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Question n. 1

Discuss the origin of quadrature error in gyroscopes. Then explain how ideally such error can be completely
nulled at the gyroscope output. Next, explain the reasons why this does not occur and the impact this has on
the gyroscope output. Finally, describe all the possible compensation techniques that come to your mind.

The quadrature errer is a mechanism by which the sense frames of the gyroscope displace during drive
motion, at the rescnance ](re%uehcg of the drive mode, even in absence of any ar\guyar rate stimuli. The
t’isp]acemenf is, however, in phase with the drive pesition and not with the drive Velocitg, so it is in

quadrature with respect to the Coriclis force action, from which the name derives.

The origin of such a phencmencn may lie in asymmetricities in the fabricated device, which can be in
turn due to (1) design imperfections (e,g, non-symmetric design of the buried interconnections,
generating small asymmetricities in the resulting s’rructure), or to (ii) fabrication imperfections (e.g.
non-uniform etcking of the different springs, non-uniform e’(ans of comb ﬁngers, or skew ar\_cﬂe issues
deriving from wafer bending during deep reactive ion etcwr\g). All the mentioned effects may result in
a force component orthogonal to the drive direction (50, in the sensing direction) during drive motion,
|Fy| = kas x.

As this motion component is in qvua'clrature with respect to the Ceoriolis generated one, in princip]e ohe
can apply a synchrencus demedulation to filter out the quadrature compenent. In equations this becomes,

before and after demodulation respecﬁ\/elg:

AVoue = 2 —— [@ cos(wp t) + By sin(wp t)] = S[R cos(wp t) + By sin(wp )]

S
Viem = S[Qcos(wpt) + By sin(wpt)] cos(wpt) * LPF = G pp E{Qcos(O) + Bgsin(0)}
_ o Ve Cs Xp,oQd

- Crs g Dwpys

Showing that quadrature s completely bypassed. Unfortunately, in presence of demodulation phase
errors, cancellation is not comp!efe, Nete that such error may arise either in the electronic domain
(delays along the drive loop for the demedulation reference, delays along the sense chain for the
modulated bufpuf) or in the mechanical domain (defags caused by the sense mode transfer funcﬁor\),

In such a situation the result of the demodulation operation becomes:
Viem = S[Q cos(wpt) + B, sin(wpt)] cos(wpt + Perr + @) * LPF =
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= S[-Q- coS(@err + @n) + Bq sin(@err + ‘pn)] = S[-Q + Bq *Qerr T Bq : (Pn] =
=50+S By Qerr +S-By-p
S"\owfr\g that 2 noise term and an oﬁ:se’( term appear at the output, fogeﬂ\er with the desired s?gna].
Offset is parﬁcular!g critical in case of drift of the p‘wase error with temperature, as this would induce

an ou’qsu’( char\ge not asswia’red to an angular rate,

Different compensation tec}mictues can be conceived:

Adjustable ¢ is
used to

- Including a phase trimming stage within the i
g27p 9 stag
cos(wp * t+ Perr + Proise) —Perr olfr:sl::
Path Uf t}\e re{erehce C’embc{!}latﬁbr\ S‘Tsr\a! \ simplest form, it
is a digital delay
. P ( block applied to
allows a compensation of the p}\ase error and - W— ' | 2 square wave

]

thus 2 r\u”ir\g of the qvuadra’(ure eﬁec’(s at k
the output (See the image aside); - el

- 1r\ject’m9 a signa? eqvua? and oppesite to the
qvua'c’rafure (hof discussed in the !ecfures, but somewhat mimickir\s what you studied )(or
feedthrough cance”aﬁon);

- Compensating the error at the origin by
inducing 2 force which can be
O Trimmed in amplitude
O With 2 selectable sign

o P roportional  to  the  drive Quadrature

Jisplacement Motion y

Which can be cbtained by including in the
Y —
Coriolis )(rame of the gyroscope  an rive MOtiOn X

architecture  of  additional  electrodes,
designed and biased as shown in the image

aside.

oco=0mM S ———cZ Bocl
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Question n. 2 Parameters given for half structure

A tuning-fork yaw MEMS gyroscope is Xg'lc?rg\?oslsapgrzely range x:i 0 _1(?\:;) v
operated in  mode-split  conditions, Mode-split frequency A 500 Hz
exploiting a drive-loop with amplitude gain Sense resonance frequency f. 20 kHz
control (AGC) and differential charge- Sense quality factor 0 50
amplifier readout. Sense mass me 5 nkg

Drive detection comb-finger
capacitance (single-ended)

Drive detection comb overlap Loy 16 um
Sense parallel-plate capacitance

(i) setthe value of the AGC reference Vi ef
to achieve a scale factor of 1.2 mV/
dps, and compute the full-scale range

Coq 300 fF

of the sensor in dps; . Cos 500 fF
.. . L (single-ended) :
(ii) compute the relative variation of the
, ivity AS/S induced Sense parallel-plate gap g 1.8 um
ﬁyroscope > sen5|t|V|t'y ] / I]:c uc.e Drive CA capacitance Cra 1 pF
y temperature variations affecting Sense CA capacitance Crs 250 {F

the drive and sense CA feedback
capacitances;
(iii) evaluate the thermo-mechanical and

Drive and Sense CA capacitance

temperature coefficient TCCr 35 ppm/K

Parasitic capacitance Cp 5 pF
electronic noise contribution to the . N 2
) ] Opamp voltage noise density S. 15 nV/VHz
input-referred noise power spectral v ( / )
density;
(iv) comment on how to obtain a well-balanced sensor in terms of noise Physical Constants
performance. kp = 1.38 103 J/K;

T=300K.

(i) The scale factor S of a tuning-fork gyroscope has the following expression:
Vbc 2Cos  Xq

Note that the voltage supply is unipolar (Vpp = 0 — 3.3 V), therefore the stators and the CA outputs must
be biased at midrange (Vpp/2 = 1.65 V) to allow the gyroscope to deal with both positive and negative

. : . 14
input rates; as a result, the DC voltage across the sense capacitance is Vpc = Vior — % =8.35V.

To set the scale factor to the desired value, we shall set the drive displacement to:

_ S B 1.2 mV/dps _cg
T =, 10V-165V 2-500F 1 - >oHm
g ot 779 2Cos 1 250 % 18pum  2m-500rad/s
Crs g Awys

We can now compute the required AGC reference voltage Vi ef:

V
Vrot - % ZCO,d

CF,d Lov

10V—-1.65V 2-300fF
1 pF 16 um

.2

2
Vref: xd=g-2 58},[1’1’1=23V

SRS

The full-scale range of the sensor is set by the maximum allowed voltage swing at the output of the sense
charge-amplifiers:

Y [DD v
§="_ 2z =1.2 Q =+1375d
= = = 1.2— = =
AQ QFSR dpS FSR - ps
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(ii) In order to evaluate the impact of temperature-induced CA feedback capacitance variations, let us write
the complete expression of the scale factor:

VDD
S _ 2 ) VrOt - T ) ZCO,S . 1 . Vref _ CF,d ) % LOV ) Vref ) E
CF’S g AwMS V — M CF,S g Co‘d A(DMS 2
2 5 0t 7 2Coq
T CF,d Lov

This way, the dependency on the drive and sense CA feedback capacitances is highlighted. We can compute
the relative variation of the scale factor:
AS  ACgs N ACgq
S Cr,s Cra

= —TCCpg - AT + TCCrg - AT = 0

Since the drive and sense CA capacitance have the same temperature coefficient, the

(iii) The thermo-mechanical noise contribution to the input-referred noise can be computed as:

, kgT 1 1.38-10723 J/K- 300 K 1 mdps \ >
NERD* =2 - =2 : 2=< 6—)
mswsQs x5 5nkg-2m - 20krad/s- 50 (5.8 pm) VHz

The electronic contribution is due to the voltage noise of the sense charge-amplifiers used for differential
readout:

C, + 2Co5)\2 : ?
2-S, (1 + pTSOS) 2- (15 nV/\/HZ)2 (1 + RRF ;520 fE‘OO fF) mdps 2
S = ' - - (0.44 )
Qeln 52 (1.2 mV/dps)? VHz

(iv) The thermo-mechanical contribution to the input-referred noise can be made equal to the electronic
contribution by increasing the Q-factor of the sense mode (i.e. by reducing the capping pressure of the
device).
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Power illuminating the painting Picn 3W
Question n. 3 Painting reflectance (isotropic) Rgen 25%
A 12-Mpixel smartphone camera is used to Pa‘mt'mg W'_dth Wsen 24m
take a frontal picture of a red painting Pa'”t'”_g height Hsen L5m
(Areq = 650 nm): Lens diameter Diens 4 mm
red Lens aperture F# 4
(i) compute the distance required to Sensor width Wsens 10 mm
fit the whole painting into the Sensor height Hgens 7.5 mm
picture. What is setting the limit to Fill factor FF 0.46
the sensor’s resolution? Red micro-lens transmittance Tred 0.8
(ii) compute the maximum Quantum efficiency n 0.65
photocurrent generated in a red Dark current density Ja 50 aA/pm?
pixel; Depletion region depth X4 1 um
(i) compute the SNR for an integration Pixel supply voltage .. Y
time of 10 ms; Physical Constants

£i=8.851012F/m *11.7;
h=6.621034)/Hz;
kp=1.38 10-22 J/K;
c=3108m/s;
q=1.6101°C;

T=300K.

(iv) For the same integration time, compute the DR.

(i) Let us fit the width of the scene into the width of the sensor. The resulting magnification factor m is:

_ Wsens 10 mm
~ Wyen  24m

= 0.0042

Assuming the distance between the lens and the sensor to be much smaller than the distance d;.,, between
lens and painting, we can compute the latter through the magnification factor:

[ _ Diens - F# 16 mm

dscn—m m —0.0042=3.84m

In order to determine the limit to the sensor’s resolution, we shall evaluate the size of the Airy diffraction
disc corresponding to the given lens aperture and compare it with the size of a pixel:

dAiry =244 -1 -F# =6.3 pum

10 mm - 7.5 mm
12 -106

= 2.5 um

Since dajry > lpix, We can conclude that the resolution is limited by diffraction.
(ii)

In order to evaluate the photocurrent, we need to compute the optical power impinging on a single pixel.
First, we have to compute the area of the scene corresponding to one pixel:

Ay B (2.5 pm)?
_ piIxX _ piIxX _ _
Apixsen = 77 = 7102 = (0.00azyz (000 pm)’*

All of the photons reflected by this area, if captured by the lens, are focused on a single pixel.
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The optical power Py¢ reflected by the area Apjy scn Of the painting is just a fraction of the power Pycy
impinging on the painting:
Apix,scn ) (600 lJ—m)Z

Reey =3W -2 . 0.25 = 75nW
Aoy sen 24m-15m "

Pref = Psen

The painting behaves as an isotropic reflector, therefore the reflected power P,¢¢ is evenly spread in the half-
space. We can compute the corresponding intensity as:
Prof 75 nW

Ief = = = 11.94 nW/sr
e -Qhalf—space 2m

The optical power reflected by the area Ay scn Of the painting and collected by the lens is confined into the
solid angle Qe sSeen from the painting towards the lens:

Diens\?
0 - T (—Ens) _ (2 mm)?
fens d2., (3.84 m)?

= 852.2 nsr

We can thus compute the optical power Pp;y impinging on the pixel (also accounting for the transmittance
of the red colour filter) as:

nW
Ppix = Iret " Qens * Tred = 11.94?- 852.2nsr- 0.8 =8.14 fW

Finally, the photocurrent can be computed:

P..
ipn = q - 2%
T

n=277fA

(iii) Let us compute the signal in terms of number of photogenerated charges for the given integration time:

it
— Phiint _ 173 4]

el
The sensor is affected by shot noise and reset noise. The shot noise due to the photocurrent is readily
computed:

iy = = 13.2 elppys

_ \ qiph Lint
q

The shot noise can be evaluated knowing the dark current density and the active area of the pixel:

4/ qjdApixFFtint _

0;, = = 3.0 elyps

d q

To compute the reset noise, we first need to evaluate the integration capacitance. Since no data on the gate
capacitance of the source follower are available, we shall approximate it as the photodiode capacitance only:

(2.5 um)? - 0.46
1 um

Apiy - FF F
Cpa = &si - ———=11.9-8.85- 10712 —
Xd m

= 291aF

The corresponding reset noise is:

JR5TCoq

okTC = T = 6.8 elrms
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The overall noise is given by the quadratic sum of the contributions, and the SNR results:

173 el
R= =21.2dB

J(13.2 elpe)? + (3.0 elypg)? + (6.8 elps)?

(iv) To evaluate the dynamic range, we need to compute the full-well charge (i.e. the maximum input signal
that the sensor can handle):

CphaVad

FWC = Qpax = 3640 el

The minimum detectable signal can be found by setting SNR = 1 (neglecting the photocurrent shot noise):

\/qjdApixFFtint + kBTde
Qmin = q

= 7.5 elyps

Finally, the dynamic range can be evaluated:

_FWC

Qmin

DR =53.8dB
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