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3 INTRODUCTION

3 Introduction

Known as the biggest oil and gas services company worldwide, SLB provides state-of-the-art devices for the
energy industry. Its reputation is due to the efforts that are put in R&D to do breakthrough innovation with each
new device put into the market. 71 technology centers are present all around the world.

This internship has been carried out in SLB Clamart, also known as SLB Riboud Production Center (SRPC). It
is a highly interdisciplinary center focused on standard and personalized tools for diagnostics during drilling [1]. Tt
welcomes a large public from all over the world: research assistants, master’s students, doctoral, and post-doctoral
students, and subsidiaries. Among the last ones, there are some that work in other fields such as geothermal energy
(e.g. Celsius energy) or hydrogen (e.g. Genvia). SLB Clamart is also a cosmopolitan place where you can learn a
lot from other cultures. There are more than 1000 employees and 47 nationalities in this site.

Organization
Electronics

Technology &
MFG Support

Downhole

Computing
o
Power
Electronics

Expert Design House

M&S Analysis

Figure 2: Hierarchy electronics team.

Environmental System In Package (ESIP) is a project to develop a tiny sensor to be used in drilling rigs, in a
harsh environment (pressure, temperature, humidity and shocks). The project consists of integrating a commercial
humidity and temperature sensor with a 4-axis MEMS transducer (3-axis accelerometer and a pressure sensor).

Very often, Micro Electro-Mechanical Systems (MEMS) inertial sensors are based on a suspended proof mass that
will move according to an external perturbation. The movement can be detected by a change in the capacitance
between two films, by a change in the voltage of a piezoelectric material, or even by a change of the resistivity, thus
a change of the resistance, of a piezoresistive material.

The project uses a piezoresistive MEMS sensor that was patented by the CEA-Leti. The main innovation lies
in the size of the proof mass and the piezoresistive gauges that improve the sensor’s performance (nanogauges
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4 THEORETICAL BACKGROUND

are active resistive elements, resulting in a readout mechanism less dependent on temperature and with a better
sensitivity), low unit cost (at high volume) and reduce its overall footprint (the sensors follow a complex but
controlled process that allows designing a 3-axes accelerometer on the same silicon chip). Besides, the MEMS has
an embedded self-test that can be used for calibration and sensitivity evaluation, at a lower cost. The current report
will focus on the accelerator part and particularly on its characterization in order to obtain an empiric model of
comparison. To perform experiments with the accelerometers of a given MEMS (3 accelerometes/axis inside one
MEMS) a larger PCB has been designed (MEMFO001 see section 5.6) to adapt the outcoming signal of the MEMS,
to the requirements of the project (filtering, amplification and offset regulation).

4 Theoretical background

In this section a summary of the main effects present during the design project will be shown.

4.1 Piezoresistive effect

Piezoresistivity is a complex phenomenon to understand in detail. But in a few words, it describes the fact that
some materials are able to modify, mainly, their electrical resistivity according to mechanical stress or strain that is
applied externally to the nanogauge (in the case of the inertial MEMS used in this project) [3]. It allows to convert
a mechanical perturbation or force into an electrical signal.

Let’s take a semiconductor of length L (m), of electrical resistivity p(€2.m) and area A(m?). The formula of the
resistance R(£2) can be extracted using the following formula:

Tenskin causes
A = area &'3"“ noreane Bonded Strain Gauge
L = length o .
o Gauge insenstive l ' | E,-—Hliaslslama maasurag
“ - resistivity { _ M to lateral oroes .‘E. l.—.fr__Le.-neen ihze paints

L i S presEsion causes
rasistancs dacmanse

(a) (b)

Figure 3: (a) formula of the electric resistance according to the resistivity of the material. (b) Resistance change
under axial or compressing stress.

4.2 Thermal sensitivity (TCR)

In the previous part, it has been shown that the nanogauge electrical resistivity, thus the electrical resistance,
depends on the mechanical stress. However, it is not the only parameter to take into account, there is also the
temperature variation. This last parameter can be detrimental to the sensitivity of the sensor and it could increase
the offset at the output. The CEA-Leti has studied this dependence during the design [2] and found a linear relation
between -40°c and 175°c with a temperature coefficient of resistance (TCR) of 1400ppm/K approximately.
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4.3 Self-heating 4 THEORETICAL BACKGROUND
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Figure 4: (a) Electrical resistivity dependence with temperature within [-40°C, +175°C] range for p-type silicon

doped with Boron at 5.10'% at/cm3 and (b) linear fit used to extract the related temperature coefficient of resistivity.
Both figures are extracted from [2].

4.3 Self-heating

Even though self-heating effect happens inside the MEMS sensor and this part is not done during the internship,
self-heating could affect the resistivity and consequently the output signal of the gauge.

The higher is polarization voltage of the Wheatstone bridge, the better will be the signal-to-noise ratio. However,

the joule effect will also increase self-heating. If this effect is taken into account, the output signal will not be linear
with respect to the resistivity anymore.

According to a previous study, the maximum self-heating temperature allowed should be 100°c [4].

6
< leading nano-gauge to burnout ol
5 || ==-linear fitting of the nano-gauge I-V curve| °
|- -after burnout f
4t &
= é
E3 ¢
T, comton (o 0
£ resistance R
S il : '\ |
resistance
e S —
-1 L L
0 1 2 4 6

3
Voltage V]

Figure 5: Current to voltage (I-V) experimental curve of a 2.58 KQ. N&MEMS piezoresistive nanogauge under
increasing biasing current. The electrical resistance remains constant up to a current of 900uA then starts to
increase slightly (likely due to a decrease in carrier mobility) before rapidly decreasing (due to an increase in carrier
concentration by thermal generation) and leading to failure. Figure are extracted from [2].
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4.4 Electrical noise sources 4 THEORETICAL BACKGROUND

4.4 Electrical noise sources

The two main noises that could disturb the signal are the thermal and the flicker noise (also mechanical noise
could occur but it is considered negligible). The thermal noise limits the maximal resolution, whereas flicker noise
is present at low frequencies or long observation times.

The thermal noise is a white noise (constant noise) caused by induced agitation of the electrons (in this case)
inside a resistive object. The equivalent noise voltage can be computed from the power spectral density over the
bandwidth as follows:

ert,rms = VAKETR(fmaz — fmin) (1)

Kp stands for the Boltzmann constant(J/K), T the operating temperature(K), R the electrical resistance({2) and
fmaz-fmin is the bandwidth(Hz).

The flicker noise is a noise that will reflect the imperfections inside the silicon lattice of the piezomaterial. There
is a 1/f dependence on the power spectral density [5]. The equivalent noise voltage can be computed as follows:

a
€FL,RMS = Vbz’as\/Nd }‘I/ l”(fcmﬁw) (2)
op VYV gau min

Viias stands for the applied bias voltage(V) to one gauge (i.e. Vpiqs = 0.5Vpol), ag=2.10"° for the Hooge constant,
Ngop for the doping concentration (at/m?) and Vg, for the nanogauge volume (m?).

The overall signal-to-noise ratio is [2]:

1 1 1

= +
SNR*  SNRZ, ' SNRZ,

4.5 The 3-axis accelerometer

The MEMS sensor is composed of a pressure sensor and a 3-axis accelerometer. As it was said before, during the
internship only the 3-axis accelerometer is studied. Its structure allows the detection of a force or an acceleration
in any direction in space. 2 axes are used to detect in-plane accelerations and they have the same design. The last
axis is designed differently in order to detect out-of-plane accelerations in the same chip.

Figure 6: SEM pictures of MEMS 3-axis accelerometer with close-up views on mechanical elements. Figure extracted
from [2].
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4.6 Nanogauge readout mechanism 4 THEORETICAL BACKGROUND

Even though, the axes have not the same design, they operate on the same principle. For full bridge configura-
tion,two transducers, as in figure called SEM pictures of MEMS 3-A XIS accelerator with close-up views
on mechanical elements., are coupled. An input acceleration will turn the proof mass and create a mechanical
stress within the nanogauges. One gauge will be compressed whereas the second one will be stretched. The dif-
ference of mechanical stress will change the overall resistivity and, thanks to the piezoelectric properties of silicon,
the electrical resistance can be calculated. The principle is detailed in the figure called Simplified schemes of
MEMS accelerometer working principle in-plane axis.

TOP VIEW

Rotation axis

Ve ‘ j@ ‘Y

[Yc-b F =my E-h_rat-bi(SR/R]

Figure 7: Simplified schemes of MEMS accelerometer working principle in-plane axis.Figure extracted from [2].

4.6 Nanogauge readout mechanism

From an electrical point of view, only the nanogauges seem to contribute a change in the resistance. As the
proof mass is not polarized, the equivalent electrical model of an accelerometer can be represented as two resistors
in parallel, each resistor being the resistance of a nanogauge. Heavy doping of silicon is used to make gauges
piezoresistive, but also for electrical routing through the device. The main advantage is that nanogauges are active
resistive elements, resulting in a readout mechanism less dependent in temperature and with a better sensitivity.

By doing a Wheatstone configuration, as the figure called Wheatstone bridge approximation of the X1
axis. a change in the resistance can be measured precisely as a change in the output voltage according to the
following formula:

Rs Rs
Vour = — Vo 4
Rt R Rt @)
If it is assumed that at equilibrium all the nanogauges have the same resistance, the condition 73 B %

is fulfilled and the output voltage will be null. When an acceleration is detected, there is a change in the resistance
of the nanogauges. If the nanogauges pair are strategically placed in the wheatstone bridge, a linear behaviour
between the resistance variation and the output voltage can be found. The last equation can be rewritten as:

R+AR R-AR AR

Vour = ( R+R R+R Woo = 5~

Vol ()
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4.7 Extra features 4 THEORETICAL BACKGROUND

Figure 8: Wheatstone bridge approximation of the X1 axis.

4.7 Extra features

self-test mechanism is built next to the accelerometer in order to create an autotest inside the MEMS accelerom-
eter (It allows to simulate accelerations up to 1000 g). Stoppers are designed for survivality shocks [7].
The electrostatic actuator is different for in-plane or out-of-plane axis. In the first case, it has inter-digitized fingers
that are designed to provide a consistent gap actuation, the principle is shown in the figure called In-plane axis
gauge stress and mass displacement under electrostatic actuation.. It can be split into two main parts: a
stator (fixed) and a rotor (attached to the proof mass). When a voltage is applied between the two parts, the elec-
trostatic force will bring near the two parts thus increasing the electrical capacitance. The second case works under
the same principle but without using inter-digitized fingers and thus it is vulnerable to the snap-in phenomenon
that limits the displacement to one-third of the gap, the principle is show in the figure called Out-of-plane axis
electrostatic actuation module configuration and geometry.. Previous simulations [2] have shown that this
effect can be neglected for an applied voltage lower than 17V. It must be confirmed by carrying out experiments.

200%
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. 180% [ © FEMData
160% | —Fit(2nd order)
______ 140% y:DD_DGZx‘Vﬂ 003x  #
— Wi 2 RF 09974 1
2 120% Vart ~T77V
‘ & 100%
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p \ 40%
- 20%
y L7| 0% G-
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an g 1S
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Figure 9: In-plane axis gauge stress and mass displacement under electrostatic actuation.
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Figure 10: (a) Out-of-plane axis electrostatic actuation module configuration and geometry. (b) Out-of-plane axis
FEM simulation results of a straight beam.

5 Statement of the project

As it was explained during the introduction, the goal at the end is to characterize the MEMS in order to confirm
its behaviour and extract an empiric model that will be compared with simulations. To main concern at the
beginning of the internship was the design of the PCB to filter, amplify and reduce the offset signal at the output
of several accelerometers at the same time. Since several sensors will have the same configuration, the circuit must
be compacted and scalable. The requirements are:

e Cutoff frequencies of f.1=1 Hz and f.o> 50KHz.
e Amplification quite high avoiding saturation (1% of accuracy).
o Offset lower than 30% of the Full-Scale (F.S) value.

Concerning the last requirement, to have an order of magnitude. Let’s suppose that the polarization voltage
is Vpor=400mV and that the sensitivity of the accelerometer is around 50pV/V/g and the maximal acceleration
allowed is @pq,=1000g (1g=9.80665m.5~2 the letter g will be used all along the report. It will always correspond
to an acceleration). The resulting Full Scale is:

F.S. = sensitivity.Vpor.Gmaz = 20mV (6)

Therefore the offset voltage cannot be higher than 30% of the F.S. which is around 6mV in this case. The cri-
teria of 30% off the full scale is a trade off. More details will be given at 5.1.2 section.
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5.1 Sizing of the circuit

In this section the different stages for filtering, amplification and offset will be sized.

5.1.1 Filtering

To fulfill this function without affecting the rest of the circuit and keeping it compact, the simplest idea was to
use an active pass band filter. The main advantage is that the gain of the filter is more stable and independent
from the rest of the circuit. The transfer function of the filter can be written as:

R 1
Ry 1+ 22 1+ 22

Tfilter = (7)

Where w; and ws are the pulsations that are linked by the following equation: wy = 2w f.; = % and wy = 27 feo =

2
R2 CQ :

To facilitate the next steps the filter will have a unitary gain (-1). Therefore, Ro=R;

5.1.2 Amplification and offset

The outcoming signal of the MEMS accelerometer has an amplitude roughly of 20mV. Knowing that the output
signal must be kept between the range [-10V,+10V] (input range of the DAQ) and that the filtering stage has a
unitary gain, the proposed configurations have been adapted to the gain of the project. Therefore, an external
resistor Rg, has been used to fix the theoretical gain at 452.1. The circuit on the figure called Automatic DC
restoration using an external resistor Rg in LT-Spice. has been tested on the breadboard (LT-Spice is only
used here to illustrate the circuit):

The datasheet of the instrumental amplifier INA103KP [8] has a basic circuit configuration that allows to select
the gain. It is very useful to easily modify the gain of the whole circuit. Moreover, there is also a configuration for
the automatic DC restoration that can be helpful.

Offset Offset
—Gain Drive  Mull  Null
[12] [3] [a]

Gain = 100V
(4048}

~nput [1g}
—Gain Sense
Ra

G =100
+R, [6]
+Gain Sense

singur [1}

+in
o—{}
2

|c0k;i"'i

+Gain Drive s V-

NOTE: (1) 100key & max recommended
value. Use smaller value if possible.

(a) (b)

Figure 11: (a) Connections of the instrumental amplifier INA1I03KP (b) Automatic DC restoration proposed in the
datasheet [§].

The main advantage of that circuit was the fact that the offset value was set automatically without intervention.
Some tests were made at the beginning but the offset was often larger than 30% of the full scale, when the full
circuit with the other stages was tested. Indeed, this last requirement represents the dispersion of the sensitivity
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Figure 12: Automatic DC restoration using an external resistor Rg in LT-Spice

of the MEMS accelerometer. If a larger dispersion is allowed, more MEMS accelerometers would match the offset
requirement but the high gain of the amplification stage will saturate the signals of some of those MEMS. In the
other way, if the a better accuracy is demanded, the number of MEMS that would be disposed becomes too im-

portant. Therefore, a trade-off is found at this value and this requirement cannot be modified. Another circuit has
been tested using potentiometers:

Figure 13: DC restoration using potentiometers.

This configuration has been tested on the breadboard with the other stages of the circuit and it works perfectly.
The output was fixed between [-9.05V,+9.05V] (according to the sensitivity of each MEMS) to let some margin
with the full scale and be sure that the circuit will not saturate. The instrumental amplifier allows to set of the
gain using only one external resistor that can be changed later to get closer values to the full scale. For the design,
only this external resistor was set to 0.1% accuracy to reach the goal of 1% accuracy of the PCB. Later on, it will
be shown that other passive components should have the same accuracy to achieve this goal.
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5.2 Transfer function

The next step was to plot the Bode diagram in order to find the experimental transfer function of the circuit and
to confirm that there is no perturbation between the MEMS (that is represented by the Wheatstone bridge circuit),
the filtering circuit and the instrumental amplifier. The last part represents the amplification stage and it will only
shift the Bode diagram vertically (the gain of the transfer function will be different but the cutoff frequencies will

remain the same)
=50
'SINE(0 0.05 1000)
Pass band filter
o o [

INA103: OFFSET+gain

jran011e31e3
.ac dec 100 1 5e5

Figure 14: figure of the connections of the real circuit. AC signals are inserted using an oscilloscope put in parallel
with respect to the circuit.

To add a sinusoidal signal, an oscilloscope has been put in parallel to the Wheatstone bridge. The oscilloscope
has an output resistance of 50€2. Two capacitors were put between the oscilloscope and the Wheatstone bridge to
avoid noise coming from the oscilloscope.

There is no difference between the filtering and the whole circuit. It has a higher gain because of the amplifica-
tion stage, but there is not a shift in the frequency. However, the capacitors put between the oscilloscope and the
Wheatstone bridge play a role in shifting the cutoff frequency f.; of the whole circuit.

Indeed, the capacitors used to split the oscilloscope from the Wheatstone bridge also form a high pass filter. Both
capacitors are in series with the series resistance of the oscilloscope and the equivalent resistance of the Wheatstone
bridge. Hopefully, the capacitors are only used to inject an AC signal to plot the Bode diagram, they do not belong
to the real circuit. Therefore, if very high capacitance values are used the cutoff frequency will be very low and the
effect of the coupling capacitors will be neglected.

Thanks to the Bode diagram, the transfer function can be found. If the oscilloscope and the capacitors, used to
split it from the rest of the circuit, are not taken into account and only the original circuit, the gain, and the cutoff
frequencies are easily shown and the transfer function can be calculated:

Ry 1 & . 45218
N L+ + L)

(8)

Tcircuit =
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Bode Diagram
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Figure 15: Theoretical Bode diagram.
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Figure 16: Experimental Bode diagram. The bandwidth fits with the requirements.
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5.3 Step response

It seems that there is not a minimum voltage at the input to have a stable response. The amortized behavior
can be confirmed. It is an over-damped system. The system is a second order, that can be approximated by a

Tek 1L Tria'd M Pos: G50.0ns CURSOR
-
Type

L—— [

Jf,” Source

at 1,440 08
=3 B34.4kHz

4 j’ 2 5.A0Y

+  Cursor 1
140ns
=&, 0
24 C ]

11 500ns CHA 7 =7.80mY
CH3+1.00%Ey CHA 20.0mEy 24-Apr-23 2145 1.00000kHz

Figure 17: picture of the step response taken from the oscilloscope.

first-order far from t=0s. Consequently, 37 can be approximated as the latest time to reach 95% of the final value.
In this case 37=1.44us. It allows a fast and stable amplification circuit for the project. It suits very well.

5.4 Allan deviation

The Allan deviation is one of the most iconic charts of MEMS/NEMS and in particular gyroscopes and accelerom-
eters. It allows us to show the different kinds of noises present in a device. It is done by measuring N samples
divided into k groups of n samples. The groups can overlap each other [9]. If the group averages are computed, the

Q(kt,) 4 _
t,to 4t
Cluster k=2
average (2,(T)
k=3, 0(T) €&————> k=5, 00,(T)
T Ay
4, 0,(T
. "y ) [
N o e * ¥ ¢ ?

[
I
i
'
L
T

> Time

H
T

5t 6, 8t, o, 106, 11t, 12t, 13, 141

0

7

Figure 18: overlapping Allan variance

Allan variance can be computed using the formula:

1 N_2n+1

— — 2
O = Gy ey 2 (W) D)

Figure 19: Overlapping Allan variance formula.
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Figure 20: Expected Allan deviation plot.
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Figure 21: (a) Allan deviation plot of the circuit before designing the PCB MEMF001. (b) Allan deviation plot
obtained using all the setup. The measurements were done between 0.1s and 2s to have an accurate value of the
minimum.

The plot does have the similar appearance as the theoretical curve. The minimal step(maximal resolution) found
in this case is 0.0039g.

5.5 Reference sensor

In order to compare the obtained data with a calibrated accelerometer, that will be the reference, the idea was
to design a circuit (a charge amplifier using an integrator stage) to amplify the signal to the same amplitude as
the inertial MEMS. A circuit from Texas Instruments was found [10] using the same bandwidth but the component
wasn’t available. Therefore, the test should be done using a similar component. To replace an amplifier several
criteria were important, such as the voltage range, the power supply requirements, the noise, the gain bandwidth,
and the bias current. Some time has been lost because the circuit didn’t work. Indeed, the component used for
the test had a bias current much bigger than the one proposed by the circuit of Texas Instruments. To ensure the
delivery of the PCB soon enough for the tests, the decision was to use the same components of the circuit proposed
by Texas Instruments in the PCB design. However, when the PCB was received the circuit was functional but the
the Full scale was a bit different than the one of the channels.
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5.6 PCB design

Once the circuit has been entirely tested and simulated, the next step is to design it in a PCB for manufacturing.
The goal at the end is to be able to test several MEMS at the same time. Consequently, several PCB are required.
The choice was to focus on the design, to make a design easy to reproduce, with few layers and compact but well
organized, and to ask an external manufacturer for the production and be sure that it would be made on time.
Eagle was the software used for the design of the PCB. It was very intuitive and easy to learn (thanks to other
design software used during the master).

No serious problem was found in designing it. However, some manual modifications were necessary after it was
delivered, in order to carry out all the experiments. Furthermore, additional precaution has been taken in compar-
ison with previous steps as a considerable amount of money has been invested in the PCBs.

Figure 22: Design of the PCB in Eagle.

6 Steps to carry out an experiment

In this section, all the steps from the setup to the acquisition will be explained in detail. Even if the microfabri-
cation process fits very well with the master’s content, it will not be discussed in this report because it wasn’t the
main point of the internship. However, microfabrication was very important at the beginning of the internship to
understand the inertial MEMS’ functionality.

6.1 Equipment and experimental setup

In order to perform the experiments, the tools that are used include:
e An oscilloscope for the visualization of the signals.

e A multi-meter for accurate measurement.

e A breadboard to test different circuit configurations.

e Operational amplifiers used in the filtering and offset regulation stages [11].
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Figure 23: (a) Tektroniks DPO2014B Oscilloscope (b) Keysight U1231A Multi-meter (c) Breadboard.

e Instrumental amplifiers for the amplification and offset regulation stages [8].

e A voltage source for all the components of the PCB and for the self-test.

e imh 4 A SR S

A =
S 0.0 - @0 < @:0
T ————

(a) (b) (c)
Figure 24: (a) LM238n Operational amplifier (b) Instrumental amplifier INA103KP (¢) HAMEG HM7042-5 Voltage
source.
e A low frequency generator to simulate a shock wave.
e Inertial MEMS to be characterized.

e A current source to polarize the Inertial MEMS.

Figure 25: (a) Agilent 3322A low-frequency generator (b) Inertial MEMS (c) Keithley 2450 source meter. It was
used as a current source for the experiments.

e Resistors welded in the PCB.

e Capacitors used for the active filter design.

e DAQ to digitize all the data in parallel.
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e A computer for the visualization and the recording of data.

At the beginning of the internship, different kinds of circuits concerning the filtering stage and amplification stage
were tested on the breadboard (see figure called LTspice simulation of the whole circuit.). Transversal
components were used and placed on the breadboard according to the configuration. Then, the whole circuit was
tested before starting the design.

As soon as the PCB arrived (the acquisition board), it was possible to put all the setup together. It has three main
parts: the MEMS that has a current source as an input, it generates a polarization voltage at the output together
with the acceleration signals of each axis (as a difference of electric potential), the PCB MEMF001 that will fil-
ter, amplify and regulate the offset, and finally the DAQ system with the computer to digitize all the data recorded.

POLARIZATION
VOLTAGE

: MEMS L PCB

L e e ——— e —

Figure 27: All the setup

To carry out an experiment, ESD protection is used. First, the current source is activated at 3-4 mA. The
polarization voltage value is observed and if it is not between 0.3 V and 0.5 V, the current source value is modified.
If those values are incompatible with a MEMS, it already gives an idea of the sensitivity of the sensor (it would be
far from the ideal value of 50 uV/V/g).

The next step is to activate the voltage sources ( first the voltage source of the power supply for the amplifiers
is activated and after the other voltage source is activated either to test a channel without using the MEMS or to
carry out the self-test). It is mainly done as a precaution to avoid harm to the MEMS devices because they are
very fragile. To turn off the devices the procedure is done in the opposite way.
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Figure 28: PCB labeled

6.2 Data processing and analysis

Once the setup is ready, an AC study, a DC study, or a shock study in the vibrator test bench can be performed.
The DAQ has some constraints: the output is limited to £ 10 V, the sampling rate is 250K Samples/s for one
channel maximum and the trigger was only able to record data after the peak of a shock.

The output range limitation only fixed the gain of the amplification stage of the PCB, consequently it was not a
big problem. The sampling rate could be detrimental to the data if the sampling frequency per channel is not high
enough, but some tests have shown that the sampling rate of the DAQ is enough for a shock. indeed the shock can
be approximated by a half-sine profile in the time-domain with a period within 1.3 to 10 ms [13].

Output signal of 9 axis for an incoming signal of SkHz and 20mV amplitude. Acquisition time 25ms

Voitage(V)

EARRS:

Time(s)

Figure 29: Test recording 10 channels at high frequency (compared to a shock wave) and at maximum output swing.
It allows us to see the limits of resolution of the DAQ.

In the real setup also ten channels are used (nine axes and the reference sensor). The sampling rate is, in that case,
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25K Samples/s. In order to record data before the shock, the trigger mode has been changed to another of the pre-
defined modes. The middle trigger is a trigger mode that sets the trigger in the middle of the data record. It is the
only trigger mode that records before the shock (among the three modes proposed in the data-sheet of the DAQ) [6].

The DAQ has a 16 bit resolution. Therefore, the output values of the DAQ are between -32768 and 32767. To
convert the data into a voltage the following formula is used:

output.2bs

V =
out Range

9)

7 Characterization and results

In this section all the studies that were carried out will be shown and explained. 5 identical PCBs (MEMF001
model) were manufactured and during the section they will be named from PCB1 to PCBS.

7.1 AC study

The AC study has been done without an inertial MEMS. A low-frequency generator was used and connected to
the differential inputs of the PCB. The input was a sinusoidal signal of f=1KHz and an amplitude of 20mV.

7.1.1 Bode diagram

To confirm the designed bandwidth, the gain of each channel must be measured at several frequencies. As this
process is a bit tedious, it was only made on one PCB. The measurements showed that the bandwidth is correct.

Transfer fucntion of the whole circuit

Gain(dB)

1 10 100 1000 10000 100000

et SR Frequency(Hz)
(a) (b)
Figure 30: (a) Simulated Bode diagram on Matlab. (b) Bode diagram of the designed PCB.

7.1.2 PCB’s gain accuracy

As the gain accuracy is one of the three main requirements of the project, measurements of each channel of
each PCB were made at a given frequency (f=1KHz). Indeed, the standard deviation of the gain measurement
was higher than expected (30 higher than 1% ) because only the resistor that fixes the gain was designed for an
accuracy below 1%. For instance, all the capacitors used for the active filter have an accuracy higher than 1% (5%
and 10% respectively).
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AC CARDS DC CARDS F=1KHz F=100Hz

Axis PCB#1 PCB#2 PCB#3 PCB#4 PCB#5 PCB#1 PCB#2 PCB#3 PCB#4 PCB#5 Theoretical gain
X1 452,1224| 452,3692| 449,5933| 449,6677 445,6654 0,004957 0,059544 0,554458 0,537993 1,423259 452,1
Y1 449,6181| 450,6417| 451,4539| 449,4465 446,7564| 0,548964 0,322571 0,142907 0,586929 1,181945 30 AC cards (%)
Z1 449,6925| 448,2504  447,9783| 449,2255 447,1624| 0,532516 0,8515 0,911678 0,635817 1,092142 1,095183875
X2 448,8692| 452,5223| 449,0399| 449,7537, 448,4536| 0,714616 0,093399 0,676868 0,518979 0,806545 30 DC cards (%)
Y2 451,9941| 449,4465  449,9013 | 449,2255 446,5378| 0,023426 0,586929 0,486334 0,635817 1,230302 1,018152295
z2 451,3667| 447,8859| 449,4293| 450,209 446,1012| 0,162208 0,932108 0,590742 0,41827 1,326875 30 All cards (%)
X3 450,5657| 451,1776| 447,9705  446,4242 447,8783| 0,339379 0,20402 0,913409 1,255427 0,933789 1,228138235
Y3 452,2576| 448,4283| 446,4067 445,6628 446,4548| 0,034857 0,812145 1,259307 1,423851 1,248669
Z3 447,7539| 447,2387 448,3436) 447,6957 446,8085| 0,961312 1,07528 0,830887 0,974191 1,170425

Gains Error percentage

Figure 31: Gain of each channel of the 5 PCB and its standard deviation in %.

7.2 DC study

The AC study allowed to verify the bandwidth of the intended filter. However, the functionalities are limited. For
instance, the filters cut the DC component of the signal and the offset of the MEMS can not be measured, the small
variations can not be seen and the sensitivity can not be calculated. That is why pass-band filters were removed
from two PCB cards to perform the DC study (PCB4 and PCB5). The goal would be to be able to measure the
sensibility with a 5% accuracy. Less than 10% would be acceptable. As this requirement is not sure to be reached,
two methods were selected to measure the sensitivity: the self-test and the + 1g F.S. measurement method. If none
of the methods can guarantee less than 10% accuracy, it means that each MEMS should be calibrated manually
and it would considerably increase the cost price of the inertial MEMS 3-axis that has been chosen for the project.
The shown data correspond to the characterization of the new MEMS. DC study was carried out also on old MEMS
but they are less robust (the data is available in the Appendix).

7.2.1 MEMS’ Offset

To measure the offset of the inertial MEMS, the PCB channels were previously set, using the potentiometers, to
have an offset negligible compared to the one of the MEMS.

Axis card#a offset(V) card#s offset(V)

X1 -0,0262 0,017
Y1 0,0002 -0,03
71 -0,0134 -0,0147
X2 -0,0257 -0,0014
Y2 -0,0127 -0,0195
72 -0,0123 -0,0085
X3 0,0077 -0,0445
Y3 -0,0285 -0,0005
73 -0,024 -0,01985

Figure 32: Offset measurement of each channel of both PCBs before connecting the inertial MEMS.

The PCBb5 has been used for the self-test on the Z axis only and PCB4 for the axes X and Y. Calculating the
difference that will be induced at the Full Scale is tedious because the Full Scale also depends on the sensitivity that
can be very different according to the self-test or the + 1g measurement. To be sure that this offset does not impact
the final Full Scale measurement, the calculation has to be done for the measurements of the same magnitude as
the last figure (i.e. a Og measurement of tenths of mV). The difference was negligible every time.

7.2.2 Hysteresis

When measuring + 1g or testing the self-test measurement, the initial output and the final output (after the +
1g or the self-test) are different for the same input. It shows the hysteresis effect of the MEMS transducer. It can
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be noticed that the variability of this value depends on the MEMS. The hysteresis has been calculated for both
self-test and + 1g measurement methods.

7.2.3 self-test measurement

The self-test consists of changing the test voltage. There are 2 cycles: X/Y axes V;es:=[0,16,32,64,32,16,0](PCB4)
and Z axis: Viest=|0,5,10,15,10,5,0](PCB5). The self-test built in the Z axis is not the same as the ones of X/Y
axes and consequently, the maximum test voltage is lower. Indeed, the MEMS must be able to survive a one-time
10000g event. FEM simulations have shown that a contact could happen between the proof mass and the electrode
at 6579g and that is the main reason why a specific stopper has been designed for X/Y axes. A parallel plate
configuration has been chosen for the Z axis, where the actuation voltage modifies the gap distance. This last
configuration lowers the voltage as the static field is the same and the electrode surface is larger.

X2 self test X2_OuT(V)

00 1000 1500 2000 2500 3000 3500 4000 4500

Vout(v)

Vout(V)

Time(s) - (VTEST)A2

a) b)

Figure 33: (a) self-test measurement. (b) Output voltage according to the square of the applied test voltage. It
proves that they are proportional as in Figures 8 and 9.

There is an equation that links F.S.(g) measurements to the sensitivity(V/V/g):

Vout

Senszthty = m
pol - SO,

B Xads W Yads W Zaxs
60,05946 (max)

Average 52,36073 Average 52,84236 Average
58 s.D.  1,883245 S.D. 1676306 S.D.  3,031912

55,92822 (max] 55,88743 (max]

Sensitivity(uv/V/g)

"
&
o 0o yooo e

47,98459 (min)

.
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Figure 34: Histogram of the measured sensitivities using the self-test method for 30 samples/axis (There are 10
boards with 3 accelerometer /axis each).

The formula is used to calculate the sensitivity at maximum test voltage (15V or 64V according to the axis). The
values can be compared to the ones obtained in figures 9 and 10 (roughly 70% of the F.S. or 700g). The self-test
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measurement, has been done for 10 MEMS in order to determine the sensibility of each axis.

As the measured sensitivities seem coherent, the curves obtained in Figures 9 and 10 can be reproduced using
this time experimental values.

——x21_0uUTV)
i1 ouTv)
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Figure 36: Average of all measured X/Y axis and a polynomial fitting of degree 2.
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Figure 37: Self actuation voltage according to the applied test voltage of Z axis of the 10 MEMS.
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Figure 38: Average of all measured Z axis and a polynomial fitting of degree 2.

7.2.4 4+ 1g F.S. measurement

The + 1g test works well in most of the MEMS. A step is seen in the signal when the acceleration is modified.

\ 0

position ) el
W/, / 7
X:+1g Position X: 0g Position X:-1g Position
Y: 0g Position Y: 0g Position Y: 0g Position

./

Figure 39: 4+ 1g measurement’s procedure.

X1

Time(s)

Figure 40: 4+ 1g measurement of X2 axis.

However, when the sensibility is computed, the standard deviation is much higher compared to the self-test
method and to the requirements (sensitivity accuracy larger than 10%).
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Figure 41: Histogram of the measured sensitivities using the + 1g measurement method for 30 samples/axis (There
are 10 boards with 3 accelerometer /axis each).

7.3 Noise characterization

The PCB’s noise can be measured just by connecting the 2 differential inputs together and looking at the output
voltage of the PCB. The RMS value found is around 1mV and the maximal allowed output is around 9.1V. Therefore,
the SNR can be calculated.

SNRpcp = 20.10g(Vou /Vmin) = 79.1dB (11)

This noise is added in parallel to the other existing noises in the MEMS. The overall noise can be calculated
using Equation 3.

1 1 1 1

= + +
SNR? ~ SNRZ, ' SNRZ, ' SNR%.,

(12)

If an assumption is made supposing that the thermal noise of the MEMS can be neglected. SN Rp,(dB)=142.62
dB using the values from previous studies [2]. Therefore, the overall SNR is roughly 79dB. There is an error
percentage of 1.25% with respect to the requirements (SNR > 80dB) which is acceptable because the output
variation corresponds to the variation of the gain (i.e. figure called Gain of each channel of the 5 PCB and
its standard deviation in %.), both are of the same magnitude.

7.4 Shock study
7.4.1 Test objective and plan

The purpose of this test is a characterization of the MEMS using the PCB to record several axes at the same
time. At the end, the match between the reference signal and the channel signals will be observed and the Full
Scale will be compared with respect to the specifications in order to confirm the functionality. The level of shock is
within 850-1100 g in association with single-axis reference accelerometers. Each axis (X, Y, and Z) is tested. Tests
are repeated at ambient temperature (23-25 °C). Multiple devices are tested (two or three devices per board, per
axis). Consequently, the test plan is varying test conditions versus axis/position and temperature mainly. Only the
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7 CHARACTERIZATION AND RESULTS

old MEMS were tested. Shock tests on the new MEMS should be carried out in the future.

The MEMS transducer is mounted on a board. Three MEMS transducers are mounted per board with a 1000g

range.
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Figure 42: Test setup tooling.

Figure 43: (a) MEMS transducer wiring diagram, Z position. (b) MEMS transducer wiring diagram, Y position.

Analog MEMS Wheatstone bridge is supplied (Vpol) from a power supply (Keithley 2450) with a current source
imposed (3mA to 4mA) and its output channels are amplified (amplifier powered by + /- 15V). Signals are captured
by a multi-channel DAQ from Keysight (U2355A). Acquisition is using INA103 amplifiers as analog front-end, the
theoretical gain is 452,1 (each gain is characterized for accurate scale factor computations). Therefore, the acquisi-

tion chain uses the following settings:

e Vpol: 3mA to 4mA current source (typical range is 0.3V to 0.5V depending on test board impedance).

e Gain: 452.1

e Sampling: 25 kS/s.
e Resolution: 16 bits.
e Range: +/-10V.
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7.4.2 Results

At the end, the role of the PCB is mainly to allow the recording of several accelerometers. As a result, it is
also important to see its performance in real conditions using a vibrator test bench. The experiments show that it
works very well but a difference between the reference sensor measurement and the one made by the MEMS has
been seen.

Axis Z

Acc [g]

200 1 L ! 1 1 | L 1 !
0 0.005 001 0015 002 0025 003 0035 004 0045 005

time.

(a) Input acceleration peak around 400g

Axis Z

I L
0.005 0ot 0015 002 0,025 003 0035 004 0.045 005
time

(b) Input acceleration peak around 1050g

AxisZ

L ! L 1
0005 001 0015 002 0025 003 0035 004 0,045 005
time

(c) Input acceleration peak around 850g

Figure 44: Shock waves of the Zl-axis of the MEMS number 10 for three input accelerations. In orange is the
reference sensor and in blue is the inertial MEMS.

To determine the origin of this variation, a sequence of measurements was organized. Hundreds of shocks in
different axis positions were performed. The results show that, in general, when the accelerator is functional, the
variation is linear for an acceleration lower than 1000g (an input acceleration of 1000g, will reach the Full Scale
value of the DAQ). After 1000g, in most of the MEMS a saturation is seen. This trend has been seen using MEMS
with a good sensitivity (50uV/V/g). Consequently, the sensitivity would shift the saturation value of the MEMS
to lower or higher accelerations if the sensitivity is higher or lower (respectively).

In the figure called Shock waves of the Z1-axis of the MEMS number 10 for three input accelerations.
In orange is the reference sensor and in blue is the inertial MEMS.. Both signals fit very well, there
is a fidelity not only reproducing the main shock but during all time of acquisition. There is a gap between the
peaks of the reference sensor and the measured axis but it is not a problem. Plotting the acceleration output of
the measured axis according to the acceleration of the reference sensor, linearity is seen between both outputs (it is
shown in a figure called Acceleration accuracy on the vibrator test bench. Sequence A MEMS board10.
Most of the functional MEMS have a linear behavior below 1000g. Above 1000g saturation in some
MEMS can be noticed because of the offset.).
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Sequence | Position/ Axis | Temperature | MEMS Board | Acquisition | Amplitude | Shocks
Board
A z 20-25°C | 10 1 1000g 100
B Z/X 45° 20-25°C | 10 1 1000g 100
C z 20-25°C |9 1 1000g 100
D Z/X 45° 20-25°C |9 1 1000g 100
E X 20-25°C | 9 1 1000g 100
F X 20-25°C | 10 1 1000g 100
G Y 20-25°C | 9 1 1000g 100
H Y 20-25°C | 10 1 1000g 100
| Y 20-25°C | 10 2 1000g 100
J Y 20-25°C | 10 3 1000g 100

Figure 45: Shock sequences. If the cross-axis effect were visible the sequences B and D would amplify it.
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Figure 46: Acceleration accuracy on the vibrator test bench. Sequence A MEMS board10. Most of the functional
MEMS have a linear behavior below 1000g. Above 1000g saturation in some MEMS can be noticed because of the
offset.

8 Discussion

To resume, the final goal of the ESIP project is to achieve a longer lifetime of downhole tools used in the drilling
of oil wells. In order to do that, a sensor able to measure several parameters, such as the shock levels of the tool at
a given depth (using an accelerator/ inertial sensor), the pressure, the temperature, or even the humidity is needed
and the ESIP sensor has all these features included.

The first aim of the internship was to conceive a functional PCB to record data of one inertial MEMS (only the
three accelerometers) and the reference sensor. In the section 7, shock experiments in real conditions were carried
out and showed that the PCB works well. The offset is not a problem anymore and the flat bandwidth allows to
have a stable gain for the working frequencies of the sensor. Although, there are several modifications that could
improve the performance and to better fit with the requirements.

e The gain accuracy of 1% can be easily achieved by replacing the passive components of the pass-band filter
with more accurate ones (below 1%). It could take more time to deliver because those components are more
difficult to find.

e The connectors can be more spaced, and the holes displaced a bit more to the center of the PCB.
e Change some connections to avoid making straps.
e Make two independent self-test channels (one for the X/Y axes and another for the Z axis).

e Put decoupling capacitors to all the power signals. The instrumental amplifiers have a slew rate of 15V /us
and the operational amplifiers have a slew rate at a unitary gain of 0.5V /us. Consequently, in the worst-case
scenario, the overall capacity is 75nF. If a bit of margin is kept, capacitors of 100nF will be enough.
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e Utilization of slide switches to perform AC and DC studies on the same PCB.

Concerning shock recordings, the whole system works very well at the aimed range (up to 1000g) and the values
are repeatedly coherent. The cross axis effect is negligible (see Appendix).

The DC study has several information about the setup and the experiments that will be carried out in the
future. First, if the figures Histogram of the measured sensitivities using the self-test method for 30
samples/axis (There are 10 boards with 3 accelerometer/axis each). and + 2g Histogram of the
measured sensitivities using the self-test method for 30 samples/axis (There are 10 boards with 3
accelerometer/axis each). are compared, three main information can be extracted: The self-test method is more
accurate than the + 2g measurement method, the X and Y axes seem to be identical in terms of sensitivity (to be
confirmed by shock tests using the new MEMS) and the sensitivity of the Z axis seems to be lower, as the self-test
design is different from the X and Y axes.

The figure called Average of all measured X/Y axis and a polynomial fitting of degree 2. allows us to
reproduce the simulated curve in Figure 9. As the correlation coefficient shows, the fitting curve matches very well
on this axis. A relative dispersion of 5.4% is found.

The figure called Average of all measured Z axis and a polynomsial fitting of degree 2. allows us to
reproduce the simulated curve in Figure 10. The correlation coefficient is a bit lower this time but it is still good.
A lower relative dispersion of 4.6% is found.

Both relative dispersions are below 10% and that is good news. The self-test method could be used to avoid
calibrating the MEMS individually and reduce its cost price. The accuracy can still be improved, for instance using
a more sophisticated setup using shorter and shielded cables. Besides, when the MEMS is produced at a large scale,
the functions of the PCB would be done on an ASIC which has a lower noise. If the possible final MEMS product
is compared with other existing inertial MEMS using the same technology [14] (TE 500g 832M1. It costs around
150%), the ESTP MEMS would record several axes, it would also record the pressure and the humidity, it would
have a better sensitivity and it could work at high temperature. The price would be around 250$. Consequently,
there is an economic and technical interest in this project.

Shock tests of the new generation of inertial MEMS (with better sensitivity and better repeatability) would
confirm the sensitivity values and the partial conclusions obtained during the DC study. A summary of the
measurements will be available in the Appendix section.

9 Conclusion

During the internship, the main challenge was to make work all the parts of the project together, but in the end,
it was operational and the project could continue improving. Therefore, a sensibility value of both axes, with an
accuracy of 5% or lower, could be possible. The next steps will be: to record as much data as possible during shock
simulations using the new generation of MEMS, to carry out 4g measurement tests to get more accurate values
than using + 1g F.S. measurement, to simulate the MEMS on COMSOL verify its operation, and also that there is
no external constraint that could bias the measurement. Other parts of the MEMS, such as the pressure sensor, the
temperature sensor, and the humidity sensor should be characterized before designing it at high volume. The data
obtained can be also used to verify if there are systematic errors during the microfabrication that could damage
specific functions of a MEMS in a certain area of the wafer.

10 Personal advantages

Choosing the SLB as a company gives you visibility and perspectives worldwide. The research done is at a very
high level with ambitious plans and long-term projects in order to maintain its place as the first equipment provider
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11 PROJECT OUTLINE

in the oil and gas industry. It is a company in which you can develop your skills and you can reach very high
positions if you are determined and mobile all around the world. The working conditions are excellent, but constant
improvement is required to not be left behind in this very competitive field.

11 Project outline

S1-S3

Literature work

SPESE] S11-512

S Adapt the connectors
Modifications to the existing setup
of the ground

plan

513514
e $14-516

retouching : .
Creation of Gerber files
i i e and final modifications
of the charge amplifier

$25-S26
Prepare the .
presentation -

Figure 47: Project outline.

S3-S6

Circuit sizing

S9-511
Design of the PCB

S16-S17
E Trigger modification of
the existing algorithm

S25-S24

Report final adjusting

MEMS characterization

i

S6-S8

Allan variance plot

Bode diagram

S8-S9
Charge amplifier tests

S17-S19
PCB test and
modifications for further
measurements

$21-S24

MEMS characterization, DC

study.

Report and specifications writing

S8
Impulse
response

S8
Step
response

measurement,

This is the current project outline. Of course, it differs from the project outline expected initially. Indeed, the
circuit sizing part took more time than expected because another circuit with an automatic restoration offset had
been studied before choosing the current option present in the MEMFO001 using potentiometers. The PCB design
was also longer because there were unexpected issues with the charge amplifier part and additional precaution was
taken in choosing the components to avoid a serious malfunction that could stop the project or deviate it from its
initial goal. Everything was linked, there were different interfaces and in the end, the difficulty resided in making
work everything together. During the end of the internship, overtime was necessary because the new MEMS arrived
later than expected and the DC measurements were made during the last week. Despite all these problems, the
main goal of the internship, which was the characterization of the inertial MEMS, has been reached on time.
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15 ABSTRACT IN ITALIAN

13 Abstract in English

Sensors are used to detect changes on the ground during drilling and the aim of the project is to further develop
the ESIP project (Enviromental System In Package). This project focuses on the design of an accelerometer, a
pressure sensor, a temperature sensor, and a humidity sensor. Last year, a PCB (printed circuit board) was made
to transform the acceleration (shock) into an electric signal. The goal of the internship is to resume the project
of creating an electronic card that will filter and amplify (to the Full Scale allowed at the output of the whole
system) the incoming signal of each accelerometer of the MEMS (9 axes in total), the electronic card also has to
be able to reduce the offset that could induce saturation. The PCB will be first characterized alone, to be sure of
its functionality and its performance. Then, it will be used to characterize all the inertial MEMS and obtain the
sensibility, the hysteresis, etc. Shock experiments and characterizations will be made, in real conditions, to verify
MEMS performance and compare it to the expected requirements, in terms of accuracy and linearity.

14 Résumé

L’objectif du projet ESIP (Enviromental System In Package) est de déployer une nouvelle génération de capteurs
sur le terrain qui sont plus précis, plus compacts et plus résistants. Dans le cadre du stage, le but principal est de
concevoir une PCB qui regoit les signaux de chaque accélérometre(9 axes en tout) en filtrant et en amplifiant le
signaux et diminuant l'offset de chaque axe afin d’utiliser la plus grande plage de valeurs en sortie. Ensuite, des
caractérisations seront menés, d’abord pour valider la PCB, puis sur le MEMS afin de connaitre précisement les
paramétres de chaque axe tels que la sensibilité, I’hystéresis, etc. Des expériences de shock seront aussi effectués
en conditions réelles pour vérifier et comparer avec le cahier des charges specialement en termes de précision and
linéarité.

15 Abstract in Italian

sensori vengono utilizzati per rilevare i cambiamenti sul terreno durante la perforazione e I’obiettivo del progetto
¢ quello di sviluppare ulteriormente il progetto ESIP (Enviromental System In Package). Questo progetto si con-
centra sulla progettazione di un accelerometro, un sensore di pressione, un sensore di temperatura e un sensore di
umidita. L’anno scorso é stato realizzato un PCB (circuito stampato) per trasformare I’accelerazione (shock) in
un segnale elettrico. L’obiettivo del tirocinio é quello di riprendere il progetto realizzando una scheda elettronica
che filtrera ed amplifichera (fino al Fondo Scala consentito all’uscita dell’intero sistema) il segnale in ingresso di
ciascun accelerometro del MEMS (9 assi in totale), il la scheda elettronica deve inoltre essere in grado di ridurre
loffset che potrebbe indurre saturazione. Il PCB verra prima caratterizzato da solo, per essere sicuri della sua
funzionalita e delle sue prestazioni. Quindi, verra utilizzato per caratterizzare tutti i MEMS inerziali e ottenere
la sensibilita, l'isteresi, ecc. Verranno effettuati esperimenti e caratterizzazioni di shock, in condizioni reali, per
verificare le prestazioni dei MEMS e confrontarle con i requisiti previsti, in termini di accuratezza e linearita.
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16 APPENDIX

16 Appendix

16.1 Acceleration accuracy on the vibrator test bench

16.1.1 Sequence A

Mems 1
1500 T e - +  experimental data
e fitting (y = 0.86377 *x + 81.2148 )

1000 —

P
Lot

Acc Mems [g]

500 P

1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800
Acc Ref [g]
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2000 T T
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fitting (y = 1.0315 *x + 34.004 )
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1000 —
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Figure 48: Acceleration accuracy on the vibrator test bench. Sequence A
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16.1.2 Sequence B

Mems 1
1000 = . T =

" experimental data
fiting (y =-0.16563 * + 7367006 )

90 - . . . ) . —
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fitting (y =-0.1433 *x + 795.0131 )

1000 — . —
90 - . . : —
800 — .o : S ) _

700 [~ - . = f—ﬁf*i P - . . -

AccMems [g]

300 400 500 600 700 800 900 1000 1100
Acc Ref [g]

Mems 3
R T experimental data
fiting (y = 0.061798 *x + 1051.7238 )

AccMems [g]

I I I I I I I
300 400 500 600 700 800 900 1000 1100
Acc Ref [g]

Figure 49: Acceleration accuracy on the vibrator test bench. Sequence B
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16.1.3 Sequence C
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Figure 50: Acceleration accuracy on the vibrator test bench. Sequence C
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16.1.4 Sequence D

Mems 1

Acc Mems [g]

500 600 700 800 900 1000
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Figure 51: Acceleration accuracy on the vibrator test bench. Sequence D
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16.1.5 Sequence E
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Figure 52: Acceleration accuracy on the vibrator test bench. Sequence E
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16.1.6 Sequence F
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Figure 53: Acceleration accuracy on the vibrator test bench. Sequence F
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16.1.7 Sequence G
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Figure 54: Acceleration accuracy on the vibrator test bench. Sequence G
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16.1.8 Sequence H
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Figure 55: Acceleration accuracy on the vibrator test bench. Sequence H
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Figure 56: Acceleration accuracy on the vibrator test bench. Sequence I
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Figure 57: Acceleration accuracy on the vibrator test bench. Sequence J
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16.2  Sensitivity calculated using + 1g F.S. and self-test methods

A color code is used. Red stands for the bad values (no coherent. The offset is higher than 50% or the sensitivity
above 65 uV/V /g or below 30 uV/V/g), yellow is used for the acceptable ones (Offset between 30% and 50% and
sensitivity between 30 and 40 or between 60 uV/V/g and 65 uV/V/g) and green is used for the good ones (offset
below 30% and sensitivity between 40 uV/V/g and 60 uV/V/g).

%F.S.(g) stands for the percentage of Full Scale acceleration with respect to the maximal acceleration allowed
(in theory 1000g).
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Figure 58: Sensitivity calculated using £ 1g F.S. method. First part. Old MEMS
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Figure 59: Sensitivity calculated using + 1g F.S. method. Second part. Old MEMS

16.2.2 Sensitivity calculated using self-test method. Old MEMS
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Figure 60: Sensitivity calculated using self-test method. First part. Old MEMS
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Figure 61: Sensitivity calculated using self-test method. Second part. Old MEMS

16.2.3  Sensitivity calculated using + 1g F.S. and self-test methods. New MEMS
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16.2  Sensitivity calculated using + 1g F.S. and self-test methods
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Figure 64
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