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m Capacitive Sensing

Lecture 12
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B
Parallel Plate Interdigital Fringing

7 Capacitive Interface Circuits

MEMS Capacitive Sensors:
» High impedance
» Small sensing capacitance
* Very small signal
« Parasitic capacitance
* Noise
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Capacitive Sensing Capacitive Sensing

Parallel Plate Interdigital
Fixed 3. een m Challenges
A Fixed = EI¢ ] )
Y S 7 Small sensing capacitance
p i 2 High output impedance
Floating elec: A ! .
o nmf LlLLlFOdL() |:—-@ 72 Parasitics
vl
— E— T 2 Noises A
Differential Overlap Circuit Model .
— 1/f noise Electronic noise
+¥, H .
o ? Vo=V 4 C1 (2V ) _ Cl —C2 Vv 2 Offset : Thermal noise
0 s K] K H
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6 = C+C, G +G, 2 DC bias ' f
" v,
" i & m Differential Capacitive Sensing
1 / 7 First order cancellation of many effects
— Temperature variations
2 Common mode rejection
EEL6935 Advanced MEMS  ©2005 H. Xie EEL6935 Advanced MEMS ~ ©2005 H. Xie 4




UNIVERST

FLORIDA £ Parasitic Capacitance

o
%

Bootstrapping

y o 28C
2C, +C,

Zero voltage across C,,
If C,=100fF, C, =200fF,
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The signal will be *Increased fabrication complexity
attenuated by half +Difficult to cancel all parasitics

FLORIDA £ DC Bias at Sensing Node

+V

m

Buffer
Co1+AC, % ‘
corsc, 7= L 'Lf >
02 2 I Cp1 Rdc p2

m

Charging on the small sensing capacitors causes
drifting, instability and uncertain electrostatic force

R4, provides DC bias, charging path

Typical Ry, > 1MQ
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Typical Ry, > 1TMQ

 Polysilicon resistor:
— Large silicon area
— Large parasitics: capacitance; inductance

» Switched-capacitor circuits
* Diodes

» Sub-threshold transistors
» Long-channel transistors
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Zhteawesy) Capacitive Interface Circuits

U Noise Analysis
O Input transistor optimization
O Chopper Stabilization (CHS)
» Continuous-time amplifiers
O Correlated Double Sampling (CDS)
0 CHS vs CDS Comparison
O Design Example
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Capacitive Interface Circuits

Continuous-time (CT) Discrete-time (DT)
- CT Voltage Sensing (CTV) - Switched Capacitor
- Impedance-conversion buffer (SC) Sensing: Correlated
- Charge integration Double Sampling (CDS)
- CT Current Sensing (CTC)
- Transimpedance amplifier

o — R m  Flicker noise
. cre (M Clwwe @ Offset
§ i SG » KT/C noise (CDS)
2 = Noise folding
E'” I m  Charge injection
g ; | m  Quantization noise
g cTv

CTC ¢y

Amplifier Noise Switch Noise

J. Wueet al,, IEEE J. SSC, 2004
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Input Transistor Optimization

K‘E’li‘f = ZAC Vm
But, 26, +C+Cy +Cy,

w

‘overlap

2
and C,+C, =(§L+2L

Reduce 1/f noise and thermal noise

Increase W =—=> g oquce sensitivity.

2
sense
=2
v

n

Maximize SNR given by

=—> Optimal input-transistor width
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Noise Analysis

D

Inflicker

E Lo l"3I|wﬂ|‘m t"ﬁﬂirkﬂ-r i:ﬁlﬂ:\k
Ar(f) = St 4 St ) 4 Stk 1)
_ KT | K;
T WALA-1 T WLS

=E Ky Dieak
@C, ¥ Cp 1 Cy 1 Coal2 2

J. Wu et al,, IEEE J. SSC, 2004
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Input Transistor Optimization

Electronic noise floor vs frequency Noise floor vs channe! width at 10 MHz
T T

=+ MOSFET thermal noise
=+= MOSFET 1/f noise

=« Leakage current shot noise
— Total electronic noise

@
&

Noise Floor (g/itHz)

10° 10° 10° 10 w10
Frequency (Hz) MOSFET Channel Width (um)

J. Wu et al,, IEEE J. SSC, 2004
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Chopper Stabilization

Modulation Demodulation

Vs (E i) Vst : Vs2 (%) Vs3 _\ Vout
T'\ el

Low-pass Filter

Carrier signal (fy,)

Vs Vs Vsé Vs3  Error Vout
: rror
Signal Signal Bignal Signal
Signal Error
! ﬂ ﬂ . Error
fu fu fu fu

+ Cancel amplifier offset and 7/f noise
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2 UNIVERSITY OF

STATT N Continuous-Time Amplifiers

m Unity-gain Buffer With a Sub-threshold Biasing

Vbias
+V J,_|_
C,-AC -LC ‘
z I P Buffer
_Vm -

+ Use a feedback transistor
operating at its subthreshold

- Bias voltage must be
carefully set

Continuous-Time Amplifiers

m Unity-gain Buffer With a Sub-threshold Biasing

63.90.7 162/0.7 vidd

i ] L
Vim “:
i ip 34 <t
il S I s
_1_| 70.20.7 }—A-‘ -
w009 Be0s n
<+ 2 90/0.9 ]]l "1 =TT
7 I EL Jr 1
Vin- ¥ Luo, ISSCC 2003

Noise floor: 110 nV/rtHz

Gain: 23 dB

Switched-capacitor demodulator:
Insensitive to dc offset
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Continuous-Time Amplifiers

m Chopper Stabilization with Periodic Reset

modulator  switching amplifier with dc/ac demodulator  buffer & LPF
bias offset cancellation

Vrerp Vreln

= ac calibration
‘1'1 Vg Tq:

Vi ﬂDl
a ®
Cy 74_ Cs L’b - " : Viiag
sensor | A @ ® c
L/

Amain L

L} Voutn

dc cancellation

Vre fp v refn

* Chopper stabilization
+ Optimal transistor sizing to minimize SNR
« DC offset cancellation
* Low-duty-cycle periodic reset for dc biasing
* Noise floor: ~50 nV/rtHz
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J. Wu et al,, IEEE J. SSC, 2004




Continuous-Time Amplifiers

m Transcapacitance Amplifier

Q }J L{ Q, swirck o
H QQZ j%ﬂ T &

LONG WIDE BYPASS 4|
WL wanz
i =
+12v c© 2pF —
D W,
i% —
= ouT
SENSOR 4D
LT
LONG
“cl 2pF STARTUP
I

T A

Bipolar input stage °
Controlled-impedance FET for biasing

Q1 in triode-mode and Q2 saturated: 50MQ
Q3, 1/50 duty cycle: 2.5GQ

Temperature compensation: PTAT

Noise floor: 12 zF/rtHz
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Geen et al., IEEE J. SSC, 2002

Force-balanced Feedback

Fext v Digital
A .

Sense Pasition Preamp Lead Quantizer
Element Sense Fitier

Electrostatic
Force Transducer

*One-bit feedback
*Increased dynamic range
*Good linearity

*Digital output

*Higher cost

*Higher power consumption

*Not suitable for applications with
high-g shock

Lemkin and Boser, IEEE J. SSC, 1999
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Step 1: Set DC level

Discrete-Time

-]
.

('l'
Step 3: Sensing AC,

5 ]
T x[m

1000 %
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I Preamp "
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Step 2: Offset and 1/f noise cancellation

+ Offset cancellation
» 1/f noise cancellation
[ | s * KT/C noise reduction
~+ but noise aliasing, switch noise
still problematic
« Atialiasing needed

Boser, Transducers 1997

CHS vs. SC

Interface type

Advantages

Disadvantages

Chopper-
Stabilization

« Low noise: no aliasing, minimal
number of noise sources

+ Low front-end power — SNR not

limited by capacitor size

Suitable for discrete-component

implementation

+ Requires additional
filtering and ADC for
digital output
Requires large biasing
resistors

Switch-
Capacitor

« Robust DC biasing Good Linearity
and accurate gain

- Easy to integrate more functions
(ADC, force-feedback)

Output can be digitized directly
+ No low-pass filter needed

+ Higher noise — Noise
folding, charge
injection

+ Large capacitors
needed for low kT/C
noise
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Other Groups: U-Mich, GA Tech, UF, ...

Design Example:

Low-power low-noise interface circuit for
accelerometers (by D. Fang)
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m Low-Power and Low-Noise Operation are
Critical in Emerging Applications

Battery powered
* uW power

consumption for long-
time operation

Low Power

_llv'i" modulation

1
1
! L Demod. !
! . DC biasing p '
: 5: + < _I_LT !
’ > 1
: . ", ] Vout+
:> 1 *
: Stage-1 \Cu
! 9 ! Vout-
1
N D !
1 L Vos2 !
1
1
i l Sensor offset DC offset '
: Vin. cancellation cancellation
1

= Low Noise = Low Power
+ Noise Matching * 2-stage, open-loop
* High chopping + Stage-1 optimized for noise
frequency + Staeg-2 optimized for signal
(0.1~2 MHz) swing and linearity
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Advanced Features
« Tilt-Navigating

« Tilt-Data entry

» Dead reckoning in
GPS navigation

« Reasonable
----- - gain (~10) to
attenuate noise
from following
V... Stages

VDD e .
aoun| 71 sopa |:°:‘\‘< ________
 Optimal [I M5 M6 I-l ;
sizing for R v,
low-noise ™
Vi —HE—F
M3 M4
Visnay, i M mzaf M7 M8 Yt
iy O s
- DC
biasing

R, MOS-bipolar device

EEL6935 Advanced MEMS  ©2005 H. Xie

*Tuning inputs for
sensor offset
cancellation




Interface Circuit Design: Stage-2

» Folded-cascode wit
linearized trans-

Vin Gm1> Vou conductance load
Optimized for lineari
and signal swing
m Schematic
. “"'/L;“ * Medium gain (10~20
d |
I Y=+ DC feedback to canc
N 7 e
~.»" offset

-+ On-chip low-pass

capacitor (20pF)
Experimental Results
Chopping freq. 50 kHz ~ 1 MHz
Gain 40 dB
DC offset <1t mV
Sensor offset >26 dB
attenuation
noise 24 nv/\NHz, chopping
at 1 MHz (simulation)
Power 330 pAx 3.3V
Fang and Xie, IASTED CSS 2004
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* Form a low-pass g,,-c filter
(f.utof is about 50 kHz) with

cut-o

on-chip capacitor C,

"+ Low sink current and source
degeneration are used to get
very low g,, (a few pA/V)

M7 and M8 are used as level-
shifter to keep common-
mode level of outputs of the
auxiliary amplifier in the
right range
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