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The goal is:
= to measure the motion of O’x’y’z’ (i.e. of our non-inertial system) with

respect to Oxyz (i.e. the reference frame);
» todoit, we exploit the motion r, (t) of the MEMS mass P relative to O’x’y’Z,

described through fictitious forces.
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The phase decreases by 180°, as the system is characterized by two
poles. The phase shift at the resonance frequency is exactly 90°.
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MEMS devices operate in different regions of the transfer function:

= accelerometers, microphones and pressure sensors typically operate under

forces occurring far before resonance; as we will see, they usually have
relatively low Q factors (typically < 10, or even < 1);

= resonators (including the gyroscopes drive) operate at resonance (few tens

Ao o N\ Bihe & Quts S\o-
gt

kHz to few MHz) and require high quality factors (typically few thousand to

ten thousand);

= other sensors (gyroscopes, L

magnetometers...) operate
slightly before the resonance
frequency (off-resonance or
mode-split operation), due
to a modulation in frequency
of the applied forces;

= no devices operate beyond
the resonance frequency.
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The used variable capacitance can be of
= area-varying (comb-finger) type or ——/:.M

= gap-varying (parallel-plate). i i g

) number of
air (vacuum) sensing cells
electrical permittivity 2 S QA Q é QQS*\ Q_ +|p da CQ'M‘\
Example 1: one parallel-plate {gop varying) top views Example 2: N comb-finger {area varying)
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Let us consider a single-ended parallel-plate capacitor. Let us
assume a DC voltage applied to its plates. Using the principle of | . e \ (O .
virtual works, we can evaluate the value of the electrostatic force: & Mo SN:-D“ - Sex ‘P &
= in equilibrium conditions, electrostatic forces balance the mechanical force m kﬂ. 2 QGGI- , ’PQFC.LI- C2nClg, %3{&
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AN 2teggono
Any variation in the energy E_ stored in the capacitor should be
given by the work W done by the mechanical or electrical forces.

\ —
A s dEe = dWpoen + AW, @— LG UONO0R. doJA gio- vk Codansthne € dedo
viD e dMa somo- do) 2O MUCZNES 0 galo
i If a voltage is applied, a charge Q arises on the
# X-- copacitor plates, as Q=CV, leH ‘Us o
Charges of opposite sign on the plates generate

an electric field ond thus an electrostatic force
which is always ottractive.
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« Single-ended configuration

dQ dEc = dWineen + dWepee

Vi by ‘/2 L2000 o Meboe (e ol sile Lcedah
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0 .- stoved in o capacitor

V[C) Fel dEc=d (%cvz) = Ez-dl:
y
i work done for o /

displocementds  @Winecn = —Fecndx

clectrostaticworkdone W, = VdQ = Vd(CV) = V(CdV + VdC) = V?dC

to change the voltoge
over g capacitor

vz Vi | gy it AN F a0
1 . T w— = e — x SR —
F4C = ~Fgendx + V2dC ———> | Feendx = —-dC AN 2 2 (g-x)? elec mech™ 2 (g —x)?
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The situation can be easily extended by considering the differential

guro2ioe. AlkenaieAs—
configuration with opposite forces:

B ) VNV AN

- A e .l IO ich.
v dec = Flg—xP 2 (g+a?

mi + bt 4 kx = Fopp + Folee

__ ) d Note that the applied force is a function of the displacement itself,
both in single-ended and in differential configurations. We will see

in the next class one drawback of this result.
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application of a constant DC voltage 1V,
Wz_‘qo Lo between each stator and the rotor
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application of a modulated AC voltage
between each stator and the rotor
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\W This term is proportional to the capacitance This term dominates for very-high- E
m (s derivative: not to lose the stationary (DC) value frequency AC signals (the derivative is Q\‘\\we CL'— \O—

of the acceleration, we need to integrate the

signal. The feedback impedance is capacitive.
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Assume that the accelerometer is initially in the rest position and

that Cy is initially discharged (e.g. via a switch, as shown):

_ & AN
oy

200 o
Gonuodo- ole-

_ AN

_ =0
g+x Qr

Vi =0 c

1

If the position changes by a quantity x, we have opposite changes
in the value of the differential capacitances
« forx >0 (as in the figure) = €, decreases and C, increases

) ma
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indeed proportional to the AC frequency).
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Even if C,,, is very large, there is no charge flow through this
capacitance (and thus no loss of signal), because it is continuously
kept between ground and another fixed potential (virtual ground).
In other words, the charge on C,, never changes.
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We saw in the last class that the application of a voltage for the

readout generates unavoidable electrostatic forces, which should M IO o 2 eb(‘h_ ' Cbbblm'

be considered in the force balance of the motion equation.
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The questions now are:

= |sitrelevant for our purposes?

* Under which conditions can we anyway use our accelerometer?

= Which effects does it have on linearity?
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The equilibrium conditions can significantly change if one tries to:

= increase the facing area (thus the total capacitance at rest); ln q-QB'\\ O \_0- E'bfx,_ MMT‘

= decrease the gap between plates (e.g. 1 pm in the figure below);

e
i decrease the Stiﬁness; g <1078 retus_fucnrs;,mrhe:mar.'n'ls.pracemenrregr:m ’aw\m ‘\ &p W .t‘\b \Gh m
« increase the bias voltage. - elastic forca / '. CLD.NO\ ?I:d‘m sl 2A ?\&0 & 2o
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¢ Our ultimate goal is to calculate an acceleration, so we remove now
the hypothesis of non-zero acceleration, and assume |k | << k... ) bl sito
giad 2008 ATV DUS At

= for small accelerations: shift of the equilibrium point (ok, this is the
displacement we want to measure to recover the acceleration value); w\sbbttu.

= after a certain acceleration value however, no more stable point exists! Too

large accelerations can cause instability in PP MEMS accelerometers, even at
biasing values lower than the pull-in voltage! QOJ“'QHWO AR &%L— Bm '\“IPO Ca:h. \
Vo Co 1 1
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Ne now solve the stationary condition, for small displacements, to
find out the output voltage vs the input acceleration, i.e. the overall

axel sensitivity. 4 - .
kx = mag. +2V,-f,—,§5.1' it e % (=] (-0' &w d cm\zo-— D W&Q—

- ) e lo- e oL S v svver & K4 Xdee

m

x= = Co Qeyr = & _:: )acx[ = k_a(x{ = FRI'Xf
(k-2v2 %) et ot 6. Vo = Keledr € sempe rgehvo 2o Kex<ik
Note 1: the MEMS resonance frequency changes as the elastic e C-llncL \o- gesrel\w__ & Csceeos toel W
stiffness changes! Indeed it is w, = ||kr‘:* ! This effect is named GP%F‘?— Szros W_L —_— ?o'-.. P‘: o2ssac
electrostatic softening or tuning of the resonance frequency. Ck« m n S’Bh.'l-ib:

* kg is always negative = resonance always decreases w.r.t. to its native value

Note 2: a MEMS accelerometer is well-designed only if it effectively
undergoes small displacements (<< than the gap value, see next
class) even for accelerations corresponding to the full-scale value!

By putting together the two found expressions below:
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We can finally evaluate the overall sensitivity of a differential,
parallel-plate MEMS axel readout through a charge amplifier:
BV _ Yo Cor 1

s Aprt Cr g wg Note: this formula gives

~ the sensitivity in Mf{m/s?).
differential gain. ————~ = b y inVf{m/s?)

capacitance to
voltage (C2V) gain — ~~—_ _
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= g
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Two are the sources of nonlinearity in

differentsal PP TERIONSE b - N
the axel response: = inearized respurise o P C_d\%\d&fﬁ!"\:b (-Y'E}’\'Q ey
= the nonlinear response of differential PPs; 5 '® / f‘\?:‘PI&O 2ou Tonoo e Lraocarel
= nonlinear effects from electrostatic forces. : ZC.,':: ; ""mrs::alseermris
or larg

We consider only the first one,
assuming a device which is quite safe
from pull-in instabilities (low k
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So, in a differential configuration, the force is ||||||||‘|||l||| III[

null even in presence of displacements! .
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Quick steps for the sensitivity calculation: w Co P:rd.:
b
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= evaluate the displacement per unit acceleration o

= evaluate the single-ended capacitance variation per unit displacement
= evaluate the output voltage per unit differential capacitance variation
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Advantages: * Drawbacks: %> My t) u
= the electrostatic force is not a « for the same resonance, gap,
function of the displacement. There is and voltage, the number of fingers
thus no electro-static stiffness. In turn, that one can fit in a given area does
there is no electro-static softening. No not allow to reach the same dC/dx as
risk of pull-in exists. for PP devices. About a factor 5-10, as
« ideally, there is no nonlinearity in the a rule of thumb, due to:
capacitive readout. No trade-off exists *y >>g (toavoid fringe effects)
between sensitivity and full-scale. for the same.avallable-area; €q ¢ < Cyim
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ForQ <0.5: = take the minimum between the -3dB bandwidth and .

= just take the -3dB bandwidth value (first pole) 3 \ one over 21t the ringdown time, —— = fo3yq=05 B N
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the bandwidth, all other things being equal... all other things being equal... (or use electronic LPF!)
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Optimization of the bandwidth
requires ideally a Q in the order of
0.5 (in between overdamped and
underdamped conditions).

This should be effectively pursued,
as far as the electronic noise still
dominates. Having a relatively high
damping (low Q) does not represent
an issue in this case.

MEMS response

* Noise optimization requires high Q.

* This should be pursued as far as
device noise dominates. This
typically occurs for high-
performance applications, where
power dissipation is raised and
electronic noise is low.

* Electronic low-pass filtering is
required to filter long ring-downs.

J

A MEMS response

17 Electronic filter
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= rarely used...
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in any directions. h = x
.
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expect, the stiffness — : '

decreases with the beam length k. @ 3h =

and increases with beam width ky = 5 ke T n

and height. The exact dependence

is described by the formula aside e

(in red in the previous table). —
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Let us assume two springs
with arbitrary stiffness

k, and k,. The springs are
connected in series and
subject to a force F.

ky ko

oo

(s h@ess o Capes Ao

F Qo dansZor (rass W\ S

hroonn—>

F
Xy =7
ke
4 i i F(I+1) F 5 1 1+1
X= Xg=—F—= — _—] = — — i — —
F bR e s ki ka) ke ke ki ky
Xy =— il
h kyk
. " itors”) s o
(springs behove like “capacitors o T r———
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The stiffness Lz
calculation can be 2
easily done by
assuming that the
spring is formed hy
the series of two
identical free-end
springs, having half
the length L each.
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Identical considerations hold for the calculation of the stiffness fo
=Y

a force acting along the vertical direction, (in practice, ==
you should exchange w and h). —

E_Eh*w _ER*w
k= =an k==
h
Note the cubic dependence -
Y
on h, a parameter you cannot w

act on by design. This makes it difficult to obtain low
stiffness values for z-axis devices based on
this kind of spring (vertical translation).

Using the same parameters as for the x-axis N
device we get a stiffness more than 100 times larger:

2= -

N

e @ 2o us dpnae~eo Clowo-
do- gesly.

Quands 2bbano dh Kt € oo
ng\(b_ Q o seSswlit <
doc.Samene (a2 Parshow,

Capzno QN xS gestu tapShega

€ ccaxsae N Ohlokac

Z-amls motion (PP
readaut are
pasitioned beneoth
the device using the

= L =200 pm, w=1.5pum, h=20 um, £ =150 GPa = k,,, = 900 N/m ‘rerrnedions

layer)

= the resonance frequency grows and the sensitivity decreases...
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In general, an OOP rotation will be caused by a torque. In the )
course, we analyze only configurations Al

yze only config /w,-—B\oc_w'qu‘ , come 20D o Q?Jrkb oo~ VeRuoaiere Qe Pno
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similar to the one aside. M,
/ lon 'lmqo( Mossimeo € TAR + T2R2
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The torque M, will be the sum of \‘i
the two individual torques, each
defined as the product of the
distance from the rotation center
and the applied force (so,in [N'm]).

e

My = RiFy + RyF,

For the considered bar configuration, the torsional stiffness
(in light blue in the main table) is given by: B

= note the unit of torsional stiffness: [N'm]; ko =,@3$I o Q’eﬁ}o go‘ A\ 0 h\k ! E Mon tnzha cs_

= note the use of G (shear modulus, ~65 GPa
in polySi), the «equivalent» of E for torsions.
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the integral “weighs” the infinitesimal mass contributions
accounting for their distance from the rotation center
(higher rotational inertia = more mass far from the rotation axis) I
=

Rim,

3 lige = 1 + 1y
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* |t is the concept of spring folding:

" ') - example of a 7-fold spring
= instead of a single-fold, narrow spring... I \ Em' O \0. oo\a (Wqy XN p\%m As

= .. we putinseries more folds with a larger w. M G_‘m_ ‘otte o Ao
ky =E— Lol k = lr'l'"": - wy=VNw =V5w, = e’u‘r“‘e’\—l\ 2
~fold = &5 N-fotd = W& T3 N=V 1 ws = V5w =175w sg, Q m M&\m &- amM Q‘
guided end chore uided en guided end E
end w .

Wy

two-fold
(U-shaped) :
2.16 ym '

single fold,
guided end
1.5 pm

o
Instead of using 1.5 pm, we can use a width of 2.57 pm and get much smaller dependence from process etching fluctuations!
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Let us recall the typical numbers used in the past class:
= assume C, = 200 fF;
= assume g=2pum; i g AN g AN
= assume m=5nkg, k=3 N/m; 17 g %os) 27 g+ Xos)
= calculate f, = 3.8 kHz;

= - we derived a maximum linear FSR (0.5% error) in these conditions which
was of about 84 (140 nm), with typical rms noise in the order of 1 mg.
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= the capacitance variation

. . = the capacitance variation
with no mechanical offset: in presence of a mechanical
offset x,:
ACqirr = ZCUi 2 : ACins = C ( =1 i 1 ) witiX NOTE: x,, is a
4 1— (%) dif f o\1 + x/(g — Xgs) 1= x/(g + Xo5) 0 g constant here, and

can be positive or
negative
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You have seen in the exercise i oy .
that the studied topology is ﬁ ale I 1k Aot dll s

issues is to use a Voosin{tyut]

mass —r i o modulated signal as in the =
' circuit aside, which you
have seen in the exercise.

A aod-20no 2don Fe gereo—
An additional issue of the discussed topology is that the offset of N W\ 89-3an_ 24 fe <
the operational amplifier will be seen at the output. Its drifts will LQliframo NWo Guatio o Ce 2 bessSo- gdi-mc&
therefore induce a net output offset drift that can be referred in wrpeso \o¢ook & RNs e Aol op2np

terms of acceleration (same consideration holds for bias currents).

R crodio L Rque2c~ Mo fpdogio. com bttt OHnge o

not the best choice to sense DC
accelerations (at low frequency
the feedback is dominated by R)).

OVojr = 2Voo (o A sin (werYoexk +NVes &
R 9 w?

%05 o Ci‘ue-m"rhcao Con cmﬁ-gmm WO & ' RY S
e Uperew r 2bme

’ Skt < Modulation at fj, . _. v 200 W\ YOvore vg‘j

Por drrodler fomiane wron danodo\rZea ameent (i PR A e\ 2mplRue)
Witowo. 200 con qpasio- YeQincon Q%6 quelan. O~ Pobtibe Aza csah,
mem&\n%mb—mﬂ&mm%&&@m e (n Qo
ANO- RNEIZW02 ANdL R L 2 Cpeoite: @D 20 SRS Modo Mo Uov Vaowes
Ao o sk

AVyemoa = 2

Numerical example:
Von &i input referred native mechanical offset: 10 g
C(T) g w} Capacitance drift: 100 ppm/K
N - Temperature range: 125 K (-40°C to 85°C)
Overall capacitance drift: 1.25%
Overall input-referred offset drift; 125 mg

VopsSin{wyet) (if the two capacitances drift with different
coefficients, the situation becomes even

more criticall)

+50 mg with a digital calibration, the drift

ﬂ Even if you compensate the native offset to
remains uncompensated!
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Let us follow the phase of the sinusoidal signals in the circuit below:
= assume a 0° reference phase for the sinusoidal signal 1, = V; sin(wygt);
= assume that the inertial force pushes the mass leftwards;

= (,increases while C; decreases, thus the INA output is in phase with respect to v,

dens Cle 3

= the low-pass filter output after the demodulation is thus positive;
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pod sposhrs. o (= Reasamo
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= thus far, this is our «standard» operation.

What if we exploit this voltage to react

on the mass motion

and keep it in the "y |6z L
central position?... | i'
¥a = vipr &
= the LPF output is
duplicated with opposite Vit Vire

sign and sent to the
new electrodes;

» they apply a force that
reacts on the motion
Induced by @...!

‘i
MEMS
azealurometin

¥, muitpler
Vi = AL -

s 00—

J
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Now Sgppamo G

o0y
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skeso Fosh ’
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Prmo saov (o Mosha usciton.

The electrostatic force applied by the right electrode is larger than
the one applied by the left electrode.

The loop gain is thus negative, as it reacts to the mass motion and
tends to keep it in the central position. If the loop gain is large

enough, the electrostatic force will balance the inertial action. In
this way we find the sensitivity:

"

[+ Vi V= Vo) Cua _
Fflﬂ e T 2 q e

2V ¥ous
oLl R

g

Xo

-
T MEmS :
Vouw __mg _ kg o sl Il accelerometer I"|
e

« advantage: as the MEMS

muitiplier
is always close to the “"_:" 9l i et
central position, linearity pay ’. j LPF ——
and thus FSR are extended! v— Vour _~yn *|

drawback: additional
circuit blocks mean
larger consumption|
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Let us start, for the sake of simplicity, from a single-ended MEMS
capacitor. Let us see the difference between voltage control and
charge control (C is a generic MEMS sense capacitance).

-

Voltage is the co

ge s the deri

I_-u-rﬂuq

Charge Is the controlled quantity
Voltage

s the dertved quantity

The electrostatic force generated by a given charge quantity is
independent of the position.

If we use a differential charge-controlled system, as below, due to
charge neutrality on the mass, we always have Q, = Q,: so we can
ideally obtain a null electrostatic force on the suspended mass! No
pull-in phenomena will thus occur in this situation!

@
Q1 = VppCs Vour = .
s
N P
E _'\"‘ﬁﬂ) £gA B = Vi €A o QF gl _(Q\z)l
elec Z (g X elec = T 2 (g—x2 2 Cf (g—x)? fsnﬂ
position dependent jpaosition independent

i
Fotecy = 26 A
0

NOTE: also valtage-controlled
comb-finger copacitars led to
this advantoge. However in that
situation we hod an inherent
sensitivity decrease,

[ 03
T 1 Folecz = 20 A
i""elecm: =0 if Q= QZJ
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PROBLEM DESCRIPTION AND QUESTIONS

You are a young MEMS designer and your supervisor asks you to redesign a consumer-grade accelerometer
and to give some forecasts on the electro-mechanical performance of the sensor, The bounded geometrical
parameters are reported in Table 1. Additionally, the accelerometer must ensure a full scale range FSR =

+16 g, and the parallel plates can be polarized at Vpp = £3V.

1. Given that the maximum acceptable linearity error, €r,. is equal to 1%, calculate the maximum
capacitance variation.

2. Calenlate the mechanical sensitivity [fF/g] and the resonance frequency during the operation of the
accelerometer.

3. Evaluate the contribution of the parallel plates in terms of electrostatic stiffness and choose the geom-
etry of the springs

B

1. Caleulate the needed quality factor, @, to guarantee a NEAD = 25 S

[ Symbol | Value

Young's modulus E 150 GPa
|.rm-}n.-.-.~ tickness | h | 24 pm
seismic mass " m |45 nkg
maximum spring length | 200 jun
minimum spring width Wnin 1.7 pm
Zdiff PP cells | Npp | 10
length of PP I iee: | 300 jun
gap of PP qpp 2pm

Table 1: fixed parameters.
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celerometer similar to the design of E01. We will analyze the charge amplifier
topology, identifying all noise contributions and their relative weight in the
noise budget of the system. Finally, we will study the drawbacks of a DC-
voltage based stage and we will discuss an alternative readout.

In this class we will learn how to design the readout electronics for an ac- ﬁ

—0

V(J 4
PROBLEM DESCRIPTION AND QUESTIONS Il ‘

You work in the B&D laboratory af a MEMS company, and you have to design an
electronic board in order to test a new capacitive acceleroimeter, The sensor application
is vibration monitoring on an electrical engine. Vibrations (which are AC accelerations)
are expected in a specific frequency range, from 40 He to 400 Hz. The MEMS sensor has a
mass of 8 nkg, 8 mechanical stiffness of 5 N/moand a quality factor @ = 2. The capacitive
sensing 1s performed through 3 cells of differential parallel-plate capacitors, each one with
200 pn-long stators: The gap between rotor and stators is @6 pm and the process heigh

Figure 1: Schematic representation of the system.

ig 13pm. The device readout is performed through a charge amplifier configuration, as 2. Consider now the bias currents of the operational amplifier (ipes = 0.05 pA). Does
represented in figure 1. The capacitance Op = 0 pl accounts for capacitive couplings this leakage affect the behavior of the stage? Modify the topology of the circuit in
between the rotor (including its pad and interconnections) and the grounded substrate, order to solve this issue.

1. Considering the softening given by parallel plates biased at Vi, = £1.8V, calculate 3. Compare the device noise in terms of NEAD [—*“— and the front-end electronic

the value of the leedback capacilor O in order Lo obiain a sensitivily of 6V /i sy [ 2 S : o
RaliE I Cr ! : i ' ¥ BV = noise in terms of —TI— . For the latter case evaluate three main contributions: the
vie

2
operational amplifier voltage noise (.‘1} o (Ill “E--) ) the operational ampli-

W Ha
2
fier current noise (,‘-_.'I,_” (l]_:’\ —'#) ) and the resistance thermal noise, providing
v z )
reasonable approximations for the frequency range of interest.
4. 1s this kind of readout suitable for a measurement of the absolute inclination of

the electrical engine? If not, how can you modify the circnit to cope with this
additional feature?
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The basic idea to implement an oscillator based on a MEMS
resonator is shown below:

= one stator (fixed electrode) to actuate;
* asuspended resonant element;
= one stator (fixed electrode) to sense the motion;

Aoano b L on athvcicy. 4 cdvdio

Not an inertial sensor!
Mass should be minimized

CovB -FiNgeR. Resew
Yoo Aoverss V2RO
— lweon vt @ gvard: & ot

¢ The characteristic parameters of the resonator are given by the
already analyzed formulas:

= = electrostatic
electrostatic sensing
k actuation
wo = [—
L » = gain
m k
Q=uy T agh vibrating element /J-l
\‘T\—’ nonlinearity

* The loop oscillates (at resonance) provided thatit |G, (iwy)| =1
satisfies the Barkhausen criteria on gain and phase. 4 (GuoGw)) = 0°

— 0Ssenzo- Ao 13qeezad - ' (Conpessic? e lagzesto ik Pacsio R\
d'2ro o O Afou\ 2 Ponl PrAel) GesT® poreike Q- NRuse G Moo Prand:

Definition of parameters
= Ng = n. of rotor fingers (per side)
= g =gap between rotor and stator fingers

= L, =fingers overlap at rest
e —

=k = effective stiffness

= b =damping coefficient
= h = process height

« A=h-L,,

=V, =rotor voltage
=V, = actuation voltage
=V, =sensing voltage

« m = effective mass of the resonant element
b

Vedano oM Con Gosto Ao &
Coxg-sbrm an 2802m0 \o Squeend

Bl ol 2o e 2 peiS parlele

Eacto2wee Aoy veoorzhure  Itvowrse Lora lathvostedhoks

Let us first calculate the obtainable actuation force applying only a

voltage signal at the device resonance frequency:
s V=0V

= V=, sin(2rfyt) = v, sin(wgt)
29 h (x + Loy)Nep 2eghNep
R L S L
g g
J VidCy| _vieghNeg
[Fetec] = 2 x| g sn (wpt) =
v ggh Nep 1 — cos(2awgt)
N g 2 Va — —

Due to the quadratic dependence between voltage and force, we
obtain an actuation at twice the resonant frequency, which will not
excite the MEMS at resonance... We need an alternative approach!
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We can rearrange the terms in the found expression in the
following way:

ZVDC Eﬂh NCF dCA
[Fetec| = #va = VDC"a'va

So that we can define the so-called
electromechanical transduction factor 7,
which relates directly the applied small
voltage signal and the electrostatic force.
= 11,is a function of the resonator geometry
and polarization;

= the higher 77, the better the “actuation” Y, Vpe _|__
capability of my driving stator.

Feiec(s) _
V() ™

|Feiec[ =TaVa
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; To readout the rotor displacement, so to provide a feedback signal
that can generate v, and close the loop, we need to sense the
current induced by the capacitance variation, while keeping the
ground potential at the sense node.
_ = this can be done e.g. by means of a virtual ground of a transimpedance
amplifier, as depicted above (a charge amplifier could be used as well).
) dCy
v, Ve tm = Vnc?

\NoglLao adessp Tisaves Peguo2ce dalhos Qveke. \n fonaice &k Asplecomer
e WMo Rhor Ao

We re-arrange the expression of the current b\f making use of the We can define an electromechanical transduction factor also for
relationship between displacement and velocity for a sinusoidal the sense port, which has an identical expression as the one for the

motion: drive port. Here it relates the velocity of the mass with the

% i(xu ) P motional current through the sense port:
dt = the higher 7, the better the “detection” capability of my readout stator
. dC, dC, dx dc, | i -
iy = Vm:“;ﬁ" - Vm:'{a'm =Voc g * iy = Vncd—x‘j( =5 X ;’;E:; =15
Nov 2Dov2no o Sheotiutor. Qe o
v
— —b .
RES — Lh_\mpc;avow%ﬂ\smhc-e_uggww
\lo- a I Prord pOSSro Rlaiee  \Imelieeo
w Voo equn2lantiR.
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(- A - Felaepn, X - N
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| Qundo v \E-2Zn0 \De 2000 ctow
2
s - V’% 20 Yf-.
Vo
i (] ® ) 2 The admittance (inverse of impedance) at resonance
‘mVel = n_ , is real and depends only on the damping coefficient
V., (jwg) b (no dependence on m or k)!

The motional current is thus in phase with the applied voltage.
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The analysis done so far suggests the resonator to be modeled by
an electrical equivalent circuit. We have indeed noticed that the
behavior before, at and after resonance can be described in terms
of the following expressions, each of which reminds us of a passive

equivalent electrical

im(s) L fiz
Vﬂ (5‘) = TS‘ ﬁ

im(S) _ ?]2

W—F ﬁ
ET“(S) qzl —
Vo(s) ms

component:
admittance
2

1 7
E=?S=SCQQ

1 7 1
Z7 b Re
1 71 1
Z ms Sleq

impedance

Afaesy (L qQuel posszno o ool

L (5) 1
Vo (s) (m b k ) Ol
=5 + =5+
7 TR syt
1
B (Leas + Reg +52=)
eq 94" SCoq
Ty Vo
2 The 3-port resonator can be fully modeled by an
c. = Ui electrical equivalent 2-port model (series RLC).
eq = T
All the parameters are a function of Vi, which
represents the third (hidden) port.
Reg ==
eq qz
L o_m V(1) La Ra Cu ()
€= 2 |—‘

06 \0-202.\

You are asked to design a consumer-grade accelerometer for out-of-plane accelerations. In order

to use the same electronic circuit discussed for the in-plane devices, the OP accelerometer
4456 Hz (in operation),
Also refer to Figure 1 for

needs to target the same performance: dCyjpy /o, = 41F/g, fu =
FSR = 16g, Vpp = 3V. Other parameters are reported in Table 1.
a better understanding of the geometry.

Symbol | Value
Shear modulus G i :(rP,l
process tickness h 24 |1HJ

holes transduction coefficient

~end point of PP (from the rotational axis) Ty C150pm
mass 1 width ry 150 pm
mass 2 width ra 00 pun
“gap of PP Ty 1.3 pm
maximum device length L 950
Table 1: Problem parameters.

1. Find the maximum tilt angle for the accelerometer in operation and the linearity error.

—

ﬁ

electrical equivalent

_n
C"“_I

b
Reqw—n—z-

m
ﬁ Leq =—

3. Evaluate the parallel-plate contribution in terms of electrostatic stiffness, and choose the
springs geometry (hint: start from the silicon density, p = 2320 kg/m*, to find an effective
mass density),

. Which are the parameters affected by a thickness variation of the process for both the

aceelerometers (IP and OP)?

bl

Figure 1: sketch of (i) the top view layout of a 3-axis accelerometer and of (i) the lateral cross-
section of the z-axis device.

2. Given the target mechanical sensitivity and using the hole pattern of the CAD exercise,

caleulate the required length of the parallel plates,
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Required gain of the electronics:
= we have seen how a resonator can be
modeled as an equivalent RLC circuit;

= the dissipative term is represented by
the equivalent resistance Ry

= looking at the figure that includes the
electrical model, and considering that
at resonance the model simplifies into
the resistive term, we see that the gain
between nodes A and B at resonance
using a transimpedance stage is: L, R

oo\ Glop . (Covdiamo o L

: e C o N Cocto), 2Moce \No
e el aen Guadegre —Re /g .
Crdosnzmo Mone~Rraznke. ‘o

O~ ez ) | 20—
%—\QCP- "‘Rf-'/pno\

v ) JV\:';\_M"J\HK[‘- ‘ i .rrf:."" -g\ % *. ) R= S
(;Fuop(j“*u) = 1)_: = .:’_:F IAI (=) D \] 3“0 010 *} r kP 1 i
|Groop (jwo)| > 1 at the startup is IB He , ol Qs
satisfied only if the overall circuit : /:}_l s 'qo" \ &»@PQ"O o Q\%@ W2

gain is initially larger than R,,. \] d-u\r*_-\k Re o =A  esehhnke
Tro\te r\:,wy;mm W skl Lt Gbcp:/.l. She par \o- Qecrereo-Q, sOnenz on.,

Non lnean'vos ra) logp: (o Visposto- € reare Qo 24 bro- cuivs. ampezzo. <

In the most common situation, Q decreases with the square root
inverse of the absolute temperature: ..

Qundo foccome o dsgn A Un esclioke Qxz b= Ry=

VT

dgm CQ\S(\&(Q;Q W\ P‘%‘Q‘ QUEL_-\-T %ekc The relevant consequence is that, i
O{I_ ) if a resonator needs to operate over ...
S hoe alloe ovossimos qu agiven T range, its equivalent
resistance (which changes with b)

must be compensated for every T Absolutn Tempecstuen €
value. The worst condition is the highest T (lowest Q, highest R,,).
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Feedback network with pole after wg:
= R, represents the gain of this stage. In
principle a large value is convenient
to minimize Johnson noise and the
impact of noise of the following stages;

= C, (real or parasitic) introduces a pole, Vout .y ~Rr _ Yout L
v (18l or parasitic) P Ol v CO L = G- L nSn2neo-— .

whose relevance will be clarified partly

later and partly in the next class, when discussing feedthrough effects. HU.G(T.)— %@*b CrQSh’J\ "lQS.n m’z"‘o
A . AR = QF/RZR

Typical “repeatable” and
“compact” R, values

are < 5-10 MQ: this

in general does not

give Gy, > 1 (R, can

S

=TI 1 M, 1 pF

TIA operation region
(g << 1/RpCp)

¢;u.

T‘?‘U“\EA\Q O waskra otkubill weghe
e e migrzh W oo wler ' TRA- dos pekke
e> and often

implies the need for _ | 22 o~ 2dashnao 8‘(21'\&9- \OﬂP 824“'\ =
a further gain stage. 0° 10’ ‘0”"'__'rew;2;mﬂ 10° 107 10° Q}t ‘0 Sh"."- ed e Fn‘_ q_p_m
2ooaro ohlzzzko 2o\ Sendo sege & Q.'nPLQ\tQZM

As R.only may not be enough to compensate the resonator losses,

©ro2e o C}QB\'O. oo struthwoe PSSIMO the overall (startup) loop gain is now set by:

FDT modulus i1}

‘ l"‘”}-

=]

20me2R \\ uRienno, v B R o ’
Quado o RrSer v NSO 2(VwWo- tm L+ sRiCr Ry Wt /—[Lm\rUL_F__ 17 ¢,
O. VAN R o VOR-AHP Sz, 2Moro- Bentd o) FE 22 5 __,WJ

Vo o oon Lnaonte o Voo saes ' o

Assuming that this condition is met, when we switch on the circuit,

C‘Q'“P’b“ at time t=0 we have noise only, i.e. harmonic components at every
frequency. The harmonic corresponding to @, is the only one which
\-lq C[Uv\dl Coso. <o (\ ‘kJZD 5‘280‘7 is amplified by a positive loop gain larger than one.
DQN—\\U dor Q‘-m‘ Chm vJlo. coss The oscillation at @, begins to increase. At a certain point, the high
AR, Iy\.% (s q.O.U.D\ S232M0 gain stage saturates its output (square wave at + V,,, typically
oo dy Lo Lo &WCW NN larger than £1.5 V). The loop gain thus decreases, stabilizing to 1.

O\W\;% 3o se oo Rns\cao &\V\a\'ﬁ_& Note: the first harmonic of a square wave at wy has an amplitude increased by 4 /.
Vo. € < Vpc ds bosa (| Yotue.

In the past class we have seen how the MEMS resonator can be We need thus to lower a bit the driving amplitude, e.g. by simply

linearized only when having: v, using a resistive divider. Note that RiR: R
3 Vo the loop desi ds to take int Goop(@o) = 27—
e loop design needs to take into op@0) = g R R A Ry
With e.g. a rotor voltage V,.= 5V, and a circuit bias V,,=+ 1.5V, account this lowering: H,,,,,.m,.,,,“';;’w_;.r.nﬁ’_.,.,O.m,..,
we are at the limits of the above condition (roughly one order of piriineiiogiaiior nioms
magnitude...): L 54,« P The buffer is used to drive !l ] P
hproetac: harmanic of o sguore wave] & .-"’ - 5
a the MEMS with a low S ﬁ__a:w — =
A of ] LML £,

output impedance. ' :’ir?,_



For power and noise constraints, it would be nice to have large R;... Q:-Q, QSN W m Cen o NS \-Qm.u_,

||4:; THW compares with Iy |]: I o Lo ] (b; m\ mm em'\f\m \\ m éd' R’
However, large integrated resistances " PRTS Nes on Sebpro s\ woa
are not feasible (large = too much area). @)\ %LE%T‘Q

What about resistances implemented

through MOS transistors? R =25M0 »R .
» idea: use a MOS switched off and exploit feedbock : S m\bw "P\” 8\"3\&- Con \
E no- Dnvszppvamo e valow,

the large resistance of the channel; network with
MOS resistance

= issue: its value is hard to predict and highly
depends on the bias voltage (exponential relationship),
which may fluctuate (with aging, temperature, status of the battery...).

This is a problem for TIA-based oscillators, as it directly causes gain
changes for large R, values. Often, a charge amplifier approach is
thus preferred, as we will see in a while.

Poo s un dsnvotore
pprt W PUL (Przse \ooked

koc’p‘).
Q_,\_, e %-Q O~ \QS\S\QJ%_—'\’GMQ\\\ENQ&L

A resistance is still needed
to bias the OpAmp and
avoid saturation due to
integration of its bias

currents. - . CON N\ "QDS ‘P‘Q}- nch S N M2 NIP\Dasese
However, the resistance l::_.';”[”='l+ﬂn-c; '[—'r>—# A Q o A0 Lo~ 2reac~a SNo- loczzieQ
SMOS tranistor ol [T B plo- S lo- O Raganze. & o
state (repeatability? see =" R Tl e 2002keo— \© & 2horo- q-QS'lfJ“ Vo2
next slide). é'o ““--.“ TieALE e 147N \ne- e%‘ W\ \[25%\0 € s m

Its noise contribution |"_I| - +";{ . \ &re- &amw &" Lm o %‘\Mh
becomes negligible and ¢ m i - ‘
noise is dominated by the ; COSTUL 20BN i BN l\‘\.%\(}.,-q_ A~ (}Qsi‘o

10 10 10’ 10° 10’ 10 1w

OpAmp. Frequency [Hz] w R:le
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We therefore need to modify the found analytical expression of

the electrical equivalent admittance, taking into account the Lo- Corente. & Qstpur € dako- Qo 2
parasitic feedthrough capacitance: e G (-00"\?06'%‘\“
—_— 1L
I
= remember that admittances in L R C )
parallel can be summed Va() “a «a Lol i(1)
—LIWAAMWN— ==
im ()
1 im(s) + if(s |
i(s) _ m(s) +ire(s) —
Va (5) Va(s)

(Leqs + Req +52=)
e Depending on the frequency, the value of the feedthrough
capacitance can be either negligible or relevant. fit. current iy,

— RLC current iy,

The feedthrough capacitance adds a growing contribution with @,

that becomes eventually dominant for large frequencies. It affects « the feedthrough is usually larger than the TGy = SCea ¥ 5 Cre
a -

modulus and phase as described in the next slide. equivalent capacitance. The phase
is the same as for the ideal model.

S‘um 0-(3253:) l\zrm_\_o d_. ‘ee,-SQ. e = around the resonance frequency:
+ as far as the modulus of the feedthrough
W )] R)(\aloq_ m E)‘Qq-QI\')..E}- (< contribution is smaller than 1/R,,, the
) . phase goes as in the ideal model. After a,,
\%QI'Y\D \\ Cn'\'\pq‘&z. “’ﬂl\\"’ Af CEt . when |s C,| is again larger than 1/R,,, the
phase is again dominated by the feedthrough.

SUb[‘b &Po \Os e\Qq_Qon. d‘ T\mo_ = high frequencies:

* the phase is dominated by the feedthrough

?O'h'e,ﬁ"no Nouare un PU'kD m ooy (2 as its contribution is much larger than 1/sl .
RPN emo fos= eppesio- @ 2mpeno-

Compaole, RIOT 20020 - Presavao- Cresce pxtle W oresa
o 200-

= low frequencies: i(s)

* Peak value almost does not

oy Alenzone. 2 30°
- 8-
« Presence of a characteristic Qm doh w
anti-peak (when FT and RLC

sum with opposite phase CZA;m ll‘; m\m 'P\C" Cm%m \\

and similar modulus)

_ /\ cwrrio 4 RBevRaosan .

Admittance [141]

feedthrough and the ideal madel contributions have

The anti-peak corresponds to a frequency for which the [
0™ . opposite phase and almast equal modulus j? =
10° 10° 10 10° 10" “La

Frequency [Hz] Frocparey it

il * The phase returnsto m
=1
@ * Forlarge Cr, values, the
_§ —C,=011F phase drop may be lower
o —C, =1IF | than n (risk of no oscillation
g L if it does not cross 0...)
a _C“ =101F S =<
g-q C, = 1001F I

25 3 = 3

10° 10 10 10 1673, =2

Frequency [Hz]

Mo- \ov tosfron eladfronicoe Gavhnuo. O fun2wonare. 200k Gon \ Ghagrsehel.
Ceadidnrasgih ?

lnyome lolandy || Gloop.

To calculate the loop gain, it is convenient to open the loop in a i)WO)«QT‘O & v 2. (% M

point which sees a high impedance, so to avoid the need to 5QF CF =&. Aloco- A0DX0 oS-
reconstruct the impedance aIter opening. 3\1\03.100- (VB

5Cr, (green curve) Wit} > 1
generates an anti- ™~

=]
Gl

peak in the modulus § =
and areturnto rof § Al s
the phase.
As a consequence 107 5 < =
LT 10 10 10 10
: the loop gain is >1 Frequency [Hz]
: _ Your _ (0 3 - —Re —Ra R4 100
Ghmrl(s} = Vtest X (m ( ed 4 E s+ i) ' jcﬂ) 1+sReCy Ry Ryt Ry for Sever.al
SEms T frequencies other % / |
; : s L5 than a,. — & (Guaopia)) » 01
For both the analyzed topologies, a convenient point is the positive =
| g 0
input of the buffer. However the phase & _ A
condition is not met: 50 (%)=
there is no risk of

. P -100'; : . !
spurious oscillations. 10 10 10 10

Frequency [Hz]
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In this example we see
how challenging this is:

Nobzmo solo oo 2 Regeme. oot \ Caccodo
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* by setting a pole pair 5 '
at 10 MHz (TIA) and at ‘5
1 MHz (added), we still 5
have a clear oscillation
at ™3 MHz (in purple);

» however, this causes § /
a slight phase shift at ™ & {Ginep i)} =
sonance, and the -50 = '
circuit oscillates at a
frequency different 100 i
1 10

0
10
from the peak one. Frequency [Hz]
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Symbaol
PROBLEM Voumgs Vo 5

< ] Density o
We are asked to design a MEMS resonator, based on the so-called Tang structure. The Process ithicknees W 15 um
target resonance frequency, fo, is 32.768 kHz. The equivalent resistance of the electrical Nominal spring width Wep 1.5 pm
model of the resonator, noted as R, should be lower than 10 M. The electromechanical Nominal process gap Do 1 pim
structure, see Fig. 1, has a moving mass with an equivalent area of 150 pm x 85 ym }_T-“" spread 150’ =005 pm
and a spring length of 91 pm. Additionally, the device has 8 differential parallel-plate R ..f-l:'.I.:.;:.":;:,\:‘ijl'l:: o I\:T' 4 I‘.L.:“"
cells used solely for electrostatic tuning. The fabrication technology has some rules and Quality Tactor at room T Q 670
characteristic dimensions, listed in Table 1', You are asked to:

Table 1: Technological constraints and rules

J Wolta —

"Due to process spreads, dimensions of real devices may differ from the design: etch spreads indicate
that the structural layer can be wider or narrower than by design; th
epitaxial height thicker or thinner than the nominal target.
function:

kness spreads refer to an
This variability is described by a Gaussian

the most probable case is for no process spread; numbers reported in Table 1 refer to the Figure 1: Structure of the MEMS res-
30 value of the distribution. onator,  Blue:  moving mass;
yvellow: tuning electrodes; gre

anchored mass; green:  drive

and sense electrodes.

1) (oo O\ codde~-2mo |
i e

1. Neglecting any softening, calculate the worst-case variability of the resonance fre-
‘ K quency of the device, given the process tolerances (3o, and 3o, ).

2. Knowing (i) that the final resonance frequency of the device has anyway to match
the target frequency, fo

3

. and (ii) that it is possible to exploit electrostatic tuning
to solve over- or under-etch issues, find a clever target natural frequency, fr, of the
device and choose the proof mass value.

3. Caleulate the maximum voltage that should be applied to the tuning electrodes to
bring all the devices down to the target resonance frequency, fi.

i
*5
Sy 8
-~ §g
3
§
@'

. For the nominal parameters, find the minimum DC rotor voltage, Ve, in order to
comply with the requirement on R, and extract the complete electrical equivalent
model of the resonator.
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You work in the analog division of a MEMS company. You are asked to design an elec- | Symbal | Value
tronic oscillator whose ft't'{11|:‘nf'l\'-h'{>]lw'l'i\'l' element is a MEMS resonator. Its parameters Ih sOnance !1! equency | __!ﬂ_p_ | ]‘:U‘ I'lf
are listed in Table 1. The minimum capacitance of the chosen circuit process is 200 {F. Mass m 0.8 nkg
Process thickness h 15 pn
1. Calculate the maximum l't|1|i\’}:]1'n[ resistance, R, G of the resonator, considering = Gap ) __| 9 1 ]'_\' pm
. 2 Q-factor @ room temperature (300 K) Qy 2000
the dependence of the quality factor on temperature. : - . : =
' Number of comb-finger structures Neg 70
2. Size the charge-amplifier-based front-end, used to readout the motional current. Rotor DC voltage | 1{”' | 5% )
(m uit |1p|a|\ \uir e +Von + 33V
3. An additional stage is needed to close the lrmp. considering a target {li:-i|:lzn':':u[-nl Temper: ure oper: ”lll range 1 AT | 15° C to +85° C

amplitude of the proof frame, x, 0., of 2 pm: describe and size such a stage.

Table 1: Electro-mechanical parameters of the MEMS resonator

l. Finally, another stage is required to satisfy Barkhausen criteria at resonance: de-
seribe it, choose where to place it, and size it.
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{assume that effects of accelerations are rejected in a gyroscope)

Conre posSizmo Mmiswze lo 2ngplar e

example for o Z-oxis angulor rate and * Assume:
velocity along the x-axis

coordinates are now adjusted to the « avelocity v,. 3 _-___'_f SZ% é CPQMO d_g_ UC%JM mmf PQ{' (e

following calculations

* Assume for the sake of simplicity: 3 dobxno MSuee W\ dm\zmq,\-\g- oo~ YRs\o
* dgr, = 0 (rotational motion only... —
more in general the acceleration will an bQS“\tk_ M\m 208 SZPQ‘Q \Q- oe}-ﬁ_‘*&a
be measured by the accelerometer,
and our gyroscope will be designed '\)‘x_
to be immune from accelerations).

* The measufmentofyillowsto %OC) (8 MD 'Pﬂm domz-ro %{ >
4 . determine £2, through F,, if
Fy=-2m (@, x5) én:e,\sv\ d won shuttwos o pod 2es

the value of the velocity 7, in

o o B T == B the relative system is known d;&@w W 2 Ayveuc— doesss. .

= U, needs to be controlled.

the system will feature motion along two directions, and thus two spring-
| mass-damper systems (two modes of interest), one per motion direction
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In the simplest impl tation, the dri de i hored to th B\\Q& ab \ex = >
* In the simplest implementation, the drive mode is anchored to the . -
substrate by means of drive springs (in green) which allow motion in the x- G""M ¥g € d:(hr\c\m A ool
direction and are quite rigid in the y direction. wé_' . C... ) 4 e \ e?_hb-t Q M‘(‘:
* The drive mode is kept in resonance oscillation, usually via comb fingers. = 0\ 2’99\'2"' et
The main block of the drive mode (in blue) is called the drive frame. QB S %Tm 'PrCL o °© ¥
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In a simplified vision, a gyroscope can be seen as a combination of:

\h QE'*\CO- l\ S\M\O e W V\S{xhzklri 'P\G « a comb-driven resonator with the following parameters:
= a mass m given by the sum of the drive frame
W oLele Yometvo

and the sense frame masses m, and mg;

* a stiffness k, given by the drive springs; O+ Mgl +-2a2 4 ko = Fo

-~ ~ * a (low) damping coefficient b, determined by motion in the X-direction.
Nellon vezlhos 0‘118*'& € oL RIOTR Sn'npbp.cm

_ = a parallel-plate accelerometer of the Coriolis acceleration,
di %\m (=2 e & U%W{L O~ M with the following characteristic parameters: =
C J o ~ . * a mass mg given by the sense frame only; . , - S
Ch m“u e Uh""m - » astiffness ks given by the sense springs; om dan 4 =

« a (larger) damping coefficient b; determined by motion
in the Y-direction, so by PP squeeze film damping.

Today we start from the simplest architecture.

More complicated geometries (like the one
Czlgze (o o bt

shown aside) will be derived in the next classes.

The calculation of the sensitivity follows these consecutive steps:

= calculation of the drive electrostatic force

Feiec
= calculation of the drive displacement at resonance Xp
= calculation of the drive velocity Vp
= calculation of the Coriolis force Feor
» calculation of the sense mode displacement Vs

For today, the calculation will stop at this point. In the next lecture
we will complete it through:

« calculation of the sense capacitance variation ACs
. 2 ot % ﬁVm(t
» calculation of the output voltage per unit rate (sensitivity) T

e Goar = 28 Nee(Lox-%) Lox ¢ Vordap vzt T2 (@ de whece ke
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Loo Wetes T o possao Svee wokgrendo Xp, 1n Parhedesc
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* We can expect an overall amplitude-modulated
system formed by the following building blocks.
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the harmanic signal omplitude
here is proportional to X, ,

As the CA topology - et R e &f 8\2,0;&3222& \ ; AP0
gives an output I '
proportional to the é =

<[ |8

= | : , Ao 2O Medkel v~ u.h-v\o-o_\ce‘:
displacement x,, we el | e | . shal2z2e \ Q SPRank
choose this one: R i per

= if we want to control

Xp,0 @ good starting - Il mdo PV e;;t.i_ 'Fu— %,\0 e
point s to have it . " i) Prda oo tenvca W asete
measured. Yet, it is g W T e )

not enough... % Fa Aok W%D. ’I*\PL%QM‘ e veihlcero

e R e e UOF

Schematic view of an automatic-gain-control loop: ~ tefeer fauesthemeanveiue

Depo \ OF 2doavo umor o
LS ’Z* o.q ; @G of the rectified waveform
Cohn- & ; r '2 - = take the AC (sine) signal at the CA output (proportional to x,, »);

CCYYW PQ_, C",Q.S'\D QZ)OLO:A.- A~ « rectify and low-pass filter - you now have a DC signal proportional to x;, 5;
2ol <) 3 E = compare it with a reference Vg, related to the motion x,. you want to set;

DipoddtnalR. deh Sepyo oo dthaanzo- D I e i

: in\ ; = nt'oi;f;\fe‘
&%\m CL%Y'Q. &)\. \ W‘MP&L. -ﬂ‘rr_ :-H : | , ) .... ' ™ (secondary) |
Qammo S0 Ry, = o muno- S 2R Eaa | [ L1 e
2flore Nduwerno Ru v medo o l\h\pe?.zo- vy i L7

positive loop /

[ o) 7 —-‘ J i
. ] | ,_q_."‘;ﬁ =
——4——{”~£4.‘~— i_ i ! = \
Nate that the MEMS and the r
CA are part of bath loops|
Rectifier: "
= full-wave approach using two diodes L | ) Il’\ WZLL Q-e.r %‘Q (Q- ‘t\)@-m \"Sm
LPF: W2no W Mos 1 fede W Mede ol s

= any topology (e.g. active RC, or Sallen-key LPF);

== V& 2mo \g desice & paco 2o S~ C2py
= which frequency?
= the rectified waveform has components at DC (which we want to save) &T\m b- W&w

and at 2wy, which we shall filter = set the poles at a frequency < wy/5.
& Vit
Tunable gain: -
= n-FET resistance in Ohmic region

« acting on the gate voltage, we can — e .
change the drain-source resistance; e

Ry, 0
!

= variable gain amplifier (VGA). = P
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O Pl
d/ QLW+ + remember that PP sensing will be preferable to CF _ oo
Wb - \JQ,I-‘:Q - 2.0 D! 4 \_\ :! : v x ¢ k if displacements y, , are small compared to the gap. Yso = Ay

73'0 So~ ?\:}:: \: \(‘\3‘ o 24 82‘? Typical drive displacement xp g in MEMS gyroscopes:
W“O as. @ WK e ":hl't_‘é." B2o - about 5 pm
l P Zﬂ‘ h !l . P: reda N 2!‘3‘2 G exvoe . Minimum required bandwidth Aw gy (application dependent):
\Pa é-' = about 200 Hz (consumer and automaotive cases)
Cre2riis 2d 'wrolde \ texredchon Sdiv & ™wgae.

Maximum angular rate to be measured (FSR) from specs:
« about 2000 dps (consumer and automotive cases) = about 30 rad/s

5-107%m
LY
=

T . Ok, small dsplacement
10—=12-10""m = 120 nm ——= {=< typical gaps)
¥ Ok the use of PP {high
sensitivity, no inearity issues),

50 =
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Turn the differential AC signal Inte a single-ended AC signal:

instrumentation amplifier (INA}

+ meeg i —_
Multiply the AC signal by a square wave at the same frequency and phase m % %&sm W_ wm
*  use the square w: ‘ L
Fiterthe igh-requency o v the OC e SR oo @ 0o Rercme o O
= any low pass conf ion yo dy know is fine; 'PT"W m-
Send the so obtained DC value to the ADC ? é 1)
«  the required number of bit is given by the ratio of +FSR/resolution b" m&m . (N hz‘oﬂ. (\O\ SIW
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So far, we neglected the fact that a linear acceleration — and not kb’h’x"'\o ol 8"\.: e% l g 0

only an angular rate — can occur on the suspended mass. Let us

. . . i - . .
check how disturbing this can be: %Qt) !'TG-*D O m-\g;k\ a- CVQJJ\J Aol re~
= effect of a consumer FSR acceleration (about 18 §) on a gyro mass with a @cm d: M
resonance e.g. at 5 kHz: .‘SQ_ & k
Poozmo quvd Z oneds par Cpre Che
oo o B2no e € mnz o & Qroky,
= effect of a Coriolis force (at the resolution limit, e.g. 100 mdps, about 2 ~ -
mrad/s) for a device moving 5 um and having a 200 Hz bandwidth: | l D{“\’m e cll-l_. \ amm M\ Q:\ M\m
.yslozzi-l:;‘:z':‘ﬁ2-10_3%=Bpm u_ m !"EJ|N. b-. ?L]"pbc- &“‘
ﬁa«a:; non sono Modoizie o w F o~
We conclude that accelerations are effectively disturbing: .
= the example shows an effect of >20000 times the resolution to be measured... 4‘1\)3320'\0 o- MV'\H N“Q q% Lg"—-
= even if the acceleration is not modulated at w, and could be thus partially filtered, its
effects are huge and it would be better to a\ro:"d such signals in the readout chain. mmw— p=Sate] (1N p’m dﬁ‘\xm .

m

184 18987
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L\—prdd&ﬁme)mcpeaﬁo VA =80 qndo (- 2 S\ oo X3¢ Stesson WAL,
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Rather than designing two separate devices,
it is useful to couple them through a
spring called tuning fork (TF):
= this ensures a single
frequency for the
anti-phase drive
mode, and avoids the

On 2l prdoleno Qi gvesane. & Ak
:h‘am:etl:lattll\:wase‘:‘;?a:fratet dw QZP:—:H PZ\CB&\Q OLE. 5\ m
frequencies due to process nonuniformities, C\‘&-e (a8 % d_‘, M dfd &\V%\V\% C‘W\¢

The Coriolis force and the sense ' 4 N 3 .

mode are in anti-phase too: \ Wwonss ﬁw S\ al‘_)“-m J‘% 2%"-/ 5w

(s 2vcnz s Zdpare WL CSucente)

= with a suitable arrangement of
PP stators, accelerations
will be rejected as a
common mode signal.

F1==X ____.;.4-" s "
L e 5 . = > - each half undergoes the same v, seen so far
I = n _— the overall capacitance varation bs doabled
- — - ¥ ~ -~ the cversl sensitivity is doubled...
==l \ " . ot the area s obvinusly doubled as well

oo g @@=t Pessio (B2 U
dadbly chccoped Fyrasceqe- o Bon qussas

WNo (G- NS, (nARrTe.

With this further decoupling, we have now three frames:
= drive frame - moving along X-direction

= Coriolis frame (decoupling frame) - dragged in the X-direction by the drive mode,
pushed in the Y-direction by the Coriolis force;

= sense frame = not moving along the drive direction (note the new anchar point},
pushed along the sense direction by the Coriolis frame.

o anchar, poims—ou_____ B e —

i

1
I 1
F——1
==
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Y- (or X-) axis gyroscopes have in-plane drive
usually a drive mode along the X-
(or Y-) axis, with the sense

mode along the vertical axis.

They usually feature the
following characteristics:
= rotation rather than translation
- as seen for accelerometers;

= readout capacitive plates
designed beneath the structure;

= anti-phase, dual-mass, tuning-fork
drive mode; '

» differential motion of the
sense mode to reject

accelerations (like in Z-axis). out-of-plane sense

The other axis is obtained just by tilting this device by 90°.

G‘T&q}o 2 z=s\ oo ((eco Qoaxca)

* Single-structure 3-axis gyros allow saving power consumption as
only one drive circuit is needed (good for consumer applications).

= example 1) with animations is designed in our lab
= example 2) is a 3-axis hearth-beating gyro from STM

[ W1, M3: ol sanaing masses

Drive mode

M2, M4 Pltch & Yaw sensing masaes

D1-2; Drive-forcing comb fingers.
$D1-2: Drive-readout comb fingers

Pi-i: Pitch-mode sensing slectrodes

|
s . FA1-2: Aloll-mode sensing electrodes
¥1-2: Yaw-mode parallel plates

'v F51-4: coupling folded springs
|CS: conirnl coupling springs |

Sense mode & (2,

Sense mode » (2,
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We saw in the last class that the sensitivity is proportional to the 3&3& QZWZY\O Cl—

drive displacement amplitude, which is itself proportional to:

= applied AC (actuator) voltage; [WVomn Vools 705 Vo Cs Foet | xei_ = @D\) '\S‘G—

« applied DC (rotor) voltage; T8 =2 C g hogy - oo g Riigg] -

= drive quality factor.

the control acts on this pair

A0 Zno Sempe LSRR A Vo e

So, if we want to maximize the sensitivity while keeping relatively

low voltages (v, should be within typical IC power supplies, and << CCBE’“ S o ?\m ‘) . QQ‘-Q&C? w
Vpo), it is useful to exploit high Q factors for the drive mode to 2R d,sp\'x:s\-ai' Xved- 8\/?(\6, [0~

reach large displacements x; ;.
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This is why it is preferable to use
comb-finger actuation and sensing
w.r.t. PP, for the gyro drive mode:

* b.t.w., PP drive-detection would be
too nonlinear at large displacements.
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We now report sample transfer functions
of the two modes of a matched gyro,

with Q factors in the order of several
1000s (drive) and few 100s (sense).

Note that:

= the system response is given by the
sense mode transfer function -
excited by the Coriolis force (blue) at
a frequency corresponding to the
drive mode frequency w, times the
frequency of the angular rate wq:

Feorn % vpg(wy) - Rlwg)

= therefore the situation shown on
the right is valid:
« for perfect mode matching (ws=wp=wy)
« for a DC angular rate only (wgy = 0)!

rquency [Hzl
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* The sensing bandwidth of a gyroscope represents the maximum )\bm J, Z\x)\?\'\o c { ?

frequency of the angular rate that a gyro can measure (-3 dB loss).

= Assume that we have an AC angular rate (e.g. cosinusoidal):

= the frequency of Coriolis force components is given by the sum/difference of \ 2 w %)C)f\ de)\ka- b(Zr\éo. d.:

the Coriolis force AC frequency w, and of the drive mode at wg!

Fror = 2 My vy g coslagt) () = 2 mg vp g cos(awgt) Qgcos(wgt)

1
Foov =2m; Viog [cos([wg + wglt) + cos{lamy

50 Hz rate

wy]t)]
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Let us now calculate the thermomechanical noise for a gyroscope.

We have two decoupled modes, so we should consider the thermo-
mechanical noise contribution from each of them.

Drive mode:

= Brownian noise in terms of force on the drive frame: Sp, = 4 kgT by [V*/Hz]

= this noise is transferred into a drive displacement noise through the drive
mode transfer function. In turns, it becomes a “sensitivity noise”. Assuming
for sake of simplicity that this contribution is constant over 2
the drive mode peak width Afgyy p, we obtain: NP i 2 (@) [m?/Hz)

%
o ’mm(—gﬁ) - J-*ksf-'lo Jkaf
D o

« numerical example for typical k, = 50 N/m = 5 pm = negligible
effect on the sensitivity(about 1 ppm variation around 5 um = negligiblel):
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Therefore, gyros operated at resonance clearly show a marked
sensitivity-bandwidth trade-off:

ﬂvﬂ w0
Q

5 Yoe Cs Xpo

=2 —

Crs g Awgy

‘AEIHJJ—)
0

by
Awgy = constant Buvgy = T

Or, in other words (quite familiar to electronic guys) we can say that
the gain-bandwidth product is constant.

So, these slides verify why a too small damping coefficient b, in the
sense mode (too large Q) is not suitable (see discussion at slide n.
5), as it would determine high sensitivity but a too low bandwidth:

= e.g. if we assume the same Q factor as for the drive mode (slide 6), we get a
bandwidth which is not compatible with almost any applications:

fo 20000 Hz
20 2-8000

Afpw = 125 Hz
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The second contribution is related to the sense mode. We do the

same calculation

Spn = 4 kgT b [N?/Hz]

Q 2
Syn = 4kpT bs - (:._:) m? /Hz]
[Mrms]
= [ReT 1
_\| T ks

[Svn - Bfgw =

As the sense frame is usually smaller (lower mass, consider only m;)
than the driven frames, its stiffness is usually a bit smaller too, to
get the same resonance:
« numerical example for typical k; = 30 N/m = 7 pm (not negligible for typical
sense mode displacements)
= > we can calculate the equivalent angular rate noise using the sensitivity:
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Combining all noise contributions we conclude that to improve the \[ A
gyro noise performance: LAZon0 Ul N\ "‘l\)\\& \_9_
6 |(lm . a)(|'_( o) o ) - W) = 2omeao N\ drve Qs
v R oo downnsce (ot o)
ppp— T — N ? hver~o POl ks 2UMeAN-aL
™ '{‘ff:_es_'\| N (Re) 2s¥pdwo) \I 2 L5 Wy ””@

VSantor =

n | \| 2 Rp Cs Vpe wy Xpyp 2 Ces/ Cs Vpe Xpg Xpo Mg iy
N

Wo
. . _ AR X dt passavo o pas
= itis undoubtedly useful to increase x (and, if possible, wg);
= if the electronics noise dominates (quite common situation): m \\ mo""\. .

+ try increasing the feedback resistance value (use off-MOS in integrated implementations);
= try to lower the parasitic capacitance (smart routing of interconnections and pads etc...);

* use the minimum gap value (this will however increase b, trade-off}; "ot
« Increase Ve as much as you can (not for free: you pay in dissipation).

= if the thermomechanical noise dominates: e
= increase my (not for free: either thicken your process —very good option — or pay in area);
« decrease by (not for free: you lose your maximum sensing bandwidth).
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There is thus a marked trade-off between best achievable noise There is an assumption in the discussion so far '
density (assuming electronic noise negligible) and maximum sensing that the two frequencies are perfectly matched.
bandwidth. This trade-off passes through the damping coefficient. 1, f

In practice, even with very good design and process, the frequencies
\\ 5&@3—60 ?“OM oA 2o e will not be matched! E.g. due to process spread, typical f, values can
o d%dﬁ ) E%-'fe \ W“B‘ o o range within f,+600 Hz (+30), around a frequency of 20 kHz.

2 eﬂquq\qg_ , @\Q}-“ \(&n_h\mk_ S d‘ &, C-LBSWU Example of modes distribution on a wafer: _
* nonuniformity is mostly due to local ~ ,, " i g =7k
QU\ w\o “Q ZOb.’Z"O 2nche \ P‘bm differences in DRIE of springs '“4‘2"[‘;‘Ii< eyt
(cubic spring dependence on w). by
Spreadsy,
= nonuniformities affects similarly ' “_\\
. . the two modes of the same gyro, as : ** N
CD\‘Q ZMYG U\?)+D Naa (\\mw\ their springs lie close one another. ¢ \ Y
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= in an alternative topology, gyros and
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MEMS devices operate in several regions of the transfer function:

= accelerometers typically measure forces occurring far before resonance; they

usually have relatively low Q factors (typically < 10, or even < 1);

= mode-matched gyros measure a Coriolis force occurring around resonance

and require high quality factors (typically few thousand to ten thousand);

resonators,
mode-matched gyroscopes

other sensors (e.g. magnetometers...)
can operate measuring a force that
occurs slightly before the resonance
frequency (so called off-resonance
or mode-split operation);

mode-split
gyroscopes and
magnetometers

cdodo

20
accelerometers,
= ' pressure sensors e

-

= no device operates beyond

the resonance frequency.
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 Mode-split operation sacrifices sensitivity for
bandwidth. GBPW is still constant. Let us see
if there are advantages after this sacrifice...

Drive identical to
mode-matched
operation {slide 5)

egh Ner ; Q, : Qs
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™ Valid for 2 DC 0 and mh-memnm’/

as dﬂcﬂhﬂ In the following slides.
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PROBLEM General
0 8.85-107" F/m Dielectric constant in vacuum
We are asked to design a tuning-fork MEMS gyroscope. The sensor parameters, for ol 150 GPa PolvSi Young's modulus
Jul]i'_lhn structure, are given i1I] Table 1, The Il.]:i\'l' llludl‘.‘ih .-1('11.1:1r1'11 in a push-pull I 24 pm I|’1'nt't'.~'.-6 thickness
|'_|.|||JIJ.',I:II'i!lIIIT.J through the set of 1':\]I.|'|| electrodes Oy, y and Cy, o, with square waves (see — 2 nkg External frame mass
Fig. 1). Drive detection stators (Cgyy and Cygz) are kept to the oscillator front-end -
- e ) i : e my 22 nkg Inner frame mass
virtual ground; the rotor bias is Vpe = 10V, The gyroscope is sketched in Fig. 2. -
q 2 jim Comb and parallel plate gap
1. Determine the AGC reference Vi p to target a drive amplitude of 7 pm, ) Drive
2. Evaluate the in-phase and anti-phase drive resonant modes, explaining which frames by 0.5-10 J\ (m/s) R _!_"_'_j_‘"f_f_l_“_['!_i_’i_[|l-'» coefficient )
and springs they involve. Determine the sense stiffness to operate in matched mode, Nerpad 30 Number of drive-detection comb fingers
. . . ) ) . . L 180 pm Drive fold length
3. Paying attention to the drive configuration, choose the number of actuation comb- P ; i = — — =
: g s : ELl SRl 5 Wy 3 pm Drive fold width
fingers to have a nominal (L5-V peak-to-peak square-wave actuation voltage . it :
M 4 Number of drive springs
4. Evaluate the electromechanical sensitivity of the gyroscope in fF/dps. i 2 Number folds for each drive spring
.Q\ Ly 155 pum Tuning fork fold length
e m Q‘ﬁi—‘ 2 Wy 3.1 pm Tuning fork fold width
Tlatf 2 Number of tuning fork springs
U v g 2 Number of folds for each tuning fork spring
Sense
AG.C by 1- 107" N/(m/s) Sense damping coefficient
npp 4 Number of differential parallel-plate electrodes
Lpp 250 pm Parallel plate length
Electronics
Cr | a00 {F | Feedback capacitance
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PROBLEM Mechanical
We have to design the electronics needed to sustain the drive oscillation of a MEMS Symbol Value
gyroscope. The system should guarantee a maximum sensitivity variation of +1.5% Drive resonance frequency fra 20000 Hz
within the automotive temperature range (—45°C to +125°C). The drive resonator is Drive Q-factor @ 300 K Quo 8000
actuated and detected in single-ended mode. Internal mass i L5 nkg
The drive loop, shown in Fig. 1, is formed by a TCA-based front-end, a differentiator, and External mass me 2.5 nkg
a hard-limiter with a dedicated supply. The complete drive oscillator with both primary Proce .'.I.'_l.'i‘.‘.}.".”'."... Rk | 2um
loop and AGC is shown in Fig, 2. The differential INA gain is given as Gy = l-n—%\ki*. - ‘ﬁ’“" : g 1.8 pm
The variable-gain concept is implemented by means of acting on the supply voltage of Number of drive comb fingers Ner 40
the hard-limiter. Other electromechanical parameters are listed in Table 1. Target drive displacement amplitude Lab 5 pm
Electronics
1. Size the parameters of the primary loop (Fig. 1), in order to obtain the target Rotor bias voltage Voo =V
displacement amplitude, r,y, at the reference temperature (300 K). Supply voltage Voo 5V
2. Considering the primary loop only (Fig. 1), calculate the maximum percentage "\“l'..'.l.l.!._]."f'..."‘.'.“;.”""_' SUTPULSWINE | Vo 4V
variation of the drive amplitude, and evaluate the required compensation factor. Minimum :.-n|mr-nzu1:-:- Comin 02 pF
Secondary (AGC) loop
3. Size the parameters of the secondary (AGC) loop of the drive-mode oscillator (Fig. Rectifier gain Cric 1
2), considering the requirement on the maximum sensitivity variation. LPF gain “Grpr 1
4. Size the low-pass filter of the control loop. LPF resstance _Bipp | 3MO

Table 1: Parameters of the gyroscope.
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The calculation of the sensitivity leads to an interesting result:
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T T Awgy 0 0 Dwys

The sensitivity can be indeed expressed with a formula which is
quite similar to the mode-matched one: just substitute

+ the maximum achievable mechanical bandwidth “— == N
in mode matched conditions, Awgy... o

= ... with the difference between
the drive and sense mode frequencies in
mode-split operation, Aw ys...

- |-

Aty

The natural question that follow becomes:
50, is Awys the new maximum mechanical bandwidth?
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* We thus analyzed the response of the
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= actually, no surprise: Brownian noise is motion noise, and
it is amplified as much as motion induced by Coriolis force;

= this time the amplification is by Q. instead of Q;, but — apart from this - all

the expressions remain identical. NERD equation does not change!

MODE-MATCHED 'ﬁ MODE-SPLIT| ’73
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fin = (Xé.) | (.{_’.'*L.'._.)i V3nm = | I.‘L [x; |)
‘J 1 N \Bwgy \ 1 Aaiys
Aw gy Ys Adiygs = s
2Q \ / 2Qeyy

MNOTE: the calculation s valid around
the drive frequency, assuming a good
filtering of the sense mode peak..
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Actually, white thermomechanical noise spectral density is
amplified by the entire sense-mode transfer function (also at other
frequencies). However, as later we will demodulate around the
drive mode frequency and low-pass filter, we will effectively get
relevant noise only from the region around the drive frequency:

white force noise density transduced
by the sense mode transfer function

)
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after demodulation and low-pass
filtering with filter bandwidth < Aoy

t A

= the example aside
refers to the case
of mode-split
operation.
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One further, important remark: the effective quality factor Q,4 is
not a function of the damping coefficient.

Therefore, the bandwidth (assumed as % to % of the mode split
Af us) is itself not related to the value of the damping coefficient!

fs
2Qer¢

wg . .
ﬂwm_w:ws—wc::m Afus=fs—Ifo =
It is thus possible to lower the thermomechanical noise (the NERD)
by acting on b,, without affecting the bandwidth. The trade-off

that we had in mode-matched operation is thus solved. We no
longer necessarily need to keep a low value of the sense mode Q.
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HEMD

The other noise contributions, from the
electronics, are the same when calculated at the - 1>
circuit output, but when calculated as equivalent 23
input rate, they are now divided by a sensitivity = =+
which is lower by a factor Awgy /Awys: R
= the impact of electronic noise on the system grows
= one should design low-noise electronics

low-noise electronics requires high power dissipation
» or good electronic designers!
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Operate at a mismatch frequency

= usually wp < we
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* no bandwidth-resolution trade-off

Transfer Function [a.u]

Cons / Issues
= gain reduction
(e.g. 20-50 instead of 100-1000)

« consequent need of high-
performance electronics

Frequancy [a.u.]

Actually, the same situation would be
ohtained with wy > ay. Indeed the peak is
symmetric around (g for typical Aw s

* Let us assume a mode-split of
~1 kHz (f, = 19 kHz, f, = 20 kHz).

¥Yso _ Xpao

Yso
Yoo AR duw)
0 Awys

2

* |n this configuration the effects of temperature changes (e.g. +85
K) can be quantified in the following way:

d{mc o1+ @AT) = g (1 + mﬂT})/

dT _ (50— wpp

Aarggs

d(Barys) d{ig — wp) ({14 a(T —Ty))
e " } u/m':(

Wsg = Wpo

T

Ay tgp = tpg gy = Ging

¢ ()
(&)

* Numerical example

= The worst case % sensitivity
change is easily found as...:

= aldl = —30? (185 K) = £0.0025 = +0.25%

= well within the 1.5% limit set

by the application specifications!

« .. orthrough the maximum shift of the two frequencies:

dfa= —30ZE2 5y - 34T = £485 Hz port
K ()

difuys) 1 kHe —(1kHz £25Hz) +25H: =
. - = 40,25 il
()

Burggy 1kHz 1kHr

. Ppm
— e
I

dfy = e AT =51 Hz

* To be compared with ~ 5% in mode-matched operation
= > factor 20x improvement!
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Let us start with a numerical example:
= assume a mode-split gyroscope for consumer applications (e.g. gaming):

= typical required full-scale is of about 2000 °/s (BCCLIRT‘O \ m
\ dE’P Q’J_ 2mo
= typical required resolution is of about 100 mdps (5 mdps/vHz - V300 Hz) Mﬁ-
= typical required bandwidth of 300 Hz 1kHz of mode split value an lO_ Moo ’{‘W-
Assuming a drive mode displacement x controlled Yso _ *po | kb &WQ‘I\C} Qe ‘0. Anva. Moda

at Xg-= 5 um, we have a sense mode displacementy: | @ Awys|

S\ Moove & Spe oL @ Qv
32 mlions Q@ elke o o Qe

) \ MY MO SRy spRament
\f ultra small displacement!! : r\e d
2.6% of the Bohr radius in H
atom in its ground state!! F ! ! R ~
Mmmm.... the drive mode is moving by 5 um, i.e. about 3°’300°000 ©

times more than the minimum sense mode motion to detect!!! %\w

e anC What does it happen if the drive motion, due to electromechanical
C'k ; S m Wﬁh nonidealities, is not orthogonal to the ideal sense-mode direction?
Ao Ave o Jda Lo ) A |
C S0 spoghmesh 2noe faho- <::‘it> ey
SeRk Qrechon. . -
Qﬁs\b d‘&m @ 2h_ m top view: ideal in-plane drive motion enly along the x-axis top view: in-plane motion not only along the x-axis

o- X OcRis sagreh- - The sense mode will see a y-direction displacement at w,, that is not

U°3'-‘aa'\‘o NRRL @ po=vAro ocreey caused by angular rates. This error, which is in a first approximation
a DC term independent of €2, may represent a huge offset.

e Un Ovare costini (DC
(ﬂsg_k' ZN\" og-\w-\-\) Its compensation and/or drift represent a severe issue for gyros.

Note: this offset is in quadrature with respect to the
LO‘ a0 dSLQ.a A0- Q Coriolis force, as it is proportional to x and not to x: |Fql o x

QQSN 328@,]_ mwm 20~ = we model it with an equivalent quadrature force « x. [Feor| o %
One rechon el on Rza & conduS € SRR delo. Wkl S~
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« of about 30 nm at the 2000 °/s (35 rad/s) full-scale range
« of about 1.5 pmatthe 0.1°/s (1.7 mrad/s) resolution
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With the model aside, the y-direction r &) r '&L&Zﬂo cuze oo Ane r‘rtﬁ_ Ao s
displacement is: \ | aﬂeF; o C.
Y~ tan(e)- @ 0 %‘@-ﬂ :
x ot Qepy ™ Kurt — U s —_
mem | @R Qesie & R0\ presemo Luegie

The corresponding force in the y- | |

. ULrWRR \ -Q\MQ-D_
direction is related to y through k: I'. e R n QQ’&D-—

F, kg y kg
y=t e Qup = Qepp = —=——Qupy = kg =k,
fes ks s

x
{the madel is self-consistent: with \‘Pd d)m m
. . ky, = 0 we have no acement m QL,‘ %.
We can thus find an expression for along x and the usual equations) ! e oA
B, as a function of the nonideality a : {\m ql‘ Y df CZ'F e

= now you can also understand why it is b %@QD\ @ m m— W
= = F = Ew‘_ = Eu}“ safe to keep the gyroscopes modes above
2mswp 2mswp 25 2 ° 2 the audio bandwidth (i.e. at about 20 kHz), 3 -mn- &

but not higher than that! e W CA w Q\’\m \ 3 b\}
@npo Worozxs ) O~ 0N . \RACR
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One critical parameter for quadrature = — :
P EF Not seppeco o) gosecpo €

in gyroscopes is the width of spring fl

folds (and its nonuniformities) as the _ — Sm Ao~ W\O[\Q—, =0\ m‘hm 230
total in-plane stiffness is proportional \ F

to the cubic width.

- \
As T e e (VOSSR 2.
L-shape -

1. there are springs that ideally do not ESM m\)\g. @_,\LL CG\&%\NUE\QI\-

deflect in the y direction under x- .§ [

direction forces (see the figure); CWM 0-' m\“\m m - MS
2. there are usually 4 symmetric springs \ / S\-\%'Q.Ss-

per frame; ==

4 U-shape springs

nonuniformities in springs width / \
give rise to non-null k,, but with

very low angle & (e.g. 103° to 102°),

T\P\C’aﬂe\\'z AN \o- oo ora. DG A~ 1\ 0%2Rar Combio-
oM Wl oo temp & PG esme A W L fer 5\ SI- OA Polo \WOcTD
(SN 2N d, QZrE (WVN E'J’fdl\-\‘f\a. This effect occurs in gyros for in-plane rate detection, where usually
Q;K Po-

Co oo the sense frame has a low out-of-plane stiffness. 00

oooao

\rzﬂ'-&!du | UO&"Q(‘ 9‘3”'0 S REBY@O*— Process nonuniformities make the etching [r'. E § S E E E ol

< ‘Prh s\ A~ (@ ol &auﬁ. cCe non orthogonal to the substrate at wafer edges. |\ coodoo |

( n o This causes spring cross-sections as shown ekl /
lel‘bkm%r\o\smo P\G eszibm REng - ~od -~
g2z 200 Th 2\o~ oxSso~- An attempt to bend the beam in the x-direction X

(DQS‘D W X ',0 cdrzonizono sKey)  results in a force with a z-axis component.
008 /01° The corresponding quadrature formula is
Qf\gl_ ( ,OS /’l ) similar to Z-axis devices, yet the value of & l—'"
is typically much larger (e.g. 0.05° to 0.1°) 2

Esemp Nomeria —_—
B, e = s Typical origin of a : wafer bending

4% stwb 2 due to temperature stresses
e Z-axis device with f; = 20 kHz, k,, = 0.01% k,
This is the largest source of quadrature — -
in MEMS gyroscopes. :

a=107* rad = 0.0057°

sina) = o = 107*

L a
=1 ==
mgwy 2

rad
Wy = G.ZBT =360°/s

Z-axis devices (29 samples of diferent type):
- average: 204.9 dps (7% of the 3000-dps FSR )
- standard devistion: 126.4 dps (worst case s 484 dps)

* Y-axis device with f; =20 kHz, &= 0.5°

sinfa) =@ =9-1073

i rad

By = = ws = 550 — = 31500 °/s
2 5

Kas a

o L.
T 2mewy 2

g

loverall, itis generafly difficult to have
| #fy-axis devices [pitch/roll) as

performing as z-axis {yaw) devices!

-axis dovices (22 samples of differant typa):
- averape: 3720 dps (124% of the 3000-dps FSR);
- standard deviation: 2253 dps (worst case 5442 dps).

Minimize k, (- a). This can be achieved by:
B e T O st Wt sl = improving the process uniformity across the wafer;
= increasing the beam width w(a larger w gives a lower relative } Take care that the

3
COW@ m\wo ‘("tm l\eﬁ'dk) M weight of process nonuniformities dw, as already verified); ncoeasel e ok
QTTU{'Q_ d; Mmo_ ? = choosing springs with the lowest cross-axis term (folded or double-U);

= choose only gyroscope from wafer center (ok for high-end applications).

Decrease the gyroscope resonance:

= however, this is limited by acoustic disturbances (occurring at up to > 20 kHz)
and presence of vibrations (up to 1 kHz in consumer, 10 kHz in automotive, 50
kHz in military applications). The frequency should be safely above!

* Increase the inertial mass (at constant frequency):
= however, this is limited by the maximum area (ok if the increase is through h).
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* Drive oscillator circuit +
AGC.

* Differential capacitive
sensing interface
(charge amplifier).

* Reference phase
generation.

* In-phase synchronous
demodulation
= =¥ cancels the offset but
not its noise and drifts * Assume a 0.5 °fs signal (blue) and a 50 */s quadrature (green). If demodulation is

«  =» demodulated output ; a | Lo perfectly operated, we recover an exact output corresponding to the input rate.
has offset and noise =

* However, if there are even very small phase demodulation errors, a wrong output
signal is obtained. This is just an offset, which can be calibrated by the @ st

= but its drifts with T (e.g. poles drift) or aging are hard to compensatel
e Sz OFset
. | _ le 1

Ve =5 [+ B, g+ By oy,

Ellett o Phese vose
» Assume that we have same situation as above.

3 ideal demodulation
01" phase error

l ;01 phase error
*  Without quadrature, we would have no such effects even in case of Qo OF @ppise- B 1 { } 1 t 1 } | 1° phase error

* Woe see here the effect of a phase noise on the in-phase demodulation.
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The target specifications for nawgatlon aims at satisfying the

following requirements: ’ Q}QS\D'B:&L =2, S0

= error in orientation < % degree fm' 2orelie res os=SQ@ro

N & Compansece .

-> sub-uT resolution;

= human gesture/movements (no gaming) > bandwidth < 50 Hz

= Earth field + magnetic disturbances - FSR >> max Earth field
9

= consumption in line with inertial sensors current < 500 pA

e The law describing the forc.e on a charge moving in an electro- NQN \\QBLQU-Q MR g ‘PKQ&ES"
magnetic field of vector components E and B respectively is known w 2rre WO M\\r(}\ S
to be: ons wm AL DR Cross W\

F=q(E+vxB) MoOIWNeRTD .
* where ihﬂ 'QZ.-Q OO "Ql\-‘:) e =X S

= the first component is related to the electrostatic force on a charge inside an Qoren\ c o “\ﬁﬁ"lﬁx\r\a h— "eb‘&-
electric field and it is e.g. responsible of current densiwfﬁowing through a d' brm
material of conductivity o (generalized Ohm’s law): -

)r: cE=qny,1E

» the second component is known as Lorentz force and occurs in a direction
orthogonal to the plane including the charged particle velocity and the

magnetic field vector:

Tloc= N QT

F‘Lm.=ql}x§




Brod O offome e Focz T LxB
¢ un oreesprodet Gy, \o- drezce S Oftgel .

- he current vector is that of =
Cm m e; Q-st_ M WD\M O roosin'ue charges (opposite :\%
. . of electrons direction!). g
Qe UsR (O camiaTINEN /gvenco :
= |Inertia: FSR = 20 g ~ 200 m/s?
e Vedzne ds- prhame ddpamo U
* 2> F=ma=1uN a‘ d_, EF
PN FoR w2000 dps =33 rad"!s almost ane order of magnitude!
*m=5 I"Ikg (use of O} e . %‘& \w a 6_; L&m.

s v=xw=5pum2m20kHz

e

1 . 1]

.
=1 )

* > F=2mvQ=200nN ‘Li
= Lorentz: FSR=50G=5mT —
. = two orders of magnitude| L —
L=1000 Hm and It is distributed along
« i=0.2mA the wire length! -
£t X —
«> F=BilL=1nN ’ 3

Lo strotiure- o %cis.w\\ egrdomatte S«
Qv Boccome scoret Lo

cote™n\e

anchor points

e In its simplest form, the
Lorentz-force based MEMS
magnetometer is formed by:

= current-carrying springs of length L (possibly long);

= as small as possible frame (minimize the mass, no
need to sense inertial forces here!);

rotor PP arms

= rotor arms for capacitive sensing.

anchor points
* The design usually sets the operation frequency (resonance) out of

the audio and vibration bandwidth (> 20 kHz), like in gyros. ZNAMO OO~ d—@e&w & Gep [\) O 1|
tedoose W unoe dt A peaed-

T

XS —

For this class, we first assume to operate the device with a current at resonance. Cz\cd_-m\b ‘ = \ N~ .

This is reasonably motivated by the very low intensity of the Lorentz force, so
that at least motion will be amplified
through the quality factor. o~ /\\\ i(t) = fgsinfagt)

N Worentzforce Fy(£) = B L fysin(ant) & m\o Z“Q" ('\)aq d’ ‘rw ) =

The displacement x at
resonance is thus amplified springs
by the quality factor Q

{nate the factor 2 at the denominator
that accounts for the fact that the
force is distributed along the springs
and not concentrated on the framel):

X T-Q Nou 2Pozro e sdhvozscs
K w oo dserson 3

b Puo. & loews @ Ashbovken 5§ AuWen

_ . = e te @ rov selo U e puke, Mdopamo

rend ouethrougha iforontil  4c.=20,5 = 200 N g, QU ACee U~ nwowo K. gasto Keq o

g° g°

capacitance variation AC: wWee (M dﬁN\OSM) Keqz 2“0{\5%
Qund x - EQ - BoL Q
2% 2%

_e,
x—zkr B-L




2 = EcAN .  ¢LXK
L'__\” Z_K "-"87_ ) (-:O b ¥ Nohamno ota Some
NAEZnde~\R Aon Areo.
e o N.
EQAN NV Qesto sucmde zroie vou
92 W e -2-NJ-A SWOSccpy Mode. MiCled.

*lR

I

OCc - & o kb[::wu.:.c:c»:x\\zy-arc\‘znm;,-
B 2 F boeo e

Core Lomizeo o MSWOR Qusto caon \oo ﬁmma.nm\;c:o.?
oo cosrze M- \Ov Copenle S\ (olte € deho deldar Cedoe & Wses,
So\ Yofwre slesso PCAS Passoe Onoe Corvenle.

* The readout circuit is
similar to the sensing of
gyros. However note that
here the frame cannot be
arbitrarily biased, as its
voltage is determined by f b
the current flowing in the 1,_, e r=k=—teL 2. %‘ &r& c_‘c_:," e, \Jonemo ol e fnsic as Zp

springs. —

S— i e anp. S’N'M N0 \.80»4-.. c Cﬁ:o&ﬂ QQQ:"
* |f we model each spring as a ] lo. %"J"’." (b)‘ T < BV,

pair of identical resistances, and if we inject

a current through a differential voltage, we it
can reasonably assume that the voltage on T ez
the springs central points (AA') is always "n-’”&.

constant and null.

Idbzimaie. Nl vogharmo CO- W SR swo. oo QU

i dCsy dCs dx dCsy .
lep; = Vaias—— dt = Vajas ——— dx dt BIAS ?X wy = VarashCsg wy

_ 7 i
AV, =2 CFL g _Voias ACwo  AVour _ Veias AVpur _ BCAVoye _ g il (Vaias)
il wy Cr wyCp AC [ B B AC 2wy 92 bapeg\Cr

f{opparently o focter 2 is missing in the formula but it is already included
and “hidden” in the differentiol capacitance variotion per unit field)

.Q@N’Q{'\_\-
- . pF=hon eswes. € \ guregro bl dnzrge
Glo> N0~ Quvosgpr 20020 vsto + prodblans L 2sze n vsaano. ZM{,L(_{&,\,\
* Banpa
Like for gyroscopes, the information on the value of the magnetic m G-)\\Nb % Ol 2 \\ w

field is modulated around the drive frequency (which in this case is

the Lorentz current frequency). Yoo — bm N Zesrmme e

The maximum sensing bandwidth 7r %\

is again given by the half width at \ ol
half maximum (i.e. -3 dB) of the = B ==
resonance peak:

tg b
Awgy = —

2 Zm
fo b
Afpy = — =
fow 2Q 4mm

_ ¢ To calculate the Brownian noise we start as usual from the force
o noise density and we turn it in terms of
displacement and then into magnetic field:

x il V'SRH = i L
Sen =y 4kgTh - Y EEQ

ancher puinty. ==

Prowamo o calcdze | Vomore:
* Note: the Lorentz force is distributed along the springs (factor 2 aside k); the force density

1
dS\:n'- \I LquT b
4k Th on the contrary acts directly on the suspended frame; < we do not put a factor 2
. L Q at the denominataor in the noise expression!
Sim = GLRR Y\ gn
ZK e [TV Hz]

4
NEMD = \[Sgy = Vka T D

* Challenges in improving the minimum detectable field:

z‘ = ejther increase the length (pay in area, and chip size and cost...),
L\ me (Q) ! = orincrease the injected current (pay in power consumption!),
X \| %—r b ’\EHD = or decrease the damping coefficient (e.g. by decreasing the pressure).
L L8 R
2K se Tquelsk Hagrebe Reld ety
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* Just write noise in terms of force density...

B = 8T B

e Then divide it by the transduction factor between the quantity you
want to measure, and the corresponding force

F; ial F, i F. ilL
mec:r al _ Corlolis _ zmsxn.u"-"'u ior;ﬂrr 7
q'SF,' SFn \lsi-‘n
= NERD = ———— =
NEAD=75 2myxp gwy NEMP=3T R
JAT b —— , =3 -
NEAD = 18 NERD = msxb,uf”u.’kar b NEMD = —\[kgT -

| Yumore. o\ elattons. ol covano ©

¢ Like in the case of gyros,

BVour _ -ﬁcm’unl il Vaas
electronic noise is given by BB e G %(U-C? d ¥ ~
T s A Rm Cla O-Qrﬂk NOwCe. ¢
two major COHthbUIIDnS, (the rneora.ns v \
E idnally af 0) S
the feadback resust_ance * We can put together the found expressions to write the overall
and the OpAmp noise. . . .o e .
input-referred noise in terms of magnetic field density:
N4 2z

Ak,T Bk z i + auput Byl , 5 .

RF ﬂJn T 8° baren 20y 9% barea 2 ( —Eﬁ—zs‘ ban-u) 4 2
Somar = i LVM VSoneor = (J 2 3nen G = i nas ) N e L Vo +(a g VkaT ”) =

[N
¥ =F
2" Snop (1 i C}-) 2ay g bmm‘r
Samca = AVaur = J2 S |1 + rp £o | LVigas

» Difference w.r.t. the gyro case: here the constant voltage Vj, at
the stators cannot be as high as it was for the rotor in gyros (up to
10 V), because the OpAmps operate between the power supply! .

A4 -44- 2021

2 8yap Cp

2wy 8% Barea
ey { LVgrag

"ki’&y

* Acting oniand L increases the Lorentz force
= with mentioned area and power constraints;

If the electronic noise dominates:
= you can act on any parameter related to the sensitivi

(gap, bias voltage...);
» you should minimize parasitics (C,) and maximize the feedback resistance R,;

» |If device noise dominates:
= you have not so many options, as already discussed above...

R D2 s

We are asked to design the sense electronics of a mode-split capacitive MEMS gyroscope.

Struct

ure

The device parameters are reported in Table 1 (Cp is the parasitic capacitance between Pracess thickness h 22y
stator pads and ground). The circuit topology is shown in Fig. 1. Gag 4 1.4 i
_External mass (half structure] e 2 nKg
1. Calenlate the sensitivity in terms of sense capacitance per unit angular rate, CA Internal mass {half s ire) m, 8 nky
output voltage per unit angular rate, and INA output voltage per unit angular Sense axis -
rate. Additionally, calculate the FSR. Sense resonance frequency Jx 19800 Hz
Sense damping (half structure) by 2 uN/(m/s)
2. Evaluate the intrinsic resolution of the sensor, due to thermo-mechanical noise only. Parallel-plate length Lpp 329 un
” . . P . Parallel-plate cells (whole structure) Npp 15
3. Size the feedback l'oslﬁr.anr:r‘_{!i the CA-based front-end, in order to obtain a well- Rotor-to-stater DC voltage Vi v
balanced system in terms of noise performance. Drive axis
4. Calculate the voltage noise PSD of the INA required not to worsen the resolution Drivé displacement Amphitude s 6 jom
. . 5 A Drive resonance frequency Fod 19000 Hz
of the sensor, and the needed bias current of the input op-amps of the INA, in ; ; :
? Drive damping (half structure) b, 100 nN /{m/s)

order to fulfill this requirement.

Voutcaz

E%/

Electro

nics

Amplifier supply voltage 0-3.3 V
CA fe edback capaci 2 pF
Parasitic capacitance 10 pF
2 INA resistance 194 k0
;‘3::*“ et INA gain - 404 K0 | Roaw
st ; Chovermo m : : e s T
‘en n un e CA op-amp voltage noise PSD Sn OAuV 3.3 nV//Hz
rothplczioe & U~ (PF .
CA op-amp current PSD FnOAil 1 fA//Hz
Voutcal l INA op-amp MOS overdrive voltage Vov 200 mV
: INA op-amp MOS ~ coefficient ¥ 2/3
Pal Ny
VourIna
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» A differential architecture can be obtained if : T

the device is split into two halves, with the g i \Ua}-'z'\o oo |\ Trormesio SOl N ZN%LSQ_ P.I‘Qxﬁr
current circulating in opposite directions: J | i %m %
« the Lorentz force will itself have different ~ rotorPPams 11| | ] 8‘(‘@ \ g
- : Cooame ) \Wle llo. aventel

directions on the two device halves;

frame

= accelerations, which have the same effect on the -
two halves, will be seen as a common mode and ik itt) -~
automatically cancelled by the capacitive readout. 4% \V\ q"%h = \Q 2N &ch’.x (=) Uauzb. o—

QLo Ak CZ30 PR SO MoMrphocko
X2,

Qo o L At e Gestt
WP A MMAN Mo @ QU TESSRrO
Anzs\Ge

* Devices moving in the OOP direction (i.e.
sensitive to in-plane fields) correctly
show a differential readout and reject
accelerations provided that:

= they are balanced (in terms of gravity) with
respect to the rotation axis, and

= the current flows in opposite directions.

frames—"F i1
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OfF -Resonvances (Mooe, sRus)  Ooasmiony
Unlike axels and gyros, mags suffer from a non-negligible thermo- (@@yoremo ad wo- ng.qm [T E e TV Ny
mecljiamcal nmse_. Loy\rermg the'damplng‘coeffluent wogld imply a w& A& QOSoren20- .
consistent reduction in the maximum achievable bandwidth. '\D c t:L -
QQE PG[. oMe 5 \en UNO. 2000

Mimicking the behavior of mode-split gyroscopes, our lab first Nolo PO Seoa emcanade e XRparare
proposed the operation of MEMS magnetometers with a frequency \0~
split between driving Do o (L0 -
current and resonance 3;{“;;;‘;;;3 ;:;';:‘ L Arwo ux mpZio MO0 dhk v
frequency, with the aim it Py | vl elivesco. pae (@ Gestd @ et

4| more stabie across f; i IJAI::-‘w’blownrsinput- 2\ &m & b m w Q‘: ‘e mJSO

of solving the bandwidth
-resolution trade-off. SR N = B 4
an wvariation wi A referred noise, but narrows ~
T ' the maximum -3dB sensing (2“ d& Q,u' e f
B i i P bandwidth at resonance Q mo
» The sensitivity can be calculated as in the case of resonant
operation, provided the quality factor is substituted by the gain ata

172 174 1 7% 178 distance Af = f, = f,, which we called effective quality factor (a.k.a.
Leeson’s effect): anchar painy

fo BsonaﬂcelrequencycftM fa g ] ‘ |
- . TR e s Cets = 3AF = Thw J BE |
Tooozne \ SN0 D ooy Shvtiwros @ pe- e ool o |-
rortor PP arms 41 | |
O'\dm?\td-z'\'\o 2 For a tuning-fork structure, you can evaluate tramn =[] ] 11
WZ_-T_. o Sha‘% d A delta J“M“\g- .&(K the Iscale—factor expression f!arjust half of the \
oy ik
d |

device and then simply multiply by a factor 2:

4] Op occurs ina
region where gain is

Power Spectral Density [V :';'Hz]

The figure summarizes
potentlal aduantages 2) A low b decreases m:n.s? 1
and issues. off-resonance, without

any impacts on the
maximum sensing BW
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* What about the achievable SNR? All the expressions found for - tﬁm Q@* ka Q»Q NO~ m‘o
resonant operation are still valid, provided that
e Coe wao Quesap | Yurowe WRrmeeano
nen Cmpico Mromenste

= we substitute the quality factor Q with the effective guality factor Q

= the -3 dB bandwidth value 4 [, is now

given by an electronic LPF " soomet|
Te I region I

e 60"'. L SR oo oro- Sotwoe Con 2 dasice.
, ' oo\ ANEMD Tl ™ Do AL VZ
W ] (€ caa 2vee 2 ole \ S=Qvet- e T\ o).
= the NEMD does not change: Wi |

|
S 181 182 193 194 195
- 2 GTE Freguency [Hz] x 10"
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* The only way to boost the sensitivity is to act on the Lorentz force: Lﬁmm &\)%U% e 'P(.VZQ. Zn.m-dﬂ\'o

= we cannot act on the length (area constraints);

« we cannot act on the current intensity (power dissipation constraints), but... k:- w N ke C -*.’
* .. we can reuse the same current and make it re-circulate several times ( |dﬂ£7~ 9.0'\;&(‘— € W d '&/ Y\QLYQQLZ-L {0\-

(Ni50) to boost by the samefac:i:rthe sensitivity! : w + Lx,k S-L)“a SIQSO Yo
[r ReroS Comspadsdnenit 2opemo e Bioe

example with M P b sz'h JO
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* New expressions of sensitivity ‘MT” 5 %‘;:‘% { Nigopls Qm‘
and NEMD become: L= 4

4
= electronic noise is thus also reduced by a factor V. NEMD = N iL kg Th
loop

wias €0 A Npp (L @y~ Nigyy J Re Zeg ANpp i LVpras F - Ny = -

1 J( (’c‘;](s'r‘%-ku-mw)* ({sm (g3 k2 200

Fl
2 -
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Acting on i and L increases the Lorentz force
* with mentioned area and power constraints;

If the electronic noise dominates:

= you can act on any parameter related to the sensitivity (gap, bias voltage...);
= you should minimize parasitics (C;) and maximize the feedback resistance R;;

If device noise dominates:

= you can lower the damping coefficient, as already discussed above...

Adding recirculating loops decreases all input-referred noise
contributions, as it directly increases the Lorentz force!
= required extra area is not so huge (large part of area is taken up by PP readout cells!).

3 magnetometers
and one Tang
resonator

STM 22-um-thick
surface machining

= Al-on-metal
deposition for
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the loops. 2-axis
) device
Acceleration
rejection: Fasis electodes
. . i [ w-anis ehectrode;
= tuning fork (Z-axis : y-axis electrode:
device) and torsion [ SETREEE 3 -
springs (X-axis p— y-axis
device). : device
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TIA-based oscillator loop

=
e LY 4
Are Honded MEMS and ASIC

=~ _dies glued ona socket board

-

fasc iMEms imos

Eaeraes 18 just what we called § in all previous slides -

* Note: a single current recirculating in all the 3 devices implies a 3x % il WRsid O Seve \o- QOJVQA\’- Al
saving in power dissipation! This is feasible only in off-resonance %Qm \\O&;\W e \o. Onanagemgp
MOUE (at resonance, it would be impossible to have the frequencies of the 3 akes perfectly matched)! bﬁ&.&a 2bozro \aoo Coovenie. O

SCOM T Powze \or Kol A (oreta O OZNEMO LMEs e wlkea 2doero
B-Orente. Ma. ScormR. (e MOS r  ManphlRbac<a . (Ome O Andipng vo. Qesie
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* The current consumed by the sense CAs, on the contrary, Qo™ Mes Qowremo Reace Qf:h
determines to a large extent the electronic noise Sy, A NeEIYO Cortvo dek YoMoe. !

* assume to operate in saturation (i = k, V2 ; 4kyT
p (inos nVou) 5, =y 4kgTdm Sy mos = yﬁ

+ Readout Z

A typical differential operational amplifier

G = 2HOS _ o e Sy e = i A | B % has a pair of input transistors, each with g m
Vo ! Om 24 kn tnos 1 K e . s
. LN i its own voltage noise component.
-%3‘2\'\0 \\ d,ﬂea{hﬁ ‘Pzw‘ QUT\A. ars The amplifier noise that we modeled so far, which we named Sy, ,
‘\ (m)b AL Voo a, un S\Y% % X corresponc.is thus to t\.mce the noise of a‘smgle transistor. We
neglect noise of transistors of the following stages,

e Hve _hmh _?-L‘b\ZhQ OO SWOTwo- which is usually made negligible.
dBoen22le RNOG o Consear n r

dVQ. C_J m (:L %JY\- Sv, Im m ‘@

PUIJ( W\ P e \\QQ db}\ COMNOR m\?\m WA Note that, if you have two amplifiers for differential
QI\ N sensing, then noise power spectral density should be multiplied by
W0 oo Correne . another factor 2. We already took it into account in past classes.

* We now write the overall noise equation as a function of the current .
injected in the MEMS (ipgms) and that of the input pair (iyos). kmﬂ?\o e VHRENS Q) QUQD QA2lo-
: : 4+ (2@ Menha. Ues © soke
—_— 1 L yhkeT  Cp g% k228w BkyT g% kyj 280 i - - N
V5o = W s T\ |2 Tites s A Neran | *\ | Re Zeo i Vg | *(*N4 T2, faesss oro w2t tervolp QAL Mg
daruy 18 Justwhast we caded § in all pravious slides ‘cﬁ nb%w w m mm &_‘\

* Asanexample, assuming E _ - HSHS, QDQS*D?; WZAZW\Q\“-Q Coxxa O
a current of 50 pA to i o 3 Una casto ‘P:’-\'C e © by
sustain the oscillator R AT \e_ Pl \ \¢
(no AGC needed), the 2 i : CRNRAR... U mm

B Cavpoe~R @A Yovae ddo do. ey
C2AO- ™S VERKO O- QN ke W\
e AL o

optimum partitioning
between MEMS current  :
and overall ASIC current =
results to be well
balanced (about 50%).
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* Asingle, 10-loop path is used, %Q \%10 %E \\ %mr% mhm & ?\:
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X-field sensing

Anti-Phase
In-Plane —
mode shape

i

(T30 p—

=l

N : f, = 48549 Hz _ X‘?\O‘.A Sm "tba.d; xX S\ = )‘
/-"=?5»%=& Z-field sensing - 2 ‘F(G(L : Md
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« General concept: use a hermetic-sealing membrane between a Acoustic waves are pressure waves: a microphone needs thus to
known pressure level (typically much lower than ambient pressure)  sense the AC pressure, usually from 20 Hz to 20 kHz, while leaving
and the quasi-DC ambient absolute pressure value. out the DC value of pressure.

* the membrane can be obtained from an epitaxial growth and a further, " .
ssiettive; thinding and Hilng of the relases hiokas: To let this happen, a fixed membrane features specific holes

* The difference in pressure makes the suspended membrane (aCOUStiC holes), in such a way that there is no DC pressure

deflect as a function of the outside pressure. difference between outside and the two chambers. However, for
« The deflection generates a capacitive change (single ended, inthis ~ AC waves, there is an effective AC pressure difference between the
example), which is readout through capacitive sensing interfaces. back chamber and the front chamber, which makes the membrane
PAD emacencarsoumon | deflect. Details will be given in a dedicated numerical exercise.

HAS A HOLE TO LET THE

£ | |surieD INTERCONNECTION e AT O THE Electrode holed rigid and Fixed plate
- MEMS MEMBRANE Acoustic Holes  (back-plate)
- f __\ S sound pressure
- = R R L 4 —_—
\g # S oy
= : = Ptk b — o —
fussum Hluctrods 5 Ao Voo Cody Vo G A i f = T:‘_ﬂ:’ \k—.
e i pressure reference - =
P -G gdP Cr g2k | Foech Chuoaber) A A
Compressed membrane

LD M— ‘eo'&w Q: M*D w me Ventilation i r?ovlb:,a lnd}:ondu-ctlva plate wending
o Sgle edd Czpecne. - o
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A magnetometer shall be coupled to the integrated cireuit shown in Fig. 1. The cireuit
is formed by two front-end charge amplifiers, a passive AC coupling and an INA.
1. Choose the split between drive frequency and resonance frequency so to cope with
a required 50 Hz bandwidth, and calculate the electromechanical sensitivity [F/T).
2. Find the feedback capacitance, in order to use the full rail-to-rail dynamics at the
end of the electronics chain at the full scale range (FSR = 3mT).

3. Considering only the intrinsic MEMS thermo-mechanical noise, what is the MEMS
limit to the system resolution?

4. A current budget of 150 pA s has to be split between MEMS driving and front-end
electronics. Your IC technology allows transistors with a maximum W/L = 150/1
and a g, Cpy = 100 f\’\ what is the electronics limit to your system resolution?

. A well-balanced design is obtained if MEMS and electronics resolution are equal.
Considering the design constraints, is it possible to reach the optimal situation?
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Figure 1: Schematic representation of device ¢

rest

Device Parameters

i L5 pm
single-ended rest capacitance I (& 390 fF
-:I'Il.i-'l-.].]li.'lhf.; resonance !-rl.'||lli'[ll'_\' | "_;ﬂ,. 18000 Hz
drive current i MEMS rms 90 A
current loop mumber _'.-\Tr,..,r. 1
spring length L 1400 pim
hall-structure stiffness ki/a 60N /m
“parallel-plate cells Npp 10
arallel-plate length Lpp 100 g
 sealing ure By 0.25 mbar
damping coefficient b 12210 % kg/s
Bandwidth BW 50 Hz
drive current A EM S rms LI 7Y, -
.~u||['rl_\' v tl'r'nm' | .';:m; 5V
stators bips voltage Viina 25V
112Co ) 1inClos 100 A/ VE
parasitic cap: 'y L5 pF
~INA resist R 4950
INA gain Giva 1 +49.4 k2 Rgaw

)
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i readout electronies.



TSR = €31 Ce un po & SAGezo- SR O QWOSCOP Rsrchas
el Yoo Wot de 3\ pud tmpowe. Qo € e cesivo
—| = qund L0 \RAS

T ———

i

N o Messo W ZchAL‘aLd‘.pq\wo—
Yo Ccr&&-g’b W Shee Ue Sono d éf eated Sensing).

Blox . & \Bas  &wa
B G

oo . IDD=SV e eND, duxo clcdze QF . So \BAS € o okt

Anmean (28V) Mo~ o chee N0 Veglamo et gor \ (ressimo B oS
2obiampo O\ CspMo o SV & bes

25 - [_B__C \BAS . Gna —» C¥- OCK- Bes Gna D3 LF
AT B & 2 S Asmy

‘RO
Qaizmo Nequuztant Mose sty

Ste=LXeTO 4— Lo cdahiaop por rdts shco. © 06 duidaemo B 12
M cae oo \o wozw e R o C2onpo mzsbﬂﬂhco

2
Rras
SFn- Q'—-____LM'CD\" 2 S8
2
€ dnge =N 2
\!SB’(“ = N=HD - __th___z = '\IKBT\D [T/m%-.l
oL Nt'OOFtS ('LNOCP
- G
NEHDy, = -\ 1381675 3ok 4@ 16%ks = D3 TAT
4\»\@(/%-\0 K s
R

Brncoy, = I\E‘»'\D&-\]B\Ui : 53‘%’%_ VSO0 = 3T



ggegmmm.m 2 nakes e uyel  Agovane Mo u\C:n'\i:mf"EaNi*co
Ao v\ vzale 9 d2io Ao 8

qu'w = m nT"W‘S 2 263' \"\TYY“S
Y2’

Powo L)

Q0pzmo wr Cudpyok & iee A0 AS .

\D{ Seppame ke Pt amandz \ HEHAS preos @boRro Sako SO uA-
K onedn L Unde elii@ice Ror 100 hos  Ciacly 200

~ov= ASQLA
> ‘—‘ >—(0—| vt
HEMNS == SO
—D> -
oS TRONV-=\D = 40QuAvms = 4004

QU o de 2 2npe Rezkn Pud
Corsume. SOUWA * R (T wedaro
o8C ¢ Q2 tengets d wpdt sgefcos el posse
mgéﬁ\prl"mo
%zpp\m Po- m\\wi‘,w\&rgdo
mes & WQ‘%BIEY

/7 N\ It i m
L Loph NS Zobaro ou-
Rt MG W
L (HAX

2)\50(‘0- = 2 = /{ W ¢
oW S _\%JD Ip ‘E_}An&‘xt (W)
Kn

e \Jw= \{% P :

- — t
8'm- 2o = Q\lIv\(n = Q\JID‘%:/.MCox% —\JZIE%M\COX%

ViR

= {prjlﬂcm%lw = \I Q‘W-\o% N0 = 866}%

Azxo des 2 NS

P IS
Son = 2 WeT¥ \l . &
JMm S STV

RO | mamo Canpo magahes defo del elefioncon S8

Btw,e!o.c,=‘2°5\)v§' (\-\' C%FE)GV\H rﬁ Al

BW essyIT. &rroni al \esio
\ 2S/BnT




l
50% 41 + SpF\ . 400
=\ - A = 39 PR

25/ 307
N Mo C2mpo Megeheo deto Aohe vessienze S

Brng= Y2-1/uer . _ A Gwa
Re Lp Ce

23V /3T

C da QU T12ov2mo RY par oikee gl vahoo @v vardse O\ funoe Sloe
e3strans asoel. .

Voo e & Sk Con € bloncsks 200eo AR AT s Al Bekionco.
e 263nWms d2A Ascesrhuo.

o 5)

Qe 200 @ Sk ge an cul QPosso blanewere ¢ 2 yumon ?
B seppiano A\ WMo o dedo det oo o

Bowndes = G P Not Toferro chodga A 2umevtre qesio
¢ L Nep NOse atvoshon .

&mcmmdmm%\o% %@mmmmmw

UN RSO N\ (e e 2d esempww 2D Prople~ Con L\ WD Raxe b,

< 338nTrms

Tore, b Le N\ocp N\ @anis e~ Canbna W\ dasYn Wn\ero.
Posso didat & 2onche D € Q& lov psssee

*YBN{P_ Prey = %Y—'P = QO Sgmbar
T S e\ Rpporo troud 2 vuons
U0y @ sty L gestn Sotnes Sono
A20) (eSS0 \ow pestoe b tvews =D+ Rale. Ao Bra + 2thdzbus-
CONTRO) Avveh2ro W\ Yo
P20 coso s pofrermo @Gee € iduve \ cumoe dolh M eloftonco

B, e = N Vom Pumco paameko 30 Cu PP Cpaea € Jm

S
4 Mo~ are vedzoes G LR do Tp @ quds



Torews = (2 |4 Tp = AZGA B Araswdor @ posto o 2550)
263

RO 2 \) Yumoe oA ceho-

CONTRO - Consun rootd 2N € non Lald Advhnied curveny CaNouhonn

Bmin et

]

‘LZKBT\D + 2 L\KBT. Wiz 2 3 —
( LB} 2VekmIo \& Nip ) - VBwW

ScoAx Bofes
'i":‘_‘ o0 oo JBN

—

t

—42-\-202\ oo o2oan 201

We have to design a MEMS microphone. The schematic of the device is shown in Fig. E— Stnicture
1. The system parameters are reported in Table 1. We are asked to. .. Membrane thickess

h | 1 pm
~ Vortical g

ba
1. Choose the diameter of the membrane in order to comply with noise requirements,
aiming at a well-balanced sensor in terms of noise |1l'|'['| wmance. Caleulate then the ] n‘,: ‘ f'n__l_rl_-'
electromechanical sensitivity. ) | fwoas | 20uV/yHe
Maximum analog voltage swing ! Vinaz =25V
2. Caleulate the required bias voltage, Vpe, in order to have a well-balanced sensor ) Requirements I
in terms of noise performance. Min, detectable pressure | Pami 33 dBSPL
Max. detectable pressure (acoustic overload point) | p, 123 dBSPL
- 2 - 2 d * in. detectable frequency 2
3. Suitably dimension the feedback network of the front-end and graph the final trans- Min. dotectable frequency I ) H
AN 2 3 Max. detectable frequency | 20 kHz
fer function from input pressure to output voltage. A !

Come &Xo v morofono’ e e D -
’\:b%\f?_m '\Q.chrto @bb w\ - e '_é— f movable and conductive plate

= |

(membrane)

pressure reference
(chamber)

Ventilation " wh? - y
Hole IR ke =16-E wio=wrhp, b= bypeawr’

Figure 1: MEMS microphone sketch and spring-mass-damper formulas.
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= position: reconstruction of x, y and z

vy + Ufa(r) dr)] dt

» angle: reconstruction of €, and ¥

x(t) =xp+ Lru(t)dt = Xg + Jﬂr

t
6=6, +J Q(t)de
0

Mo qesiv € un o hole B A rlt Queno W\ YNGR @ oRisok.
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* Let us assume (reasonably) a constant offset associated to the noisy

- . —
sensor output. The equations can be written as: k@b Ykl 2uero O RStk @
¢ -t a(t)
= 1 - gy x(t) =x, +J (Ifn + J ag(t) + ags + u.m.\.-(!}:rtj dt u &l n’m
EH g K 2 T rme
enaffiets t
" omame B=08,+ j L(E) + Qs + D pise(E) dt ;
0

» Offset quickly results in positioning errors while time is passing:
= e.g.aposition error of 71 m

= after an integration for 2 minutes (120 s) of a 1 mg offset < \bd‘m Q- 2ncks Qo L oedusvo
- e.g.an angle error of 60° oUsok- ZbO\T'D cle m oo “Qﬂ'\w
« after an integration for 2 minutes of a 0.5 dps offset 290\ Ua  rvove. ('Yd‘kb m

¢ |n the following, we will first assume that at time t=0 such offsets can

~
be perfectly compensated (at least at a reference temperature T,): = ‘gm“e;\ﬂ,_ C\Uf\é_. o o
» with a digital calibration, if not natively possible in the MEMS design phase; C”\}D;D_m = % O_Qim |00
= later, we will comment on effects of unavoidable offset drifts at T = Tj.
0 HE  cave remenI Zoci xZranente..
. Y
Sq‘.p(}r\m oCo. d‘, 2 2}(\(\_}\18‘1} \ 0@%9.1_‘ * Offset is not the only non-ideality affecting the sensor output.
ro. d 20 Qo)X YUMmore Denco « We also have unavoidable noise, with the different physical origins

that we studied deeply during the course (electronic, thermo-
mechanical, quantization...).

* Noise, as a statistical quantity, cannot be compensated during a
calibration phase, so we need to take into account its effect.

3 13
x(t)=xg +I (J‘ rl,(r]+.a,“.,“.-r-dr)+v,, dt alt)
J-v. et

"
A=8,+ I 0,0(8) + 00 (1) dt
o

* The goal becomes the study of consequences deriving from
integration of (nominally) “zero-mean” noise!
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* The figure is a 100-s noisy gyroscope output with nominal standard '2300:5- Mdf'&\(\buzm th
i kot o o eonc- el 5 o favo-

* The output data rate - ODR o5
(frequency of output refresh)

is of 200 Hz = 200 Sample/s. & o CDR: SJo QUATS ‘empo el Peso Lo
According to the sampling 2
theorem, this corresponds to . 20 ol CunoR.

8 maximun BW < 100, « Atany point in time, the angle (which should be ideally 0) can be
= the total number of samples equals

the ODR (200 Hz) multiplied by the s = - - ~ estlrr.wted from thz.e rate values up t.o the actual ;?omt. We zoom on
observation time (100 s): > 20000 samples. THne 8] oot ool the figure of two slides ago for the first sampled time steps:

rt
8=0,+ J () + By (£ !
(1 0.8 I's

5@. l\[\\%\[\m q»es'cb vVonge. Qoso. o u:ﬁ 0, . uptof,
Hede ? Pewa & AW Dessemo |

7 04 _51,--_,
2l fa <) T Aseedp vedendo i SZ"{?‘Q. 0= [ ety renE
& 1 * As the output is update at ? o
w02

discrete points in time, we

m \I"Q\ d,gm QC&S\ 20000 STvee write the above integral as: o= | L e
\ ‘ n n 1 8 every 1/00R second's
Vwigele cove o= Yt = Y e o

0.05 01 0.15 02 n2s

Time [s]
* We define “angle random walk” the random behavior that the
angle.und.:ergoes as a. conse.quence of the noise integration \)eé’m . 20cka S W\ ome- No—
described in the previous slide. _ \ o

edo. VOO~ MO (ol shd o so
* An example of the result is given, for just one random noise . b . .
o UNA UV O A Compon 2WMe-
distribution lasting 100 s (the one considered in the last two slides). %W o~

atn? random fluctuation of the calculated q-Q.SfD %\8'\I’ && Qh— ‘\ \.ZLO{. ‘@\Y\ZzLL

0.08 le, after measuring a finite number o -
oy - \o ]
MLy of noisy anguiar rate values m e/ m\ e.. Pw Mm\{,
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* We look for a single technigue that simultaneously identifies effects
of of it and (ARW) on the sensor performance.

I\ Qesio 25 Rvamo codd Aty \ posal
yomat @ 2ncte Vo¥fset dvift- (defe 2d Sronpio

. -~ L~ ~
SOl € wieso coval gD LA
in time of the output signal (affected by noise and drift m{-put m 2 Cz“’\p\m’\\ M .
only} is calculated as the minimum average change in consecutive
gyroscope rate measurements when analyzed under no rate over

varying sampling times. The AV is defined so to capture this effect:

= stability in an AV plot is qualilied by the mini rate and its ¢ ding observation time,

* You can see offset drift and noise in a similar way: ﬁ' :
« white noise causes rapid random variation of the output; B
« 1ff noise causes slower random output variations; :
= offset drift causes very slow variation of the output (this i) |
variation depends e.g. on temperature or relative humidity b

in a deterministic manner; however if offset variations vs

T/RH are not calibrated, the behavior can be assumed as
random — we do not know how T/RH are changing) = 1/F.




1 * Acquire a signal for an overall time length ¢,
DQQ'WQT\Q una \ ‘Q\\Z{\ \mm = Split the acquisition interval in M slots, each of a same duration t.
* Calculate the average value {2, of the signal along each slot.
'Zb ot E :  of g g
‘ 'tg.. * (alculate the changes in consecutive measurements.
-

We define the Allan Variance for a specific observation interval T the quantity:

Mo
2 y nsecutive gi
b ofynlt) = =D ;{“k“ - 1?2 consecutive gyro

measurements, each

/_\ average for the
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¢ For white noise only,
one finds that the root
Allan Variance graph
decreases with a slope

equal to -% in a log log @'%\'D SYJ\CO C*L”‘ 2\\en U2r0NC0. SQas_ w

scale (1/V1): ? | |
this is expected, as white e e TR L i . m (J ' CO‘W*\ C‘b’\—o YT O
noise gets averaged with . ~ JE " (,ﬁ

the square root of the n.
of samples, so with the
averaging time t.

two decades
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* Let us see how this is E
intuitively (and g
analytically) justified.

M-1
iy 1) = o M -W)* o (r)=2["s, {”\m [#T_Id
w 1 Z _{ T If

g AV = average (i.e. integral calculation over time Mt)...
R ...of differences (i.e. derivative calculation)...
% \stfb Uk P\H‘o pzs::- . ...of averages (i.e. integral calculation over time 1)

=0 YT o AL —)bandpassﬁiter

BP filter with center and width

[ ro ortuonaito : il
i X—X PR Mt T
) ;
K 1 1
||||||||||| o m— - w
i Mt T .
7 i A [ . i
Ay B = sin*(mef) | | ) vl
[Moivalt) =2 J; Salf) T df
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* For a white power spectral
density, observing for a
longer time (i.e. a lower BW,
o 1/7) means

neglect 1/f noise
white noise

S SRR Lo -

O e~ \\r\‘%’o_o,-m W\ Yoncee. Do
CooirR S Vo ds- oveggoe &
e 22 oo bando. X R ke S

getting a bardwidth o z/um.\ VBN (<3 QC N o tranp oMo

lower rms .

value. T U v e

1 ) S S
isi " g Thva(®) = = Oav.a(1) = L

e There is indeed a perfect 5 27T 2T

equivalence betweenthe £

white noise density and the £

slope coefficient of the RAV zé i ol

{apart for a factor 2 caused by the AV definition]. * Fora ljf power Spectral - EEjppe=n

o) = _ Saw 03 g pr = < density, integrating for a \.i"T' 5 J"lf_ﬂ"

' 4 Observaton Time (] longer time means filtering consider alsds

p 1/f nolse
with a smaller

bandwidth
a larger noise
value.

bandwidth o 1

L
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In other words, increasing 7
means increasing the
number of averages but with
more and more 1/f noise

* as a result, the AV value
remains constant.

mm ol"‘ t\m}\" W'\zf\m_ e: (/V'ko'- aanltl= =2 a, log(2) m:t:-' 10!
sl & wdddo \\  grebco ol 2hen tenne
PS> W2PR Skl el o Tunea YR ol WRdo bro- Costie

Evaluation of 1/f noise coefficient from an Allan variance plot:

—while enly

white and 1/

Root Allan variance [dps]
=

afynlt) = 2a, log(2) a1 (1) = /2, log(2)|

¥

107 Qutput stability = 20 mdps

independent of v = slope =0
e |ntuitive
Ay . explanation

P & sRIUARS
If we use a smaller 1, we are band-
\ pass filtering a smaller spectral
WA content over a wider bandwidth
white only LY "
P > 'T + BW (1) remains constant

Root Allan variance [dps]
=]

white and 1/7
» Offset drifts are critical for navigation as
10° ; they slowly but unpredictably affect the

102 107" 10° 10 10
Observation Time [s] measurement for long observation times.
a3y alT) = gt

£ @ qQero t@edo o osok?

Log scale!

Rt [dps]

| S |
oav0(t) = Byt |

Offset drift
frate random walk)

\

:

“

VT B 107" log{z) = 0.02

1o 10’ 10

Obsaervation Time [s]

Lo, i poi ol 2llan vznence G
Peda \\ o A Rt @S
200W0 24 e R pr oot Pesse Ananue
Y2RN RAN@ gl 20N 24t~

= R / N ] me ]
Lo Seblic Lo Conadenano s \\“ﬁ\)_o%f VT = 17 slope = +1/2
2 = R,
m l\ Chl\n\W\C) \b\kL E @imy =17 mdps | \‘nv_ Best IMUs have nowadays ARW
& 10 \-\ in the order of few mdps/vHz
l“‘wmo . ‘ 0; \u NM_ d; o e ; X or fractions thereof.
b \ A
kzl H \N E -whit I i Stability is usually in the order
\ 0 kv‘ UZAKD. 8 :h:: ::d\‘I 1 VNN of fractions of mdps.
4 —white, 1/f and os drift

[ARW = 14 mdps/vHz]
X posso Carrpsreze ok W o LU | |
%\mm\*o LO %ﬂh@ C'CI\ UG~ . N Observa:ic?n Time [s] b "
P2y 22 Mo ' 2on wenaenee (\veor o) *

RRW needs to be compensated
possibly by design (stability vs
T) but also via post-acquisition
digital compensation
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ciliary body
(rung-shaped mutcie|
]

Five major system components:
Membranes
* transparent to let the light in;
* opagque to avoid backscatter
within the optical globe.

latoral ractus muscle

» part of the choroid, it contracts or
expands to control the light amount
entering the eye;

= the opening (pupil) varies in
diameter between 1 and 8 mm;

this gives roughly a 64:1 ratio of
“programmable” brightness control

{it is not the only factor that allows
the broad dynamic range of the eye).

= Lens
* its major function is to focus the
image on the retinal plane;
* its shape is controlled by ciliary body muscles: it flattens to focus far objects; it becomes

thicker to focus near abjects (it is basically a flexible device that adjusts focus on demand)!

* it covers the whole inner posterior portion of the eye, where light rays are imaged;

« structured vision is obtained from photoreceptors spread on the retina (our “image sensor”);

« receptors density is the highest in the central region (Fovea).
* Optic nerve
* brings stimuli from the retina to the brain, where

AN o soo Yol
o vehvo & lo- cossiiey o
Conczle. Sk 20
o A heRSSL.

elaboration takes place.
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simplified horizontal cross-section of the human eye

Lo R0 € o parle S WReSZAR
dol oo PR cou VSto e
oo L Restoeaton.

N € AR AN A eSO
d U~ Sonsae Lo\ Ceana.

los ehro. v € cuvwo. @ €
@t redo doe N\ puts S0
CRUATRMN dzio. (aniR G=sT Yo
e Asorsca. Wolte V\ SSoeoty

O (SRS o Pxeh A Quzlbotqe Canaron .

now S costnte oo won e

O Ao ZHODO ¢+ BatDeeien GRSt woe e o

The distance between the lens center and the retina (~ eye focal length)
can vary thanks to ciliary muscles from approximately 17 mm to 14 mm.

From a focusing distance of > ~ 4 m, the lens exhibits its lowest refractive
power (most flattened).

With the dimensions in the figure one can easily find that the size of the
tower on the retina is de-magnified to about 39 mm: = lenses in digital
imaging will also apply a demagnification!

-~ -
__h“““'——______h_q__"_ ’__f" ~C fA
231 S ——
PR B
= i /A ‘ )
a - 100 m 17 mm

Another important point is that, in the human eye, it is not only the
“sensor” size that determines the field of view: there is a ‘central’ region
(1.5 mm, ~ 50° field of view) where the visual attention is the highest.

Qundo ‘@ W ¢ s oo @ o € s v WRdzo L o< .
%cmmmmmmwm&mm A\ Qaoteno pS
T2 €000 ok SBR DL &n L L~ TSP \nanp.

Disnwoner dss Boeaion

* Inthe distribution below you can note a blind spot per eye (corresponding
to the optical nerve termination). This is however in the peripheral area
and it is compensated by stereoscopic vision and brain elaboration.

* To check your poor rods density in the central part of the retina try to
look at a faint star in the night sky. Actually you'll better see it if you look
at a point slightly shifted from the star shine.

180,000 i T T

microscope image of the refinal lissue

We now focus on cones only as our primary interest is on color imaging
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* These figures show the cones arrangement for two “color-
normal” subjects. They are pseudo-color images: cones were
falsely colored in order to represent the three classes.

= cones classes are randomly distributed in both subjects;

* in addition, the relative number of cones differs greatly between the
subjects. Yet, both subjects have normal color vision.

f\l}\xgxa_-rc CPdne. MR2G)w
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* On-average values: 65.3% of the cones contain L (“red”), 33.1%
contain M ("green”), 1.6% contain S ("blue”) photo-pigments.

e type

* The cones are actually named after their

sensitivity (probability of absorption) in the

short (S), medium (M) or long (L) wavelength range.

the S pigment has a peak response at about 445 nm. Itis
insensitive (i.e. almost zero probability of light absorption)
to wavelength longer than about 520 nm;

= the other two types of pigments (M and L) are e
maximally sensitive to 535 and 575 nm respectively. i A probability of canes
Both respond over almost the whole visual range. by

normaolized spectrol
absoro

however, a large number of such

this light ray is NOT orange. Its
only property is to oscillate at 517

light ray will excite, on average, 5, M
and L pigments with a certain

PSD )S‘ THz, carrying an energy of 2.1 eV W ] :
1f EYENETTT - 2 i i
1 FTITTE 1 "
A W Y | This ratio, elaborated by the brain,

probability, and thus a certain ratio
A = 580 nm L P - - gives us a sensation of orange
* How is color perceived by the brain? Color results from

the interaction between radiation spectrum, the cones,
the nervous system and the brain.
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Information is first re-elaborated:
= in a channel giving the red to green ratio;

» in a channel giving the blue to yellow (Y=R+G)
ratio;

= in achannel giving the overall brightness;
= > adifferent but still a 3D color space.
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Snell’s law describes reflection and refraction at the - 5
boundary between media with different refractive index: @ -, &/
= incident, reflected and refracted rays belong to a single plane; 1 \'\/ 17 Q.-
= the incident angle a is the same as the reflected one; i & '
= the refraction angle S is related to @ through the Snell’s law: 1 S/

optical axis

n, sin(a) = n, sin(B) L - ;'“;

WA o & 1pp Prex(@ poseme see M X=N2p
&Eﬁoqu@ etz 0 Frmolos datton ‘el W povaxiet 2ppvox.

The general ' L " "_ (S]_|+%}=f”_”% &_%)=m_n% %m“o Q_U“A:' cglclze W\ ﬁwu-\-b ANow

equationof 7 |

a thin lens in | o Ao SN THESSNT LS S4 Q Qetko—
paraxial approximation Pt (l+ l) = (- 1](i = i) l X \ 9

relates the distance of the object (s,) and O e WWMZHva -

of the image (s,) from the lens center, s thus possible fo s

o g from the Is
PEramelers (note: radi should be taken with th ).

The following formula is obtained by defining the focal length f as a single/

parameter that depends on the lens geometry (R,, R,) and material (n):

+I— l with l.-——(n—”ll_l i ! 166' @ Cm:h m d""mm@"\c— é‘;
v ! o s traxudals \spotio o Ysz.

* it refates the object and image distance from the lens !
(s; and 5,) to the focal length f of the lens; 5 ¥
nole: lens materals are glass and
plastic (n betwean 1.3 and 2)

]

1
=

1

= in typical digital imaging systems it holds s, >> 5, and

images are formed close to the focal length (s, ™~ f]. rays coming from objects at infinite distance
5, are focused exactly on the lens focal plane
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By definition, the magnification factor m represents the ratio of a
dimension !3 in the image with respect to the dimension lg_in the object:

L\ ~ N
. 2¢0- X\ P @VM 2 a-%c:..zdnh
e Oacae}ilv raa Pl Bar u~ < &,
do. << A,

m

Through simple counts one
can verify that it is equal to the
ratio of the distances from

the lens:

ms=-—~— &

'_ﬁ‘p\%m Ao OSV20Ne SAAD tao—

@i Mme- v & Lror oSt SposQche
Area is magnified by a factor m?:
» this is useful to calculate which area, belonging to the scene, each pixel captures Vem*\w pm %b\zc' \Cb %Q?J\

photons from. t; I ‘
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This is usually achieved by:
1. afirst convex group (large lens aperture and light gathering, low refractive power);

a second, movable, concave group mostly responsible for zoom control;
a third convex group that handles the focusing using small movements.

* As we cannot use a variable-shape
lens, more lenses with variable
distance can be combined to
obtain a variable focal length.

* Adding a positive (convex) lens
decreases the focal length.

* Adding a negative (concave) lens

5 = Sigma 18-200mm 13.5-8.3 mk Il DC OS HSM lens has Design of such complex lens
increases the focal length. { aimatamiindi it systems is done using
/ FLD glass
| by {0 Anphuricel gluse ‘_".‘.“"""T -"j";'.“""" simulators (known os
; : : . H—i : (R | B I raytracing tools).
* Moving the relative lens distance ' Ay ‘A l |,-“.' ﬁ"
: I IHIH { This type of simulator can
changes the focal iength. 1 eo7 \ J-'| |I'-|'. \l account for light propagation
\ 31‘ cos 15 con 10 'r;i in simple paraxial
\ = G o 3 5
I Systems of multiple lenses can be approximated through o lens of equivalent focal length. We thus hold ‘ = aiimx:};ar;o::,.kor chou:_r fo
5 " 3 H a1 L other gfjects like aperrations
this assumption and proceed that a lens system is olways described through o single f value. BT iy i is and diffraction,
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» Effects of aberrations are: * Aberrations can be mitigated:

SR 2L NON Voo 0w Sesa. Bvro- (L ks el

Aberrations become evident when two phenomena are conSJdered:
= errors due to first order paraxial approximation: .

(known as 3" order or spherical aberrations,
as they appear as soon as the 3"-order term is considered in a sphencal lens}

= the fact that radiation is not monochromatic and the refractive index (e.g. of glass) Is
a function of the wavelength, ny =04} (known as chromatic aberrations).

= aresolution worsening; = via hardware (lens shape and material);
= the appearance of color fringes. = in operation (closing the aperture);

= via software (their math origin is known).

Mdorne \ e cbm S?r\er\cak 200uvZhoNn

Small angle
approximation:
= sinfo) = o

= sin(fi)=p

© fEngdnta

True solution: e

Fram a pstnermencal paint at wies ye should
re-congider D Biin les withzul paraxial
ApErEimAtnn — or #f st fRking ink Acrount

" Sl i Wt
= B=arcsin|n./n-.Tsinfo
| UL PR3 { ]] Iirg-order b,

Calculations quickly bacome harg 1 soive
| s reguine gyl oals.

For large incident angles, the
true refractive power is thus

larger than in the approximation.
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d,\gl/\oégmcm&smwm\-
opamno + ez~

Come passibole megnze geste.
Zhmno2ice AN
\ (SR- @ We 2vno + 3on Do,
ONn Modo Rar vidme et
gostue 2boevvace ¢

ans Cxoe,dsrha_kQ,—d\Cb_m
kN0 PO s Eeu A slee |, gasie
N P ashre u~ Botto.

From a systom palnt of viow we analyzs
Ahe origin of spherical aberrations, their
Facts and il

p

Mz Adads dollon ngreue Stndo-

They occur as spherical surfaces are not suited
to make “ideal” lenses, though easy and cheap.

Aberrations are due to increased refraction of

\Jed2ro Al 2/00Rmo G~ 2ppProssveo@rce.
oo\ @so e e
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R € X megpice € ‘o vRroercal.

Perfect Lens with no
Spherical Aberration

Consider light coming from a point like object :
at == distance, and the ideal spherical lens.

rays when striking a spherical lens near its edge,

compared to those striking close to the center.

Marginal and paraxial rays have thus different

focus points (at large angles «, refraction

the smallest “disk of least confusion” is

A point-like object is not imaged as a point:

Lens with
Spherical Aberration

power is larger). The point of best focus with

illustrated as the thick green line. £

= - resolution worsens!

facal paint for
marginal rays

focal point for
parmxial rays

There will be (almost) no use in designing
pixels smaller than the spot size!

BReR g { delvo @ Ao zpato. oS o oo~

Lens with
Spherical Aberration

Spherical aberrations can be avoided
using aspheric lenses. PR P
confusion

An aspheric lens is a lens whose surface
profiles at the edges are not portions
of a sphere or cylinder. It is typically
more complicated to build and
therefore more expensive. Plastic is
preferable with respect to glass in this
sense.

disk of least
confusion

The definition of the surface profile

takes i ~ount third-order terms
and reduce by a Iarge amount the
effects of aberrations.

compensation is never ideal: & paint is stil imaged
as a spol, howsver with much smaller size.
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The F# number of a lens is defined as the
ratio between the focal length and the

Am;c_,m\%emww CSNR

lens diameter (or aperture) D,
g ol
rr.‘ - XD

It therefore defines also the maximum aperture cone of the focused rays:

6= t b - t !
= arctan oF = arctan T

It is an important parameter in the optics of a camera as it affects:
= gathered light signal (and SNR);
= spatial resolution;
« depth of field; |

Our interest, to answer our initial questions of today, is on the first two
points.

Do
ML&U&‘E?DE&\WWM s

e Io- spaieA YA,

-

Lenses of high-end cameras usually
have adjustable aperture.

a lens is characterized by the F#
corresponding to the widest allowed \
opening. -

o]

A lens with a smaller F# provides
brighter images (more light in).

DSC lenses use a standard F-stop
scale, which includes numbers

corresponding to the se
ero

powers o

Mobile phone lenses do not

use such “fixed” scale:

they have either a fixed F#...

... or two cameras at different F#:
= g Iphone X has a dual rear comera

with F# 1.8 and F# 2.2, and a front
camera with F# 2.2

For human oyes, the aperurs of the pupil
— can ramge fram 8 mm, wide open in dark.
to 1 mm in bright fight. For an infinite
object distance, the focal fength of the
ey iz equal fo the distance between the
= lens and the ratina, ~ 17 mm. The
resulting F¥ mumber ranges
quile a biight ore, and

v ool oo LR-pLaoce. € MeRD Ustena
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Circular aperiure

Tzs.rtx_g:. l\?—m@C&%\Zﬂ.

S e The lens circular aperture diffracts 4.3
light. We are interested in evaluating A x\ \I \
. A how a far, on-axis, monochromatic W ) )11
sin(d) ~9 = 1'225 point-like source is imaged on the I ’///’//'
sensor.
CS un ”\*fz&o-ue AL ooxzes. ¢ Incoming light can be considered g ——
. Ve ( para_llel‘ Huygens theorem can be [ -
e d%}@. ' quzao Nguavdo- |\ anvlied. | d -
oo TR, o
¢ The first Airy disk diameter turns out ' -
to be: & : E
~ A §
'R\SPQﬂO 20 mr\dﬂ_ 23240 dpiry = 2445 f =244 -1 -F# The higher the F#, the larger
2N~ the diffraction and therefore
Calculation of the photons/s NG * A point-like object is not imaged as a the spot size of an ideal lens.

impinging on a single pixel:
start with source PSD in W/nm;

calculate how this is |on average)
reflected by an object, per unit arca of
reflaction and solid angle {W/nm/m, far);

calculate the salid angle fram which the
lens is seen by a point in my object;
calculate the area that — in the scene — =
corresponds to a pixel {through the squared magnification); "

the light impinging on the plxel area is found by multiplying the guantity obtained at
point 2, by the two formulas Tound al points 3and 4.

You will see in a numerical exercise that photon
flux (so, the pixel photocurrent] is thus proportional

to pixel area and to the F, number squared inverse:

Apiret

twal K
Prscat Fi

= attypical pixel size and F#, for generic scenes af variable light intensity, yau will find
phatocurrents in the arder of <0.1 to =100 fA per pixel.

e 2tk dlesse prrforeance o wn Weleero 7

A smaller sensor allows, in mobile photography, to obtain the
same field of view of digital cameras. To fit within a small
thickness, high refractive power is needed

= =» relatively large aberrations...

= = focal length adjusted by combining acquisition from multiple cameras.
For the same number of pixels, a smaller sensor size corresponds to
a smaller pixel size (often smaller than optic limitations)

* = in mobile imaging, the resolution is almost always limited by the optics
rather than by the sensor (and in particular by aberrations);

=* in mobile imaging, the amount of light per pixel (for the same exposure
time} is small and this will affect the pixel performance...

In general we conclude that native performance of mobile imaging
are unavoidably lower than digital cameras
= such a difference is partially compensated by the heavy role of digital post
processing of mobile images... and simply by the fact that most images are
viewed only through a relatively small mobile phone screen!

point:
= -2 resolution worsening!

‘There will be (almost) no use in designing
pixels smaller than the spot size!

Core \O Osolu2ice. SPa2izhs- \hea

Conovede. A2 efiheo~ ?
Minimum diffraction disk occurs at short A and wide-open lens.
However, for wide-open lenses, resolution is limited by aberrations!

e emaee

the F, at which best optical resolution is
achieved is typically two stops below the
widest aperture, i.e. F,=4 - 5.8, In this case
diffraction-limited resolution has a spot:

FaasuF,

Eeeery

Ayjry = 244 40 nm 4 = 3.9 pm

At other Aor F,, resolution worsens,
Mobile phones, having small F,, usually suffer from

B g o

aberrations.
In order not to worsen the resolution with sensor spatial sampling,
the pixel size should be comparable to the numbers given above:

= pixel sizes ranging between 2 um and 6 gwm match this target.
« larger pixel size may worsen the resolution and cause aliasing [why?);
= smaller pixel size worsens ather parformance (see next slide) but prevent aliasing.
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The image is obtained through a matrix of elementary oo 3 %la{: PONCR 2, do-
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e, S oL et 0= AAvertre ety OR
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. overallquantum efficiencv (from photans to current); Charge to voltage conversion, \ l P\ q o
. integration time (from current to charge); The available space for electmni:::i:nh:li ‘J e g
= conversion gain (from charge to voltage). mpolr;:";ilh::;iii::zds.l:lnpul:r::L:::r_ll:;;pi;w\:ﬂ ( @Eﬁ‘;\m UE-Q- s :SE Eg E EE“ —k\)“\
arise in this conversion, as we will discuss. \‘ M)
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This conversion is nearly
linear and is governed by
three main parameters;
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Absorption occurs when the energy of the incoming photon is larger o %&@\J Aaxonn 2= Loe epo_(a\g__
than the energy gap. In this case, an electron-hole pair is formed for

= TR g Mo L - \ o

each absorbed photon, whatever its energy (quantum detector, like the eye). % & ﬂ., 2 / ol o

Wco W\
b D o o<
With a Si gap E;=1.12 eV, the corresponding cut-off wavelength d; ‘@ hc’— S z%
turns out to be/_lcu,_oﬂ=1100 nm (this falls in the NIR range). i ST Qv QA eSS on- 'P@b QO

» e.g.a “blue” photon (400 nm) has an energy e m : =3 eﬁ%‘c}"‘
Epp =" =22 [eV] =316V » 112V Lﬂ’&n 2 Sofbh@madn. entvo— NN silon 2200

i Alpm] £, .
» ”e\:» S0 X evomea, U E!ls)dvb-q_ A2 %
= jtinteracts with the lattice structure and creates
electron-hole pairs, promoting electrons from -9 m I Cxﬁ\ébm < Owrere. Lucoo

and into the conduction band;

lOwcoro~ W\ O & W2aneoe

= energy in excess is lost in phonons excitation. '

After charge is generated, we need to understand «/‘
how it is collected. ¥
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In the simplest case, the active area of the pixel is a reversely A
biased PN junction (usually N* over P-epitaxial layer). n%m \ Q&)\@XM la}f‘Qf m TS
Ve W RS O \O- 20— & S SLaes

Typical doping values: V,>0 -
« peak of the N* implant: Ny ~10°° cm™ rp\u %Ym
* uniform P-type epitaxial layer: N, ~10% cm3;

Brmole. eor C2laire \oL 2aco—

A few important parameters to understand
the true operation of the image sensor:

= depletion layer width (e.g. at a 2ege5 (Vg + Vi)

= 1.5um

typical reverse voltage V, = 3.3 V): Xdept = aN, (_& d,% ( \f\.'\" e: V)\'('rpvc_?_ ! \

= diffusion length at r, ~ 1-5 us,

D,~10cm?/s (epitaxial layer): Xair = Dt >10#m} dopandanton'S Uo Gn Qatko~g g_p‘_‘:‘ Se Seo. o

quality

(impurilies,

proximity to pe'n‘n d‘ (PN CZC\'\?CD eﬂ&b\‘(\m '

surface, ecc...,

not anly doping) m_ SEDF ~r m % m M‘ ,
20020 L COMPO Aafiico mow dzlse 2Me perh M Now 2dovamg Nollon .

= diffusion length at r, < 0.1 ns:

o
s = /Daty < 50
D,~3cm?/s (surface layer): Xaiff =/ DnTn el
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The ratio of collected electrons ‘\‘Qa\ MoQe Qo2fe. G ndenaSa m@w\-f\-o
over incident photons is called e M M'O‘ O Qax \ %"W

quantum efficiency.
2> Sape A.)
<«

Usually 77is < 1 due to 3 Ao et 20onrng ks ARe i
« surface recombination at short A S - k. -
{junction depth x> ]_fa(q_uu nm)]; WOO e‘ m\b\u d-,‘—- 8!.‘ Qm_-. QLA—

collected electrons

n(d) =

incident photons

« uncollected carriers at long A ) = g Rt < lgeraiiy T =  2XW2NG ) 2Na L A2NCe QrQS_)s_.‘ Qo
(depletion depth x, < 1/a(700 nm)); ¥ ” Iy i sr \ VNG % — (
- ~aldlxry _ o-aidlxg 7
« transmittance Ts; (1)<l at Si-air interface. (e e 0m)Tsi(d) Pece QerpLer) 1= R ST < "> R VI = PNV N -
- . d .‘aq h A
Another commonly used parameter is the responsivity, which gives d 2w ©- c2a5e- Qe :
the ratio of the output current to the input optical power. Pl oo 20 S Pgb\_'. ond 2
RQ) = I;,_,, g g m{{ecji:ed e.fectrons‘ peaj s‘ec.m:d _ .i?](—l) ) ﬁn(l) m (m‘) ‘e~ <« P{%L"‘T’: B
ot ph * incident photons per second  Eyy h
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WL_ To retrieve color information, a camera should implement as well 3
different functions of the incoming wavelength:

= there are different approaches to this, the most common
being the use of a mosaic of Color Filter Arrays (CFA),
where pfilters are deposited on top of the Silicon layer;

= the overall quantum efficiency of each pixel becomes the :
product of the Silicon quantum efficiency and Ty T,

%(2\) )\ the filter transmittance. —
= da ) : n(2)
= (e~®AIx1 _ gl A A
() = (e7 @ — = DX YT (A)T 1 (4) &—n IE =+

dede o~ Prostocuvest Mo ol
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Rear Rel s Aahe Rxet
PPS (e.g. CCD) APS (most CMOS sensors) Ne- S Dwed Z«btx]cv'{) so | P\‘dﬁxjamw
EEENE N EEEEEEEEEEEE R\ prger manhe pan 2cbve prer A 2bben-o
Sor (et dalvo.

f  the photosensitive element (e.g.
{  the pn photodiode) and a compac

J }Hnmgeneu‘te‘d cha rge at i:‘i;e‘l“lhél‘;hm‘.l‘d“ﬁe | Photogenerated charge Is thus directly converted into
|transferred to a single charge-to-voltage conversion| voltage at pixel level, with the minimum required
___stage [charge amplifier) at the matrix output. _' number of transistors (3 or 4, as we will see).




CCD/PPS readout architecture requires minimal
pixel overhead (almost no electronics), making it
possible to design very small pixel sizes.

In PPSs the charge transfer is passive and
therefore does not introduce pixel to pixel
variations known as fixed-pattern noise (FPN).

In PPSs, charge transfer readout is serial with
limited readout speed,

CCDs/PPSs are fabricated in specialized
technologies solely optimized for charge transfer.
The disadvantage of using such specialized
technologies is the inability to integrate other
camera functions (processing) on the same chip.

Voltages needed for charge transfer are rather
high (e.g. -8/15 V) for fast drift transport,

A larger pixel area directly requires higher voltage
or longer time to hold an acceptable efficiency in
transferring the charge, making it difficult to
reduce consumption at an acceptable frame rate.

The charge to voltage conversion at pixel level
enables a simple voltage “scanning” mechanism,
high-speed readout and window-of-interest
operations.

It however introduces gain/offset nonuniformity
(FPN, which needs thus to be compensated).

CMOS image sensors are mostly fabricated in
standard technologies and thus can be readily
integrated with other processing and control
circuits, enabling analog and digital processing
({e.g. FPN compensation!) in the same chip.

Voltages needed for CMOS operation are usually
inthe orderof 25 Vto 5 V.

In CMOS APS, a larger pixel area does not require
larger voltages.

Because of a CMOS sensor XY address scanning
scheme, only selected pixels consume power at
any given time.

In light of all previous comments:

- CMOS sensors dissipate less p

:r than CCDs of equal size;
- the difference in power consumption grows as chip size and frame rate increase,

APS 2
Come. 20p@no o e el 20wy adoeeno 2naie. Neledivonco.

CHOS ACTWE. PXEL SEIROR.
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The photodiode is only a
part of the active pixel,
which includes as well
transistors, electrical
interconnections,
pixel-level p-lenses
and color filters:

Additional filters (not shown) are placed

Microlens.

Amplifiar
Transistor

Column
Bus
Transiator |

the mostly adopted
CFA configuration is
the GRGB pattern (G is
used twice as it better emulates the

photopic curve than B/R, and lets more light in}.

on top of the whole sensor to:

O2nde @ mesolani
~Soze d Toto |\ R Lzctor.

Come Lonccamro Velathanico- par tn

cut-off UV/IR light (RGB filters let some light

pass in the IR range);

avoid aliasing by “blurring” images to ensure a

spatial frequency of the optical signal lower
than f,, = 1/(2'd,,.}. This is not needed if
diffraction and aberrations already blur the
image enough, compared to pixel size (small
pixels are used in mobile applications).
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The fill factor is the ratio of the pixel active area over the whole
pixel area, including electronics, interconnections, dead Si area...

= the FF for PPS can be as high as >90%;
20 :

typical fill factor for the simplest active pixel
sensor (APS with 3 transistors) and front-side
illumination is in the order of 35% to 45%.

= the lower the fill-factor, the lower the

signal to noise ratio (see next slides).
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If the anode sees only high impedances, the photocurrent i, and \n% \-D~
SPRRED : Y\ 2O Conni dvetanenR. U

the dark current i, are integrated over a capacitance that sums:

» the diode depletion capacitance C,,,; e i CdQ-P e C& Cm wc'—l« dﬁ;x: MQ‘I‘O
+ the gte cpacance o ‘ 1—1@ e 2dbanc U gole b Un RES e
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This kind of integration which occurs directly on Fa-functicn phitadisde B =

small-signal model

the anode capacitance is called direct integration. __]: 1 CUL. (<) a(}. \q\’ﬁsw
—_ Qo Qo 2008 V-
No  wwze denzo. O0.

3 Epegid
one transistor, C,. Cuey = ZOTSiTed
Xdepl

Assuming to first reset the photodiode reverse bias, the voltage

———
across the capacitance decreases during integration. This charge-to- \ i‘
voltage conversion gain, measured in puV/electron, is governed just 77

by one parameter (the integration capacitance) and is almost linear:
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According to previous slides, we can get direct integration and fast %000 ot W‘QOS '\12(\5\5-\0(-

scan if we guarantee (i) high input impedance seen by the anode
and (ii) low output impedance towards the column bus.
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The simplest active pixel to readout the photocurrent within a Come WAoo
large matrix is formed by the PN junction and three transistors: | Orerente. 2restor Voo
= atransistor(Myyarranged in a source calumn signal O R ACR Lo
follower cog:;;'lﬁation to buffer the signal = = row signal S5 ca Eollouesr

to the output node with low impedance;

= areset transistor@vhose gate is pulsed
on to reset (begin]the pixel operation
before a new image acquisition is taken;

L Voot

row signal _,"J

Row Address Girouilt

= arow-selection transistor| MSELthat latches
the voltage to the column bus when the Pl Tomad
pixel is to be read (i.e. at the end of the = 1 o
“electronic” exposure). _ Eoksifpa \ l ;

Cd'z
p
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Mgc and Mg, can be seen as switches (initially ideal, then with nonidealities).
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However, the total exposure time of each pixel in the image should be the same!

= if integration ends at different time instants readout
Accordlng to the described operation (impossibility to have simultaneous readout Row 1 At
all the pixels of the same row have their reset transistor simultaneously active, for different rows) then integration [T S —
and then, they have their selection transistor simultaneously active. Therefore, needs also to start at different time instants Row3l o |
they integrate light during the same time interval (from reset end to readout); for the pixels of different rows. Rowd  ——
= on the contrary, all the pixels of the same column have their readout transistor Rows |fp——-—-—"—
Mgy connected sequentially to a single column output: As a consequence, in « fows  fp———————|
+ they are thus readout in a sequential manner. exposure time for all p oS o
that triggers the charge mtegratlon inside
each pixel must be delivered with the same e ;
delay T, Th]s k|nd of operation is called

“rolling shutter” mode.

In other words, all the pixels acquire
the image for the same amount of
time but not all parts of the image
are recorded at exactly the same
time: this may produce noticeable
distortion of fast-moving objects
relative to the camera.
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As the voltage across the pixel decreases, the PN junction

oproac! he buil condition The constant gate capacitance — §2s
approaches the bulit-in F . e A
P " luckily mitigates the effect. I e
At the saturation condition: . i ;
R e : oP~ Numerical example: — _____ln™ ;
AV -V J b Tt * (3 um)? pixel area with x,,,=1 um; _ L= : e i B e s
i * (180x400)nm? 4-nm-thick Si0, gate. = s P
the potential well of the diode is completely full of electrons. Any T = 9
electrons in excess flows out of o - Usually, acceptable linearity errors are in the S

order of 5-7% (the human eye itself is rather
nonlinear! The increase in ¢,,, reduces gain and delays saturation).

the well eventually creating
blooming to neighbor pixels.

The correct signal information is
completely lost for saturated pixels.
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* Where possible the transistor implants are shared to save space
(e.g. the PD shares the N+ implant with the source of Mg).
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To evaluate the signal to noise ratio for a given photo- and dark
currenti,, and iy, we need to take into account:

. ica ) o A
current shot noise: Sisiat= 20 s +13) [El
= kTC noise due to the periodical
reset of the anode capacitance S,. =4kTR [V_Z]
Vg, on :
connected to the MOS Rz
“on” resistance:

= other (“readout”) noise contributions: quantization noise that
occurs in the ADC (usually at column level before multiplexing to
the output), 1/f and thermal noise of the source follower...
+ typically made negligible (= not discussed in depth but verified in the CAD class).

5, indicates a power spectral density. o indicates a variance, o, indicates a standard deviation
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We use a smartphone to take a picture of a basket of oranges. A lamp with 60-W emitting
optical power illuminates the scene, which reflects light as a Lambertian reflector with a Agn = (1 m)?
0.2 coefficient. Oranges are 2 m away [rom the light source, and we are 10 m away from 7

the scene. Compared to the direction orthogonal to the scene surface, we are ofl by 607,

Onir smartphone features a sensor with Wside pixels, with 0.6 quantum
efficiency, The photograph is shot with'an F-ommber of 1. Fig. 1 sketches the situation.

e BEyaluate the focal length that is suited to fit 1 m? of the scene in the final picture.

* ey = 0.6
* Tgea = 0.85

e Caleulate the photon Hux per unit area incident on one pixel, in [ph/s/m?.
e Find the photocurrent generated within a red pixel (transmittance of (.85).

e Verify whether an anti-alias filter is required.
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