( and are close to one another), and proportional to the angular rate Ω. It is detected by other dedicated electrodes. This is known as the Open Loop mode. The motion of each vibration mode can be modeled by a second order mass-spring-damper system [START_REF] Söderkvist | Micromachined gyroscopes[END_REF].

represents the equivalent moving mass in the beam flexure, and are the equivalent springs, and finally and are the damping coefficients.

II.B. REALISATION

These flat monolithic sensor heads are manufactured by collective etching (Fig. 2). Quartz wafers are first metallized with gold layers and masked with resin before wet etching in the hydrofluoric acid. The gold layer first serves as mask for the vibrating structure during the acid etching of quartz, and then as electrodes after a second photolithography step.

Fig. 2: VIG quartz monolithic cell, including tuning fork and suspension frame (center), from wafer (left), to mounting on socket (right).

It is important to notice the advantages of joint conception and realization of the quartz cell and its decoupling frame :

• All structural resonant modes are predicted by Finite Elements simulations, so that the designer can carefully set them away from the useful mode couple (Drive, Sense). The problem is not easy because multiple modes are impacted by each dimensional parameter, but can be solved in an optimization process;
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• The resonance energy loss of the tuning fork is predicted as well from the mode shape, and the decoupling frame has an active contribution in the high quality factor achievement; • The Quartz cell is manufactured at once through wet etching and is integrated without assembling parts and without trimming; • After manufacturing, the crystalline composition of the cell guarantees the stability of parameters ( , , Δ ) over time and also repeatability over temperature.

II.C. PHASE AND QUADRATURE ERRORS

However, the perfection of the etching process is impaired by the apparition of facets, in corners or along edges, due to the anisotropy of etching velocity. These facets are responsible for mechanical coupling between Drive and Sense mode: a tilt of the vibration planes is induced, which can be observed and measured under stroboscopic profilometry (Fig. 3). Misalignment of upper and lower masks can also yield mechanical coupling.

Figure 4 shows how the projection of Drive into Sense is modeled in the left part of the figure, which is dedicated to the vibrating structure (from PIEZO to PIEZO). Piezoelectricity in quartz is used for both action (Volt to force conversion, reverse piezoelectric effect) and detection (motion to charges conversion, direct piezoelectric effect), on the figure. The quadrature error introduced above is represented here by the angle of the tilt; the true axes of the Drive and Sense motions are and , but the electrodes are designed to selectively collect the piezoelectric charges on rotated axes ′ and ′. The apparent motion seen by the electrode on the effective ′ axis is cos sin , so when there is no input rotation rate ( 0), the sensing electrodes still collect charges due to sin . The signal generated by this mechanical coupling is in quadrature with respect to the Coriolis signal, and therefore is called quadrature error.

Another source of parasitic charges is the natural capacitance between excitation and detection electrodes, due to the vicinity of the golden tracks. It is represented by the " capacitor. Other capacitors exist between Excitation and Sense electrodes, but they are minimized by a patented electrode design [START_REF] Le Traon | Electrodes and associated electronic circuits for a piezoelectric vibrating[END_REF], and not represented on the figure. The signal generated by this capacitive coupling is in phase with respect to the Coriolis signal, and therefore directly acts as a bias on the sensor output.

Fig. 3: Mechanical coupling between in-plane and out-of-plane modes, leading to quadrature error (left). Capacitive coupling between electrodes, leading to in-phase error (right, cross section of the tuning fork).

III. ELECTRONIC ARCHITECTURE III.A. DESIGN

Piezoelectric charges are measured by charge amplifiers and demodulated (lower right). Another control loop compensates for the quadrature error at the input of the charge amplifier. Although quadrature signals are rejected by synchronous demodulation, it is necessary first to avoid voltage saturation at amplifier level, before processing. Quadrature residuals are then efficiently rejected by the synchronous demodulation. This operation is performed by a special sequencer running parallel demodulation of both in-phase (= expected Coriolis signal) and quadrature (= mechanical coupling) signals [START_REF] Guérard | Improved performance with Quartz Coriolis vibrating gyros[END_REF].

Apart from charge amplifiers, which are built on discrete operational amplifiers, all other functions are digital, including analog-to-digital converters. 

III.B. FREQUENCY SYNTHESIZER

The excitation at resonance of the Drive mode is performed by a primary Phase-Locked Loop (PLL, upper part of Fig. 3). The electronic oscillator is a Direct Digital Synthesizer (DDS, Fig. 5). A 32 bit accumulator is clocked at high frequency (Fclk ~ 8 MHz), to increment a phase word with a tuning word. The frequency step is #$ %& 2 '( ) 2 *+ And the expression of the tuning word for a target frequency is , #$ For example, to deliver a target frequency of 20 kHz, the binary tuning word is ~10 7 . The phase word is then used as an input address into a Look Up Table (LUT) to get the sine shape, which is later on converted to analog by the DAC. The resolution of 2 mHz is small enough with respect to the resonance bandwidth, which is ~ 0.1 Hz.

Actually, Fourier series simulations show that a minimum of about 20 samples per period (instead of 400 in the current configuration) is enough to filter harmonics efficiently and provide a pure sinusoidal signal on the quartz cell (harmonics may trigger unwanted structural modes in the quartz cell and induce aliasing on the output signal). Roughly speaking, having N samples per period cancels all harmonics up to rank N. A passive first order filter on the analog output will cancel the harmonics.

Fig. 5: Direct Digital Synthesis (DDS).

III.C. MICRO-CONTROLLER

The architecture is described again on Fig. 6, from the signal processing point of view. There are 3 layers of electronics, from raw acquisition and command, to intermediate signal processing, and higher level angular rate.

• Low level : frequency synthesis and data acquisition

The quartz cell excitation is provided by the digital synthesizer described above, and a hard coded sequencer performs acquisitions on ADC, synchronized with the Drive frequency. Some monitoring data (amplifiers biases, sensor temperature, …) are also acquired, but multiplexed and at lower data rate.

• Mid level : phase processing, decimation Each data stream, Drive and Sense, carries two informations in the signal: amplitude and phase, which are translated into phase and quadrature components. The separation is obtained by combining sets of samples acquired in several phase states of synchronous demodulation, generated by the sequencer. Required arithmetic operations are limited to Multiply & Accumulate (MAC), and only fixed point arithmetics. Most signal processors and even micro-controllers offer this kind of operation as one single assembler instruction.

Then, one sample of uncalibrated data is obtained after a sequencer cycle of 32 signal periods. The raw sampling rate is thus 20000 / 32 ≈ 600 Hz. A programmable decimation (moving average, still easily computed with an accumulator) will downsample the angular rate on demand, depending on the application need.

• High level : science data Finally, uncalibrated data have to be compensated for bias, scale factor, non-linearity and thermal sensitivity, and especially normalized with respect to Drive amplitude. This last operation compensates for quality factor variation with temperatures, and avoids the implementation of a hardware gain correction loop.

Fig. 6: Processing levels. Low complexity & high data rate at low level. Linear arithmetics at mid level, and complex operations at high level, but at low frequency sensor data rate.

As the algorithm makes use of divisions for normalization, this function has therefore been deliberately disconnected from Mid level; the idea is that the complex operations in the algorithm could be efficiently executed in the OBC, at negligible cost (< 100 divisions per second in the instrument software driver). In the local electronics it would require a hardware divider, or a time-consuming emulation of such divisions. On a LEON SPARC V8 (standard OBC processor), the floating point division is hard wired.

IV. INTEGRATION

After individual structural tests at wafer level (quartz integrity, electrode continuity…), valid cells are selected and mounted on a 15 mm diameter, 12 pin socket (Fig. 7). Functional tests are then performed (resonant frequencies, quality factors, motional resistance…) under air pressure and also under vacuum, before sealing definitively the cell in a vacuum package, after offgassing. The extraction pipe is closed hermetically by cold welding with a pinch-off tool. At this level, the mechanical sensor head is only 16 grams, 20 mm wide, 10 mm high.

Connected to the electronic board, the prototype device is 40 mm wide, but including several monitoring measurements and test points. An industrial version will fit a smaller size. A single 3.3 V or 5V power supply is required. 

V. PERFORMANCE

Tests have been performed on a high precision turn table with climatic chamber. The full scale of the instrument is ±30°/s and the sampling rate is 16 Hz for the presented results, but both can be adapted, depending on the application. Instrument range can be increased by simply reducing the excitation level. The impact on performance is proportional: higher range yields higher noise. Sampling rate is currently limited by the monitoring data stream between micro-controller and host (PC desktop). In the software development phase, many information and internal states, such as amplifier polarization, phase error in the Drive loop, or synthesizer frequency command are logged for good health tests and optimization. There is no limitation in the electronics to eventually increase the sampling frequency up to 100 Hz.

V.A. ANGULAR RANDOM WALK

After scale factor characterization, the Allan variance is executed in a quiet environment (vibration + thermal). Thermal correction was not perfectly tuned and a small ambient temperature drift induced an excessive rise of the deviation for long term measurements (Fig. 8).

The Angular Random Walk (ARW) is 0.03 °/√h, which is equivalent to a spectral flat noise of 1.8 °/h/√Hz, and the resolution (minimum of Allan variance) is 0.5 °/h. It is significantly better than the previous VIG generation.

Fig. 8: Allan Deviation of the VIG gyroscope. The bias instability (resolution) is the minimum of the Allan deviation;the Angular Random Walk is the Allan Deviation at 1 hour, and is equivalent to the white noise level on

the Power Spectral Density figure.

V.B. BIAS STABILITY Thermal cycles have been performed in the climatic chamber. Tests were conducted in the range [-20 +70°C] (Fig. 9), but all components are designed for the full industrial range [-40 +80°C].

A thermal model is computed on raw data. A 3rd degree polynomial expression is sufficient to fit the data. The main thermal sensitivity is about 20°/h / K, and the standard deviation of the bias residual error distribution is 9°/h rms, which is less than 1% of the initial thermal drift. This performance is limited by the stability of residual capacitive and mechanical couplings. It could be improved with reduced coupling cell. This will be discussed later 

Fig. 9: Allan Deviation of the VIG gyroscope. The bias instability (resolution) is the minimum of the Allan deviation;the Angular Random Walk is the Allan Deviation at 1 hour, and is equivalent to the white noise level on the Power Spectral Density

VI.A. SENSOR ELECTRONIC ARCHITECTURE

Several architecture candidates (discrete, FPGA, microcontroller, ASIC…) have been investigated and evaluated. Performance aspects as well as industrial aspects, and also risk, have been taken into account to build a selection matrix.

The most promising baseline architecture is built on the Digital Programmable Controller (DPC), a space qualified microcontroller initially developed by Thales Alenia Space Belgium (formerly Thales ETCA) for satellite power supplies control. The chip includes 4 interconnected processor cores, and multiple input/output peripherals such as ADC, DAC, timers, digital serial links… All electronic functions of Fig. 4 and Fig. 6 can be mapped on the DPC architecture. Peripheral performances (ADC resolution, CPU computing power, serial link peripheral) have been checked successfully. Only external charge amplifiers are needed, for which qualified operational amplifiers exist.

Other partial ASIC or full ASIC solutions are actually equivalent to re-design the DPC, and are of no interest if the DPC fulfills the requirements. ASIC solutions are discarded, far too expensive furthermore. FPGA solution would however be a reasonable trade-off as backup, at the cost of external discrete ADC peripherals.

VI.B. SPACE ENVIRONMENT

Temperature is not an issue and all ONERA quartz cells are design for industrial range (-40 +85°C). Quartz is also known to withstand radiations in space and there is a large heritage in the clock domain. Nevertheless a Total Irradiation Dose test (TID) has been conducted on VIG cells, without electronics, to check the stability of physical parameters in the quartz and also packaging containing the cell. Resonant frequencies, quality factors, coupling angles did not drift more than measurement accuracy under 60 krad for one batch, and even 100 krad for the second batch, with respect to non irradiated reference cells.

Vibration environment in launcher is another critical point. After Finite Element Analyses, a batch of cells has been tested on a shaker to get a clear view of the maximum stress that the wet etched quartz can withstand. Three types of vibrating environments have been considered : pure sine (20g up to 100 Hz), random (11g rms), and shock (800g, 2kHz).

Maximum acceptable shock levels on the VIG are almost compliant, only 20% below the specification. There is little margin to recover, and a conservative action has been defined to design an elastomer suspension between the gyro and the mounting area.

VI.C. STATUS OF DEVELOPMENT

In further activities a Demonstration Model is foreseen, using the DPC as main micro-controller. The DPC development is over and the chip is available from foundry. This will confirm the feasibility of the architecture with this controller and assess the achievable performance of the sensor.

VII. NEXT GENERATIONS OF VIBRATING STRUCTURES

VII.A. THE VIGTOR CELL

A new family of vibrating structures has been designed and patented [START_REF] Janiaud | Element vibrating in two uncoupled modes, and use in vibrating rate gyroscope[END_REF], where chemical etching facets do not interfere with Drive and Sense eigen modes (symmetry is preserved). Each of the four vibrating elements of the structure is symmetric with respect to the piezoelectric X axis of Quartz (Fig. 10). The same occurs for the chemical etching facets, leading to the nominal absence of mechanical coupling between modes.

The Drive mode is a torsion mode of the two upper elements (hence the name of the cell), while the detection mode is a planar symmetric flexure of all four elements. The design is still planar and gold deposited electrodes only require the upper and lower faces; there are no electrodes on any side, which simplifies and reduces the cost of the manufacturing process.

The other interesting property of this cell is the physical separation of Drive and Sense electrode networks, respectively on the upper and lower pairs of elements. In the previous tuning fork, Drive and Sense electrode systems were nested and despite symmetry compensations, Sense electrodes were exposed to Drive charges, resulting in residual coupling. Thanks to this natural electrode distance, the residual capacitances have been further reduced, down to a few femto-Farads, more than ten times less than on the VIG. Ω VII.B. PERFORMANCES Scale factor and ARW are in the same range of performance as before, but improvements were expected on bias stability, due to the reduced coupling levels, both in-phase and quadrature.

Thermal cycles have been conducted on a prototype and results are presented on Fig. 12. The limited lower temperature range is due to a different Peltier module, unfortunately not as powerful as before, but there is no limitation down to -40°C. The bias repeatability is 10°/h rms on this figure .   Actually, the main difference with the VIG figure (Fig. 9) is the absence of thermal modelling. Usually a polynomial model is subtracted from the data, but here even the raw average of -30°/h has not been removed. This means that capacitive bias is between one and two orders of magnitude smaller than before. This fact is confirmed by the second set of thermal cycles (red on the figure), performed after a return to ambient pressure and pumped again down to the primary vacuum of the chamber (~1 mbar), without moisture offgassing. Moreover, the experimental setup led to charge amplifiers (although representative of the final embedded design) separated from the quartz cell, connected with coaxial cables and subject to stray capacitances. The main effect of this is an increased noise on the signal, deteriorating the true bias stability.

Together with the reduced observed mechanical coupling (in quadrature with the Coriolis signal), this makes the VIGTOR cell a promising candidate for the next generation of ONERA quartz MEMS gyroscopes.

Fig. 12: VIGTOR thermal cycles. A first set of 4 consecutive [0 -70°C] cycles is plotted (green), directly followed by another set of cyles after a return to ambient pressure and back again to raw vacuum (~1 mbar).

VII.C. OTHER WAYS TO INCREASE PERFORMANCE

In piezoelectric devices, the amount of charges collected by electrodes is proportional to the surface of the sensor, when considering a maximum stress level independent from the scale (90 MPa in quartz). Thus it seems interesting to increase the size of the vibrating structure, because its intrinsic scale factor is squared with the scale change, acting on performance in front of amplifiers noise or stray capacitances. Then for a double size cell, noise performance (ARW) is multiplied by 4. Mechanical coupling, which is linked to an angular projection, and capacitive coupling are also increased, but with reduced environmental variations.

On the other hand, the electronic amplifiers are not scaled with the vibrating structure. There is no need for more power or higher voltage on larger cells, so that as long as the sensor head electronic circuit is larger than the vibrating structure, it is profitable to increase the cell, at negligible cost for the full sensor.

The etching process on thick wafers has already been validated : wafer procurement, new photolithography masks, longer etching time. VIG type vibrating structures have been produced, that are now under characterization. The current scale increase under test is 4 (Fig. 13), leading to an expected performance increase of 16. Together with other performance increase sources like excitation level boost, quality factor magnification, or Δ optimisation (the frequency difference between Drive and Sense, linked to sensor bandwidth), the expected gain on performance is summarized as follows :

• Bias stability (run to run, thermal, ageing): 0.1°/h • Bias instability(minimum of Allan deviation): 0.01°/h • ARW: 0.001 °/√h Moving the sensor signal processing in the clouds, in this case into the platform computer, is a small computer power increase for the latter, while much simplifying the former. The additional CPU power cost is overcompensated by the mass and energy saving of a local processor, and by the wire saving, comparing the new component to the old equipment.
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 1 Fig. 1: Tuning fork gyroscope principle showing Drive and Sense modes, with mechanical 2D resonator model.

Fig. 4 :

 4 Fig. 4: Gyro global architecture. The left part (from PIEZO to PIEZO) is the quartz vibrating structure model with the input angular rate, and the right elements are the electronic functions.

Fig. 7 :

 7 Fig. 7: Integration of the gyroscope. Quartz cell on socket (left); copper vacuum package (center);prototype integrated with electronics (right). A flat flexible cable carries signals from and to microcontroller.

  IN THE NEOSAT PROGRAMA Pre-development has been executed in the frame of the ESA NEOSAT program in 2013. De-risking actions have been identified and processed to promote the VIG as candidate for a low cost MEMS gyroscope, covering failure modes and assistance to Star Trackers.

Fig. 10 :

 10 Fig. 10: VIGTOR cell. Torsional Drive mode (left) and flexure Sense Mode (right). The sensitive axis is alignedwith the main center beam, which is also the Y axis of quartz. The X axis is lateral.

Fig. 11 :

 11 Fig. 11: VIGTOR full design with decoupling frame (left), and mounted on socket (right). The diameter is 9 mm, 30% smaller than the VIG.

Fig. 13 :

 13 Fig. 13: Increased scale VIG gyroscope; scale 1 (left), scale 4/3 (center), scale 4 (right).

The instrument range can be dynamically increased or reduced by simply inversely modifying the excitation level. The impact on performance is proportional: higher gain yields lower range and lower noise. There is no need for high accuracy voltage reference for the scale factor. This is suited to applications where angular rate is progressively decreasing, like attitude acquisition or re-acquisition of satellites. Higher performance will be achieved by new vibrating structures and sensor size increase. Navigation grade gyroscopes can be achieved with such devices still considered as MEMS: monolithic device (no assembly), low cost (collective etching, no individual trimming), and generic electronics (FPGA or ASDIC synthesizable), with automated parameter identification. New applications are foreseen in the domain of north finder, gyro compass and star tracker hybridization.