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MEMS Accelerometers
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Acar, and Shkel “Experimental Evaluation and Comparative analysis of Commercial Variable Capacitance

MEMS Accelerometers”, J. Micromech. Microeng., Vol. 13, pp. 634-645, 2003.



Surface Micromachined Capacitive
Accelerometers

 Major manufacturers: Freescale, Analog Devices,
STM.

* Cost depends on functionalities.

* Very robust packaging.

* One, two or three orthogonal a»

 Measure dynamic and static accelerations.

e Output: analog (voltage) or digital (duty cycle).

e Various ranges of measurements: detect movement,
tap, shock, clip and pulses.

 Different sensor and electronic design.

R Allan “MEMS The World...In Consumer Electronics”, Electronics Design., July 2008, pp. 33-37.



Applications & Markets

Major industries:

o Automotive safety (airbag trigger, stabilizer)
e Gaming devices (Nintendo Wii)

* Personal navigation devices (iPhone)

e Healthcare (automated external defibrillator)
» Apple laptop (hard-disk anti-crash)

Various ranges of measurements: detect mover
tap, shock, clip and pulses.

Increasing use in consumer electronics due to cost
reduction.

Combination with MEMS gyroscope to offer
Innovative systems.

R Allan “MEMS The World...In Consumer Electronics”, Electronics Design., July 2008, pp. 33-37.



Spring-Mass System

Seismic Mass N

Supporting Frame Over-range Stops

Second order system: mx + ¢ X + KX = ma ;5

where,

m = proof mass Resonant frequency = O(k/m)
k = spring stiffness Quiality factor = O(km/c)

c = damping coefficient

a = external acceleration

C. Acar, A. Shkel “Experimental Evaluation and Comparative analysis of Commercial Variable
Capacitance MEMS Accelerometers”, J. Micromech. Microeng., Vol. 13, pp. 634-645, 2003.



Noise Sources

Internal Sources:

- Electrical noise: random fluctuations within physisystem.
Example: thermal noise, shot noise, flicker noise.

- Mechanical noise: vibration of the structure in ¢ihdp.
Example: thermo-mechanical noise.

External Source
- Man-made Noise (motors, ignition systems, switches)

- Natural Phenomena
- Atmospheric noise (static, lightning discharges)
- Space Noise (electrical disturbance from stars)
- Radiation, high energy particles



SIGNAL

Noise in System
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Importance Of Noise Measurements

Calibration Curves For Sensors
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Noise Equations

Electrical
*V thermal noise— d4kTBR) A

° | rms shot noise— dquch)
* Flicker Noise: S = K/f " \ nteractions of

electrical and mechanica
sources of noise is a wide ope
Intellectual problem

Mechanical
e F = AckT Y,

noise

T.B. Gabrielson “Mechanical Thermal Noise in Micrachaned Acoustic and Vibration Sensors”, IEEE Trans.
Electron Devices, vol ED40, pp 903-909, 1993.



Najafl (Low noise, micro-g design)

e Use combined surface and bulk
micromachined micro-accelerometers.

* Design low noise, micro-g devices.

e Sensor: Large proof mass (mg), sn
damping, narrow air gap.

 Interface: low offset, good gain and offset
stability

H Kulah, J Chae, K Najafi“Noise Analysis and Chaggization of Sigma-Delta Capacitive Microaccelestern”,
IEEE JSSC vol 41, No 2, pp 352-361, Feb 2006.
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Design Approaches
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Fig. 1. Total noise equivalent acceleration (TNEA) due to Brownian motion at
atmospheric pressure for an accelerometer with 1 mm x 2 mm mass/electrode
area and 1.3 jrm air gap with (a) 4-pm damping holes with 9 m pitch. (b) 5-prm
damping holes with 153-prm pitch, and (c) no damping holes.
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Static open loop sensitivity

N Yazdi, Najafi “An All Silicon Single Wafer Micr@y Accelerometers with a Combined Surfaced and Bulk
Micromachining Process”, IEEE /ASME JMEMS, vol 9 M, pp 544-550, Dec 2000.



Yoshida (Capacitive Servo Accelerometer)

 DUT: capacitive servo-accelerometer, developed Iin-
nouse at Tohoku University.

* Frequency response: DC to 250Hz.

 Noise floor: 10uGQHz)
 Use Kampen theoretical noise mo

— Electrical noise: Expressed as capacitance vamniati
exclude mechanical characteristics.

— Thermal mechanical noise: Brownian motion of air.

— At low f, mechanical noise dominate, at high
electronics noise dominate.




Mechanical structure and C-V circuit
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Simulated and Measured Data
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Rocha (Mechanical-Thermal Noise)

Characterized the mechanical-thermal noise
spectrum.

Repeatedly brought the capacitive micro sensor to
oull-in, while measuring the pull-in time, followed
oy FFT.

Pull-in time does not depend on electrical nc
(purely mechanical).

Custom-designed DUT.

Found 1f noise at low frequencies, and

white noise at higher frequencies.

1/f noise is independent of ambient gas pressure.

L.A. Rocha, E. Cretu, R.F. Wolffenbuttel “Measuriagd Interpreting the Mechanical Thermal Noise in
MEMS”, J. Micromech. Microeng, Vol. 15, S30-38, Z00



MEMS Device
INARRAN

Damping
Force

“|b€¢—— bx

Mechanical
Force

[ Kx

dy ——
CodgV*

v 2(dg-x)?

Electrical
Force




Setup and Results

MEMS Structure
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Force Moise [N~ Hz]

FFT (1 mbar)
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Low Frequency Noise Measurement
Techniqgue on Commercial DUTs

« Traditionally employed to characterize 1/f noige o
MOSFET and BJT.

e EXxperiments produces samples with different noise
behaviors via different fabrication process and
measurement conditiol

* Recently applied to measure noise of HBT,
optoelectronics devices and magnetic sensors.

« Better understanding of noise behaviors help the
engineers by minimizing its effect.

H. Wong “Low Frequency Noise Study in Electron Dx@4: Review and Update”, Microelectronics
Reliability, Vol. 43, 585-599, 2003.



Complete Apparatus
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F. Mohd-Yasin, et. al “Low Frequency Noise Measusatrand Analysis of Capacitive Micro-Accelerometers
Microelectronic Engineering, Vol/Issue: 84/5-8, pg88-1791, 2007.



Acceleratlon dependence (Freescale)

Nulse PSD of MMA3201 at 0g and +1¢

Captions: '
+ line is the noise PSD at0g ]
Dotted line is the noise PSD at +1g
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Noise characteristics of Freescales 3201D accelerom etersat 0 and +1 g. The plus line
+1 g. The graph is plotted from DC to 3.2

represents the 0 g, and dotted line represents the
kHz to give the optimum view of the noise PSD diffe  rences between 0 g and +1 g.



Acceleration-dependence (STM z-axis)



Temperature-dependence (AD)

ADXL105 Noise Characteristics

(wgp) Jemod

Frequency (GHz)



Temperature-dependence (Freescale)

F. Mohd Yasin, et. al “Low Frequency Noise MeaswatrAnd Analysis Of Capacitive Micro-Accelerometers
Temperature Effect”, Japanese Journal of Appliegsiels, Vol/Issue 47/6, pp. 5270-5273, 2008.



Observations

Total noise from DUT is larger than noise of
measurement setup.

1/f-type noise at low frequencies.
Thermal noise at high frequencies.

1/f-type noise are acceleration dependen
contrast to the prevailing theory).

Spectral peaks in the noise PSD.



Conclusion

e Integrations of low-cost micro-accelerometers
Into critical applications makes the noise studies
more important.

* Non-contact noise measurement to separate
mechanical and electrical noise sources.

» Further works to validate accelerat-
dependence noise characteristic.



