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Piezoelectric vibrating inertial SenSorS: @pNER

TN

» Flat monolithic sensors compatible with collective e tching process

» High quality piezoelectric crystal : Quartz

- Performances
(no assembling, chemical etching to preserve material quality, high stability of parameters)

-> Miniaturization, mass product
-> Easiness of vibration excitation/detection systems by piezoelectricity
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Quartz Wafer (1,5"x1,5") Quartz Wafer (1,5"x1,5")
with 6 DIVA accelerometers with 9 VIG Gyros
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PLATINE clean room

—> 80 m2, class 10 000
(including 20 m 2 class 100)

‘ ol ' - Spinner KARL SUSS RC5 GYRSET
Surface preparation and Quartz - KARL SUSS Aligner MJB3 [
Etching Hoods

DRIE for hard/dielectric | o
materials " 3
(quartz, GaP0O4, SiC, ..)

Back / Front side
Aligner EVG AL-6

SO - ) Profilometer/vibrometer
Metallic thin film deposition by evaporation
(Ti, Cr, Au,..) Fogale nanotech Zoomsurf3D
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—> Vibrating Beam Accelerometer (VBA) :

Vibrating Inertial Accelerometer Frequency F
QT
. L I—
- Use the high sensitivity of vibrating beam frequenc y AF =kT
to axial forces. The output is a frequency and its
variations are proportional to the input accelerati on
VIA accelerometer
(Onera patent)
. . . . \Vj
= Coriolis Vibrating Gyro (CVG) : PR O Y
Vibrating Integrated Gyrometer ‘ E
- Detection of an alternative displacement generated 1
by Coriolis acceleration when a resonator, moving at v u
an alternative velocity V, is submitted to an input % X 7 2
angular rate Q. z/1 z Y il
2B — X o QN EiiEE e
o z (W, w,) VIG gyro

(Onera patent)
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Outline

Accelerometers
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VIA accelerometer : configuration

® 7 mm Upper link
Frame ' . e :
Proof mass Main originality :
Mounting areas / ] Mounting areas  pacoypling system (frame + links)
' connecting the active part to the mounting
\  — areas :
\ ' Hinge - decoupling of the beam vibration
L~ _ - insulation of the beam against thermal
Activepart  gtresses
i Sul
Hinge - —=excellent frequency stability (bias)
g Wirafie b and excellent temperature behavior
ibrating beam |\ hysteresis )

Massive part

e kaer link _» Patented in 21 countries
= 3 industrial transfers
Beam Frequency ~ 60 kHz
Scale Factor ~12Hz/g
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VIA evaluation

Long term behavior

Time interval ~ 3 years
Variatio
; ; : — peak 350 pug
%00 1000 1200 standard deviation | 70 ug
Days
Measurement range serrerrssiaaaaaas +100 g
BEmeWWieD coccrorocrcor cornonoen oo an 1000 Hz
Acceleration behavior (100 g) :
Scalefactor | . . ... ... 30 Hz/g
“"'"H""" Non-linearity K2 .. .....|2Hg/g?
Non-linearity K3 .. .. 0,02 pg/g?
Residualerror ... 150 ug
Thermal behavior (- 40 °C to + 80 °C) :
Bias sensitivity ... ... ..., ~100 pg/°C
8F variation in ppm Bias residual . ... ....... 80 g
o0t gg Scale factor sensitivity 2 ppm/°C
Scale factor residual |8 ppm
a0
Long term behavior :
0 4 Bias (std dev.) ..iiiviiiiiennnann ~70 pg
Scale factor ... iiieienenns 15 ppm
f Variation of factor:
1200 > peak 25 ppm
: standard deviation | 15 ppm
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DIVA accelerometer

> Role of the frame around the 2 VIA tansducer :

T

1st VIA cell
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One dimension analytic model of the frame

» Specific tuning conditions of the frame frequencies give a null lock-in zone .

» F.E.M of mechanical coupling:

Frequency F1 and F2 (Hz)

=) Patent + 2 industrial transfers

4\

58726.2184 \\ /
58726.2183 \ — é_*—/

0.0001 H7 1

<=>4pg
58726.2182 ¥

fal
// ™ Base @ 15,2 mm
58726.2181 /) 3 pg \\\
58726.218 / PrOtOtype
-0.35 —0.345 —0.34 —0.335 —().33 —0.325 —0.32 (45 X 32 X 24 mm)

Applied acceleration (mg)
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“Tactical grade”
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AVAS

DIVA

) VIA HP

VIA

Range 100 g
precision ~ 300 ug
Noise:1ug @ 1 Hz
(12mmx10mm)

Range 100 g
precision ~300 ug
Noise: 1 ug @ 1 Hz
(@ 6 mm)

Range 50 g
Targeted precision < 50 pg
Targeted Noise : 0.5 yg @ 1 Hz
(9 <11 mm)

- Current state of art

Conventional analog/digital
electronics.

TO5-8 socket + copper case
under vacuum.

Range :5¢g
Targeted Precision : 5 ug
Targeted Noise:

50 nano-g @ 1 Hz

(9 mmx 15 mm)

Mass 60 g, vol. 30 cm 3
Consumption < 0,2 W
Onera’s packaging

Mass : 30 g, vol. 10 cm 2
Consumption < 0,2 W
Onera’s packaging




Outline

Angular rate Gyros
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Vibrating Integrated Gyro (VIG)
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Electronics

Lab prototype

Vacuum
packaging

Current prototype

10 g Copper case
10 g local electronics

40 mm diameter
20 mm height

Single 3.3 V supply
Digital link with host
( SPI)
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Choice of the resonator: Q decoup’l’in [

stored energy 1 N 1 L1 1

1
Q=2m—— . N
dlSSIpatedenergy per perIOd Q Q viscosity Q thermoelas tic Q surface Q decoupling

Q Q Strairenergy
decouplinp supportSupporstrairenergy

DRIVE SENSE

Benefit of the VIG structure: 2 decoupling modes (Quecoupting > 108)

Measured quality factor ~ 150 000 for the 2 modes @  22kHz
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Vibrating Structure

- Electrodes configuration
( ONERA patent)

Ces
......................................... e
/G | N Vo V R |
E1=+E D1 D2 / E2=E
L= — | L=~ =1
e/
s2

Excitation Drive Sense

. Drive between Eand S =) Ground shield
=) Reduce Cgg
=) Cg balance

(+E, -E)

- Nominal residual capacitance C_q < 10 fF

- Not C,

\

( electrodes on beam )

Electrostatic comb

Ccome = Cgp (same physics, same T)
Excitation E cos wton E
Compensation -E cos wton E’

-E from true symmetric DAC

- compensation residue < 1 fF

-

—

Global efficient capacitive compensation at quartz level

LR OMERA
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Coriolis Vibrating Gyro architecture

PLL [«—
EXCITATION VCO
ACG
DRIVE ————

v Q

charge VD_ Synchronous

EL_. Fx amplifier demodulator
]

PIEZO
Q
INPUT PID
- RE-INJECTION
SENSE °|  SENSE !

F v+ . l+ b4 Q

y _\: n Y charge Vs | synchronous

* * amplifier "| demodulator ﬁ
PIEZO "
OUTPUT
Resonators
Quartz cell
Piezoelectricity « Quadrature error compensated with electronics
Electronics * No trimming on quartz
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Digital Drive Loop

Reference clock

amplitude il quadrature
|teaeney T — T T ¥ phasel |
5 Direct Digital Synthesis Synchronous Demodulation : | No need for amplitude
! ! regulation
; Corrector ;
( ) Q=K Vgns / Apry
. | normalisation j
I * __________________________________ :
. Excitation reduced by 2 . Phase noise : 1 urd / \VHz

(single supply +3.3V) | = - Phase jitter : 30 prd

- Frequency resolution : 20 pHz

- Standard Reference clock

10 MHz (from host) - - Mostly digital functions
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Ch

arge Detection

Charge amplifiee Capacitive Detector

Sensitivity : ... V/C
55V /pF

Noise : 0.3 aF / VHz
Thermal sensitivity : 2 aF / K
Single supply : 3.3V

40 mW per axis
(including ADC)

State of Art of ONERA capacitive detectors
for the Ultra-Sensitive accelerometers
(GRACE, GOCE, MICROSCOPE)

1-10V/pF

0.2 -4 aF /VHz

6-30aF/K

50 mW per axis, £ 15V, not including ADC




Noise performance

Allan variance 1 Power Spectral Density
10
10-2 -5 C ””-4 T -3 o -2 IIIII-1 C ””D 100 -3 I -2 -1 8] I'I
10 10 10 10 10 10 10 10 10 10 10

Integration Time (h) Frequency {Hz)

0.03 °/Ahr = 1.8 °/n / VHz

®ih
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Bias performance

Bias stability
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Temperature (°C)

Thermal cycling : -20 -- +70 °C
2 last cycles

Stabilised points at ambient (more time) - encouraging

60

70

80

Standard
deviation

9°/h rms
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Conclusion

- Progress on integration, power supply, size and mass
- Electronic is mainly digital and deliverable as IP

- Performance not as good as expected from the previous
generation projection, but :

> Still Open Loop gyro
> quadrature couplirllg still very imp(Ithant ( = high re-injection level)
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Picture by Femto ST, Besangon




Short term Perspectives

=>» reduce by 10 the quadrature error is possible

with better control of quartz structure etching :

2 phases :

Obtain repeatable distribution of quadrature error on
wafers

Determine better configurations of quartz structure
through Mask shift control in the Photolithography
step

- mask optimization

~ New double side
aligner in clean room

Masque recto

N i

Masque verso



Outline

- Assembly and Electronics
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Upper and
lower stops

= sugar cube

Spread
electronics on

local

resources...

Component
vision
-
Equipment
vision

*Host system (motherboard)

* FPGA or ASIC : ~ 50k gates

DARE RHBD library from \. iMecC

0.18 pW / gate / MHz
- 100 MW @ 10 MHz

* 44 pm? / gate
= 23000 gates / mm? = 2 mm?

- Computer need
Hard wired Frequency synthesizer

But raw ADC data to be processed

With Fs = 10 Hz,
computer power need is 30 KIPS,
one interrupt @ 300 Hz

- Host example : SPARC LEON ATMEL AT697F
85 MIPS @ 100 MHz
- ONERA gyro = 0.1 % of the CPU

- Delivery of source code

N” L
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Quartz IMU development

- Development of 6-axis IMU
3 accelerometers : DIVA
3 gyros : VIG

Integrated electronics :
* ASIC
+ FPGA

- Expected performances :

Acceleration :

* Range:100g

» Precision ~100 ug
Rotation rate :

* Range: 100 °/s

e Precision : 2 °/hr

« ARW :0.02 °/ vhr
Mass : 300 g
Size : ® 50 mm x 30 mm
Consumption : 2 W

ssssss
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Inertial Sensors: Design versus space applice

Accelerometer Applications Range Precision Range 100 g

precision ~ 300 pg
Noise : 10 ug / vHz

S S S (12mmx10mm)

Entry, Descent, Landing 109 50 ug R -
ange

Aerobraking 600 pg 50 pg J Targeted pregcisiong< 50 Mg
AV (0.1 to 10 m/s) 3mg 10 pg Targeted Noise : 0.5 ug/ VHz
Fine Orbit Control 3 mg 10 ug (® <11mm)
Formation Flying 100 pg 100 ng
Electric Propulsion 500 pg 50 ng Targe?lgrr;:gc?s;osng 5 g
Geodesy <1lpg <1pg Target Noise: 50 nancl>-g | VHz

(9 mm x 15 mm)

Multipurpose space mems gyro .
purp P 9y Gyro Applications Range ARW

Range : 100 °/s
Bandwith : 30 Hz
Bias stability: 2°/h
ARW: 0.02 °/ vhr VIG <
Consumption < 0.5 W

Orbit Control - 0.002 °/vhr
Normal Mode - 0.001 °/vhr

O MERA
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Thank you for your attention
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