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3-Axis Accelerometer

» 3 independent sensors for
x/ly/z-axis acceleration
o digital output (ZA force-

e ' RN feedback)
Gtrquﬂw. i [Heies PR &

Z-Axis Ref. | Cireuitry, |, * 500 kHz sampling rate
I—ﬁnds i Frre

¢ 2 um CMOS (DPSM)

* 4 X 4 mm? die

* 5V / 9mA per axis

W
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Sense Elements

Ref.: M. Lemkin et al., “A 3-axis surface
micromachined ZA accelerometer,” in digest
ISSCC, pp. 202-203, February 1997.
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Digital Force Feedback

f, =500 kHz
X }
a. D
I @ sensor 2 - 71 1-bit ADC 0
Ay double position lead
. . comparator
integration sense compensator
Via ‘ 1-bit DAC
| T |
| electrostatic
forcer
» 3 identical loops (1 per axis)
» shared clocks and bias
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Position Sense Principle

Cint+
i l | l
- zal + AC
Vstep ) % J AV [ Vstep X C—
ol - int
- 5]
C

» pseudo-differential: reduces switch charge injection errors
« drive proof-mass: extensible to multi-axis sensing
* C, tied to virtual ground: no driven shield

ISSUES:

» set DC level at amplifier input
« demodulate output (i.e. compute AV)
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Sensitivity (X-axis)

resonant frequency f. = 3.2 kHz
sense capacitor C. =100 fF
sense voltage Vgiep = 2V
iInput signal a=1mG
a 12
proof-mass displacement AX = (ort. =24x10""m
: AX 18
capacitance change (X, = 2um) AC=C S ~=12x107°F
AC
output voltage (C;,; = Cy) AV = Vg o =240V
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Multi-Phase Operation

1) Set DC-Level

2) Cancel Offset & 1/f noise

3) Sense AC

4) Compare (for 1-Bit feedback)
5) Force-feedback

|
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1) Set DC-Level

e Tl l
I

ol

C

S-

e Zero chargeon C, C
« KT/C noise:

int

kg T
C

S

=200uV  forC, = 100fF (roomtemperature)
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2) Cancel Offset and 1/f Noise

int+

[l -~
Cs+ l l Ci. i
- + +
% 1000 x L av
R— &« - o
. CH- —
H Preamp

C

O

int-

e Ideally, AV = 0. Corrupted by
— KT/C noise sampled onto C_, & C,
— offset & 1/f noise from integrator & preamplifier

« Error stored on C,: first-order cancellation
« Residual error: kT/C,, --> C,,>>C,
* Preamplifier boosts signal level & SNR
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3) Sense AC,

int+

[

|

c.. i i Coe
- + +

Vstep # 1000 x i AVout

o
—e
|
e
|
O
T

Cint-
. A(:S
signal AVou = 1000% VX -2
int
_ 2 KgT
noise (Avout, noise) - C
H
(ignoring excess amplifier noise)
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4) Compare

int+

Vstep + 1000 x Latch | —

o
—e
|
e
|
O
T
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5) Force-Feedback

1000 x Latch —

L \ered_back C, is used for sensing and feedback
— maximizes available capacitance
— minimizes noise
— maximizes F;, (accelerometer input range)
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Four-Phase Clock

T =2 Usec

1) Set DC Level ]

2) Cancel Offset

3) Sense AC

4) Compare

5) Force-Feedback —
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Second-Order Issues

« Common-Mode Feedback (CMFB)
 Frequency Compensation

o Parasitic Electrostatic Feedback
 Preamp Offset Cancellation

-
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Performance Summary

mass | resonant noise floor | input C, dC /dx
frequency range
x-axis | 0.38 pg 3.2kHz| 110 pG/rt-Hz| +£10 G| 100 fF 44 fF/um
y-axis | 0.26 ug 4.2 kHz| 160 uG/rt-Hz| +10G| 75f1F 34 fF/pum
z-axis | 0.39 ug 8.3 kHz| 990 pG/rt-Hz| +15G| 300 fF| 150 fF/pm
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Measured SNR versus Input
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3-Axis Accelerometer Example

Input: 400 Hz sinusoid
Measurement Bandwidth: 100 Hz

(x-axis sensor)
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Noise Floor versus Pressure
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3-Axis Accelerometer Example

(x-axis sensor)
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Multi-Axis Sensing

|t

3-Axis Accelerometer Example
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Single Proof-M

Y MAL MAD
NLIK BEB

3 AKIS ACCEL

UCE ~ SML (4-95]

wd
Se— o, m w w— .

I

X 3-Axis Accelerometer Example © 1996,1997 B.Boser 19
BSACi P



