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Question n. 1

Discuss the characteristics of the human eye that are imitated by a CMOS digital imaging system, in terms of
(i) optics, (ii) photodetectors, (iii) color discrimination and (iv) processing. While analyzing the different sub-
points, possibly provide quantitative numerical examples to draw a parallelism between human eye and
requirements of modern digital cameras.

Cwanty[ication of }Jerceiveaf [igﬁt intensity and color can be pﬁysica[[y cfeﬁned on[y accounting for the
characteristics (f the human eye, which is thus uncwoicfaﬁ(y a source of in5}9imtion in the cfevefoyment of

imaging systems from several }Joints of view.

Beginning from the q)tica[ part, each human eye features a variable opening (the iris), with an aperture
automatica[fy syannmg from imm to 4 mm, aﬁajaend’ing on figﬁt intensity. At the same time, it features a
cﬁaformaﬁ(e lens whose curvature radius automatica@ acfjust the focus towards the }Jfane cf }Jﬁotorecejotors.
The distance between this }Jfane and the lens is in the order of about 15 mm, yie[afing thus an F number
(ratio of focaf [engtﬁ and a]oerture) spanning from 1 to less than 2. The fie[a( of view where visual attention
is concentrated correspomfs rougﬁ[y to 50°. Modern cameras aim at imitating -in average conditions -
these latter parameters, generating a similar FOV and similar F numbers, tﬁougﬁ this is sometimes made
cﬁﬁ(icuﬁf Ey the [imited available space, especiaffy in mobile imaging. The im})ossiﬁiﬁty to have d’eformaﬁfe
lenses also generates a cﬁa(fenge in terms of aafjusting the focaf (engtﬁ. For semijor@(essiona[ cameras, a
[m’ger available space enables using systems of mufti}a[e lenses, while in mobile cameras the use of mu(mjo(e

cameras, each with a aﬁ;ﬁ(erent ﬁxecf lens, is combined in Jaost}arocessing to yie[cf the variable f

In terms of Joﬁotorecgitors, the human eye features about 5-7 million cones per eye, located in the region of
maximum visual attention, and about 100-150 million rods, located in the ]oem:pﬁemf vision area. Both
types [ie on the curved retinal surface. These })ﬁotoreceytors resyonaf with a certain yroﬁaﬁifity funcn’on to
the impinging wm/eﬂmgtﬁ. However, once a }oﬁoton is absorbed, the electrical stimulus sent Ey the cone to
the brain tﬁrougﬁ the cyatica[ nerve is a(ways the same: we can thus say that our yﬁotoreceytors work as
quantum sensors (i.e. sensitive to the quanta, not to their energy)’ Simifarfy, pﬁotodétectors used in CMOS
cameras re[y on quantum sensors, ty]oica@ based on collection of yﬁotoe[éctrons in CP‘J\fjunctions. While in
the eye the genemtion of the electrical stimulus does not take area ﬁ’om the retinal smface, in CMOS
sensors the electronics recluirec[ to Euﬁ(er the data towards the ADC and processing takes up some area,
which reduces the ﬁf[ factor. This is ]oartiaffy comyensareaf Ey tﬂa}aosm’ng micro lenses over the
pﬁotoc&atector ’pfane‘

When it comes to color discrimination, CMOS sensors fu[@ imitate the human eye Jum’ng (fay[igﬁt vision:
the presence of three diﬁ(erent ]oigments on cones, yie[cfing three cﬁﬁ%rent S}%Cﬁ’a[ ﬁnctions in terms of
aﬁsmjation proﬁaﬁiﬁty, is mimicked Ey afejoositing on top of the }oﬁotocfetectors an array of color fi[ters
(CFA). The array is usua[[y sized such that the overall average response peaﬁs around 555 nm, a
wave[engtﬁ at which also the combined response of the cones of aﬁﬁ(erent type ]Jeaﬁs. To cope with this



requirement, the }mferrec[ pattern features two green ﬁfters, one blue and one red fiﬁ“er every four }oixe[s’
The reason wﬁy mimicﬁing the overall Bm’gﬁmess response of the eye is important [ies in that resolution is
best Jaerceivea( Ey the brain in terms of En'gﬁtness, rather than in terms (f chroma. Note that, while the
distribution qf Joﬁotoreceytors in the eye is random in terms of cﬁﬁferent Joigments, in CMOS cameras it
usua[fy fo[[ows a yrecfetermineaf patﬁ which gives rise to undesired aﬁ’asing eﬁ(ect which - combined to
cﬁﬁ(erent color fiﬁ“ers - may result in color fm’nges.

Processing Ey the brain corresyomfs most[y to a rearrangement of color information into a cﬁﬁ(erent color
space (Erl’gﬁtness, saturation, and hue). This transition includes an intermediate step where color is
armngeaf in coordinates cf ye[fowness-ﬁfueness and greenness-rea(ness‘ Additional automatic acfa})mtion of
color perception to the illuminant spectrum (color constancy) is yegformecf at the brain level. In CMOS
image sensors most of the processing corresyonafs to these two steps and is oyemtecf in terms of matrix
tmnsform from the camera color space into (fevice-incﬁeyenafent color spaces (color conversion matrix), and
then an additional cﬁagona[ matrix operates a white balance step acconfing to various Jaossiﬁfe a(gon’tﬁms.
An additional step qf color inter}aofation is mancfatory to get three ﬂff color coordinates at each Jaixe[

location.

Overall, the Joerformances of imaging sensors are still a bit behind those of the human eve. In terms cf
r[ynamic range, for instance, the value of 90 dB is not yet matched even using modern architectures (filée

4T toyofogies), which ajajaroacﬁ the 75-80 dB level.
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Question n. 2

A MEMS magnetometer is based on the structure and
electronics depicted aside, with:

v(t) =V, -sin(2m f; - t)
Ri1 = Ri2 = Ry1 = Ry = 2kQ
Given the parameters in the table:

(i) evaluate the value of the drive resonance
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frequency and the optimal distribution of
the current among the sensor (so the value

Vo) and the front-end transistors so to T
cope with noise, bandwidth, linearity, and
full-scale range specifications, at the same
time (consider two transistors in every
charge amplifier);

if the system appears to be oversized,
propose to change one parameter to
optimize your system design.

(i)

Assume now that the resistance of the springs Ri1 and Ry is
1% larger than Ri; and Ry:

(iii) using the data of point (i), in absence of any
magnetic field, calculate the resulting peak
voltage on the rotor and at the output of one of
the charge amplifiers. Does this term appear as
an offset at the output?

Physical Constants
€0=8.851012F/m
kp =1.38 102 J/K;

T=300K;
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Full-scale range 5mT
Current budget (MEMS + front-end) 2 mA
Overall spring length 1.5mm
Parallel-plate gap 1um
Maximum linearity error 0.1%
Resonance frequency 10 kHz
Quiality factor 500
Effective mass 1.7 nkg
Single ended overall PP capacitance 250 fF
MOSFET coefficient k, 0.05 mA/V?
Positive input bias (VB|A5) 1.2V
Parasitic capacitance 10 pF
Bandwidth 50 Hz
Resolution target 100 nT/VHz
Feedback capacitance 400 fF

ﬂmong the several constraints that we are given, the easiest to size are the sp(it value and maximum

c{isp[acement S0 to cope with bandwidth and [ineam’ty, resyecn’ve[y:

Af =3-BW

Xmax = +/€lin - g = 31.6nm

With this sizing, it s yossiﬁﬁe to fimf the maximum current that, f[owing tﬁrougﬁ the syn’ngs, generates

the maximum cﬁ’sp[acement for a ﬁe(c[ corresyomfing to the FSR:

2xk

I = R —
MEMS,peak = Xmax * FSR =L = Qeff

= 1.7mA = Iypysrms =

I MEMS,peak

V2

=12mA



This leaves 0.8 mA available for the electronics. We have to check whether this Eudget is enougﬁ to cope

with noise requirements togetﬁer with Brownian noise:

C 2
2 P
| 4JkyTh akpTy (17T,
op= || —————) +2-2-

ImMEMs,peak L 2k - Tyos SENS

Where Tuos is 200 pA (1/4 cf the Euafget), b can be derived from the _parameters and the sensitivity is
given By:

IMEMS,peak L Qeff VBIAS @ _

9.5

SENS =2

%4
T

With these values, the input referre(f noise afensity becomes 62 n'T, /\/’J-[Z, thus coying with the

requirements‘ ‘Tﬁe COTT@.?PO?’LCﬁTLg vofmge require(f tO}JTOVidEZ tﬁe current isjust:

Vo = IMEMS,peak * P =17V
NOTE: alternative reasonable sizing zyjﬂmdcﬁey were conﬂ%re@aaﬂﬁw@ n the correction.

(i)
With the }Woyoseaf a}a}aroacﬁ, the system appears to be oversized in that we can relax some _parameters while
still coying with noise requirements. An idea could be to reduce the current. An alternative could be to

widen the spﬁt value, to make the cfesign more robust against yossiﬁ&a variation in the sy(it value between

tﬁe magnetometer WlOdé am{ tﬁeﬁ’ equency 1.4586{ to JT ive tﬁe Lorentz current into tﬁe afew'ce.

GD)
The symmetricity qf the resistance of the cfriving gprings is lost in this situation. As a consequence, the

rotor is no (onger at the grouncf yotentiaf but oscillates with a syun’ous voﬁfage at the drive frequency

given Ey:

R 1.01-R
Vo (

201-R_201- R)| = 84my

|Vspur| =
TFL@ Corresyonc{ing current anc[vo[mge tfn’ougﬁ a BTQHCFL oftﬁe Cﬁarge amyﬁfierspair Eecomes:

|Ispur| = |Vspur : (andCO)| = 0.13n4
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|ISPU7”|

|VCA,spur| = ZﬂdeF =53mV

T(owever, this eﬁ(ect is identical on both branches, and is then su}a}?ressecf at the output Ey the cﬁjj(erentia[
sensing. It thus not im}afies an output qﬁ(set
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Question n. 3

You need to finalize the design of an oscillator for a symmetric MEMS resonator with a 100 kHz resonance.

(i) Size the feedback capacitance Cy of the charge | AGC reference voltage Vrer 5V
amplifier for a 100-nm target displacement. MEMS resonance frequency fo 100 kHz
Size the 29 stage to satisfy the phase criteria Target displacement *a 100 nm
for oscillation, with unity gain at resonance. Transduction coefficient n 80 pA/(m/s)

Mass m 3nkg

(ii) Draw and size a feedthrough compensation | 1*stage feedbackresistance Re 16 GQ
circuit for a 50-fF feedthrough capacitance, | 2™ stage feedback capacitance | C; 100 pF
using resistances < 100 kQ. Feedthrough compensation Ceomp 1pF

capacitance
) Quality factor (room temp.) Qo 1000

(iii) For !’th Fl—factors, the frequ.enc.y vs phase Max operating Temperature = 25 °C

relationship around resonance is given by:
Af = &A¢ Ry
20 e

Using the formula, calculate the deviation in T c R

. 1 "
the operating frequency from resonance at D—i
room temperature, due to the phase-shift n N AGC
introduced by the circuit poles. Then, repeat I Vror
the calculation at the maximum operating

temperature, considering the resonance
frequency and quality factor dependence on
temperature.

Physical Constants
€0 =8.851012F/m
kp = 1.38 1023 J/K;

T=300K;

Assuming the AGC Eeing comjoosecf By recttfier + LPF + comparator with Vref =5V:

2
Vigr = Xgq " — "=~ Naa > (p= *=1)ag = 1.0186 pF

VREF

The second stage is sized in order to satig@ the yﬁase criteria on ]Jﬁase and to have um’ty gain at
resonance. Since the comparator is inverting (-180° yﬁase sﬁiﬁ) the second stage must operate as

an integmtor.

Tﬁerefore, 1 cﬁoose to set tﬁe t’WOPO[@S two déCdC[ES 66)(01’6 tﬁe resonancefrequency ancfset tﬁe gain

at tﬁe resonancefrecluency equa[to 1:

Toop(s) = sCiR,
90083 = 1 1 5CR) (1 + sC,Ry)
1 1
L fp= 2mR1C;  2WR,Cy 1kHz
. 1
2. [Toop(jw)| =—=———==1

2mfoCoRy
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1

From eq.2 > R, = e 15.9 kQ
ot2
1 1
From eq.1 > =4 e 10 nF and Ry = P 1.59 MQ

)

The com}aensation circuit is sometﬁing similar to the one in green in the foffowing }n’cture
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Assume to size the resistances of the first inverting stage to be of the same value, the voltage

divider must be sized in order to satisfy the foffowing:

Ry
Va 'R TR - 21 fy - Ccomp =V, - 2nf, - Cft
1
Choosing R = 100 kQ > Ri=gLo=526k0
comp—Lft

1)

The }aﬁase sﬁift introduced By circuit yofes at room temperature is:



A¢p = 2 - atan <&> = 1.1459°
fo

Tﬁewfore Af=;—°QA¢-L= 1Hz

180

Tﬁen going to tﬁe max cyoemtingfrequency amf T 61’}161’}1661’ lﬂg tﬁe T E[CltiOTlSﬁl:PS Between

temperature, Qand f

V300 K
Q(Tmax) =Qp- = 868.2
V398K
fo(Tmax) = fo - (1 + TCr - AT) = 99.7 kHz with TC; = —30%
cma[as 66f01"€.‘
A¢p = 2 - atan (f—p> = 1.1493°
fO(Tmax)

_ fo(Tmax) LT
Af =0 AG - o = 115 Hz
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