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Parameter ~ Value

Question n. 1

(Voo ]
You collaborate with a company that fabricates magnetic sensors +1.3 ?n¥
based on a non-MEMS technology. Their products have the 800 pA
specifications given in the Table. You have to convince them that it is [Lliou s 0.3 uT
worth going towards a MEMS-based magnetometer. 50 Hz

Linearity error 1%ksr

Start with an overlook of acceleration-rejecting structures, then 10000 g
comment on the bandwidth requirements, then on noise constraints -40°C +85°C
and on architectures that improve noise density. Finally comment on consumption and achievable FSR. Use
as much as possible formulas, numerical examples and sketches to assist your discussion and be convincing.
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MEMS magnetometers based on the Lorentz
force principle could be an attractive solution to
improve the performance of existing magnetic
sensors based on magnetic materials. In their
differential tuning-fork-based configuration, like
those shown in the figures for in-plane and out- ..
of-plane sensing, they can reject accelerations
(which are seen as a common mode) as the sign
of the Lorentz current will be opposite on the
two branches of the sensor. There are, however,
several considerations to draw before
concluding that MEMS  magnetometer
overcome the performance in the table.
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First, to guarantee a sufficiently large bandwidth at low noise density, one should exploit off-resonance
operation, i.e. the current injected into the sensor should be at a frequency f; which has an offset Af from
the sensor resonance f; of about three times the desired bandwidth. In this case, this value can be in the
order of 150 Hz, with f, typically larger than 20 kHz to avoid acoustic disturbances (even higher frequencies
will better reject undesired displacements caused by accelerations). With this numbers, there is still a residual
gain (quantified as an effective factor Q,rs = fo/2Af = 67) and the scale factor will be:

— AVout =i-L QEff 2 CO VBIAS
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Not only off-resonance operation guarantees such a large bandwidth, but it also enables to decrease the
pressure, so to lower the intrinsic thermomechanical noise (by decreasing the damping coefficient) and, in
general, enhances the scale-factor stability of the sensor against temperature variations. As a numerical
example, we know that the NEMD is given by:

i-L/2 i-L i-L Q

‘MkBTb_i\/m_ 4 |kgTwom
Yz - sTh = -

NEMD =

Assuming a current of e.g. 300 pA, 1-mm spring length and a Q factor of e.g. 3000 (at 20 kHz and 2 nkg mass),
we get a NEMD of about 330 nT/VHz.

Over the desired bandwidth this gives an integrated noise of about 2.5 uTms Which is not compatible with
the target specifications. A solution could be to further reduce the pressure, but this may be complex from a
process point of view. Additionally, we should consider electronics noise. With a typical circuit based on a



differential charge amplifier configuration (see the figure), and neglecting feedback resistance noise,
electronic noise will be given by:

CP 2 CP 2
2 Svn (1 + C_F) 2 Syn (1 + C_F) 25 Syn Cp
Svnp = = ~
yn,B SF L Qesr 2 Co Vpias iL Qeff@y
2k g Cr k g 'BiAS

Typical numbers (10 nV/vHz amplifier noise, 5 pF parasitic, 250 fF C, 1 um gap, V;;D bias and other numbers
as above) lead to 300 nT/VHz, similarly to the NEMD value — but this noise will not decrease with pressure.

anchor points

torsion spring

anchor paints
=

rotor PP arms

—

— I .h__iT: annni - L

N fmm:\ ‘ . )z
ift) m~ |

- - | (|}

L

tuning fork HT] I
- —

Hilg [ -

-—"-springs 1111

| o
—>
|
T  —
——
t t t =t t
t teot s

B® w -

—

It is thus evident that we need to switch to a sensor architecture that can increase noise from all points of
view: the only way is thus to boost the Lorentz force without increasing the current, which can be obtained
by multi-loop Lorentz magnetometer architectures, as shown in the figure. A number of loops Ni,), €.8. of
10 directly boosts the sensitivity, correspondingly lowering both NEMD and electronic noise.

Both the obtained noise values will thus lie in the 30 nT/VHz range which, summed and integrated over the
bandwidth, give a 300 nT.ms noise, which is compatible with the requirements.

Note that the used Lorentz current (300 pA, which can recirculate through the three sensors) leaves much
room to bias the electronics to get the desired noise value, and to bias the oscillator circuit that provides the
reference drive frequency for the Lorentz current. Overall consumption can be lower than the specifications.

With the given parameters, a 1% nonlinearity error will be reached at 10% of the gap (100 nm): this value is,
in turn, obtained for a field such that:

BmaxiLNlooerff BmaxiLNlooerff
ok = 2 (wg)?m =100nm —» By =31mT

which is, once more, far beyond the specifications.
Additional final comments can be given to further improve potentialities of magnetometers:

- the oscillation drive reference can be provided by another MEMS (a resonator): this will improve
stability under temperature changes, because the changes with T of f; and f; will be correlated;

- monolithic implementations of a 3-axis sensor are possible (this saves a lot of Silicon area);

- further optimization of current partitioning between the sensor and the electronics can be done by
writing the amplifier noise as a function of the bias current, and accounting for the oscillator current.



Last Name __ De Copia__ Given Name __lesli_ ID Number _20190131__

Question n. 2

You are doing the reverse engineering of an image sensor. The only things you know initially are the bias
voltage (Voo = 4 V) and the number of bits of the ADC (Nwi: = 14), and you are given the photon transfer curve
in the figure, for three different integration times.

(i) calculate the maximum sensor dynamic range;

(ii) calculate quantization noise, in units of electrons rms;

(iii) calculate the DSNU and the PRNU percentage noise contributions. Please state all the assumptions that
you make for your calculations;

(iv) how can you understand that this is a 4T topology? Calculate the reset noise rejection factor.
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Signal [electrons]

Physical Constants
q=1.61019C;
T=300K;

kp = 1.38 1023 J/K;
£0=8.8510"12F/m;
gsi=11.7* gg;

1.

The maximum sensor dynamic range is easily found by looking at the curve with minimum integration time
and looking for two points on the x-axis: the signal charge corresponding to saturation (we can read 40000
electrons) and the signal charge corresponding to SNR = 1 (we read about 3.5 electrons rms). The two points
are indicated by circles. The ratio of these two quantities gives the maximum DR:

40000

DRmax = 20 loglo (



2.

As we are given the supply voltage and the number of bits, we can easily calculate the LSB in units of V:

Vop AV

To pass into units of charge, we need to know the overall capacitance Cj,; onto which the charge is
integrated. This can be found by looking at the saturation point, where we know that

Qmax = AVnax * Cint = Vpp * Cine

(where we have approximated the total possible voltage sweep with the entire voltage supply Vpp). We thus
find the integration capacitance by inverting the formula above:

Qmax 40000 q
Cint = =
Vop 4V

= 1.6 fF

At this point we can find quantization noise as:

Voo LSB, . 244uV

Uquant,q = mcmt = m Cmt m 1.6 fF = 1.12 10_19 c =07 €rms

This indicates that quantization noise, a signal-independent contribution, is negligible with respect to other
signal-independent contributions which give 3 electrons rms even at the shortest integration time.

3.
Let us start with DSNU. Its expression in terms of charge is given by:

LlatintOpsnu,%

OpsNU,q =
' q

which indicates that we have two unknowns, the dark current i; and the percentage DSNU itself, opsyy o,
which is what we need to find. We can thus make a few hypotheses which will be later verified.

The hypotheses are based on the fact that the dark current shot noise goes with the square root of t;;,, while
the DSNU goes linear with t;,,;. As a consequence, we expect that:

- at low integration times, signal-independent noise contributions will be dominated by those terms
which are independent of the integration time itself (e.g. reset noise);

- atintermediate integration times, it might be that dark current shot noise will become relevant;

- atlong integration times, DSNU should definitely dominate over other terms.
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From the curve at the lowest integration time, we thus assume reset noise to weigh about 3 electrons rms.
We then look at the curve shown for intermediate integration times and assume that in its flat region dark
current shot noise dominates over DSNU:

85e 2_3e 2
FBem)? - ig= q( rms) (3 erms) = 1.45 fA

(85 erms)2 = 7 ms

qidtint
2

With this value, and assuming that DSNU dominates for the longest integration time, we can find the
percentage DSNU as:
_ 220q _ 220q
ObsSNU% TG e T 145 FA 490 ms

=0.05=5%

As a verification, we recalculate dark shot noise and DSNU noise at all the integration times and check if our
hypotheses were correct:

- at0.1ms:
_ VJ@iatint _ _ latintOpsnuw _
Odark,q = q = 0.9 erms OpSNU,q = = 0.04 e
- at7ms:
_ Vaiatint _ _ latintOpsNuw _
Udark,q - q =8 €rms GDSNU,q - q =3 €rms
- at490 ms:
_ VJ@iatint _ _ latintOpsnuw _
Udark,q - q = 66 €rms O-DSNU,q - =222 €rms

Considering that noise contributions compare each other quadratically, our hypotheses are verified: dark-
current related noise contributions are negligible at the shortest integration time, dark shot noise dominates
at intermediate integration times (82>>32) and DSNU dominates at the longest integration time (222%>>662).
Percentage DSNU is, in conclusions, of about 5%.

(note: making these hypotheses has led to the solution avoiding the need of solving a system of two
equations - DSNU and dark noise at two integration times - which could have been another way to solve this
point).

Finally, for PRNU we just look at the steepest part of the curve: with any of the techniques that can be used
(e.g. looking at one point on that part of the curve, or taking a line tangent to that part of the curve with a
+20 dB/dec slope, see the figure), we can evaluate the PRNU:

IpntintOPRNUY, OpRNU,q _ i

OPRNU,q = = OpRNUy, — 4
q 0 lphtint 70

=1.4%



4.

The fact that this is a 4T topology is easily understood by looking at the kTC noise and comparing it to the kTC
noise that would be obtained from the overall integration capacitance C;;,; calculated at point 2 above:

A kB TCine _

OKRTCine.q — = €rms

q

while from the graph at the minimum integration time we have already evaluated a dominating kTC noise
value of 3 electrons rms (with quantization noise and dark-related noises negligible).

This means that kTC noise due to the overall integration capacitance is rejected by a factor about 5.5 in linear
quantities (about 30 in power units). This is possible thanks to correlated double sampling, a technique that
can be adopted only with 4T topologies.

By the way, such a high DR (see point 1) can be effectively achieved only with 4T topologies and at large pixel
areas. The sensor is probably belonging to a high-end semiprofessional camera.
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Question n. 3

The company you work for wants to finalize the
design of a dual-mass yaw gyroscope and your
boss wants you to take some final decisions on a
few electro-mechanical and system-level
parameters. The target values of the project are
reported in the Table and an overview of the
mechanical structure and the sense chain is given
in the Figure. You are required to:

(i) compute the maximum displacement in
the sense direction per unit angular rate,
compatible with your constraints;

(ii) compute the required number of drive
comb fingers (half structure), under the
constraint of a 500-mV sinusoidal drive-
actuation voltage vqg;

(iii) compute the intrinsic noise equivalent
rate density (intrinsic NERD). Then, find
the minimum number of parallel-plate
cells (in the half structure) so that the
electronics noise contribution is lower
than the intrinsic one. Finally, compute
the total noise density;

(iv) draw a quoted plot of the output voltage
waveform v,,;(t) when a test input
angular rate Q(t) = Q; - sin(2nf,t)
(parameter values in table) is applied to

the sensor.
Physical Constants

€ =28.8510"2F/m
ks =1.38 1023 J/K
T=300K

1.

We are dealing with a standard dual-mass mode-
split gyroscope with a capacitive differential
read-out. Usually, the maximum displacement in
the sense (y) direction is limited by either the
saturation of the electronics or the maximum
acceptable non-linearity of the parallel plate
electrodes. In this case, we do not have enough
data to check the saturation of the electronics
and so we focus on the non-linearity
requirement. We know that the maximum
linearity error € is given by:

- (ymax)z
lin g ,

Given Name __lesli_

Target linearity error €in% 0.5%rsr
Target FSR 2000 dps
Process height h 20 um
Drive resonance fy 19.6 kHz
Sense resonance fs (at Viot=15 V) 20 kHz
Process minimum gap g 1.5 um
Parallel plate length Lpp 200 um
Drive mass (% structure) mqy 2 nkg
Sense mass (% structure) m; 8 nkg
Drive Quality Factor Q4 15000
Sense Quality Factor Qs 800
Input referred quadrature error By 300 dps
Rotor voltage Viot 15V

AC drive voltage vgq 500 mV
Feedback capacitance Cr 200 fF
Feedback resistance R¢ 400 MQ

INA gain GINA 1
Multiplier gain Gmux 2v?
Amplifier voltage noise Snv

Parasitic capacitance Cp 2 pF
Test signal input AC rate Q; 100 dps
Test signal input frequency fa 10 Hz

1

(8 nV/VvHz)?

ID Number _20190131__
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Where the power of two is due to the differential read-out. Inverting that formula, we obtain:

Ymax = Gpp+/ €lin = 1.5 um X v0.005 ~ 106 nm.
2.

With all other electro-mechanical parameters fixed, the number of comb fingers N is proportional to the
drive displacement x; on the proof masses. From the previous point we can extract the optimal sensitivity
as the one that matches y,,,4, With the maximum input angular rate Qggg.

Let’s start by computing the optimal sensitivity S, as:

S _ Ymax _ 106 nm ~53@
Y Qpsg 2000 dps dps’

Knowing the split frequency fs,1ir = fs — fa = 400 Hz, we can find the required x, as:

S, =4 . =g 180 7.63

Finally, from the relationship between driving voltage and drive displacement, we can find N¢f:

Qa « _ gwi(mg +my)xg
CF —
wczi(ms +mgy) 2v4qVrot Ner€ohQq

€oh\ Qa €oh
Xa = VaaVrot <2NCF 7) E = VaaVrot (ZNCF _>

g
~ 43.6 (43 or 44).

3.

Firstly, let us compute the intrinsic Noise Equivalent Rate Density (NERD,,) that is due to the white force
WMy

noise S, = 4kgTh = 4kgT 0

. Dividing this term by the sensitivity in terms of force we obtain:
S

NERD, = |4k 7250 ! 180 549“0lps
mg B Qs ZmSwdxd T - vHz

Then, let us find the required number of parallel plates Npp. We are given the data to compute the electronics
noise due to the feedback resistor Ry and to the amplifier voltage noise S,,,. By properly bringing these noise
contributions to the charge amplifier output and input referring it we are able to find the unknown Npp. The
total noise referred to the (differential) output of the charge amplifier S,y ¢4 is:

2
Cr + Cp + 2NppCpp 4kgT 1
Snv,ca = \/ZSTZLV( 4 +2 :

Cf Rf wdCf’

. . . . hL c
where Cpp is the rest capacitance of one single parallel plate electrode. Since Cpp = E"g% =23.6fF = Fpo’
we can assume that, with a reasonable value for Npp, the contribution of the sense rest capacitance in
parallel with the parasitic capacitance will be negligible. Therefore, we will use this approximation in the

following and we can already compute S,y ca:

s _ |y (Cf +CP>2 +24kBT L g 0V
nV,CA nv Cf Rf wdCf m

To input-refer this noise as angular rate, we have to find the (differential) voltage sensitivity S,,:
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dy ac ov Cop Vot
Sy ==z —— =Sy-2NPP7-2 E;

Therefore, the input referred electronic noise NERD, is:

S. V,CA 1
NERD, = === Syyca- ——
4 Sy * ZNPP 7 * ZC_f

Imposing NERD, < NERD,,, we can find the required Npp:

9CrSnv.ca
4CppVyotSyNERDy,

S
nv.ca ~ 2.8 - 3.

< NERD,, = Npp >
S 2N ﬁ.zh
y PP g Cf

Npp is a reasonable and relatively low value, so the approximation discussed above is valid. With this number

. udps _ ndp
of parallel plates, the overall noise becomes 549 NGT V2 =780 T

4.

Firstly, let us compute the sensitivity at the v, node S, .:

1 dy aCc av 1 Cop _Viot 1
Svour = SvGina (E Gmux) = 90 a_y "¢ UINA (E Gmuxvd> =Sy - 2Npp 7 ) ZC_f. Gina (E Gmuxvd)
\Y
=375 —
dps

Then, from the Bode plot of the charge amplifier transfer function we can notice that the phase shift of this
stage is quite far from the ideal +90° (or -270°). From the plot one can estimate a phase shift ¢4 between
+95° and +100°. Actually, we have all the data for a precise computation of ¢4:
_ -1 fa _ -1 _ °
$ca = 180 —tan™* { — | = 180 — tan™*(2mR;C,f;) = 95.8
Pfb

This affects the demodulation performed by the multiplier! If we arbitrarily assign a phase of 0° to v, i.e.
Vga % cos(wyt + 0), we can assign a phase to all the relevant quantities of this system:

® Xx; X COS (a)dt—g), because the mechanical transfer function x/F has a 0° phase shift at low

frequency, a -180° shift at high frequency and a -90° shift at resonance (which is the relevant one,
since the drive resonator operates at resonance).

o F., o« cos(wygt + 0), because the Coriolis force is proportional to the drive velocity, which is the
derivative of the displacement. The derivative adds +90° with respect to the phase of the
displacement.

o Yy, Xcos(wgt +0), because the sense resonator operates off-resonance. Since f; < f;, this
second-order mechanical transfer function does not add any phase shift.

o vy and vy, « cos(wgt + 0), because the capacitive gain does not shift the output voltage phase
with respect to the displacement (or the sense capacitance variation). v, is in phase with the INA
voltage and is a correct choice for demodulating the Coriolis signal.

e The quadrature force is, by definition, in quadrature with the Coriolis force, and therefore the related
displacement and voltage are in quadrature with their Coriolis counterparts.



Ideally, a demodulation using the drive actuation voltage should recover the Coriolis signal and reject the
qguadrature-induced signal. But we can notice from the Bode plot of the charge amplifier transfer function
that the phase shift of this stage is quite far from the ideal +90° (or -270°). This phase shift is experienced by
the Coriolis signal but not by the drive actuation voltage used for demodulation, and so the demodulation
will be imperfect! From the plot one can estimate a phase shift ¢, between +95° and +100°. Actually, we
have all the data required for a precise computation of ¢ 4:

fa

¢cs = 180 —tan~! (%) =180 — tan~' (2R, Csfy) =95.8°

Let’s call the deviation of this phase from the ideal +90° phase error ¢, = g —90° = +5.8°.

To study the effect of this phase error, we can explicitly write the operation performed by the demodulation
accounting for ¢,y

Vour X [Q cos(wgt + Perr) + By sin(wgt + d)err)] cos(wgyt)

where we considered the signal at the INA output proportional to the term within square brackets and the
drive voltage proportional to the cos factor. By performing the multiplication and neglecting the 2wq terms,
filtered out by the LPF, we obtain:

Vour X Q cos(wdt + ¢err - wdt) + Bq Sin(wdt + ¢)err - wdt) =0 C05(¢err) + Bq Sin(¢err)r
where cos(¢e-) = 0.995 can be neglected. Therefore, at the output one can observe the following signal:

Vout = Svout

[2¢ cos(2mft) + By sin(Perr)] = [37 cos(2mft) + 11] mV.
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As an extra, one can even consider the phase shift given by the sense mechanical transfer function y/F. One
can write this transfer function as:
Yjw) 1 1
Fy(iw) ks —w?2 +jw_5w+w52
S

)

whose phase shift ¢4, at the drive resonance frequency is given by the arc tangent of the ratio of the real
and imaginary parts:

WsWg

¢ds = —tan_l % ~ —1.77 °.
(I)S - (l)d

Considering also this phenomenon leads to a slightly lower @ = Porr + Pas = 4°: this does not
significantly affect the Coriolis signal, but reduces to some extent the quadrature offset seen at the output.



