EE 247B/ME 218: Introduction to MEMS Design CTN 4/19/18
Module 17: Noise & MDS

U] [

EE C247B - ME C218
Introduction to MEMS Design
Fall 2018

Prof. Clark T.-C. Nguyen

Dept. of Electrical Engineering & Computer Sciences
University of California at Berkeley
Berkeley, CA 94720

Module 17: Noise & MDS

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 1

& Lecture Outline
L Y
* Reading: Senturia Chpt. 16

* Lecture Topics:
% Minimum Detectable Signal
% Noise
@ Circuit Noise Calculations
< Noise Sources
* Equivalent Input-Referred Noise
% 6yro MDS
* Equivalent Noise Circuit
* Example ARW Determination
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Determining Sensor Resolution

EEC247B/MEC218: Introduction to MEMS Design

LecM 17 C. Nguyen 11/18/08 3

= Minimum Detectable Signal (MDS)

UG Berkeley

* Minimum Detectable Signal (MDS): Input signal level when
the signal-to-noise ratio (SNR) is equal to unity

Sensor .
ss?nf‘zf o Scale > ngun‘ —O Output
9 Factor ain

Noise Noise desired
output

plus

Sensor Signal Conditioning noise

Circuit

* The sensor scale factor is governed by the sensor type

* The effect of noise is best determined via analysis of the
equivalent circuit for the system

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 4

Copyright © 2018 Regents of the University of California



EE 247B/ME 218: Introduction to MEMS Design

Module 17: Noise & MDS

f
*‘}1

U. erkele —

Noise

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 5
/)V L)
;ﬁ Noise

* N oise: Random fluctuation I(+)

of a given parameter I(t
9. : P . (1) avg vc'xlultz.‘?)]:D
* In addition, a noise g. cou

DC current)
waveform has a zero

average value

| >t

* We can't handle noise at instantaneous times

* But we can handle some of the averaged effects of random
fluctuations by giving noise a power spectral density
representation

* Thus, represent noise by its mean-square value:
Let i()=1(1)—-1)

Then > =(1-1,) = lim — j\] I, di
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UCBetkeley

.2
L [units2/Hz]

w

Two-sided spectral density

2
O

ﬂ Noise Spectral Density

* We can plot the spectral density of this mean-square value:

One-sided spectral density
— used in circuits
— measured by spectrum

analyzers

7

Deterministic

v, (Jw) H(jw) o v, (jo)
Sl(w) S, (o)

Lmear'

* Deterministic: v,(jo)=H(jo)v,(jo)

VS, (@) =
Root mean square amplitudes
EEC247B/MEC218: Introduction to MEMS Design LecM 17

Inputs /\ Outputs | 4V () ) RAWID)
%@T,@ I

C. Nguyen

(1/2 the one-sided) i’ = integrated mean-square
\ N J noise spectral density over
Often used in all frequencies (area under
systems courses the curve)
EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 7
/)V . . . [
" Circuit Noise Calculations
UG Berkeley,

Random s poinflecs:~ Mean square spectral density

 Random: S, () = |[H(jo)H' (jo)]S, () = H(jo)s,()
H(]a))‘qlS (@) ——> How is it we

can do this?

11/18/08 8
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,)‘.
[}, erkeley
_2

Z} = $,(f) —> Vi

n do this for noise in a tiny bandwidth (e.g.,

7 Handling Noise Deterministically

1 Hz)

Can approximate this
— [ — PP
=y5i(f)-B by a sinusoidal voltage

generator (especially
for small B, say 1 Hz)

N\
v (f) ‘[—|A|cosa)t

ALAND
WYV

[This is actually the principle by
which oscillators work —
oscillators are just noise going
through a tiny bandwidth filter]

EEC247B/MEC218: Introduction to MEMS Design

LecM 17

’Z' ~ —
/ B
Why? Neither the amplitude
nor the phase of a signal
can change appreciably
within a time period 1/B.

C. Nguyen 11/18/08 9

A

s Systematic Noise
UCBerkeley

-

Calculation Procedure

General Circuit —
With Several <
Noise Sources

n3<> oK
Ho M’

\

EEC247B/MEC218: Introduction to MEMS Design

LecM 17

* Assume noise sources are uncorrelated

1. For i’ replace w/ a deterministic source of value
1.7
i =.-"%-(1Hz)

C. Nguyen 11/18/08 10
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)' ] [ ] .
.ﬁ Systematic Noise Calculation Procedure
B .
2. Calculate v, (@) =i, (w)H (j®) (treating it like a
deterministic sugnal)
2
3. Determine v, nl ‘H ( ]a))‘
2 2 2
4. Repeat for each noise source: 1,,V,», V3
5. Add noise power (mean square values)
2 o =V VAV v
vonTOT vonl von2 von3 V on4
VonTOT :\/ Vont +V n2 +V n3 TV, n4+
Total rms value
EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 11
v/w
T 1)) B
Noise Sources
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& Thermal Noise
] [
* Thermal Noise in Electronics: (Johnson noise, Nyquist noise)
% Produced as a result of the thermally excited random
motion of free e~'s in a conducting medium
% Path of e's randomly oriented due to collisions

* Thermal Noise in Mechanics: (Brownian motion noise)
% Thermal noise is associated with all dissipative processes
that couple to the thermal domain
% Any damping generates thermal noise, including gas
damping, internal losses, etc.

* Properties:
% Thermal noise is white (i.e., constant w/ frequency)
% Proportional to temperature
% Not associated with current
% Present in any real physical resistor

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 13

w Circuit Representation of Thermal Noise
T 1 B 1 .
* Thermal Noise can be shown to be represented by a series

voltage generator V. or a shunt current generator i

o

noiseless
‘/ac'rual /noiseless R
R = i; C‘L) § R or L
2
Vr
F— —
2 2
Note: These are IR _ 4kT YR _ 4kTR
one-sided mean- Af R Af
square spectral <
densities! To make _
them 2-sided, must where 44T =1.66x10 'V -C "
. ’ and where these are spectral densities.
divide by 2. g
EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 14
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) Noise in Capacitors and Inductors?
i

UG Berkeley

* Resistors generate thermal noise
* Capacitors and inductors are noiseless — why?

. V

c o Can oscillate forever
L m t

* Now, add a resistor: Decays to zero

PO But this violates the laws
L of thermodynamics, which
L —C2RVY N A A ; require that things be in
_ constant motion at finite
¢ ° temperature

Need to add a forcing function, like a noise voltage v; to keep
the motion going — and this noise source is associated with R

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 15

& Why 4kTR?
T 1 B 1 .
* Why is v; = 4kTRAf (a heuristic argument)
* The Equipartition Theorem of Statistical Thermodynamics
says that there is a mean energy (1/2)kT associated w/
each degree of freedom in a given system
* An electronic circuit possesses two degrees of freedom:
% Current, i, and voltage, v

% Thus, we can write: Energy
Y ler  Llevler
2 2 2 2

* Similar expressions can be written for mechanical systems
Y For example: for displacement, x

1,5 1
Spring constant —kx" =—k,T
pring consta 5 > ks

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 16
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Why 4kTR? (cont)

 UG,Benkeleymm—
* Why is v, =4kTRAf ? (a heuristic argument)

* Consider an RC circuit:

+

EeLere toi
.. 4_/':1 : %1: «— l'h{o‘grala:’ nolee dver a”*ﬁ'eqr.
N (ofal meon syuare volage infegbed over al Fegs.)

Oueshm: (hat value d'( A_E (aj‘.rllmhg while mabe) 91m us #u'.y) ?
A

LecM 17 C. Nguyen 11/18/08 17
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Why 4kTR? (cont)

- UGBetkeley
) —
Ouashm: What value d’( 4{% (ay.rumhg while ﬂbﬁe) glve: w a2z %2

~ ()
_ 1,y 0 _ kT % =
‘L/UL-\R"C— ——441;2: k——(“)_b):: ,l_FE:-"{kTR \/
£ il LUV 3¢

11/18/08
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Shot Noise

_} -

[}Berkele

‘oJ-o

* Associated with direct current flow in J
diodes and bipolar junction transistors _D>

* Arises from the random nature by
which e-'s and h*'s surmount the
potential barrier at a pn junction —

* The DC current in a forward-biased V
diode is composed of h*'s from the p- | °
region and e-'s from the n-region that —
have sufficient energy to overcome pn-junction
the potential barrier at the junction

— noise process should be —
proportional to DC current i,f

* Attributes: A =241},
% Related to DC current over a v 77

barrier ch /
¥, Independent of temperature (:f ;"Zx‘l’g.‘f?c‘;
Y% White (i.e., const. w/ frequency)
% Noise power ~ I, & bandwidth DC Current

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 19

& Flicker (1/f) Noise
T 1 B 1 .
* In general, associated w/ random trapping & release of
carriers from “slow” states

* Time constant associated with this process gives rise to a
noise signal w/ energy concentrated at low frequencies

* Often, get a mean-square noise spectral density that looks
like this:

24 -1 1/f Noise
n

s NC

I, = DC current
@D K = const. for a particular device
)
() a=05-52
b~1

1/f Noise Corner Frequency

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 20
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A

i Example: Typical Noise Numbers

UCBetkeley

* Hookup the circuit below and make some measurements

2

V) Measure w/ AC voltmeter

Measure w/

1kQ l %';%i spectrum analyzer

Ampllfler %“‘“"ﬁ“""{ « Cet Canssian

2
VR amplitdo distribufion
= 1°0>< Prodoobilify
—_ }
7 = 2N
I% 1\ area~a, - Amplehide
L{krk/: /7. c 68% within £0
L 4919 withn £36°
TR a KR YniNBe (o sy 1K R)
-0
[(e@™) ™ e, ET < qpt ms
EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 21
» Example: Typical Noise Numbers
UCBerkeley

* Hookup the cir-cuit below and make some measurements

Measure w/ AC voltmeter
l Measure w/
1kQ

Low Noise spectrum analyzer
_ Amplifier
sza —
= = 100x
M"V_'_e_‘kf .SPGC"*V&A‘AAWr
\
2 ———— = {0 M3
{ A2 = (100)(64 v oms) <  @iei]
< bdmV oms 7 ' zodsllec
00 wWifya. ! one-sided j&w
]
\ — c ensl%\
EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 22
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o
[ UG B e .

Back to Determining Sensor
Resolution

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 23

u MEMS-Based Tuning Fork Gyroscope

" UGBetkeley

Drive Voltage

\q ctrones / Signal
(-) Sense i
Output
Current .
Drive
! Oscillation
! Sustaining
(+) Sense | Digital PLL I Amplifier
7| From —wW— @ (____ e o B
OUprT/ Sense ¢ <
Current -
Differential
:DP [P s . TransR
; instr.  Demodulator Out Sense
= Amp Amplifier
Sense . ' J
[Zaman, Ayazi, et al, MEMS'06]
EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 24
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) Drive Axis Equivalent Circuit
"

UG Berkeley

180°

Drive '_M L’_’r i. ‘“;‘;”° + lveo ' Uf’"

Oscillation
Sustaining
Amplifier

v ——

* Generates drive displacement
velocity x4 to which the Coriolis
force is proportional

To Sense Amplifier
(for synchronization)

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 25
5 Drive-to-Sense Transfer Function
I UGBekeley

Drive/Sense Response Spectra:
Drive

Response —_ —— Sense
3 Response

:
. _ E H
Xg =0qXg < T

Drive Mode  Driven L@T)
Veloci .

Q2 " Rofadion - Induced Coriths forwe:

p Zz':*' sza(j—{_= 2@42,7(?7_
Xy = O X 2 Mets n He serse made direction
\ g = 2Ly Ny SLSN D’

Q]

Sense
Velocity L*,a,: 2w, 4,2
Sense Mode
EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 26
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G6yro Readout Equivalent Circuit
M!_(for a s|ng|e 1-|ne)_
Noise Sources

=mad, =m- (2xd><Q) \\ J_gg

E} o

6yro Sense Element Signal Conditioning Circuit
Output Circuit (Transresistance Amplifier)

* Easiest to analyze if all noise sources are summed at a
common node

EEC247B/MEC218: Introduction to MEMS Design LecM 17

C. Nguyen 11/18/08 27

ﬂ Minimum Detectable Signal (MDS)

UCBerkeley

* Minimum Detectable Signal (MDS) Input signal level when
the signal-to-noise ratio (SNR) is equal to unity

Sensor .
ss?nizf o Scale > Cgcyn‘ —O Output
9 Factor ain

Noise Noise desired
output

plus

Sensor Signal Conditioning noise

Circuit

* The sensor scale factor is governed by the sensor type

* The effect of noise is best determined via analysis of the
equivalent circuit for the system

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 28
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5 Move Noise Sources to a Common Point

" UCBerkeley

* Move noise sources so that all sum at the input to the
amplifier circuit (i.e., at the output of the sense element)

* Then, can compare the output of the sensed signal directly
to the noise at this node to get the MDS

Sensor
Sensed ircui
" o Scale -+ 5| Circuit O Output
Signal Gain
Factor
Sensor Circuit Includes
Noise Input- desired
Referred output
Noise plus
Sensor noise
Signal Conditioning
Circuit
EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 29
/),
* LG5 B8 116

Equivalent Input-Referred Voltage
and Current Noise Sources

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 30
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_') -

* Take a nousn
network wit
the same total output noise

vé
o
9,

Equivalent Input v, i Noise Generators
1] erkele_—.

2-port network and represent it by a noiseless
input vand i noise generators that generate

2

°q

——0 [,

=

Noisy
Network

)

q

Noiseless

* Remarks:
1. Works for linear time-invariant
2. v, and i
derived from the same sources)

which removes the need to addr

3. In many practical circuits, one of v,, and i,

networks

are generally correlated (since they are

dominates,
ess correlation

4. If correlation is important — easier to return to original
network with internal noise sources

1) Short input, find vO, (or 10,)

2 _ .2 2
3) Set v, =v,,; —> solve for v,

EEC247B/MEC218: Introduction to MEMS Design LecM 17

2) For eq. network, short input, find VOH (or 1011)

bz) )

2 2
(or iy, =iy, )

C. Nguyen 11/18/08

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 31
/ 2 2
i Calculation of v. and ;
“UCBerkeley
2 .
a) To get v, for a two-port:
Case I L Case II
2
Vo
—o0 C ———o
Nois 2 2 . 2
N etvzl ork Vos Loy () Noiseless Vour
———o0 +—o

32

Copyright © 2018 Regents of the University of
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j’?l Calculation of v2 and ;2 (cont)

CBerkeley

b) To get gfor' a 2-port:

Noisy o ) 5
Network Vor i ®  [Noiseless V2,

1) Open input, find E(or i)

2) Openl_nputﬂ'ﬂ. circuit, find Vour (or_zou)__
. 2 2 2 .2
3) Set vgl = véH (zezq) - solve for Iy (or iy, =iy, (leq ))
* Once the equivalent input-referred noise generators are
found, noise calculations become straightforward as long as
the noise generators can be treated as uncorrelated

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 33

Cases Where Correlation Is Not Important
BEHERIEEEEE e
There are two common cases where correlation can be
ignored:

1. Source resistance R, is small compared to input
resistance R; — i.e., voltage source input

2. Source resistance R, is large compared to input
resistance R, — i.e., current source input

1) R; = small (ideally = O for an ideal voltage source):

Ry vezq
MAN O — ——o
Vs Y > — @i’ |Noiseless
q
//7 '_o

i;, Current shorted out!

. For Rg= small, i, can be neglected - only qu is important!

(Thus, we need not deal with correlation)

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 34
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& Cases Where Correlation Is Not Important
T UGBerkeley

)

Ve,

——o

®i jq Noiseless

——o

>0

2) Rg = large (Ideally =  for an ideal current source)
is ® %Rs
Voltage geffecﬁvely “opened” out! —
R
= v_=0!

o0 K\ v,‘ in »
_ ©+R,
2
Veq Rin
& o

«. For Rg= large, 2 can be neglected!

> only ijq is important!

(.. and again, we need not deal with correlation)

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 35

Input-referred current noise:
0Pen inpufs ; equle Oufpit voltase ndiie
Care 1:
4/81-{ : /4‘0 R‘f
Mg ® lfKr
2
Vor Vo3 * Myay

Vin
L Hee o
‘”lﬂllgll Ria fo

T T 2 ? bR 2
Lprs hgaRe i Ret Wy

L o= T2

+ Ca.re]l . Mn- '194‘ F‘F’

V; R. 2 —
' " av, Voil , | 77 = =, Vi
- - e A GA. P —
Case II IS _l % “aTF R.?.'

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 36

Re

Zom

lmﬂ-y 9a;n‘_
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+ Example: TransR Amplifier Noise (cont)

" UCBerkeley

Input-referred voltage noise:

Short inpulr; equake ovlput voltige noire

Case I:
—~. =2
- oz ('/a'aa

V2, (8ot § 4 are Shorkd odh)

Cawe T:
ot = Neyo®

- U:Z: ﬂ/?: ]

C. Nguyen 11/18/08 37

A oo .
5w Example: TransR Amplifier Noise (cont)
" UGBerkeley
* To summarize, for a transresistance amplifier, the
equivalent input-referred current and voltage noise
generators are given by:
o 4AAY,
2 R
Vo f
iezq —OV)
= Noiseless
. _ _ 2 —
2 .2 2 Vi 2 2
leq_lia+lf+_2 Veq—Vm
Ry
EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 38
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L
U] [

Back to Gyro Noise & MDS

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 39

R,

—OV)

= Noiseless

* The gyro sense presents a large effective source impedance
Y Currents are the important variable: voltages are
“opened” out
% Must compare i, with the total current noise i, ror going
into the amplifier circuit

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 40
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w  Example: Gyro MDS Calculation (cont)
“UCBerkeley
F.=ma,=m- (2xd XQ) o AN
- . 2 R
I, & frx v 7,1 i, Veg s
o0
a
: %
F, 0%
= Noiseless
* First, find the rotation to i, transfer function:
@ (J”d\ k= M @(i“d)
)
\_1-}:5} zw,m,,ﬂm]/ J Wi
%7 2 % Qs Bl -
EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 41

A

_%-.1 Example: 6yro MDS Calculation (cont)

UGBerkeley,
fo e = 2 EQxate @) = |2 AL
T ATk e Whee A2 2Qmun. )

When 1= Sty .—?MDS‘ Ao® legmuT lnpwl'—feghed notse curent enbring
" 1 Yo rense amplrﬁ?f‘—’ fn ?h/ (H>

/E’{I’UT Ay, — |50 min !ﬂl (—"E‘) (80) (/hry

\E@ Randon Walk = ARW = 25~ 2,0 { Ainr]

S Eader 4 defermine dirochimd
eror as a fwchon of elapral Hime.

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08 42
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ﬁ Example Gyr'o MDS Calculation (cont)

Berkeley

Cy frx r, ﬂe 1 j Ve‘]

e_z—- RS: (afge - /V—ei "wa" OU+>
* Now, find the i o7 entering the amplifier input:
"y = .n. 3 Ve o
e,{ToT Aeq_—i,(an'A:+Af+A 'f'e
’C Brownion mefion pobse of He f LI —
fenre Q(emen‘l'—-& defermirod emhtefy by H#e noiR jh Ny— -F
ea.nerl'f\-u convert 4o an all clectriad e{u’v- c]d'

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08

43

A

_%-.1 Example: 6yro MDS Calculation (cont)

UCBerkeisy —
—Ma/Re

:‘<> lA‘mPh"ﬁ'w Ihpd‘
T\TG\ z (‘92

A ?’1{ 7‘!‘5\'

Ly Cor Rex _“_,

“—f?f‘fkm N
T e Lyt oE (e '1eC,<,ex =
et (8) Bl — 52 - T ()0
i T ('wj
- =>\A+ £ | @l
= T
YT oo s T, fa M 3
& e 240

Leam'b gef e fam B0,
S or \)Mdge['%em'ﬁqu“}ﬁw

EEC247B/MEC218: Introduction to MEMS Design LecM 17 C. Nguyen 11/18/08
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I UGBerKeley
JFET Input Operational Amplifiers
General Description . Lﬂgamhlflﬂic armplfiers
These are the first monalithie JFET Input operational ampli- : :hoiore aurn:‘hf::rs "
fiers to incorporate well matched, high voitage JFETs on the Ampie SNC i catus
same chip with standard bipolar transistors (BI-FET™ Tech- Common Features 0] r
nology). These amplifiers feature low input bias and offset @ Low input bias current.  30pA " 0 Dl FA/ H{
currentsfow offset voltage and offset voltage drfi, coupled  w Low Input Offset Current:  3pA 44 b i
with offset adjust which does not degrade drift of  w High input impadance: A‘F
comman-mode rejection. The devices are also designed for o | o input noise curent:
high slew rate, wide bandwidih, extremely fast seftling time 2 Hiak enmitanmods re .
low voltage and current noise and a low 11 noise camer b £ e
= |Large dc voltage gain: 106 dB
Features
Adoantages Uncommon Features
u Replace expensive hybrid and module FET op amps LF155/ LFi5&/ LF257/ Units
® Rugged JFETs allow biow-out free handling compared LF355 LF256/ LF357
[ ;If:e:de?trsFFofTo:P:ollih;::afucations using either high or L3k Bl
low source Impedance —very low 1/f corner w Extremely 4 15 15 HS
m Cffset adjust does not degrade drift or common-mode T:”‘ settling
rejection as in most monolithic amplifiers time ta
® New output stage allows use of large capacitive loads 0.01%
{5,000 pF) without stability problems m Fast siew 5 12 0 Vips —
w Internal compensation and large differential input vollage rate R IJ"’
Ehpatity u Wide gain 25 5 20 MHz l\lm =2 w/he
s x bandwidth
Applications and . B
w Precision high speed infegrators & Low input 20 2 n¥/Hz
m Fast 0/A and A'D converters nose
w High impedance buffers voitage
= Wideband, low noise, low drift amplifiers
Elicr/ormeccio. amirvuuciiun 1v memo vesiyn Leum 1 . Inyuyen 11,18/08 45

2

i Example ARW Calculation

" UCBerkeley

* Example Design:
% Sensor Element:
m = (100pm)(100um)(20pm)(2300kg/m3) = 4.6x10-1%g
o, = 2n(15kHz)
o4 = 21(10kHZz)
k, = o2m = 4.09 N/m

s =

- = 4 Tuning
vP = 5v . Electrodes

ichors ProofMass

Tuning
Electrodes

4, Sensing Circuitry: Elcctrode
Rf = IOOkQ Drive
i = 0.01 pA//Hz
Vi, = 12 nV/J/Hz
Electrodes
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Example ARW Calculation (cont)
erkele_—.

Ge'l' rotedon rafe fo otput cument scale factr:
A:2 u_,as"g"?-‘@( ” d)l - ( )(soK)(zo/.)(s)( W00&0) (0.000024) = 2.83 e

@jwg) =

|

ﬂleh,ge‘f /IOI‘J?:

j) —

() (Ws/0s) . J Ul’k)(l!“:)/{svk) e
-y + J“’é& W (151)% (roxy* + J(’°3I(<‘a‘) 2sx0% 3 (2K)
S

— . Sk 002!
l@s()“’d)l" JE/,ZSY[OP)z-'- (2 k) > 0.00 ;as‘fﬂo'el’lhq

W, “ -
. Co . SohWp &4 (204)1004) = 2000€, = Y : VPax : S(zoboeo) ]

I8

RN T
'Q. Asrwwg elecfode covers d’&S‘{mb’ " Eim
fhe wWhie sidewall .

-~

T T
kar . YT @ cw)F + JET 4 A M‘ }
Sl -w CLEV A Sl R vy (Ef
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ﬁ Example ARW Calculation (cont)

UCBerkeley

Wsin armsm(qu:o = [10.6 kR
[R'\( as,,e (@k)(e&ﬂxlo'ﬂ !

___iTA_T (l66>(lo ')(0 000024)” + ('“’”D ) + (0-69p)%+ (12ny*

(106 (M2
ST 26 Coen N -28)2
2 S6/x107 A M 14T A x5 e L4TXI0" A ne

Sennr €loment nolee ‘7\ . .
’hslgn"fﬁca"i- No”'e 'ﬁh KF J%l"ak.r \

—_—

k3

. de N = A/
—Aﬁ}- 16810 A — defoT _?f__ (36x10  ANKz

\=ie_@1(——°!—)( ) ”“’",,2(3{00)(@) 948 (Yr g

2-€3x10

Prd finally: =
Imost Fumad
ARW < Z\o— i = Zl(;- (auve) = ?m':mlofl. m | hayr!
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What if o4 = ®.?
erkele_—.
IF = W2 1SKH, Hen 1@ =) and

A2 “—dame@squ.,n s 2@5 X+ 2(PK)(20u)(5) (WD) = L7740

E} o

_,ﬂ (l663(/° ')(n ('66’“0 w) (06 )z+ (I'Zpb

i (110 .6k) \/ - _(my (M)
/l SIXIATHE |46x1 % Aa 11028822 N

Now, ‘Ho Jomer
eﬁrymn* o‘omlha}@-r

- ' X -3
= 1.67%/0 zSAZ/I.;‘; — degTor = ‘_?-_«{1‘_1' =4oPxip ANK

&%

v Siein® _e_{,_;l( __h,'q_g_)(m _ Homn™S 100~ (3600) (D)< 0447 (Y )iz

(X(o e

And Hinal Ger
l’Amwz‘o—ﬁ»ﬁvﬁz‘a (0476) 0.0% % = ARW ,_,l‘f;‘:zqd!)m
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