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Abstract

The present Master Thesis work, carried out at the Sensors and Detectors
Laboratory of the Department of Electronics, Information and Bioengineering
of Politecnico di Milano has the purpose of implementing a versatile setup for
noise and temperature characterization of MEMS capacitive accelerometers on
a shaker. The setup includes both the design and validation of the readout
electronics as well as the conception and construction of the holding frame
which will act as bridge between the board and the vibrating table.

The electronic circuit must be compact and is carefully developed by select-
ing those discrete components whose behaviour is practically temperature-
independent while introducing the least possible noise to avoid disturbing the
measurements.

On the other hand, the mechanical support is built with Ergal to have a good
ratio between weight and stiffness and thus avoid that low frequency modes of
the setup may occur in the accelerometer bandwidth.

Several measurements are conducted such as sensitivity, noise and offset tem-
perature drift. Particular emphasis has been placed on studying the possible
causes which make the output voltage vary in temperature by elaborating a
Matlab algorithm to detect also the intrinsic MEMS drift. With the proposed
technique, offset drifts of the electronics can be identified, leaving visible the
pure MEMS drift, with identified values as low as 204Z.

vi



Sommario

Il seguente lavoro ¢ stato svolto presso il laboratorio di Sensors and Detectors
del Dipartimento di Electronica, Informazione, Bioingegneria del Politecnico
di Milano. L’obiettivo principale di questa tesi ¢ lo sviluppo di un sistema di
caratterizzazione versatile per 'analisi del rumore intrinseco e del compora-
mento in temperatura di accelerometri MEMS. Questo studio comprende sia
I'ideazione e la validazione dell’elettronica di lettura dei dispositivi, che la pro-
gettazione di un supporto meccanico necessario al fine di accoppiare la scheda
di lettura alla strumentrazione usata per le prove di natura meccanica.
L’elettronica é stata sviluppata con componeti discreti e concepita con il fine
di minimizzare dimensioni del circuito, dipendenza dalla temperatura e rumore
elettronico di lettura.

Per quanto riguarda il supporto meccanico, particolare attenzione ¢ stata data
alla scelta del materiale; una lega d’alluminio (Ergal), che presenta un alto
modulo di elasticita ad un peso specifico ridotto, é stata scelta al fine di evitare
modi di risonanza del supporto all’interno della banda di caratterizzazione dei
dispoistivi.

In seguito all’introduzione del sistema di caratterizzazione, vengono presen-
tate misure di sensitivita, rumore e drift dell’offset in temperatura. Riguardo
questo ultimo aspetto, particolare atttenzione ¢ stata data allo studio delle
cause di questo fenomeno e allo sviluppo di un algoritmo Matlab per estrarre
i valori di drift intrinseco del dispositivo. Grazie a questo metodo, sono stati

osservati valori di drift fino ad un minimo di 20%.

Vil



Chapter 1

Introduction

1.1 General Context

MEMS (Microelectromechanical systems) are microscopic devices based on
the variation of both mechanical and electrical properties. A change of those
variables as a function of an external action makes possible to measure a large
number of physical quantities such as pressure, acceleration, angular rate and
magnetic field. In addition to these microsensors, MEMS technology allows
the realization of a wide range of microactuators like microvalves, micropumps

and microspeakers.

MEMS sensors and actuators can be integrated with the readout and signal
processing electronics in the same mm-size package to implement a low cost
system. For this reason, beyond research purposes, over the last few years this
technology has gained a growing commercial relevance. MEMS are not only
present in consumer applications (smartphones, tablets...) but also can be

found in the biomedical and automotive field [1].

The following thesis has been conducted in the Department of Electronics,
Information and Bioengineering at Politecnico di Milano and focuses on MEMS
accelerometers. These devices were the first MEMS sensors attacking and

conquering the market in late 90’s. There are many different ways to convert
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the mechanical motion into an electrical signal. Some MEMS accelerometers
rely on the piezoelectric effect through which certain materials show a potential
difference across themselves when they are subjected to mechanical stresses.
Others may use piezoresistive materials that exhibit a change in resistivity
when a stress is applied. In this work instead, focus is given to the first and
yet most common type of readout: the capacitive one |2|. This method consists
in detecting the capacitive change induced by the movement of the suspended

MEMS structure, with respect to fixed electrodes.

Despite everyone’s desire, MEMS accelerometers are not perfect. Under-
standing the accelerometers errors and how they affect the application’s perfor-
mance is a relevant topic. For instance, one of these error sources is the offset
temperature drift. This is a big issue because a simple initial calibration does
not solve the offset problems since controlling the temperature environment is
difficult with portable handheld devices. As a consequence, for future applica-
tions it is a must to improve the offset thermostability. To achieve this target,
it is necessary to understand the causes of the offset temperature drift and
thus the readout and signal processing electronics should not vary with tem-
perature or at least do it without covering up the deviations from the MEMS.
Under these conditions, the offset temperature drift could be measured and

then the possible causes could be inferred.

1.2 Motivation

The aim of this thesis is to develop and characterize a high-temperature-
stability, low-noise circuit for MEMS accelerometer based on capacitive sens-
ing, for consumer and automotive applications. In addition, though the circuit
will be tested in the thesis with only one type of accelerometers, it is requested
a degree of versatility that enables its use with several different capacitive
accelerometers. The idea is to readout the input acceleration in such a way
that the signal is not altered or altered in a predictable way by the electron-
ics, so that deviations of the MEMS from its nominal behaviour can be easily
detected.
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1.3 Content of the Thesis

The present dissertation covers several topics across the four successive chap-
ters of the thesis.

1. In chapter [2] the linear spring-mass-damper model is described. After
that, the displacement to capacitive variation is explained for two general
readout architectures (Parallel Plate -PP— and Comb Fingers —~CF-).
Then, some concepts about the accelerometer offset are also introduced.

The final part focuses on the computation of the acceleration sensitivity.

2. In chapter [3] possible readout electronics configurations are discussed.
All of them are studied at theoretical level in terms of sensitivity and
noise. Basic guidelines to better understand fully differential circuits
based on discrete components are also explained. The final choice is
then studied in terms of circuit stability. In the last part, simulation
results and experimental measurements on the first PCB prototype are

displayed to check the validity of the expected theoretical behaviour.

3. In chapter [ the developed temperature drift model is introduced. Af-
ter that, a numerical example is done taking into consideration the typi-
cal drift of components (R, C, INA) to see the weight of each contribution
inside the output voltage temperature drift. At the end of the chapter,
the strategy adopted to characterize the temperature behaviour of the

board is discussed.

4. In chapter [5] the mounting frame for sensitivity measurement at the
shaker is presented together with some COMSOL simulations and de-
signed parts. Then, sensitivity and noise measured during experimental
characterization are compared to the expected theoretical value. Finally,
a description of the measurements performed on one device with the dif-
ferent boards is written. The temperature drift model is applied to that

single MEMS and results obtained on all other devices are quickly shown.



Chapter 2

The capacitive MEMS

accelerometers

2.1 Overview

An accelerometer is a device able to measure the physical acceleration ex-
perienced by an object onto which the sensor is mounted due to mechanical
excitation and corresponding inertial forces. Conceptually, an accelerometer
behaves as a damped mass attached to a spring. Thus in presence of accel-
eration, the MEMS mass suspended by suitable means and partially free to
move relative to the system reference frame (the package where the device is
mounted) is displaced and the displacement is then measured to infer the in-
put acceleration value. It is necessary to highlight that some MEMS operate
through torsions of structural elements, rather than through translations. In

those cases, the torsional spring-mass-damper system [3| applies.

2.2  Working principle. The Linear Spring-mass-

damper model

As it is observed in figure [2.1] in general a MEMS based on translations can be
modelled as a point-like mass m[kg] attached to a spring of stiffness k[N/m)|

that in turn is linked to a non-inertial reference frame (package) which can

4
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accelerate or rotate with respect to the inertial absolute reference (Earth). A
dashpot with damping coefficient b[kg/s] is included in parallel with the spring
to provide a desirable damping effect. It is assumed that the system has only

one degree of freedom and thus, the trajectory is given by the x-axis.

X
>

Figure 2.1: The Linear Spring-mass-damper model

The second Newton’s law states that the acceleration of an object depends

on the net force acting upon itself.

Ftot = m (21)
From figure [2.1] the forces to be considered are:
e The damping force (F},) is a restoring force, which opposes to the

displacement, directly proportional to the velocity through the damping

coefficient b
Fy, = —bzx (2.2)

e The elastic force (Fy) is a restoring force, which opposes to the dis-

placement, directly proportional to the displacement via the stiffness k
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e The external force (F.,;) induced by an input acceleration @z

Foyt = Mgy (24)
The force balance equation defines:

Ftot:Fk+Fb+Fext (25)

Therefore, the differential equation which describes the movement of the
system is:

Fop=Fipy — Fy — Fy =mZ + bt + kx (2.6)

It is interesting and relevant to apply the Laplace transformation to the
found equation [2.6]

Foui(s) = ms*X (s) + bsX (s) + kX (s) (2.7)

By inverting the previous equation [2.7] the transfer function between a

generic external force and the displacement can be obtained.

X(s) 1 1 1
Fou(s) ms2+bs+k m32+%3+w§

Trx(s) = (2.8)

The former equation is the typical one of a resonant system. It has
been rearranged in order to put in evidence the most characteristic parameters

such as resonance frequency wy and quality factor Q:

wo = \/g (2.9)

Q= @ - % (2.10)

The quality factor is a dimensionless parameter which plays a key role in
the mechanical response of the system. As it may be observed in figure [2.2]
depending on @, the system responds diversely around the resonance frequency

w0. In particular:
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e () <0.5: Overdamped System. The transfer function is composed by
two negative real poles. The impulse response of the system is the sum

of two decreasing exponential functions and thus, no oscillations arise

e () = 0.5: Critically Damped System. The transfer function has two
coincident real poles so the impulse response of the system has the fastest

exponential decreasing. No oscillations are present

e ) > 0.5: Underdamped System. The transfer function is formed
by two complex conjugate poles. The system oscillates with decreasing

amplitude over time at the resonance frequency

As for consumer and automotive accelerometers, they usually have rela-

tively low Q factor (typically lower than 1-10).

—Q=10 [
—aQ=5 |
—aQ=2
Q=1 f

Q=05]

[(T(e)T(0))]

wlo
o

Figure 2.2: Normalized transfer function between external force and displace-
ment. Different values of () are represented

To study the frequency response of the system in presence of an exter-
nal acceleration, the modulus of the transfer function must be computed by

replacing s = jw:
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. 1 1
Trx(jw)| = —

2.11
m w%—oﬂ%—%j ( )

1 1
N m 2 212 wow 2

In figure [2.2] three possible operating regions could be distinguished de-

pending on the value of the input frequency w:

e For input frequencies much lower than the resonance frequency, the dis-
placement becomes proportional to the applied force according to the
Hooke’s law: .

w :
o L 1= |Trx (jw)lyew, = z (2.12)

Accelerometers typically operate across this region. As the range of
typical acceleration frequencies is less than 500Hz for most applications,

common values for the resonance frequency of a MEMS accelerometer lie
in the 1kHz to bkHz range.

e For input frequencies much higher than the resonance frequency, the

following equation applies:

1
mw?

w .
— > 1= |Trx(jw)|

¥ (2.13)

w>wy ™

No device operates beyond the resonance frequency.

e If the input frequency perfectly matches the resonance frequency, the
applied force and the displacement are linked across the following rela-
tionship:

, Q
w=uwy = |Trx(jw)| == (2.14)

w=wo k
Resonators operate at resonance. For what concerns accelerometers, res-
onance can be excited in case of sudden drops (shocks), inducing an
unwanted ringing response if Q is too large. For this reason, ) in ac-
celerometers generally lie in the range of 0.5 to 5, never having too large

values.
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2.3 Displacement to capacitive variation. Parallel-
Plate (PP) and Comb-Finger (CF) configu-

ration

A typical topology of a MEMS accelerometer is shown in Figure [2.7]

rotor electrodes

Figure 2.3: General architecture of a MEMS accelerometer

The displacement induced by the force to be quantified could be measured
via parallel-plate (gap-varying) or comb-finger (area-varying) capacitive varia-

tions. In figure [2.4] both differential topologies for one sensing cell are shown.

TOP VIEW
A) Parallel-Plate (PP) B) Comb-Finger (CF)

I : C1 2
= ;E% I
| 7 :

<]

Figure 2.4: Rest capacitances for PP and CF configuration
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When no external force is applied, the rest capacitances C; and C5 are
equal but topology-dependent. The capacitance of flat, parallel plates of area

A and gap ¢ is given by the expression below here:

o GOA
9

Where ¢ is the vacuum electrical permittivity.

Co (2.15)

Using the equation and particularizing for each case when N sensing

cells are put in parallel:

eohLN
PP = Copp = Cipp = Copp = — p (2.16)
1
2ephxg N
CF = Cocr = Cior = Cocr = % (2.17)
2

Where h is the height and zy and L are the facing length between rotor
(moving mass) and stator (fixed electrodes). See figure

The presence of an external force F.,; along the direction of the x-axis

causes the rotor to move by a distance = as schematized in figure [2.5

TOP VIEW
A) Parallel-Plate (PP) B) Comb_Finger (CF)

Rest
position

0
; > X

Figure 2.5: Displacement x generated by an external force on PP and CF
architectures

From figure [2.5] it can be seen that capacitance C decreases meanwhile

(5 increases in such a way that:
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hLN hLN
i & Chpp= 2 (2.18)

PP:>01PPI
[ g1—x

2¢eph —z)N 2¢ph N
eoh (xg — ) & Coop — 20 (o + )
92 92

CF = Ciop = (2.19)

By using the equations and [2.19] the differential capacitance is defined

as follows:

©hLN  ehLN
g1 —x g1t+x

eohLN ( 1 1 ) 2L
= — — — | =Copp | —L—; (2.20)
g \1-o 1ty 1 (gﬁ)

i
For <« g1 — ACdZ‘ffpp = 20013139—
1

PP = ACqgsspp = Copp — Cipp =

260h ([L’O + 1’) N _ 2€0h (270 — ZL’) N
92 g2
4eghN z

r = 2Cocr—
g2 To

CF = ACgsror = Cocr — Cior =

ACuifrcr =

(2.21)
A small displacement of the suspended mass with respect to the air gap

between parallel plates has been considered in the formula [2.20]

2.4 Accelerometer offset

The offset is defined as the output value which can be measured on an ac-

celerometer axis when no external acceleration is present in that direction.

The offset is highly dependent on process tolerance. In fact, the rest capac-

itances for a PP configuration (a similar approach applies to CF cells) when no
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acceleration occurs are not really but a native displacement (mechanical
offset) from the ideal position make them be:
eohLN eohLN
PP = Cipp = R & Copp = Rl (222)
91 — Yos 91+ Gos
As a consequence a capacitance variation is present even at rest and there-

fore a voltage can be measured at the output of our readout electronics:

eohLN eohLN 1 1
ACiisrppy = _ _¢ - _
I g —Gos g1+ Gos N\ T Tl
(2.23)
os 1 oS
— 22 | ——— | = 2COPngT
1

e
91
In the previous equation the gap non-uniformities induced by the

mechanical offset have been reasonably considered much lower than the actual

gap.

If the offset was constant, it would be possible to remove it with a simple
initial calibration. However, the offset drifts because g,s varies with tempera-
ture. These fluctuations on the offset value can be confused by a slowly variant
acceleration and this represents one of the biggest issues for the existing MEMS

accelerometers.

A possible action to eliminate this offset drift could be the implementation
of a calibration procedure. Firstly, all MEMS at wafer level are placed into a
climatic chamber. For every temperature value, the offset is computed. After
that, a processing signal electronics mounted on the ASIC compensates the
offset as a function of the temperature measured by an auxiliary temperature
sensor by employing the values derived in the calibration phase at wafer level.
In spite of this, the technique described above is not exploited nowadays be-
cause it is too expensive. For that reason, it is pertinent to study the causes

which make the offset drift in temperature to enhance its thermostability later.
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2.5 Accelerometer sensitivity

In the general case, it is quite obvious to compute how the differential capac-
itance varies depending on the input external acceleration. The procedure to
infer this is shown below for a MEMS accelerometer 2.12 and 2.9

ACuigy _ ACaigs @ Few _ ACagrl —~_ ACasy 1 (2.24)
. .

Aegt X Fezt Aegt X k X w(]

The term 2245 has been previously computed for PP and CF

T

architectures. By particularizing the corresponding value in each case on the

formula [2.24k

PP - ACqgifrpp _ 2Copp 1
Aext g1 u-}0

(2.25)

ACy, 2Cocr 1
CF = —Z4jCr _ Z200F ° (2.26)

Aegt Zo w()

Given these results, it should be interesting to implement an electronic
circuit able to provide an output voltage proportional to the input external
acceleration by converting the capacitance variation into electrical units in

such a way that:

‘/out _ ‘/out AC1dsz
Qegt ACdeff Qegt

(2.27)

In the following chapter [3] different topologies will be analysed in depth to

reproduce the term %{;tﬁ. It is worth reminding that the thesis has not the
ACudisy

purpose to optimize the component =, in fact this fraction will be set by
the accelerometer which is going to be tested. However, the electronics should
be as much versatile as possible in order to be able to test a broad range of

accelerometers with different sensitivity.



Chapter 3

Characterization Setup

3.1 Possible readout electronics

As seen in chapter an electronic circuit must be implemented to convert
the differential capacitance value into a voltage in order to derive the input

external acceleration.

Detecting capacitive variations have always been of interest for several ap-
plications besides MEMS sensors. MEMS devices have taken advantage of
these schemes readapting them to fit the requirements of the mass displace-

ment detection. Resolutions as low as 10— 20 \/2[% have been obtained in litera-

ture with integrated electronics which suffers less from parasitic capacitances.
On the other side, a discrete board can take advantage of higher polarization
voltages (5V-10V) if the MEMS structure allows it, leading to greater signal
to noise ratio which could be also improved by bonding the device directly to

the OpAmp skipping the carrier.

Therefore many readout architectures have been studied and developed.
Among the examined works, two main approaches appear: Closed loop [4], [5]
and Open loop [6]. Each of these could be divided into:

e Continuous time detection [7], [8], [9], [10]. These systems make use

of a modulated capacitive bridge followed by either current readout or

14
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voltage readout stage. This topology is appropriate for both discrete and
integrated electronics and is simpler than switched capacitor circuits. On

the contrary, it is needed a modulation/demodulation process.

e Discrete time detection [11], [12], [13]. This topology is suitable for
integrated electronics. Besides that, it is compatible with XA topology so
the digital output could be conveniently employed for DSP, without the
need of ADC. It also facilitates the use of Correlated Double Sampling.
However, in order to suppress the offset and charge injection typical of

this readout architecture, a complex scheme must be adopted.

Each detection system makes use of diverse readout schemes [14], [15], [16],
[17] to obtain the best performance in terms of resolution/offset rejection/bias
stability. Every readout strategy has advantages and drawbacks and it also
depends on the underlying MEMS device. Given the vast literature on this
topic, it was thought to be relevant to try to summarize the operation of all
these different circuits, in the perspective of the requirements of this thesis.
All of them are therefore resumed and discussed in the following choice chart

B.1l
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ASIC

Electronic

16

An ASIC is time consuming and not versatile, thus

not suitable for characterization of devices with
different characteristics

Discrete

I
Force

Charge

Open loop circuits have proven to reach equal or
better resolution than closed loop circuit with less
design complexity. They do not suffer from mass
residual motion and bias drift due feedback
actuation voltage drift.

F

rebalance rebalance The electronic is quite compact, therefore
repeating it three times does not require a large
PCB and allows to tune each channel separately.
| Mareaver it could allow to have three different
It avoids risks of pull-in : modulation frequencies to avoid interferences
and extends the jielectonic 3 electronics :
dynamic range and +MUX T
bandwidth of the device SC with discrete companents usually generates
allowing operation also | spikes. The chopped (or modulated) bridge
with high quality factor. solution has a simpler architecture and is more
None of these points Switched Continues compatible with discrete components.
applies to unpackaged- capacitor time
surface variation
devices. ' ' '
Voltage Current External lock On board
readout [ in mod/demod J [ mod/demod J
It eliminates non
linearity due to Single ended Fully diff.
electrostatic forces in current current
parallel plat_e. Itis not readout readout Best working frequency?
necessary in surface Tradeoff between stability
variation a3 and performance

acquisition
board

Fully differential architecture have better CMRR/offset compensation.
Moreover it requires only excitation of the proof-mass. No sync
problem as in the case of electrodes excitation.

Figure 3.1: Choice chart

It is interesting to measure three accelerations (see [3.1) at the same time
for 3-axis accelerometers but the shaker located in the Sensors and Detector
PoliMi laboratory (SanDLab) is only able to provide acceleration along one

axis. Therefore, this project implements only one readout circuit.

The considered topologies for the readout circuit attending to the con-

straints of the project were:

e Fully differential current readout. Trans-impedance single stage

e Fully differential current readout. Double stage: Integrator + Differen-

tiator
e Fully differential current readout. Integrator single stage

e Dual single-ended current readout: Integrator
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e Voltage readout: Full bridge

e Voltage readout: Bootstrapped

Each of them will be analysed in depth hereafter.

3.1.1 Fully differential amplifiers
3.1.1.1 Assessing V,;

First of all, it is necessary to set non-familiar concepts related to fully differ-

ential circuits at system level as shown below in image [3.2]

Figure 3.2: Fully differential circuit with generic impedances

To simplify the computations, the stage has been considered symmetrical
in relation to the horizontal axis except for the parasitic capacitances Cp; and
Cpe tied to the input nodes which have been assumed to be different at each
side of the fully differential. In a first order approximation it is acceptable
to dismiss the parasitic capacitance C, since a high A(s) value will make Vi
and Vp move together. The following equations apply regardless of the the

previous considerations:

‘/out = A(S) (Vp — VN) (31)
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Vi + Vi
Vocm:%

Where A(s) is the finite gain of the fully differential amplifier and V.,

is the selected output common mode voltage. The internal common mode

(3.2)

feedback network forces the output at the same voltage applied to the V.,
pin by sensing the output common mode voltage, comparing it to the voltage

at V,em, and adjusting the internal feedback.

To compute V,,; is required to express the input node voltages Vy and Vp
as a function of the output node terms V{, and V;_ and the input signals V.
and Vy/_.

oo dllgs o Zlas Vos + AV (3.3)
— _ = _ .
N Z1||—C;S + Zo 0+ 7, + Zg||_0;8 M 1Yo+ VM
oo 2o Zlos Vo + BV, (3.4)
— _ = X _ .
F ZlHC;S + Zs ° Z1—|—ZQHC;2S i 2 2rar

By employing the equations [3.1, [3.2] and is feasible to derive
the output voltages Vo, and V_ as a function of the input signal V,; and the

output common mode V,.,:

_1
Vi, = 1 (52VM+ B ﬁlVMf) + (A(S) + CQ) 2‘/00m ~
0+ = ~
o)+« 2 o)+« 2
L <1 + A(s)(—a1+a2>> e <1 + —A<s>(a1+a2>> (3.5)
Ve — B1Vu—
~ (52 M+ 51 M )+ 6%)] W

a1+a2 011—|-042
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(a5 + 1)
Vo = 1 (BIVM— - B2VM+) + A(s) 1 2‘/vocm ~
0— — ~

a; + o 2 o] + o 2
1 2 <1 + A(s)(a1+a2)> 1 2 (1 + A(s)(a1+a2)> (3.6)
Vi~ — B2V,
~ (B1Var— — BoVary) T BV
aq + Qg a1+ Qo

For the sake of simplicity, A(s) has been considered infinite. The differential

output voltage can be then computed as follows:

2(BoVary — BiViu-) L (g —ay)

a1+ Qo a1 + ag

Vot = Vor — Vo & Wy  (3.7)

3.1.1.2 Noise analysis

The feedback branch has been modelled by a generic impedance of value Z. In
an hypothetical situation, it could be composed by a capacitance and a resistor
in parallel. A differentiator has been considered to make a noise analysis as

seen in figure [3.3
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4KT
ik
Cr
4T Zz
Hps
= R
Z D @- T C}ﬂ
CDiJ-Rm SE.E Vo Vot

+
52
7 sz ' Vour]
o Vp =

J-_-r:m 52 "o-
JESENE 14N

lpd L~
D =
i I
Rpy Cs Z
4KT
Ry

Figure 3.3: Example of equivalent circuit for noise analysis

From figure [3.3] there are seven independent noise sources but only four of

these contributions introduce a different power spectral density at the output:

e Input-referred voltage noise S,,:
1 2
S2 o = Son (1 +Z (20,,23 + —)) (3.8)
Zp

e Input-referred current noise S;:

2
Svoth

= 5277 (3.9)

e Thermal current noise in the resistor Ry S;,:

S2 .= 8277 (3.10)

vout3d —
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e Thermal current noise in the resistor Rpi Sirq:

Rp1Cpis )2 72 (3.11)

Shous = St (DA
The previous results have been obtained considering the gain A(s) infinite
(for further information, consult [18]). With this assumption, V, = V,, is
fulfilled. The reader is invited to redo the calculations considering V,, and V,,
virtual grounds. It will be seen that the final result is the same, however it is
incorrect to say that V,, and V,, act as virtual grounds since they do not remain
at a constant value but vary with the output and input signals as studied
before in and [3.3] The total output-referred power spectral density is:

1 2
Sgout = Sgoutl + 2530ut2 + 2S'zout?) + 25501054 = Sgn (1 + 7 (QCPZS + _)> +

Zp
o (S? L ART | AKT ( Rp1Cpis >2>

Ry Rp1 \1+ Rp1Cpis
(3.12)
To make a fair comparison between different electronic circuits, the power
spectral density should be expressed in terms of capacitance variation. In this

way, the result is independent on the MEMS which is going to be tested. For

2
this purpose, equation |3.12|must be divided by the transfer function <%d“’;f>

of each topology.

3.1.2 Fully differential current readout. Trans-impedance

single stage

The single stage is composed of a fully differential amplifier working in trans-

impedance mode followed by an instrumentation amplifier (INA).
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45T
Ry
Cr
Z
Ry
Som Vo Vour
5

T
g/ S2

f

! Vp

57

—0D—

4T
Ry

Figure 3.4: Fully differential amplifier working in trans-impedance mode

The transfer function is evaluated for frequencies much lower than the pole

frequency given by 7 = CyRy. Then, it can be said that Z ~ Ry.

3.1.2.1 Evaluating —A‘g;;f

MEMS accelerometers have typically a rest capacitance Cy in the order of
300fF while parasitic capacitances are of about 10pF. In this way, supposing
Cp, > Cs, £ AC is a quite good assumption. Moreover, considering equal
parasitic capacitances at each side of the fully differential amplifier, in a first
order approximation the signal resulting from the displacement of the device
can be obtained by particularizing oy ~ ay ~ o ~ m, B ~ %}éﬂi”,

By %}ifﬁ)s and Viyy = Vyy_ =V, in the formula :

BB, e o AC -
Vour(8) = - Vin = Vi Rs ((Cs + AC) — (Cs — AC)) = (3.13)

= RfS (2AOVm) = RfS (ACdiffVm)
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It is interesting to point out that by assuming V), and V,, virtual grounds
the same result is obtained. The readout signal is generated by means of an
sinusoidal oscillator Vy; = V,cos(wp,t) driving the moving element while the

stators are connected to the input terminals of the fully differential.

The differential capacitance to voltage in the s domain is then given by:

‘/out(s)
ACaiyy

~ sV Ry (3.14)

3.1.2.2 Noise analysis

All the parasitic and noise sources are shown in image [3.4] As stated before,
C), is at least an order of magnitude higher than C and therefore acceleration
induced variations of the input capacitance on the two branches are negligible
during the noise computation. The total noise contribution at the output is
obtained by particularizing the formula with Z = Ry, Zp = &, taking
into account the noise coming from the INA and neglecting the component

due to the Rp; resistors.

4kT
Saout = Son(L+ Ry (Cp + Cs + 2C,) 5)* 4 2R; (S} + R_f) + S7va (3.15)
As seen previously, noise must be reported in terms of Z—QZ by means of the
transfer function evaluated in the tras-impedance zone [3.14 Assuming to
work at a frequency where the term 1 is negligible with respect to sR;Ctot

with Ciy = Cp + Cs + 2C)2, the equivalent input noise is the following:

Crot \ 2 4kT 1\? 52
S&%&%(ﬁ) +2(S§+ Rf) (sv) +(SR;NVA)2 (3.16)

The input-referred capacitive noise can be reduced by increasing the mod-
ulating voltage or by reducing the parasitic capacitances. Moreover, working

at high frequency allows to neglect the current noise. A Matlab simulation
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with the complete equivalent input-referred noise is shown below:

10715 . 3
: s s,=5mVy __
1 ral] v 8=

Cp—tut = 10pF

!0"\ E _i E i Cy = 0.5pF
o i | VH B

vV, =1V

1
s

=
i

fm = SMHz

Capacitance noise [f

=
2

C; = 160fF

Ry = 10k0

Spa=321;
al . " . . " " T - 1 " PR . INA /VHZ
10} 10* 10° 10° 107 108
Frequency [Hz]

Figure 3.5: Input-referred noise contributions in terms of capacitance resolu-
tion

The parameters used for the simulation are listed on the right. Few con-

siderations can be made:

e [t is important to work above f; = in order to avoid worsen the

1
QWRfCtoz
SNR (1). Assuming the voltage noise source dominates over the other

contributions, the SNR turns out to be:

SVmeACdiff

SNR =
Svn(l + RfCtOtS)

(3.17)

It is clearly seen that for frequencies much lower than f;, the SNR de-
creases when reducing the input frequency. On the other side, if the
term "1" is negligible with respect to " R;Cis”, the SNR is frequency

independent.

e [t is critical to get low capacitances with discrete components, therefore

the value of R; is limited in order to guarantee a pole fo = well

1
27erCf
above the working frequency (2)

e If the resistor noise is limiting the resolution, the input-referred capaci-
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tive noise is given by:
8kT 1

Sac =\ —5—— 3.18
so =\ p 517 (318

The working frequency can be increased by a factor a together with a

decrease of Ry in order to move fy by the same amount of the working

8T 1 SKT 1 1
Sac =, (Br) (@s)Ve \ Ry sV a (3.19)

This solution is valid until the working frequency allows stability and

frequency:

linearity of the fully differential amplifier. In the simulated plot, the
working frequency that guarantees equal contribution between voltage

noise and resistor noise is 5 MHz (dotted line).

3.1.3 Fully differential current readout. Double stage:
Integrator + Differentiator

This time the current readout is made by two stages (integrator + differentia-
tor) followed by an INA.



CHAPTER 3. CHARACTERIZATION SETUP 26

Bpz

Figure 3.6: Fully differential current readout. Double Stage.

3.1.3.1 Evaluating A‘éz’“tff

Vout (5)
Vi (s)

fraction corresponds to a different stage:

can be decomposed in V"““(S) Yourls)  Fach

The total transfer function T ety

Vout1 (5)
Vin(s)

tion is obtained assuming a working frequency much higher than the pole

and its transfer func-

e Integrator: It gives the first contribution

frequency given by 7 = C7R;. Therefore, it can be said that Z ~ ——

S

In this stage, as for the case of fully differential amplifier Workmg in
trans-impedance mode, the assumption C), > C, £ AC also applies. In
a first order approximation the signal resulting from the displacement

. . . .. - — .~ Cq
of the dev1ce can be obtained by particularizing a; = s =~ a & STEveR

B ~ CIJrC , Ba = CCSJ;ACC and Vi, = Vi~ =V, in the formula

=)y, = Yo (04 a0) — (€, - A0) =

. 2ACV,, . ACdiffVm
O Cr

Vouﬂ(é‘) ~
(3.20)
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The readout signal is generated by means of a sinusoidal oscillator V,;, =
Vincos(wpt) attached to the moving mass while the stators are tied to
the input terminals of the fully differential. The output voltage resulting
from the displacement of the device is given by the differential capaci-

tance variation modulated at the oscillation frequency.

Vout(s) jts transfer function
Voutl(s)

is obtained assuming a working frequency much lower than the pole

e Differentiator: It gives the second term

frequency given by 7 = min[CpiRp1, Cp2Rps]. This means that Z; ~

1

Tors and Zy ~ Rps. By neglecting the parasitic capacitances and setting

_ ~ ~ 1 _ ~ ~ _Bp2Cpis _ —Vounn(s)
M =mRAR g, =R

and Vy_ = V"%l(s) in the formula :

1+Rp2Cp1s? M+ 2

|‘/Out(5>| ~ B(|VM+ _ VM_D — B%utl(s)

(0% (0%

= SRD20D1Vout1(S) (321)

The whole transfer function is:

V;mt(s) CDI
~ —ACy .22
Vm(S) 8RD2 C[ Odsz (3 )

The differential capacitance to voltage in the s domain is then given by:

|Vout(5)| Cpi
Dout Pl n sV Rpo—22 3.23
ACuyy ~2miP2gy (3.23)

3.1.3.2 Noise analysis

Each stage contributes to the total output-referred power spectral density in

such a way that:

e Integrator: As seen for the fully differential working in trans-impedance
mode, the assumption C, + AC' =~ C also applies. The output-referred
power spectral density is obtained by particularizing the formula [3.12]

with 7 ~ =

Tre Zp = LS and neglecting the component due to the Rp;

Cs
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resistors.
Crot \ 2 4kT 1\
SQ _ SQ 1 tot 2 SQ-
voutINT [ ITvn ( + CI + I + RI SO[

e Differentiator: The output-referred power spectral density is derived
by particularizing the formula with Z ~ Rps, Zp =

neglecting the parasitic capacitances.

(SCDlRD2)2

(3.24)

1
Tols and

4kT ( SCDlRpl

2
SgoutDIFF = 2R T+ SCD1RD1> Rpa + S%)vn (1+ SRD2CD1)2 +

D1

4kT
+2 (b )
Rp
(3.25)
The total noise contribution is formed by:
Sgout = SgoutINT + S?;outDIFF + S?NA (326>

Noise is reported in terms of fl—i by means of the transfer Assuming

Ctot
o and

to work at a frequency where the term 1 is negligible with respect to

sRp2Cpy, the equivalent input noise is the following:

Crot \ > AKT 1 \? 4kT Rp, Cr\?
=52 2092 + 22 ) [ — ) —L
f””(vm> + (”+ RI) <3Vm) + (14 sCp1Rp1)? \ Vin +

Cr\? 4kT 1\ / O \? 52 Cr\?
+52, (—) +2<S2i+ )( ) ( + INA
b Vin DT Rpy sVin Cpi (SRDQVm)Z Cp1
(3.27)

The minimum resolution still depends on the voltage noise of the first

S2

vout

OpAmp and the parasitic capacitance, however this time the current noise is

reduced through the scaling factor CC—DII allowing a working frequency which is

lower with respect to the single stage readout in trans-impedance mode.

A Matlab simulation with the complete equivalent input-referred noise plot

is shown below:
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10718

s asimms s ns s essnies e saniamnan T oy ——
10'”!\‘\ AC m _;:img“: v @
E s " 1l

10724

10725

10726

10° i 10% ©
25kHZ Frequency [Hz]

—SvnStage2 ||

st H Cptor = 10pF
Co = 0.5pF
V, =1V
%1 = 200
C; = 160fF

= =4MHz
foar 2nCp1Rpy

Figure 3.7: Input-referred noise in terms of capacitive resolution

It can be noticed that:

The first stage amplifier sets the final limit to the resolution of the read-

out as previously said

The current noise matches the voltage noise at 25kHz, in essence 5SMHz

scaled by the ratio between %

I
Increasing Cp; to further scale the noise, lowers the pole fyq1 = m
therefore the maximum working frequency is reduced as well
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3.1.4 Fully differential current readout. Integrator single

stage
4kT
—D——
Er
Z
Coq — AC COS(cigt) = | [l —
—_— z
MEMS| | Lol

I_ - JJ_':'F

Ceq + AC cOS{wgt) =

Cige = Cp + 205 T 0

Figure 3.8: Fully Differential current readout. Integrator single stage

It may be thought if it is really necessary to use two stages. To check it, it
is relevant to study how the output voltage varies in the time domain when a
sinusoidal acceleration with oscillation frequency w, acts on the MEMS and a
sinusoidal oscillator Vi, = V,,sin(w,,t) is attached to the moving mass. The
transfer function should be evaluated for frequencies much higher than the
pole frequency given by 7 = CyRy. Then, it can be said that Z ~ CLfs so the
differential current delivered by the MEMS in the Laplace domain is:

iMEMS(S) = iCsl(S) — icSQ(S) = S(VmQAC) = S(VmACdiff) (328)
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The equivalent equation in the time domain is:

. OV, (W) AC ¢ (t ONCy (L oV, (t
ZMEMS@) _ ( ( )at dff( )) _ Vm<t) ;tff( ) +ACdiff(t) a( ) ~
R Wiy Vi €08 (wit) ACy; £ peos(wit)
(3.29)

Both the variation of the differential capacitance and the variation of the
oscillator voltage generate a signal. However the latter is orders of magni-
tude higher since the modulation frequency w,, is chosen much greater than
we. From equation [3.29, it can be derived that the differential capacitance
variation which moves according to the external input acceleration is then

modulated at the oscillation frequency.

This current must be integrated across the capacitance C';.The output of

the integrator is evaluated as follows:

Vi ACy; !
Vour(t) = A/ cos(wpt)cos(w,t)dt =
Cy 0
Vi ACqpr (11
= % / 5[5 (Wi — wa)t) + cos((wn + wa)t)]dt = (3.30)
f 0
— QC’fd ki [wmw— o stn((Wpm — we)t) + ﬁsm((wm + w,)t)

As seen before in [3.21] a differentiator stage has an approximate transfer
function given by “/}’:—t((ss)) = sRpsCpi. If the integrator was followed by a

differentiator, the final output gain would be unaffected by the oscillation
frequency of the acceleration w, since the integration effect would be cancelled

out.

However if the modulation frequency is higher than the oscillation fre-
quency of the acceleration, the gain could be assumed constant after the first
integrator. Taking w,, > w, and particularizing this into the formula [3.30}

the result would be:
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 ViACuyy
=

A simulation example for different values of w, is shown in the following

Vout (1) sin(wpt)cos(w,t) (3.31)

figure:

Trarsiern Analysis Trarsient Analysis
.

w, = 100Hz; w,, = 100kHz w, = —
Acceleration (straight line followed by modulated signal) With high frequency acceleration the output signal presents

the two contributions: the firstat 2™ the second at 2@

Figure 3.9: Output signal for different w,

It can be verified that spurious and unwanted harmonic frequencies could

appear overlapped on the signal depending on the ratio between w,, and wj,.

3.1.4.1 Evaluating —A‘ée;;f

The transfer function ‘(j;—’é‘s)) has already been computed for the double stage

fully differential amplifier:

Vour(s) _ ACuys

= 3.32
Vm(S) C T ( )
As a consequence, —=x— is described as follows:
ACdlff
‘/out vm
~— 3.33
ACus; Oy (3:33)
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3.1.4.2 Noise analysis

The noise contributions are the one shown in the double stage without the

differentiator:

Ciot \ AkT 12
Sgout = S?vn <1 + Ctvlt) +2 (S%l + ?j) <S_CY[) + S?NA (334)

Noise is reported in terms of IF{—Z by means of the transfer @ Moreover,

by neglecting the term 1 with respect to %;t, the output-referred noise remains

as follows:

Crot \ akTN (1) %
Sgout = S%’U’I’L <%> + 2 (Si + E) <F> + S?NA <V—I) (335)

Working at 100kHz allows minimum noise floor as depicted in the following

graph:

10717

—S |2

—Sina |

[ RE N
10718 ! |=—si =
3 [ zF | == Stot |1

L ; SAC =53 — ]
10717 ‘ 3 VHz :

10720

10721}

Capacitance noise [f!ms]

10722

10723 *
100kHz
10-2-‘: 1 1
10* 10* 10° 106 107 108
Frequency [Hz]

Figure 3.10: Input-referred noise in a fully differential single stage working as
integrator
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3.1.4.3 Advantages vs Drawbacks of using fully differential ampli-

fiers

Fully differential amplifiers are quite analogous to standard single-ended op-
erational amplifiers, except that output is taken from both sides of the input

differential pair to generate a differential output.

Differential systems provide increased immunity to external common-mode
noise, reduced even-order harmonics, and twice the output swing for a given

voltage limit when compared to single-ended systems.

Inverting amplifier topologies are easily adapted to fully differential ampli-
fiers by implementing two symmetric feedback paths. The best performance is
achieved using symmetrical feedback. When a fully differential amplifier is used
to readout MEMS devices, intrinsic asymmetry appears in the circuit. Fully
differential systems are not meant to be used in this mode, a differential input
and non-variant capacitances should be employed. Since in all the previous
topologies, a mismatch between the two branches exists, it is relevant to study
how the output is affected by these undesired variations taking for instance
(Ve = Vg = Vs Voo = 0,C0 = Cs £ AC, Cpi—y = Cp, £ AC,,Cp1_9 =
Cy £ ACY). By particularizing this into the expression :

CSQ Csl

- Cs2+Cp2+Cp2  Ca+Cpi+C
Vous 2 2V 2= 1) _ CoGaiCn G0 (3.36)

a1+ o
! 2 Cs2+Cpa+Clia Cs1+Cp1+Cp1

Reordering the equation:

_AC AC G (AC, + ACY) C,

‘/ou’\‘
G PG A To Ao e S o PR (e NN s Ao

(3.37)

From the previous equation where the AC,, AC,, AC} in the denominator
were neglected, the first contribution is the only one expected for the ideal case.
However, there are two additional terms. The second component introduces a

signal gain variation proportional to the the mismatch while the third generates
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an extra offset.

The commercial fully differential amplifier selected to test the behaviour of
the circuit was the THS4120 . It shows a reasonable input-referred voltage

noise while keeping a low input-referred current noise.

R1

AAA

18 yo.
€2
—|'_I_ 6ka RZ
ipF
ves VDD vDD2
c5
i ut
1p+Csig _Lf; vEM Ny T vorer
[l 1 V4 L1
N | —ov i THS4120CD 1. ADB429ARZ
100kHz - AR
(i SVES AY
= G- vo+ \\
c3 LN
c6 ? b
i . it s
L l 1pF x THS4120
b s 5,(10kHz) sa |V
I 160 7=
- GBWP 100MHz
S{10kHz i
{ ) 11£
Vdd - Vss +1.65V

Figure 3.11: Fully differential schematic working as integrator

To check if equation [3.37] holds, for instance, it is studied what hap-
pens when AC = 0. For large parasitics, such as Cpy = 100pF,C, =
200pF  with Cy = 0.5pF — 1pF,V,, = 1V,C; = 1pF, the output value is
given by:

AC C
Vot (AC = 0) = 2V,,—2 2
! ) Cy (Cs+Cp+Cy)

The simulation of the circuit on figure [3.11] assuming the previous values

= 0.666C, (3.38)

1s:
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Accelero_board_FEDE-1stage Accelero_board_FEDE-1stage
Transient Analysis i

Figure 3.12: Results after simulating the fully differential circuit with AC' =0
for different C

It is seen that the simulation perfectly matches with the predicted values
when substituting Cs = 0.5pF and C = 1pF in the formula [3.38

On the other side, it would be interesting to verify that the output signal
changes proportionally to the parasitic capacitance variation. A parametric
sweep is performed varying C,s from 10 to 14pF, C)y = 10pF with C; = 0.5pF,
Vi =1V and Cf = 1pF":
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Figure 3.13: Output voltage after a parametric sweep of the parasitic capaci-
tance Cpy

In conclusion, trimming is required. Otherwise the gain of the stage is
influenced by the mismatch between the parasitic of each MEMS. As a con-
sequence, it is hard to determine the offset connected to the device unbalance

and the offset of its parasitic capacitance.

3.1.5 Dual single-ended OpAmps in differential configu-
ration. Integrator single stage
A possible solution to the unbalance of the two branches is the use of two

single-ended OpAmps like in the image instead of a fully differential
amplifier.
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Figure 3.14: Dual single-ended OpAmps working as integrators

In this case the input nodes of the OpAmps are kept at virtual ground and
no unbalances derive from the difference between the two branches (large open
loop gain is required). A parametric sweep equal to the one employed in the

fully differential architecture has been performed to validate this statement:
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Design1
Device Parameter Sweep

Figure 3.15: Parametric sweep of Cp, for the dual single-ended OpAmp con-
figuration

Everything explained in terms of noise and A‘é”:_’;f for the fully differential
integrator single stage also applies to this case except for the fact that this

topology has the following disadvantages:

e Voltage noise increases by v/2 since both OpAmps introduce its own noise
source. However, devices with voltage noise lower than the one coming
from the fully differential can be found leading to same performances in

terms of noise

e It suffers from common mode noise sources. However, it is still a differ-

ential configuration and it should suppress common mode disturbances.

3.1.6 Voltage readout: Full bridge

Instead of reading the current provided by a MEMS through a virtual ground
node, the voltage drop difference across two reference capacitances could be

measured using an INA as shown below.
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Figure 3.16: Full bridge scheme for voltage readout

3.1.6.1 Evaluating A‘(/;“tff

It can be demonstrated that the differential capacitance to output voltage for

small variation of AC' is given by:

‘/out . Vm
ACdiff N Cref + Cp +C1+ 20,,2

(3.39)

3.1.6.2 Noise analysis

Noise must be reported in terms of 1% by means of the transfer function @

Bearing this in mind:

2 2
$2 s (C,-ef+0p;01+2cp2) P (§> (3.40)

In general, this readout scheme suffers from the following drawbacks:

e The transduction process is linear only for small variation of AC with
respect to the equivalent capacitance Cey = Cyef + Cp 4+ C 4 Cpa. This

condition would limit the dynamic range for devices with large sensitivity

e The gain of the bridge depends on the parasitic capacitance therefore it

changes from one device to another and requires continuous trimming
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of the reference capacitance to obtain a good match between the two

branches

e To first order considerations, the final resolution is not improved with

respect to the current readout topology

3.1.7 Voltage readout: Bootstrapped

Finally a voltage readout with bootstrapped parasitic is shown in figure [3.17]
The idea of driving the parasitic capacitance Cp; with the output buffer [20] lies
on the fact that the parasitic capacitance between the mass and the substrate ~
Cp1 + Cpa could be much larger than the sensor capacitance. In order to reduce
its impact on the resolution, an extra shield electrode is incorporated between
the mass and the substrate. In this way, some electric field lines close to the
shield and not to the substrate so the effective parasitic is reduced to nearly
zero since the buffer practically drives the shield at the same potential as the
high impedance node. However, if no shield is feasible this would mean driving

the entire substrate to the signal value which makes this readout impractical

2 _ g2 2
51m - Sv—ﬂuffgr + SU—ZﬂdSEELQ‘E'
€y +AC

v

out

_l_
Cpi G=1 B

to use.

Figure 3.17: Voltage readout. Bootstrapped topology.
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3.1.7.1 Evaluating —A‘é?;iff

Cp1
+G>

of the OpAmp. The voltage partition gives rise to an output voltage:

The equivalent impedance seen from (A) to ground is being G the gain

G (O +AC) e AC
V;mt - le + G Cp1 ~ Vm 20 + _Cp1 T 20 + _Chp1 (341)
(201 + (1+G)> LT (1+6) LT (1+6)

The first term represents an offset while the second one is variable depend-
ing on how AC fluctuates. The transfer function of the single-ended stage
is:

‘/out Vm

ACusr Op (3.42)
dif f 2<201+(1+G’)>

It can be noticed that not using C,.s as in [3.16] allows better linearity.

3.1.7.2 Noise analysis

Noise must be reported in terms of Z—QZ by means of the transfer function m

As result:

40, + 2%\ ? 2 \2
3o~ |S2 (%) + 52 (y) (3.43)

The advantage of this topology is that the effect of parasitic C), is virtually
reduced. However, driving the substrate is not possible for 3-axis accelerome-
ters since the substrate would receive three signals at the same time. Moreover,
also for a single device, this technique could cause large crosstalk between the

substrate and the stators.

3.1.8 Readout schemes. Conclusion

Several topologies were taken into account, pros and drawbacks are listed in

the following table:
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Current readout —trans-impedance Good > 5MHz First stage voltage noise and Current noise of the resistor
parasitic capacitance requires hight working
frequency
Current readout — double stage Good > 100kHz First stage voltage noise and It requires two stages—
parasitic capacitance increased complexity
Current readout — integrator — Fully Diff Good > 100kHz First stage voltage noise and Gy 3 Gy
parasitic capacitance Suffers unbalance of the
feeback network
Current readout — integrator — Double Good > 100kHz First stage voltage noise and Factor 42 on noise
single ended parasitic capacitance Unbalance of power supply
noise
Voltage readout —full bridge AC € Cy when 5,3 5; First stage voltage noise and Non-linearity and
parasitic capacitance dependence of the gain
from the parasitic
Voltage readout - bootstrapped Good when 5,5 5; First and second stage voltage Cross-talk, problems in
noise but with reduced parasitic polarizing the substrate

Table 3.1: Readout Schemes

The bootstrapped readout scheme proposes a strong reduction of the par-
asitics, however it is not compatible with the process used for most of MEMS
devices. As a consequence, the current readout is better than the voltage
readout and the dual single-ended version seems more appropriate than its

corresponding counterpart in fully differential. The reasons behind this are:

e The topologies show equivalent performance in terms of noise. For the
differential amplifier THS4120 3.11} S, = 5.4% and for the single-

AY2 z
_ nV nV
ended OpAmp ADA4817 [3.18 S, = v/2 x 42~ 5.6 70

e The single-ended topology could suffer from power supply disturbances
and common mode noise. However, the differential configuration and

two OpAmps in one chip should highly mitigate this error

e The fully differential scheme suffers from mismatches of the input para-
sitics. As a consequence, it mixes with the intrinsic offset of the device.
Moreover, the dynamic rage of the commercial THS4120 is only
3.3V with respect to the 10V of the Dual single-ended ADA4817

According to the considerations done so far and without taking into account
the thermo-mechanical noise coming from the MEMS, the integrator stage
current readout with dual single-ended OpAmps should guarantee the following

performance:



CHAPTER 3. CHARACTERIZATION SETUP 44

e Asseen in figure resolution in the order of v/2 - 53\;1% = 75\/21% that
could be lowered by using higher voltages and by reducing the mounting
parasitic. Parallel plates accelerometers should hold more than 1V as
they do not suffer from pull-in issues. Note that the additional factor

v/2 accounts for the lock-in worsening effect on noise [21]

e Working frequency in the 100kHz range in order to relax the requirements
for the board

e Low offset drift with temperature by employing temperature-invariant

components (if possible)

e Adaptability to be able to test devices inside a range of possible sen-
sitivities <0.2%F — 10’%). Those MEMS accelerometers with a higher
sensitivity should be tested with a lower input voltage to avoid saturat-
ing the OpAmps or a large feedback capacitance C could be used to
reduce the output voltage at the risk of worsening the SNR.

More considerations shall be made after Multisim simulations and study of

the circuit stability.

3.2 Final choice. Simulation results and experi-
mental measurements on the first PCB pro-

totype

3.2.1 Circuit stability

The circuit topology studied during the simulation stage is the dual single-
ended current readout as it is the chosen topology according to previous dis-

cussions.

The schematic used to evaluate the circuit performance is the following:
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Figure 3.18: Dual single-ended OpAmp current readout scheme

The commercial ADA4817 was selected between other options because
it is a low noise amplifier with a large GBWP. As for the INA AD8429 ,

it is a low noise and quite temperature stable instrumentation amplifier. Its
_6kQ

gain depends on the Ryy4 as follows Gyya =1+ Rns

Every time a feedback is present, it is necessary to check the stability of

the circuit. Since the circuit is completely symmetrical, it is enough to study

the behaviour of one element as depicted on image [3.19

The ideal gain of the aforementioned circuit is

Vout(s ) Ry
—_— —_— 44
Vm(S) 1 + RfoS (3 )

It has a zero at the origin and remains constant with value g—f for frequencies
higher than the one given by the pole f; with time constant 7 = R;C
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Figure 3.19: Current readout schematic

Gloop(s) can be computed by cutting the circuit at the negative node of the

OpAmp and applying there an input signal after grounding V/,,:

Gloop(s) = —A(s)B(s) = —A(s) 1+ Ri}(gf}jfgi)r Cp)s

It can be said that the real gain will follow the ideal gain as long as

A(s)B(s) > 1. If the feedback circuit is stable, the crossing point A(s) = 5(18)

(3.45)

takes place at a frequency:

, _ GBWP
x 1+ ngpr

(3.46)

From this frequency on, the real gain will start decreasing as Gy (s) does
instead of remaining at the constant value g—f This affirmation is valid when-

ever the following relationship holds:

1 GBWP
fr<fa= < (3.47)
QWRfo 1+ CSCLJ:CP

To check the validity of the expected behaviour, a parametric sweep of the

parasitic capacitance C), from 1-100pF was performed.
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Figure 3.20: Simulation of circuit for different C,, values

Figure [3.20] shows how the closed loop pole depends on the parasitic. The
change of the pole has little effect on the gain of the circuit at 100kHz as shown

by the ratio between 3?"

A second sweep is performed by keeping one of the two C, fixed at 10pF
and sweeping the other between 1-100pF.
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Figure 3.21: Simulation of circuit when varying only one C), value

The results show two peaks due to the mismatch between f,; and f,o, but

the effect on the gain is still negligible. This simulation together with the
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first one also accounts for the behaviour of the circuit with different MEMS
capacitances and during operation of the device as Cs and C), have the same

effect on the closed loop pole as predicted in (3.47]

The third sweep was done by changing the value of C,,, the capacitance

across the two branches:

~ / pa - L
= 9.0875 9.0895

Figure 3.22: Simulation of the circuit for different values of Cp

The plot on the bottom shows how the poles of each branch are not moving,
however when approaching f,., the two transfer functions converge and create
the effect of the pole shift. This issue is not critical since the gain is still flat at
the working frequency (=~ 100k H z) and it is observed for large parasitic values
which should not be the case.

3.2.2 Sizing the feedback path

The previous simulations have been carried out attending to a feedback resis-
tor of 1G(2. Typically uncontrolled changes in the feedback resistor are usually
within a limited range and known by the designer. In this way, its variation
with temperature should be in the order of few % over the entire tempera-
ture range, not influencing the stability of the circuit as shown by previous

simulations on the C,.
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In addition, it would be relevant to know the range of admissible values for
the feedback capacitance. The feedback capacitance can be sized in order to

increase the bandwidth of the amplifier or lower the effect of the noise coming
from the INA:

e The minimum feedback capacitance is set by the GBWP condition (as-

suming the pole CtR; to be always well below the working fequency):

10f5,

fz 2 10fm = Cy_min = GBWDP

C, (3.48)

Considering f,, = 100kH 2z and GBW Papassi7 = 1GHz, then Cy_,;,, =
0.001C,

e The maximum feedback capacitance is set by the INA noise:

C 2
2%, (14 6] Gva = St (3.49)

Assuming S, = 4\7% for the ADA4817, Siya =~ 4\7—1‘% for the INA

AD8429 when G;ya = 28, the equation always holds regardless of the
C'y value. However, in order to not worsen the SNR, C; < C),. Assuming
the voltage noise dominates over the other contributions, SNR is defined
as:
vm%_CGINA
SNR = fc (3.50)
V25, (1 + C—;) Ginva

It can be easily verified that the SNR decreases when increasing C

as long as €}, < Cy holds. On the contrary, SNR remains practically
constant when varying C'y whenever C, > CY is fulfilled.

3.2.3 Noise analysis

The noise analysis was done using the following conditions:

o (a) C, = 10pF, Cpp = 2pF, Cy = 1pF, Ry = 1GQ, V,, = 1V, S, =

1.9\7% (according to simulations with non inverting configuration)
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Figure 3.23: Equivalent output power spectral density

The results show that:

e The left plot shows how the noise from the resistor is dominant up to

about 50kHz. At low frequency the output noise is equal to —215dB =
2 x 4kTR; while at high frequency the noise is equal to —290dB =

252 (1+ —05”5;’2*0”)2

The right plot shows how increasing the feedback resistor increases the
effects of the input-referred current noise. According to calculations
the match between resistor noise and current noise should be at 25GS2.
The simulation confirms the calculation S?, = 2 x 4kTR; 4+ 2S?R3 =

16KT Ry = 12 dB higher than 45T R,

3.2.4 Experimental results

After analytical study and numerical simulation of the dual single-ended cur-

rent readout topology, experimental measurements were done to validate the
expected behaviour. Before testing the board with a MEMS, a first PCB pro-
totype (see image [3.24) was designed and different fixed capacitances were

soldered at each branch of the circuit in order to get diverse AC' values. These
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initial tests had the aim of understanding how the electronics works in a first
order approximation since at this point of the project, the characterization

procedure was not mature yet.
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Figure 3.24: First PCB prototype

The components placed onto the PCB had the following characteristics:

Components Value TC
C; 2pF +5%  £30ppm/K
Cy 2pF £ 5%  +£30ppm/K
Ry 1GQ £+ 5% +100ppm/K
Rina 082 -

Table 3.2: Components characteristics used in the first PCB prototype

A better insight on how the output voltage varies with temperature was

needed so an AC sweep was performed under different conditions:

e AC = 2C (nominal) from 10°C to 90°C
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Figure 3.25: Temperature output variation with temperature for a nominal
AC =20y

It can be seen that the ratio between the sensitivity at 10°C' and 90°C'
is indicated by g—‘;g}(lOOkHz) = 1.0065. This is equivalent to 82ppm /K.

e AC = C} (nominal) from 10°C' to 90°C
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Figure 3.26: Temperature output variation with temperature for a nominal
AC = Cy

It can be checked that the ratio between the sensitivity at 10°C' and 90°C
is determined by g—;g(lOOkH z) = 1.005. This is equivalent to 72ppm/K.

e Nominally matched input capacitance (Cy vs C) from 10°C' to 90°C

Figure 3.27: Temperature output variation for a nominal AC' =0
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It can be verified that the ratio between the sensitivity at 90°C and 10°C
is given by g—‘ig(lOOkHz) = 1.0029. This is equivalent to 360ppm/K. Since
the output expressed in dB is not —oo, it means that there is a mismatch

between the input capacitances at each side of the circuit

The previous measurements were performed by taking the reference signal
from the network spectrum analyser. The output is then connected to another
terminal of the network spectrum analyser while the circuit remains inside a
climatic chamber. At each temperature, the system is then able to compute
the transfer function by sweeping in frequency. After that, the data collected
is processed in Matlab. As a general rule, the graphs show an overall correct

functioning of the circuit:

e The nominal pole introduced by R;C} has a lower cut-off frequency. The
existence of parasitic capacitances in parallel to C; could explain such

behaviour

e High frequency filtering around 10MHz, that is one hundred times greater
than the modulation frequency f,, = 100kH z

e Linear dependency with the input capacitance value and almost constant

gain for intermediate frequencies. In the aforementioned cases Gyya = 1

and V,,, = 1V so V,u;: = Vm%—mea = %_fc' It can be crosschecked on
the figures that the output value expressed in dB does not correspond
to the theoretical expected result. This is due to the fact that the PCB
has a negligible output impedance while the network spectrum analyser
input impedance is 50€2. There is no impedance matching so the signal
reaching the network spectrum analyser is greater than the one which
would arrive if the PCB output impedance was 50§2. As a consequence,

the network spectrum analyser provides an overestimated value

e The temperature stability is good. In essence, the sensitivity changes on
the whole T range by less than 1%. Moreover, the temperature variation

seems to be linear so it could be compensated
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These tests are complemented with the corresponding noise analysis. The
noise measurement was performed by grounding the input node and measuring
the output of the circuit with a network spectrum analyser. The INA gain was
set to 13.76 in order to reduce its noise. Ten measurements were averaged in

order to obtain the following scatter plot:

10" [ T T
- experimental
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== theoretical white opamp noise (@10pF total input load)
N
I
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S
=10°
L]
7]
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Figure 3.28: Experimental noise analysis

The result is in line with the theoretical one:

e 1/f noise limits the measure up to 100kHz
e White noise level shows possible parasitics in the orders of few pF

e INA noise does not seem to affect the resolution
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Offset vs Temperature Drift Model

4.1 Introduction to the drift model

As already mentioned, process non-uniformities make accelerometer have an
intrinsic offset which varies with temperature. Typical accelerometers for con-
sumer and automotive applications show an offset temperature drift from few
tenths to few mg/K. This represents an issue because the offset cannot be
cancelled out with a simple initial calibration. Temperature mapping is nec-
essary since both the magnitude and the sign of the temperature coefficient
are variable from unit to unit. During system level testing, the output of the
accelerometer is measured at different temperatures and used to construct a
look-up table. As a consequence, a temperature sensor should be mounted
onto the system to monitor temperature and compute a compensation factor
during in-operation. This solution is quite expensive so to reduce costs, it is
relevant to better understand what sources of error make the MEMS drift in
temperature. To do this, it is necessary to predict how the electronics drift in
temperature and isolate this effect from the MEMS deviations. This can be
achieved by creating a drift model which is tailor-made for the chosen readout

electronics.

26
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Figure 4.1: Current readout schematic

As already seen, the thesis focuses on a readout architecture formed by
dual single-ended OpAmps working as integrators [4.1l The output voltage at
the end of the readout chain is described by the following equation:

Vour = Vm2g—CGINAGLIA (4.1)
f

Considering that possible temperature variations of the G4 are negligi-
ble, sources of drift that may have impact on offset value are the offset drift
of the MEMS AC, the drift of the feedback capacitances C'y and INA gain
fluctuations. This makes the gain change. By performing the derivative of

equation with respect to temperature, four main drift terms arise:

dCp  dCps dCpy  dCyy
d‘/out_ ldAC_AC Cy + Cy +@ Cy _ Cy G G +
ar — "\ ¢y dr ¢ \ dT AT C; \ dr 4T [NALIA
dGrina
INC oo
_H/mC’—f GCE%A GinaGria

(4.2)
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The first term corresponds to MEMS variations with temperature. The
second contribution is related to the electronics, in specific to the common
mode variation of the feedback paths. The third component becomes dominant
for large differential temperature fluctuations of the feedback capacitances.

Finally, INA gain temperature variations makes the output voltage vary too.

To effectively understand how the MEMS changes with temperature, the

different contributions must be separated.

4.2 Temperature drift of components

Passive components such as resistors or capacitors have large number of specifi-
cations and characteristics (nominal value, working voltage, tolerance, leakage
current, working temperature...). All of them can be found in datasheets that
are provided by the manufacturers. As the electronic circuit should not cover
up temperature drift offset variations coming from the MEMS, the temperature
coefficient of these components should be taken into account. This parameter
describes the maximum change in the component value with a specified tem-
perature range temperature and generally it is expressed in the units of part

per million per degree Kelvin.

Bearing this information in mind, a 10pF feedback capacitance and a 2202
INA resistor were selected to have as low tolerance and temperature coefficient
as possible. A similar approach was applied to chose the most appropriate
INA. Note that temperature variations on the 1G¢2 feedback resistor do not
represent an issue since the gain of the circuit is practically independent on
Ry (for large A(s)). It must be pointed out that two 500M/€ resistors in series
were adopted to have better precision on the pole evaluation. The following

table summarizes the components mounted onto the final prototype:
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Components Value TC
Cy 10pF + 1% +30ppm /K
Ry 500MQ + 5%  £30ppm /K
Rina 2202 +0.01%  +2ppm/K
INA AD8429 2 — bppm /K

Table 4.1: Components characteristics used in the final PCB prototype

With these values, the weight of each term in equation is evaluated
supposing that V = 1V Of = 10pF GINA = 28. 27 GLIA = 1 the MEMS
offset temperature drift is 15, the device sen81t1V1ty 2Cais 5f r and the rest

Qext

capacitance is Cy ~ 300 f F' hke the one of the tested commercial accelerometer.

2 dAC V, ACy; ;2229
First Term = V,,— Cf ¥Ta ——GinaGrra = Cf aeitff ACd 3Cus; GinaGria =
1V fF _mg 1V
= —— .5~—.1—.28.27- =10
10pF g K \/§ g
(4.3)
dCrq dCyo
A dCp dCys
Second Term =V, ¢ “ + i GinaGrra =
Cy dT dT
(4.4)
40fF ppm Vs
~ 1V . 0—— -28.2 ~ 4.
10pF 6 K 8.21 \/§ 8 K
Where AC has been computed assuming an hypothetical FSR of 16g, then
5%-169
ACmam = 2 = 40fF
dCrz  dCp1
0 Cf Cf
Third Term = V,,— | —=— — —2 | GinaGria &=
C'f dT dT
(4.5)
300fF 1 Vi
o1y SOSE PP g 07 L g6t

10pF K YR K
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dGrna
F T SE2 Gina _qy. ) —0.
ourth erm =V, C; dr %4 10pF 7 i 0.056 I

(4.6)

In the datasheet [23|, it is specified to add the tolerance and gain drift of

the Ryya resistor to the specification of the AD8429 to determine the total
gain accuracy of the INA.

The previous results show that even with low drift components, it is ex-

dVout
dT

In a first order approximation, it is a good assumption to consider the contri-

pected to have a given by both electronic components and MEMS drift.

bution coming from INA gain variations negligible.

4.3 Strategy adopted to overcome the problem

To predict how the output value will vary depending on the MEMS connected
at its input, it is necessary to characterize the temperature behaviour of the

board by isolating each contribution on equation [4.2]

To remove the drift coming from the MEMS it is enough to sweep in tem-
perature with the MEMS located outside the climatic chamber. However, as
seen for the tested accelerometer, the intrinsic rest capacitance Cy and the
maximum possible variation of the single ended capacitance AC' are of the
same order of magnitude. As a consequence, another way must be used to
clearly distinguish the drift contributions proportional to AC' and Cj. A good
approach is to substitute the MEMS by fixed capacitances values. The two
fixed capacitances have to be greater than possible mismatches due to toler-
ances and parasitics of the two branches in order to guarantee a small AC
with respect to Cy. By measuring the output voltage at each temperature,

it is possible to trace the best linear fitting able to replicate the trend of the

dvout

measurements. With this technique, <2

is obtained and then the term pro-

portional to Cj can be inferred.
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Performing the test described in the aforementioned paragraph allows to

dCgp  dCpy
know the drift given by Vmg—; ( sjf, — ;—{,) GinaGrra. The difference
e Zn
—L — L] is known but the module and sign of each contribution are still
ar ar g

unidentified. To identify the remaining terms in the formula is manda-

dVout
dT

is derived from the measurements, the MEMS drift is the unknown and its

tory to thoroughly analyse that equation. As explained before, the slope

contribution should be constant regardless of the tested boards and the term
proportional to AC' is also unknown but the spread of the temperature coeffi-

cients of the feedback capacitances is known.

Therefore, the idea is to mount each MEMS on multiple boards (at least
two) and repeat the same experiment explained before but with all the setup
inside the climatic chamber. In that case, much more equations than unknowns
are gathered and the obtained results should be used to fit the equation

with the following constraints:

e Minimization of the difference in the MEMS fitting parameter among
the boards

e The contribution proportional to AC' should lie within the acceptable
range (£60ppm/K)

4.4 Temperature characterization of the boards

with externally injected current

As previously mentioned, in the first part of the experiment fixed capacitances
are soldered onto an external board remaining outside the climatic chamber
while the readout circuit stays inside. The current entering the feedback loop
of the charge amplifier is independent of temperature, as the generation occurs
outside the climatic chamber and thus equation is simplified:
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dCp1  dCyo dCpy  dCpy
AVour v _AC (G | T N Co [T T e
ar " ¢ \ dr T dT C; \ dr  dr [NARLIA

(4.7)

It was decided to replace the MEMS with two capacitances of 10pF (like

the ones soldered in the feedback path) in parallel at each side of the electronic

circuit in such a way that Cy = 20pF and it is expected to have a theoretical

AC =~ 0OpF. The parameters used during the experiment are shown in the
table below:

Component Parameter Value

Board Co 20pF
Board Cy 10pF
Board Vin 1V
Board Gina 28.27
Lock-in fm 100k H =
Lock-in D yemod 177.24°
Lock-in JBw 30H z
Lock-in Slopeier 48dB
Lock-in Gria \/Li

Table 4.2: Configuration parameters

The temperature test for this modality was carried out following a system-

atic procedure.

1. First of all, for each board, the output voltage at the end of the demod-
ulation chain is measured to compute the equivalent AC' at 25°C' while

the climatic chamber is still off

2. Then, the temperature inside the climatic chamber is raised from 25°C'
to 95°C allowing enough time for the the climatic chamber to have an

homogenous internal temperature
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3. After that, the climatic chamber is switched off and the internal temper-
ature is controlled taking the signal provided by a temperature sensor
located inside the climatic chamber. The climatic chamber could be
periodically programmed to reduce its temperature at regular intervals,
however when on, it vibrates and could introduce spurious accelerations.
This would overlap with the offset temperature drift covering up the

desired information

4. The temperature inside the climatic chamber starts decreasing and the
output voltage delivered by the lock-in amplifier is recorded at regular

intervals separated by 1°C until reaching 32°C.

5. The data collected is then processed in Matlab to infer the slope %
The two boards tested showed the following results:
e Board 1: Slope % equal to 0.1219 mV,,,,s/ K
509 T T T T T T -
508 |- X .
®
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Figure 4.2: Output voltage trend in Board 1 vs temperature variation

From the above graph, the output voltage at 25°C' can be estimated
as Vot (25°C) = 499mV,,.s. Using equation , the equivalent AC' =
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124.5fF. Having a look at the formula [4.7] if it is assumed that the
temperature variation of the output voltage is only given by the term
proportional to AC, this component matches the measured slope only
for very large, unrealistic values of the capacitive drift (488ppm/K, to be
compared with the worst case sum of 60ppm/K). Therefore, it is likely
not the source of the observed drift. On the other side, assuming C
to be the only drift source, this term matches the measured slope for a
difference in the capacitive coefficients vs temperature of 3ppm/K. This
is in line with expected values, however it still does not give the absolute

capacitance drifts, but only their difference

Board 2: Slope % equal to -0.1378 mV,,,,s/ K

3o 40 50 60 TO 80 a0 100
Temperature [°C]

Figure 4.3: Output voltage trend in Board 2 vs temperature variation

From the above graph, the output voltage at 25°C' can be estimated
as Vot (25°C) = 223mV,,,s. Using equation , the equivalent AC =
56fF. In the formula [.7], if the temperature variation of the output
voltage was only given by the term proportional to AC, this component

would match the measured slope only for very large, unrealistic values of
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the capacitive drift (-1200ppm/K, to be compared with the worst case
sum of -60ppm /K). Therefore, it is likely not the source of the observed
drift. On the other side, assuming C to be the only drift source, this term
matches the measured slope for a difference in the capacitive coefficients

vs temperature of -3.44ppm /K. This is again in line with expected values.

It must be noted data do not follow perfectly a linear trend but in certain
points they go up or down as seen in figures and [£.3] These unwanted
effects correspond to those moments in which the climatic chamber is partially

or fully open to reduce the internal temperature.



Chapter 5

Characterization of the PCB with
MEMS

5.1 Preliminary characterization. Part 1: Me-
chanical support for sensitivity measurement

at the shaker

In order to characterize devices, a Briiel & K jaer mini-shaker model 4810
was used. This equipment is able to provide a sinusoidal acceleration up to
5g from 100Hz to 20kHz when a payload of 186 grams is mounted on it. Its
working principle is based on the use of a reference accelerometer in a feedback

loop to control the applied acceleration.

The use of this equipment sets some additional constraints for the PCB

and the holding frame. Both should have the following characteristics:

e Compatible with rate table/shaker/climatic chamber. Mounting screws

type M5x0.8 work for all the available setups

e Small size and light weight to generate the maximum possible accelera-
tion. As a consequence, a compact electronics is needed and light-metal

alloys should be employed

66
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e The electronic components should be arranged in a symmetrical layout

Concerning the mechanical frame which will act as bridge between the PCB

and the shaker, the following design constraints should be taken into account:

e Materials should have a good ratio between weight and stiffness in order

to avoid low frequency modes

e The shaker provides acceleration along one axis. The frame needs to
allow mounting on the PCB in two configurations. One to excite z-axis

devices and another for in-plane accelerometers.

e The object set under vibrations can only be attached to the shaker by
means of a central 10-32 UNF screw. This makes it difficult to have a

symmetrical layout

5.1.1 XY-axis setup

In order to excite the XY accelerometers, the board needs to be set perpen-

dicular to the base of the vibrating table as shown in the following image:
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Figure 5.1: XY-axis setup

The chosen setup is depicted in the previous 3D model with the character-

istics written below:

e The anchor point of the shaker is placed in the middle

e A base made in Ergal is attached to the shaker by means of a steel
screw that ensures high stiffness. Ergal is an alloy of high resistance

characterized by its toughness and lightness

e The base serves as a support for the PCB holding frame which is held to

the base by means of Ergal screws

e The PZT reference accelerometer is attached to the base

The 3D model was designed in COMSOL and the model was then
exported for CAD fabrication. The size of the setup was scaled down to the
minimum allowed by the electronics and the approximated weight of the struc-
ture is around 170-180g.
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Figure 5.2: XY-axis setup in COMSOL

Eigenmode simulations were performed by fixing the bottom part of the
screw and the area of the base touching the cone of the shaker as indicated in
dark blue in figure [5.2] showing the following results, shown in figure [5.3}
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Mode-2 (tilting around central anchorage)
f; = 2150Hz

Mode-1 (tilting around central anchorage)
fo =1950Hz

Mode-3 (PCB deflection)
f, = 2800Hz

Figure 5.3: XY-axis setup simulation in COMSOL

According to the simulation, the limiting factor in stiffening the setup is
the small contact area between the base and the shaker. Another vibrating

table as model V20 could give better results as it has larger mounting area.
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5.1.2 Z-axis setup

This time the mounting on vibrating table is easier as the board is parallel to

the plane as shown below:

Figure 5.4: Z-axis setup

It can be observed that the setup remains the same except for the holding
frame which is removed. Moreover, the same holes of the mechanical support
are now used to anchor the PCB to the base and PZT sensor is fixed on one

of the lateral screws.

As in the case of the XY-axis setup, simulations were performed by fixing
the bottom part of the screw and the area of the base touching the cone of the
shaker [B.5
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Mode-2 (tilting around central anchorage) Mode-1 (tilting around central anchorage)
fy = 2600Hz f, = 2500Hz

| ﬂ Fixed ”

Figure 5.5: Z-axis setup simulation in COMSOL

Again the limiting factor is the small anchoring area of the system. The

weight of the PZT slightly unbalance the structure.

In conclusion, the design is compact (the active area for the electronics
was scaled down to 3.5x5cm) and adaptable. Moreover, modes were kept
above 2kHz allowing to characterize devices up to 1.5-1.6 kHz without any

interference. This value could be improved by using larger anchoring base.

5.1.3 Sensitivity measurements vs theoretical sensitivity

Measurements were made following a systematic procedure. Firstly, the shaker
is configured to rise its peak acceleration from 0 to 1g at about 75Hz oscillation
frequency (the value is arbitrarily chosen in the sensing range of the accelerom-
eter). Once the shaker reaches the target value and after a reasonable settling
time, the output of the lock-in amplifier is sampled during 15s. These 15s are
not a determining factor, the idea is to acquire information during more than
one period of the oscillating readout signal and then to average the data to
reduce uncertainties. Depending on the sampling frequency and the comput-

ing capacity of the PC, a different acquisition time could de selected. After
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that, the data is stored in an excel file and then is properly processed in Lab-
View. The designed LabView programme is able to extract parameters such

as measured sensitivity and offset of the device from the experimental results.

The parameters used during sensitivity tests were the following ones:

Component Parameter Value

Board Vin 1V
Board Cy 12.5pF
Board Gina 28.27
MEMS 2% 5LF
Gext | theor 9
Shaker ap—p 1g
Shaker fa T5Hz
Lock — in fm 100k H z
Lock —in D yemod 177.24°
Lock — in fLpr 1kHz
Lock — in Sloperpr 48dB
Lock — in Gria \/LE

Table 5.1: Configuration parameters for sensitivity measurements

The low pass filter pole was set at 1kHz in order to avoid disturbing the
useful signal at f, (at least, frpr must fulfil frpr > 10f,). Moreover, it is
relevant to point out that a Cy = 12.5pF is considered to correct the the-
oretical sensitivity instead of using 10pF, which is the nominal value of the
capacitance soldered in the feedback path. This correction must be done due
to the presence of parasitic capacitances in parallel to C; and tolerances on
the nominal value of Cy. The effective value of the feedback capacitance was
measured by connecting a fixed capacitance at each input of the circuit and
measuring the output when only half of the circuit works. In this way, it is
possible to ensure that the low frequency pole read from the one-side circuit
transfer function corresponds to the equivalent feedback capacitance of that

branch. The tests shown varying Cy from 12.3pF to 12.7pF so 12.5pF was
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taken as a reference.

Since the scope of the present Master’s Thesis is to verify if the electronics
readout behaves as theoretically expected and could be used to characterize
different MEMS accelerometers, several devices were tested. Detailed results
are only given for one Z and XY-type axel mounted on the same board for sake
of simplicity. In the following figure it is shown the LabView response in

each case:

Figure 5.6: Z-accelerometer sensitivity
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Figure 5.7: XY-accelerometer sensitivity

From the previous images, it can be observed:

e The measured sensitivity with V,,, = 1V, hereafter referred to Senseas(Vin =
1V), is 7.1”“/% and 7.6% for the Z and XY-accelerometer respec-
tively. These results are around 89% and 95% of the expected value
Vour — Vm ACdss GinaGria =~ 8% (see Table for 7Z and

Qext Cf Qext theor
XY-devices respectively

e The measured capacitive sensitivity does not match the approximated
value given by the manufacturer % oo 5fTF. It is a little bit
lower

e The offset value derived from the sinusoidal graph is not equal to the one
displayed on the box. The reason why they are not equal comes from
the fact that when the shaker is vibrating, the accelerometer also senses
the gravity along that axis. To correct the value, 1g must be summed
or subtracted to the offset derived from the data collected in order to
get the real number. It is important to highlight that the obtained
values in terms of offset were within the range of values indicated by the

manufacturer
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5.2 Preliminary characterization. Part 2: Noise

After sensitivity evaluation, noise computation was performed on the same

devices previously tested

First of all, it should be recalled that the acceleration equivalent noise

density in MEMS devices [3|, considering only thermomechanical noise, is given
by:

AkpTw 1)’ 2
2 _ B %0 9 5.1
Sqmpns mQ) (9.8) {Hz} (5.1)

However, MEMS thermo-mechanical noise is not the only noise source in
microelectromechanical systems. FElectronic noise should be also taken into
account. The output-referred voltage noise when a lock-in amplifier is used to

demodulate the signal is computed as follows:

Crot \ 2 4KT 1\?
st (1) 2 (s 7)) (565)
I Cf I Rf SCf

+2-Stya Giia+ 2 S2pms Vin - Sensmeor (Vi = 1V))°

82

vou

 =2-Giya-Gia +

(5.2)

It should be remarked that the use of the lock-in amplifier worsens the

signal to noise ratio by a factor v/2 [21]. In the equation, the mechanical noise

must be referred to the output by means of the theoretical sensitivity computed
in subsection scaled by the applied input signal V,,, during noise tests.

The parameters employed during noise measurements are shown in the

following table:
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Component Parameter Value
Board Vin Not fixed
Board Cy 12.5pF
Board Ciot 10pF
Board Ry 1GQY
Board Ston 4\7—;1/7
Board St 2.5\}[—;7
Board Sina 4 \;‘%
Board Gina 28.27

MEMS Q 1.1

MEMS fo 3.4kHz

MEMS k 2l
Lock — in fm 100k H =
Lock —in D iemod 177.24°
Lock —in frpr 30kH 2
Lock —in Sloperpr 48dB
Lock —in Gria \/Li

Table 5.2: Configuration parameters for noise measurements

7

In this case, the low pass filter pole is set at 30kHz in order to see the

thermo-mechanical and electronic noise.

Furthermore, in the table above,

MEMS values correspond to the tested devices while all remaining information

is intrinsic to the board.

To infer the output-referred noise spectral density, a fast Fourier transform
(FFT) is computed to the sampled data from the lock-in while the shaker is off
and V},, is applied to the moving mass of the MEMS. According to equation [5.2]

for small values of V,,, the electronic noise should dominate over the mechanical

one. On the other hand, increasing V,,, would amplify the intrinsic noise of the

device raising it above the electronic noise level. In this last situation equation

[5.2] can be simplified to:
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Svout ~ \/§ SgME]V[S (Vm : Senstheor(vm = 1V)) (53)

The output-referred Brownian noise linearly varies with V,,. As a conse-

quence, the experiment is repeated imposing different values for V,,.

x-axis MEMS z-axis MEMS

VI'.'H. = 50mV .sd VI':H. =50mV

(a) |- (d)

Figure 5.8: Noise floor for Z and XY accelerometers depending on V,,

The expected theoretical value for the output-referred noise density can be
estimated by performing the square root of equation particularizing the
appropriate V,, used in each case and replacing values on table in it. In

the previous images, it can be observed:

e Figures a) and d) were captured for an input voltage V,, = 50mV.
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The theoretical S, is of about 289.27% while the experimental re-
sult comes to around 280% for both the Z and XY-axis accelerom-
eter respectively. Therefore, to consider a C;,; = 10pf is a quite rea-
sonable approximation. Additionally, it must be pointed out that the
electronic noise clearly dominates over the thermo-mechanical contri-
bution. If thermo-mechanical noise is neglected in equation then

— nVims
Svout = 288.93ﬁ

e Images b) and e) represent the output-referred voltage noise density
for V,,, = 1V. The thermo-mechanical noise is quite visible in the ac-
celerometer bandwidth (from OHz to 3.4kHz) where the theoretical S, o
is of about 425.41% while the experimental result comes to around
330% and 345% for the Z and XY-axis accelerometer respectively.
Additionally, it is relevant to highlight that the MEMS has a transfer
function equivalent to a second order low pass filter. As verified in the
previous image, it starts cutting the intrinsic noise of the device once the
pole comes to play. This is confirmed by the fact that at higher frequen-

nVem

cies, the experimental output-referred noise is Sypu: = QSOW; and so it

is only due to electronics.

e Figures c¢) and f) show the result of the FFT when V,, = 2V. Thermo-
mechanical noise clearly dominates over the other contributions. It is
not shown in the previous image but it was verified that if V,,, is brought
to 4V, the output noise is doubled. In the accelerometer bandwidth, the
theoretical S, is of about 688.12% while the experimental result
show an output voltage noise equal to 450% and 520% for the Z

and XY-axis accelerometer respectively.

The following table summarizes the equivalent measured /theoretical acceleration-

referred noise expressed in \/#_137 for measurements obtained with V,,, = 2V
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XY-Device Z-Device

Theoretical Electronic Noise 18.06 18.06
Measured Electronic Noise 18.42 19.71
Theoretical Brownian Noise 39.05 39.05
Measured Brownian Noise 28.83 24.81
Theoretical Total Noise 43 43
Measured Total Noise 34.2 31.7

Table 5.3: Acceleration-referred noise. All values are given in \/"—I%

5.3 Temperature characterization on one device
with board 1 and with board 2

Chapter [4] explains how to overcome the problem related to the offset temper-

ature drift of the board. Moreover, it has been shown how to infer the term

(dC’:fT/Cf — dcfle/Cf > in equation [4.2| with externally injected current. Never-
theless, the temperature drift model is still incomplete. In order to complete
the model, different combinations of devices and electronic boards were tested

inside the climatic chamber. The configuration parameters are the same as in

table (4.2

The recorded drift of the same in-plane device mounted on both PCB is

shown in the following images:
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Figure 5.9: Output voltage vs Temperature when an XY-axis MEMS is
mounted on board 1 and board 2

On board 1, the output voltage varies from V,,,(30°C) ~ 107mV,,,s to
Vout (92°C) = 105.6mV,,,,s. By using equation the equivalent capacitance

variation is AC ~ 26.7fF. In this situation, the slope of the straight line

is approximately % = —0.0226’”—;. Furthermore, on board 2, the output
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voltage decreases with a linear trend at a rate of about % = —0.0288"‘7‘/.
When temperature increases, the output voltage changes from V,,;(30°C) ~
98.3m Vs t0 Vot (92°C') & 96.5m V5. If this case, the equivalent capacitance
variation is AC ~ 24.35f F. By computing the average, it is possible to define
the total equivalent capacitance variation as AC ~ 25.5fF. This systematic
procedure was also applied to other three additional devices, one more XY-axis
device and two Z-type MEMS.

The Matlab code for optimum fitting has MEMS and circuit parame-
ters (Co,Cy, Vin, Gina, Grra...) as input variables to the model. In addi-
tion, for each MEMS, the measured equivalent capacitive offset (AC) and
the measured slope on different boards must be also passed to the algorithm.
The model proceeds as follows: a for loop is cycled across possible values of

dCy2/Cy + dCy1/Cy
dT dT

must lie within the acceptable range (+£60ppm/K) and the component pro-

> knowing that the the contribution proportional to AC

portional to Cy was already computed in chapter ] The algorithm assumes as
an optimum the one that makes identical the MEMS drift among the different
boards and best fits equation [£.2] The result is the MEMS drift.

5.3.1 MEMS and board drift

For the four measured MEMS devices, the best fitting parameter for the sum

of the two capacitive drifts is the following:

dCpy/Cy  dCp/Cy

= 5.4
Board 1= ¥ia + IT 58ppm /K (5.4)
Board 2= dCr2/Cy + 4Cn/Cy = —2ppm/K (5.5)

dr dr
It must be noted that the sum of the capacitive drifts is within the +60ppm /K,

as specified:

The Matlab model gives these final results for the MEMS drift, measured
through the two boards:
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MEMS 1 MEMS 2 MEMS 3 MEMS 4
Board #1 —0.7lmg/K —3.31lmg/K —2.37Tmg/K 0.02mg/K
Board #2 —0.8Tmg/K —-349mg/K —2.43mg/K 0.02mg/K

Table 5.4: MEMS drift

Results show that even with optimum design and very well matched capac-
itors drift in the feedback, the drift values caused by electronics are still in the
0.5mg/K range (for MEMS values corresponding to the tested devices). One
could try to find the (precious) board with the lowest T-coefficient mismatch
and adopt it for all the tests. Additionally, it must be noted that one cannot
anyway distinguish between MEMS drift changes and changes of the parasitics
in parallel to the MEMS.

It must be highlighted that even 20\/“—;}7 has been measured, what it is a
fantastic result.



Conclusions and future

developments

A complete characterization setup for MEMS capacitive accelerometer has
been designed to provide the laboratory with an equipment to better under-
stand the behaviour of upcoming accelerometers before their release onto the
worldwide market.

The PCB size has been set according to the constraints given by the shaker
present in the laboratory. As a consequence, compactness was required for the
board to be set under maximum possible acceleration. On the other hand,
symmetrical PCB layout and material compatibility between the central screw
and the object to be attached to the vibrating table made necessary to design
a versatile and light holding frame to connect both the PCB and the shaker
in two different configurations.

As for the readout electronics, two single ended OpAmps in differential con-
figuration working as integrators were adopted to make the current readout of
the signal delivered by the device. Low-noise discrete components highly sta-
ble in temperature were selected among others in order to avoid disturbing the
measurements and have an offset temperature drift due to electronics as low
as possible. Experimental measurements confirmed the behaviour obtained
during simulations.

Moreover, different measurements such as sensitivity and noise were performed
to validate the theoretical model with experimental results. In both cases, the
data collected was in line with expected values. Sensitivity could be improved

reducing the feedback parasitic capacitances while a lower input-referred ca-

84
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pacitance noise could be obtained if a higher V,,, was used.

A Matlab algorithm was programmed to infer the offset temperature drift of
MEMS accelerometers from the information delivered by four devices when
tested on two different boards. Results were positive since the MEMS drift

value was practically the same independently of the board.

Future developments should be directed primarily to improving the offset
temperature drift model. Good things to confirm the findings and further
validate the algorithm would be:

e Consider the INA gain variations even though they seem to be negligible

with respect to other contributions

e Crosscheck the MEMS drift obtained from the Matlab algorithm with
the real one. A good approach could be to design an intermediate board
and mount the MEMS on it in such a way that the electronics remains
out of the climatic chamber while the MEMS is inside. In this way, it
could be possible to measure in equation [£.2] the term corresponding to
the MEMS drift

e More measurement on MEMS
e Measurements with a third board

e A comparison of the results with "independent" results obtained by the

manufacturer
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