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Gyroscope Example

X(t)= Xosinooxt
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‘/ drive axis
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Ref.: W. Clark, “Surface Micromachined Z-Axis Vibratory Rate
Gyroscope”, Solid-State Sensor and Actuator Workshop,
Hilton Head, pp. 283-287, June 1996. with Q, = 1deg/s, X, = 1pm,

w, = W, = 21 x 20krad/s, Q=1

Capacitive Position Sense Circuits © 1996 B.Boser 2



Outline

= Capacitive Sensor Interface

e Bootstrapping

o Offset & Drift Reduction
 Charge Sensing

e Correlated Double Sampling
* Noise

|
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Capacitive Interface

anchor

suspension \{

substrate inertial mass

Capacitive Position Sense Circuits

[ \_J +v,

7/ZC =C, + AC

V, =V, AC/C

C,=C,-AC

-
S\,
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Output Signal

for C, =100fF
dC/dy = 10 aF/A

C,=C,+AC y  =0.003A
Vg, =5V
—— / /1% V =V, ACIC,

[\
—~
_/ =)
(WA

C,=C,-AC

AC = 10aF/A x 0.003A = 0.03 aF
V, = 5V x 0.03aF / 100fF = 0.3 pV
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Electrical Interface

- .

T
Parasitic
Capacitors

substrate shield

b | .. . . .
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Electrical Interface Model

0 —@ @ @
— 200fF 7£ 100fF
—— 500fF
—— 100fF ® ® ° VX
5kQ
—~ 100fF
— 300fF — 100fF
-V0 ® ® ®
—— 200fF
== 500fF | o .
Vshield
—— 5pF
—@ i @

— substrate
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Impact of Parasitics

+V

. signal error
—Z st + + :
100fF v _ABEY, Cplvsub szvshleld
=
vV, CT
——Cpl ——sz
_Lc, [ 100fF T 300fF
[ 100fF
Vub Viehield C_I_:ZC +C _+C
-V, 0 "pl "p2
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Impact of Parasitics (cont.)

1) signal attenuation by

C +C _%» +V,
1+ P
2C xc,
0 ~ 100fF
2) couple Vg & Vg, 1OV, v
e lec
9. Vou =1mV e, T aborr T aborr
V, = 250uV >> 0.3pV | 100 y ¥

sub shield

keep substrate guiet!

3) parasitic electrostatic forces
check voltage across all capacitors!
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Parasitic Electrostatic Force

Example:

anchor

suspension

\ substrate
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Outline

e Capacitive Sensor Interface
< Bootstrapping

e Offset & Drift Reduction

e Charge Sensing

e Correlated Double Sampling
* Noise

|
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Bootstrapping

C.,=C,+AC |
156ﬂ: ° 7Zé Buffer
v AC
X 1x Vo = Vo=
0
— Cpl — Cp2
fosészCO -AC # 100fF 300fF
pe— Vshield
-VO Vsub

* Venied = Vour = V¢ ---> voltage across C,, is always zero

2ACV_+C V
_ 0O plsub :
¥ = C,. effectively removed
2C +C

0O pl

o Caveats: instability if buffer gain > 1, increased noise
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Unity Gain Buffer Circuits

Breadboard Setup: Integrated Circult:

Vpp = 2.5V

M3 M4
100/8 100/8
Vin n V .Y
OpAm out — Vin M1 M2
PAMP Vi | 100/4 100/4 | ~Vou
B J 50pA l 50pA
M6 M5
100/8 | | 100/8

JFET inputs (negligible input current) Vgg = -2.5V
e.g. LF356 or LHO022

V . ~0.98V,
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Improved Buffer

| | L V, .~ 0.999 V,

Ref.: G. Fedder, “Simulation of

% Microelectromechanical Systems”,
Ph.D. thesis, UC Berkeley, EECS,
1994.

L !
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Outline

e Capacitive Sensor Interface
e Bootstrapping

= Offset & Drift Reduction

e Charge Sensing

e Correlated Double Sampling
* Noise
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Offset & Drift Reduction

EMI (Electromagnetic Interference)
substrate coupling

carrier generation

amplifier offset & drift

flicker noise (1/f noise)

+V,
—— Csl
100fF
VX
1x Vot
— Cpl — sz
C,, 100fF 300fF
— S
[ 100fF
pp— Vshield
-V -
0 Vsub
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Modulation & Demodulation

| v, v, | lowpass Vo~ AC
A filter
Amplifier ~AC Demodulator
Cszjé (multiplier)

Vo ij[][ﬂjf Fen
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Frequency Domain Interpretation

0 -1 apuan
Csl 7/Z
v | v, R v, | lowpass | Vo~ AC .
x | = filter
Amplifier ~AC Demodulator
C,, f (multiplier)
_V0
_ A . - - -
(6] (6] (b)) (b)) (b))
5 5 error 5 5 5
o o o o o
signal
frequenc; frequency frequency frequency frequency
AC ~ AX ~ Input V, Vy V, Vout
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Modulation (cont.)

 llke AM radio
different name: “chopper stabilization”

 modulation frequency
fa = 100kHz ... 10MHz (typical)

e wave-form:
sinusoidal or
square-wave (avoid distortion!)

|
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Demodulator Circvuit

Vo~V xV

1

Gilbert Multiplier:

%E% d N wiw
)
N

Vzi T

5

(MOS circuit identical)
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e

DC Potential

+Vo I U Ty
— Csl
" 100fF Buffer
isi na V
e : 1x Vo,
L Cp \ R L Cp (to demodulator)
e, 100fF _ de 300fF
[ 100fF ldc
. V..
— — shield
vV, 1T1 , -
sub
Dimensioning R.:
. . v 1
"signal‘ > "dc‘ - 2T[fclkcslvx PR, T %c»m_—wMQ
dc clk sl
for f, =1MHz and C,, = 100fF
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Realizing R

physical resistor

— low-doped polysilicon

— thin-film resistor

— avoid large parasitic capacitance (e.g. diffusion)

back-to-back diodes

— nonlinear distortion
MOSFET in weak inversion
— poor control

Switched Capacitors
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Example: ADXL-50

full-scale input 5049

noise floor 6.6 mG/rt-Hz
linearity 0.2 % of F.S.
bandwidth 1 kHz

power dissipation 50 mW

Ref.: Analog Devices ADXL-50
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ADXL 50 Layout

' ] i B B
SENSOR LOAD
RESISTOR 3l

BUFFER

b | .. . . .
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Outline

e Capacitive Sensor Interface
e Bootstrapping

e Offset & Drift Reduction
<-Charge Sensing

e Correlated Double Sampling
* Noise

|
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Charge Sensing Concept

+V, /2

C, 71 _
Sc, a8 Qz AC V2

q=ACYV,

/*

B AC
V=0 OpAmp >—1—— J V="V,
. 74 /q; AC V,/2 + Cin
=C,-AC
V2 | -
V, is virtual ground
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Charge Sensing: Parasitics

Vo2
Ct
C,, % |
=C,+AC L
V,=0
- AC
omes L [ V=% g
B + int
I+ f Av=10
=C,- i
q=20 L
_ —C —
V2 | P
— V.. =0
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Charge Sensing: Parasitics

* virtual ground shorts C,
e No need to drive shield

« CAVEATS:

-V, Still couples to V
— avold undesired electrostatic forces
— CIO INcreases electronic noise

|
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+V, 12

Choosing C; .

Csl
V,= 0 OpAmp L V. -y AC
4+ out 0 C
C,, ?/4 int
- time constant 1
V2 |
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Choosing C, . (cont.)
e Galin:

int

Cint -0 it \{ut ad

* Time-constant (settling time):

TDl
C e d

int

Cmt_’o < T -

e Gain-Speed Tradeoftf:
typical G, =2G

M Capacitive Position Sense Circuits © 1996 B.Boser 30



Offset & Drift Reduction

« Chopper Stabilization

» Correlated Double Sampling (CDS)
— no low-pass filter (increased bandwidth)
—no need for leak resistor (Ry.)

— disadvantage: needs clocks

|
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Chopper Stablilization

+1
-1 m fCIk

X + . v
=®—> lowpass —— V,,;~ AC

Demodulator
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Outline

e Capacitive Sensor Interface
e Bootstrapping

e Offset & Drift Reduction

e Charge Sensing

= Correlated Double Sampling
* Noise

|
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CDS Problem

+V0/2 - Cint
|
I
Cyy %
VOS
‘ N
Vo v & AC
x — "V offset OpAmp Vout = OC—
+ int
Csz ?/é
- = 0 c,+C,LC
Vo2 | +V, O+ ——20
D C:lnt D
er\rfor
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CDS Concept

Two Phase Operation:
1) measure and
cancel offset
2) measure signal
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CDS Phase la: Measure
Offset

Cint

|

L I
=, & L

Vsl
o ViT0 @ o oy
i vl out 0s
CsZ ?/é I

Inne —— should be zero

-
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CDS Phase 1b: Cancel Offset

L
— > V — V A\/l +V A\/Z
out, off osl 0s2
A+l A, +1
H_J H_J
<<A/1 =1
input referred amplifier offset:
Vout off
Vin,off = ,
Ay
osl
A Aq
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ol

-



CDS Phase 2: Measure Signal

AC
int
Csl + ng \Vin,off
Coi ) Aa
=0
AC
int
signal
+[1+ Csl + Csz ](Vosl + V052 j
\ (':lnt A\/Z A\/l )
offset
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Complete CDS Circuit

(Ploi (sz +VO ‘I‘HI ol
e - ’ I ]
sl —
v sl (03
® 4 U —
N
A =@ ) G Vout
i/ i+ x
Csz 7* (p]-
(le CPZR v, =
— (pl — v o
l N
CAZ n v2
— @
open —\
closed / \

time

®

closed
time
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CDS References

e General Principle
M. Degrauwe et al, “A Micropower CMOS-Instrumentation Amplifier”,
IEEE J. Solid-State Circuits, pp. 805-807, June 1985.
» Capacitive Sensor Interfaces with CDS

T. Smith et al, “A 15b Electromechanical Sigma-Delta Converter for

Acceleration Measurements”, in Digest ISSCC 94, pp. 160-161,
February 1994.

C. Lu et al, “A Monolithic Surface Micromachined Accelerometer with

Digital Output”, IEEE J. Solid-State Circuits, pp. 1367-1373,
December 1995.

M. Lemkin et al, “A Micromachined Fully Differential Lateral
Accelerometer”, in Digest CICC 96, pp. 315-318, May 1996.
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Example 1: CDS Z-Axis Accelerometer

= g = ny -

| . inressse, m—— m—_r:q'

-Pﬁ:"m

-"CL E l’J'J:H!|
BEB HTH | IMEMSI ,..:.“! o

..;_.... ®  Die size 3 X 3 mm?2

Mass 0.5 ygram

Resonant frequency 4.7 kHz

(nf

.ﬂ"
t_
I

I -

Air gap 1.6 um

'_3ﬁ.'. ——r
=
L =
APy
T =
e 1
} !

Sense capacitance 500 fF
Feedback capacitance 300 fF
Noise floor 1.6 mG/rt-Hz

Ref.: C. Lu et al, “A surface micromachined
accelerometer with digital output”, J. Solid-State
Circ., pp. 1367-1373, Dec. 1995.
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Example 1: CDS Position Sensor

reset Ve sSense
s Var
— Cint
s |y 330 fF resef .
7 Csense II J__
500 fF / =
S5ense
Vsense
-Amam
Vo
—Aaux
——Gp /rEsEf _._.,_..-r"""
TPF i respt
Caz
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Example 1: CDS Amplifier

Vdd

L

biaz I F‘
LNEUUUA
VYmaln+ j M1 < " 9 VYmazln-
—]addid #?EUA 24aaa3
bias j = IE

) L~

# < M
v v Yo

aux+ gux-
_< %m /3 F }_
bias
Vss
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Example 2: Differential CDS Accelerometer

NNV 7 . Process 3 um BiCMOS
I  Power 3.7mA @ 5V

Sampling rate 500 kHz

38 Full scale +3.5G

E% Noise floor 500 puG/rt-Hz

j Resonant freq. 8.1 kHz
Proof mass 0.2 pygram
Sense cap. 84 fF per side
Sensitivity 64 fF/um

Ref.: M. Lemkin et al, “A Micromachined Fully
Differential Lateral Accelerometer”, in Digest
CICC 96, pp. 315-318, May 1996.
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Example 2: Differential Position Sense Amp

V, & %
V] ¥
C;k ‘A Differential interface improves
power supply and EMI rejection,
and achieves first-order cancellation
ot 6 of switch charge injection errors.
+

? One Period

: >
1 | . Feadback
1 tatch
§ : 1 . Sensas (s, 54
o — 1 i Autozero (s, 85, 87)
—u [ ZeroCap (83, 839)
* Time -
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Outline

e Capacitive Sensor Interface
e Bootstrapping

e Offset & Drift Reduction

e Charge Sensing

e Correlated Double Sampling
=" Noise

|
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Noise Sources

 “man-made”, e.g.
— power supply coupling
— clock feed-through
— electromagnetic interference (EMI)
- make arbitrarily small
« “correlated”, e.qg.
— offset
— 1/f noise
- low frequency: measure and cancel
* “thermal” (synonyms: Johnson, Brownian, ...)
— from thermodynamics
— sets ultimate performance limit

M Capacitive Position Sense Circuits © 1996 B.Boser 47



Device Thermal Noise Models

Resistor MOSFET
() () |
O &, |
ideal (noiseless) noise noise
resistor R source source ideal (noiseless)
MOSFET
2 _ = 2
s = Ak TRAf V2 = Ak, T— Af
39,
kg =138x 10% %, (Boltzmann' s constant)
ko T=41x10%J at room temperature (T =300 K)

eg R=1M), Af=1kHz - \/:§7=2/JV
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Noise Bandwidth

Typical sensor application:

\%

ol 02

Low-Pass Filter ———————

\ 4

Sensor

A A

V Vv low-pass
01 02 | _
signal l‘/
|

— A/noise | noise eliminated
frequency «—> frequency
bandwidth

Noise power is proportional to sensor bandwidth (assuming flat spectrum).
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MOS Amplifier Noise

VDD

-5 e

T I M2 | Vi

| oy
| <_I| bias2
®
input transistors
@
transconductance g,,
gate capacitance C,, = 2/3 WLC,, :II jl Viiast
VSS
Capacitive Position Sense Circuits © 1996 B.Boser 50

—



MOS Amplifier Noise Model

~ ~
|~
~
I S
| = > — 2
| AN V2= 4k, T—Af(1+F)
| — AN ~ 3gm
I Cin - Vr21 ~ ~ ~
' ~ with F > 0
Vin+ | @ + = ~ ~
| noiseless ~ .
I amplifer //5 Vout (typical: F = 2 ... 5)
v, - (~0) — -
o N _
C.—/ 5 -~
: in Vr21 _ _ -~
7~ —_— —_
: L _- d Cin - Cgsl - C:952
— -
I i
|
L -~
(assumption: transconductance amplifier -
high impedance output)
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Noise Calculation

+V, /2 o
I
I
Csl % F
n
t ? @ - —_.50 C+c,0
~ OpAmp on = 2 nEl’f c %
c,, 74 ——c¢,+C, & i "
) with G =C +C,+C,
— V,
V0/2 pu—
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Input Transistor Sizing

 Increasing g,, reduces amplifier noise

ZOr
n gm
o CAVEAT.
Cp = Cy = (i—m typicako, =27 1 ... 10 Grad /sc

iImplies C,, and hence noise increase with g,

m» OPTIMUM
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Noise Optimum

1.95 T T

* shallow optimum
for C,, = C;

1.25

« C, (transistor size)
also affects speed:
in practice often
choose C,, > C;

normalized noise

1.05
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Minimum Detectable Signal (MDS)

« Definition: signal power = noise power

(acrc,) 8\/ 2%,T 0 C

[
p

= —[

Af V, 3w, C, 0 C,L

Assumption: C;, = C; (optimal transistor sizing)

Ref: B. Boser et al, “Surface micromachined accelerometers”,
IEEE J. Solid-State Circuits, pp. 366-375, March 1996.
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Example: Accelerometer

proof-mass displacement

x = w, =2rf, = resonant frequency

2
r

w

parallel plate capacitor
dC G,
dx %,
acceleration noise floor

a’ 32mf’x, | %, T O CO
= 1+—
A V, 3w,C,0 C,O

E.g. C,=500fF, w;=2nmx500MHz, V,=500mV, f =5kHz, x,=1um

2
,/a;—”lepG/\/H_z
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Summary

e Capacitive Sensor Interface
e Bootstrapping

o Offset & Drift Reduction

e Charge Sensing

e Correlated Double Sampling
* Noise

|
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