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Lecture 27m2: Gyros, Noise & MDS
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velocity x4 to which the Coriolis To Sense Amplifier
force is proportional (for synchronization) Sense Mode
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o Minimum Detectable Signal (MDS)

1" UCBerkeley

* Minimum Detectable Signal (MDS): Input signal level when

_ q - the signal-to-noise ratio (SNR) is equal to unity
. =ma, =m-(2%4 xQ)
L c ? . i, Sensed Ssenslor' Circuit
x x no W gl & Signal Fa‘;; oer Gain —O Output
)
— - -
F X Yo Sensor glr'cuﬁ Includes
’ C Noise f\'lJ tput desired
P olse output
plus
N o Y Sensor Signal Conditioning hoise

Circuit
Gyro Sense Element
Output Circuit

Signal Conditioning Circuit .
(Transresistance Amplifier) * The sensor scale factor is governed by the sensor type
* The effect of noise is best determined via analysis of the

* Easiest to analyze if all noise sources are summed at a equivalent circuit for the system

common hode
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s Move Noise Sources to a Common Point 5 6yro Readout Equivalent Circuit
| UgBerkeley UoBerkelbymmms (for a single 'rme) =
* Move noise sources so that all sum at the input to the Noise Sources ——
amplifier circuit (i.e., at the output of the sense element) = _mA=m. (2X y Q)
* Then, can compare the output of the sensed signal directly ¢ ¢ d
to the noise at this node to get the MDS
Iy Iy
Sensor — o °
Ssein:‘elii Scale + CIGr'c_u it O Output
9 Factor ain F.
Sensor Circuit Includes
Noise Input- desired
Referred output I\ J
Noise plus . e -
Sensor noise Gyro Sense Element Signal Conditioning Circuit
Signal Conditioning Output Circuit (Transresistance Amplifier)
Circuit * Easiest to analyze if all noise sources are summed at a
common node
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& Gyro Readout Equivalent Circuit i
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Noise
- = _ . Sources Noiseless
. =ma, =m-(2%4 xQ) \_ AA,
2 R
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F 7 OVo .

c . Noise

N J

Gyro Sense Element Signal Conditioning Circuit
Output Circuit (Transresistance Amplifier)
* Here, V, qcmd i2 are equivalent input-referred voltage and
current noise sour'ces
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i Noise & Noise Spectral Density
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* Noise: Random fluctuation I() * We can plot the spectral density of this mean-square value:

of a given parameter I(t
o e e T e, i

In addition, a noise g L [units?/Hz]

DC current) Af
waveform has a zero
average value | + One-sided spectral density

— used in circuits

— measured by spectrum
* We can't handle noise at instantaneous times analyzers
* But we can handle some of the averaged effects of random

fluctuations by giving noise a power spectral density

representation /7'
* Thus, represent noise by its mean-square value:
. | | Two-sided spectral density =
Let '(t) = (t) —Ip (1/2 the one-sided) I” = integrated mean-square
o \ ~ / noise spectral density over
) ; all frequencies (area under
Then i2=(1-1,) = I|m j L —ID| dt Often used in th freq ) (
systems courses e curve
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Iﬁ Circuit Noise Calculations o Handling Noise Deterministically
" UGBerkeley 1" UGBerkelsy
nouts }‘“‘""{“C) utouts [ 4V (t)/ (jo) * Can do this for noise in a tiny bandwidth (e.g., 1 Hz)

Inputs SHIpuls V2 . .
Can approximate this

V(Ja)) H(jw) —o Vo (jo) — M» o, =5 (f) — vy =4S,(f)-B /byasll?:usoidal voltage

Jo
S.(w) Sy (@)

generator (especially
S, (t S
Linear ) N o) o(j@)

for small B, say 1 Hz)
I T
P ) T T TN
o Alcos a,t
Time-Invariant /Noj>noe o /// v (t ‘ o
System MJW\'XM N st %w . o ¢
Pkaoe =y °

S,(jo) 5 [ ” N\
Random (s poitlers: Mean square spectral density [l ?? B L 5 !\V/\V/\V/\\} v \/ \/
S . . . T
* Deterministic: V,(jo)=H(jo)v,(jo) w, o ®,
- * - - z' R —
* Random:  So(@) = [H (jo)H " (jo) |3, (@) = [H(j0)|S,(@) "B
[This is actually the principle by Why? Neither the amplitude
VS (@) =H (Ja’)|\/ Si(@) —> How is it we which oscillators work — nor the phase of a signal
AN . can do this? oscillators are just noise going can change appreciably
Root mean square amplitudes through a tiny bandwidth filter] within a time period 1/B.
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5 Systematic Noise Calculation Procedure % Systematic Noise Calculation Procedure
[ UcBerkeley B e
( H,(jw) Ho(i . Calculate V(@) =1,(®)H(jw) (treating it like a
s(jw) deterministic sngnal)
3. Det Vi, =it |H(jo
General Circuit — n3¢ n5¢ \Zg‘ etermine Vo = Iy | (i )| -
With Several < ey . Repeat for each noise source: Iy ,Vyo Vi3
Noise Sources Von .
- n4 ) ¢ / 5. Add noise power (mean square values)
n
i 2 W2 2 a2 2
\_ Hi(jo) Vontor = Vont T Vonz2 T Vonz T Vona +--
* Assume noi_se sources are uncorrelated

1. For

_ 2 2 2 2
VonToT = \/Vonl +Von2 T Vonz +Vona -

/
iT Total rms value
g =% (1Hz
nl Af ( )

LecM 15

irfl replace w/ a deterministic source of value

EE €245: Introduction to MEMS Design

C. Nguyen 11/18/08 31 EE C245: Introduction to MEMS Design

LecM 15 C. Nguyen 11/18/08 32

Copyright © 2014 Regents of the University of California



EE 247B/ME 218: Introduction to MEMS Design CTN 5/1/14
Lecture 27m2: Gyros, Noise & MDS

i @ Example: Gyro MDS Calculation
[ UG Bettie ey e —— 1" UCBerkeley
F.=md, =m-(2X4 xQ) o A
/ l, Cx frf r, i | Ri
- OV

= Noiseless

Determining Sensor Resolution

* The gyro sense presents a large effective source impedance
% Currents are the important variable: voltages are
“opened” out
% Must compare i, with the total current noise i, ot going
into the ampllfuer circuit
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i Examgle Gyro MDS Calculation (cont) % Example: Gyro MDS Calculation (cont)
I UGBerkeley UGBerkeley
Fo =md; =m- (2% xQ) o /\/I\Q/\, fo MeXs = 2 W0 Q4 @lpos) - = |10 AR
/ L & foo I~ A2 scale fucor Whee A2 Q11D
- Vv When = 5L 2 mos Ao I, lnpw}—fe@hed notie Cunent (’hbﬂ'g
Fc X . OV " min s Ao leqmT Yo senre amplrﬁ?f‘—" " Ph/r?;
= Noiseless /éqwur‘ ARy 5 Stopin = le -r )(I?o') °/hr‘)/ J
* First, find the rotation 'rg i, transfer function: Pre Randan Walk = AR < éE‘ Roun [%;‘;]
= )
1O G 00 = e 3 delemie et
&Ff i 24,),,{"5)_,,‘1 J wE ermoe as a function of elapred e
%t 2 B @y Blwa) 5
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i Example: 6yro MDS Calculation (cont)

[ ucBerkeley =
F.=ma, =m- (2%, xQ) Aeqm'\ A
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- = Noiseles

“—Rs large - Me “opened 0U§'>
* Now, find the i ror en'l'ermg the amplifier |npu1'
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w  Example: Gyro MDS Calculation (cont)
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i LF356 Op Amp Data Sheet

" UeBerkeley

LF155/LF156/LF256/LF257/LF355/LF356/LF357
JFET Input Operational Amplifiers

General Description w Logarithmic amplifiers
» Phatecell amplifiers
These are the first monolithic JFET nput operational ampli- el Hold eireuils
fiers to incorporate well matched, high wltage JFETs on the :
with standard bipolar tran: WFET™ Tech-
v

n Foatures
nput bias cument:  30pA 2 0. ol FAI ﬁ'z
ifl. coupled  m Low Input Offset Current.  3pa N
w High input impedance: 102
® Low input notse cusment @
® High common-made rejecs o 100 ¢B
w Lasge oc voltage gain: 106 o8

grad

< are also designed for
dih, extremely fast setiling time.

law voltage and curren nd a kow 111 noise comer.

Features

Advantages Uncommeon Features
® Replace axpensive hybrid and module FET op amps. LF155/ LF15&/ LF257/ Units
= Rugged JFETs allow blow-out free handling compared LFI55 LF258/ LF357
with MOSFET input devices LF356  (Ay=5)
® Excellent for low noise applications using either high cr
low source Impedance — very low 11 comer m Exiremely 4 15 18 L
= Offset adjust doos not degrade drift or common-maode fast settling
rejection as in most monclaivic amplifiers time 1o
= Mew output stage allows use of large capacitive loads 0.01%
(5,000 pF) without stability probisms w Fastslew 5 12 50 Vips —
® Internal compensation and large differential input voltage ot R \’Id'“—%
bty m Widegan 25 5 x  we |Ma =20
Applications i e of
® Precision high speed integrators T COW e ) 2wy
A naoise
voltage
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W Example ARW Calculation
U@E&ﬁkﬂlﬂ\_
* Example Design:
% Sensor Element:
m = (100pm)(100um)(20um)(2300kg/m3) = 4.6x10-1%kg

o, = 2n(15kHz)

0q = 2n(10kHz) ,\

k, = o2m = 4.09 N/m =,

xd = 20 um Electrodes ¢Sense
Q, = 50,000

vp = bV ¢ ‘- Ellgpriondges
h = 20 pm S

d=1pum

Tuning
Electrodes

& Sensing Circuitry: Electiode
R; = 100kQ D' S
. = 0.01 pA//Hz
= 12 nV//Hz
Electrodes
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i Example ARW Calculation (cont @ Example ARW Calculation (cont
f i L
T I ———————SSSEANESSASSSSS " UCBerkeley
Ge‘f‘ rotehion rafe do oudput cument scale factor: . Wein _2mOSKEEXIS) 0 6 kn_‘l
A2 (TQ"" 148G - 2 (,SK)ISDK)(ZO/‘)(S)(ZGOOEA)(O 20002%) = 2.83%15°C Gsﬂe (mz)(e«%‘mv")
s S — -
Olin) - (g (Ws/os) __doaimgAk) e ﬂ:_r (1-66x10” ')(0 o000024)* + (’_‘“'—"1 + 0-04p)% ((:;;.))z
I -+ Jedws P " iS00 o) JDEH) T 253 5 (zK) (iv6 \/ — 2802
J—L@s < SOK P S6yxi0 A M x5 AL 1xi e L x10" A e
3k 2
- 0] s =—————— : 0.000 Senor €loment nofe: \ \
&gl m 0.00 n:zsmno Fimn Insignificant aise -t Re. domivaes
ac . Co o“w &€ (20,4)(100, ac _/\ . - — 3
[ i _A_E : (;),z = 20006, 2 W=V * S(m;é°) R gexio A e — AegoT = ‘33_’“ = (3010 '?A"rfta
Assary clecfade covers &ESIS" Fim 4 “
e While sidowald. . . Iaoxlo o
e ad i v Stin< ) (). Fe ELLLI Y (TR 1946 (Ve e
v S Prd finally:
fog hia . Mo (4 . . = fimost fumed
_7‘_‘_ z q——l@lwl/ + ——; + YT & L; (—z} ARW = g‘o“ﬂmtn=g‘3(q"‘f") arund in | hag!
EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 41 EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 42
% What if o4 = o,?

ll[}jB erkele Wd@Ue
T W_“::)SKHQ' Hen l@l)wﬂ 21 and
A:2 “—d@mJ@(ijl * 20 Xllg = 2 PK)@RYS) (W0ER) = L22K107

_ﬂ‘I (exio ) 1y, ('“x"”) r 0o (22

(110.6k) \/ — (IM)"
(SIX0™TATHa |15 A 1x e AN
Now, tho remne
e[eymf o‘m’hd’“‘

- ‘.e — G = Y02 510" Al
Z’;L L6116 K4 — Aegmo * %— ke

o Shminc ne ™ ( .«on:)(m Hmn (3&06)(@) 047% (Y-

(i)
And -ﬁ:nlfi/: Novigat;
o, LA B = “"'zjm
ARW = 25~ i = 35 (04%) {0,057 Yz = ARW gade!
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