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Motivation for capacitive sensors

Low power consumption
High resolution
Small temperature coefficient (e.g., in capacitive MEMS sensors)

Possibility for high-volume manufacturing (e.g., by using MEMS
technology)

Potential for low cost
Potential for monolithic integration with readout electronics
Possibility to reuse of IP blocks (i.e., designs) both in IC and MEMS parts

In capacitive MEMS sensors, the dynamic range can be tailored in a wide
range by scaling the dimensions of the MEMS structure




Example: Capacitive pressure sensor
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Readout of a capacitive sensor Ny

1. AC readout (i.e., displacement measurement) \
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Transfer function of the capacitive pressure sensor
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2. DC readout (velocity measurement)

Ubias
F=F() i R

bvvevy ~ >

C = C(t)

— Q= CV = constant
over 1 =RC
Py => Av=-U, ACIC

\ Bias the membrane by “ constant” charge and measure voltage

\ changesinduced by the motion of the membrane
h " Velocity of the diaphragh is measured, NOT position

Motional current (calculate typical example)
. Examples: microphone, dynamical pressure, vibration, resonators’ m v77T

P,




3. Readout using a tuned circuit

IMPROVED RESOLUTION BY TUNING!
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Q-factor enhancement to the 90 deg signal => high resolution

Sgrt(Q) enhancement of the noise at the resonance freguency

Long term stability of the tuned circuit problematic (e.g., T coeff of the inductor)
0 deg signal is a measure of the loss factors

artieularly for dynamic measurements. dynamic pressure, microphone, vibratiom; V7T
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4. Capacitive sensors based on the loss factor measurement

Object to be measured e.g. fingerprint
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5. Resonating capacitive sensors

Advantages over static capacitive sensors

 Improved resolution (at least sometimes)

 Easier to make areadout electronics which does not limit the resolution
 Output can be coded in the frequency of the output voltage. This may be an
advantage.

» Several measurements can be measured transformed into a mechanical
resonance measurement (strain, force, pressure, acceleration, temperature,
mass depostion, ..)

« Additional information can be obtained from the dissipation (Q value of the
mechanical resonance)




Equation for the mechanical resonance ‘

% + ,7% +kx=F, Fe= Mechanical force+ Electrical force
Fext
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Mechanical resonator as a sensor ‘
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Spring term: strain, force, pressure,
acceleration, ..

Mass term: mass change, pressure, ..

L oss term: pressure from flow loss,
viscous surface effects, rapid mass
fluctuations, ...




Example: resonating pressure sensor (Tomi Mattila et al, 2000)
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Example: resonating pressure sensor (2)
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Measurement techniques related to capacitive sensors
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Dynamical range of AC readout \

At best Vo
G

V(t) =V,sin(at)
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| Background current
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Bridge measurement

» Zero background signal
 |mproved dynamical range
V(t) =V,sin(at) « Reference C on the same chip!
 Stability requirement on the source

| relieved

* Resolution NOT improved
| nverter should be stablel
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Guarding of parasitic capacitances
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Guarding of parasitic capacitances (2)

R
¢ 9=C1 Vin
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Fig. 10.15. Principle of charge sensing| | N€ potential of the signal lineis kept
at virtual ground => no current flows
across Cp
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Force feedback \\\
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Features of force feadback

Nonlinearity of the spring does not matter sincethe
membraneis not moving

Linearity requirement now concer nsthe feedback
circuitry, not the transducer

Obtaining linearity requires special solutionssince
electrostatic forceis proportional to the voltage squared

Transfer function is modified by the feedback

‘ —




Micromechanical silicon precision scale \

Top view Exploded view
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(First) prototype electronics for the precision scale
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Brownian Noise of Capacitive Sensors

DYNAMICS OF MEMS CAPACITOR

d°x  dx A 2
M——-+7—+Kkx= V+V,) +F
dt2 ,7 dt Z(d_X)Z ( n)
F. ., 1Samechanical force (f.ex., gravity)
V, isthe voltage noise (V, (t)V,(t + 7)) = 2k, TRA(7)

F, istheforce noise (F, (t)F,(t + 7)) = 2k, T779(7)

+F

mech n

 Nonlinear dynamics (=> mixing effects)

e Coupling between electrical and mechanical

‘m




From friction to noise

Linearized system: x, = G(w) f,

Transfer function G(w) = wjl.k ,
Wf - +iww!Q
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°Vm

Thermal noise
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Mechanical noise
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(vacuum encapsulation)

Ysar
A




Signal-to-noise '

Intrinsic only!
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Signal-to-noise Is the important quantity

Not signal itself (i.e. sensitivity)

Capacitive sensor has an internal noise mechanismwhich arises
frominternal energy dissipation.

It is temperature dependent.

It can be quantitatively predicted !

Magnitude of the noise can be cal culated from the equipartion
theorem %2 kx? = Y2k, T and the equation of motion for the released

membrane of the capacitive sensor.

The latter determines how noise is shaped with frequency.




Electrostatic actuation (the concept of transducer)




Actuation (i.e. movement) of the released electrode by
using electrostatic force
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The electrodes are snapped together due to the nonlinearity
of the electrostatic force




“Elgencurve’ of amoving parallel plate capacitor

1,2

StaE)i lize this point

041 - and:measure the voltage
024 i
- oxldy  Ox/dy:
N — >
0 0,2 1

| | 0,8
x/d controlledy /i . /ine or/Q/ Q™




CV curve of a moving plate capacitor

e CV curve shows that
the sensor isworking

e Can be used for self
test




Miscellaneous
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