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i+  MEMS-Based Tuning Fork Gyroscope
W )
* Drive and sense axes must be stable or at least track one
another to avoid output drift
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. Problem: if drive
uning frequency changes
i Electrod :
Elettode : C roces relative to sense
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changes = bias drift
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Need: small or matched drive
and sense axis temperature
coefficients to suppress drift

-
v

fL,L@T) f,(@T) o

LecM 15 C. Nguyen 11/18/08 12

¥

Electrodes | =

-,;. Mode Matching for Higher Resolution
U

UG Berkeley
* For higher resolution, can try to match drive and sense axis
resonance frequencies and benefit from Q amplification

Sense
Electrodes '
23 Problem: mismatch
between drive and

sense frequencies =
even larger drift!
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Need: small or matched drive
and sense axis temperature
coefficients to make this work
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i Issue: Zero Rate Bias Error
" UciBerkeley
* Imbalances in the system can lead to zero rate bias error

Sense
Electrodes

Quadrature Cancellation
Electrodes

= Tuning
Drive 4 Electrodes

Electrode

Tuning i
Electrodes EleDcrtl:lgde

Mass imbalance
= off-axis motion
of the proof mass

Quadrature Cancellation
Electrodes

Electrodes

Quadrature output

signal that can be

confused with the
Coriolis acceleration

Drive imbalance Output signal in
= off-axis motion phase with the
of the proof mass Coriolis acceleration
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Nuclear Magnetic Res. Gyroscope

* The ultimate in miniaturized spinning gyroscopes?
% from CSAC, we may now have the technology to do this

Better if this is a noble gas nucleus
-20° (rather than e-), since nuclei are
)00 heavier = less susceptible to B field

200 Soln: Spin polarize Xel?® nuclei by l

first polarizing e- of Rb8” (a la
CSAC), then allowing spin exchange

Challenge: suppressmg
the effects of B field

Atoms  Aligned

uclear Spins

C. Nguyen
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i+  MEMS-Based Tuning Fork Gyroscope
!”&%,M&*
s Drive Voltage
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Drive
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(+) Sense |, Amplifier
Output—|
Current
Differential
==\ TransR
—_— iy, Demoduisioe out Sense
From oy Amplifier
Sense
[Zaman, Ayazi, et al, MEMS'06]
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Determining Sensor Resolution

A
" MEMS -Based Tuning Fork Gyroscope
Uaﬂm}*
\.ﬁ - Drive Voltage
f g Egtiodes / Signal
/7
(-) Sense
Output
Current .
Drive
Oscillation
Sustaining
(+) Sense Amplifier
Output—]|
Current
Differential
2= _ TransR
ut Sense
Amplifier
[Zaman, Ayazi, et al, MEMS'06]
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W Drive Axis Equivalent Circuit
"UGBetkeley

180°

Voltage
Signal

Drive % A L
. L i | compare [}
Oscillation § T |veol |
Sustaining i _j : —
Amplifier ] Digital PLL :
_____________ E
* Generates drive displacement T .
velocity x4 to which the Coriolis o Sense Amplifier
force is proportional (for synchronization)
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o Drive-to-Sense Transfer Function
" uCBerkeley

Drive/Sense Response Spectra:
Drive

X ___—Sense
g o RESPO” Response
©
2 - ;
2
Xg =Xy < T
. .
Drive Mode Driven fL,(@Ty)
Q  Velocity Rokedion Tnducol Condll foaa:
- - —
- A2, x5 = 2R
fXS = WsXs ™ peks tn A some oo dvoction:
X \ A 2urc) LSNP0 | 20 %Y= a:{
Sense v
~ Velocity Faatl? s> %,
Sense Mode
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o Gyro Readout Equivalent Circuit
" Berkeltpm——— (for a single tine)=—
it

>l

N Fon Jowe hic (orlg) J J

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

* Easiest to analyze if all noise sources are summed at a
common node
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- Minimum Detectable Signal (MDS)
o

UCBetkeley

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

Sensor —
Ssein:(e: Scale Cler'cylf —O Output
9 Factor ain

Sensor (C)l:‘::l:: Includes
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
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= Move Noise Sources to a Common Point

1"UGBerkeley

* 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 —
s;};:if Scale -+ Cg:iur:T O Output
Factor
Sensor Circuit Includes
Noise Input- desired
Referred output
Noise plus
Sensor noise
Signal Conditioning
Circuit
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b G6yro Readout Equivalent Circuit i G6yro Readout Equivalent Circuit
" UeBerielcym—— (for a smgle tine) s “UCBel Berkeleymm (for a smg]g tine)
. 2 Noise
) ) Nonsi Sou:'ces _ mlf _ Sources Noiseless
. =ma, =m-(2%4 xQ) AMA
- ) R
2 f
IX Cx frx I’X ﬂe:l i) I-
LN J
;) —OV, OV
F .
¢ ¢
p -
N U Y, J
Gyro Sense Element Signal Conditioning Circuit Gyro Sense Element Signal Conditioning Circuit
Output Circuit (Transresistance Amplifier) Output Circuit (Transresistance Amplifier)
* Easiest to analyze if all noise sources are summed at a * Here, V eqand qu are equivalent input-referred voltage and
common node current noise sources
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& i Noise
[ u‘ k8|8_= "ll kB|B=
* Noise: Random fluctuation I(4)
of a given parameter I(t
9 ve P . () ?vg valuliib\>ID
* In addition, a noise e.g. could be
DC current)
waveform has a zero
average value i N
. * We can't handle noise at instantaneous times
Noise ° 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(t)=1(t)—1p
Ty . 1T 2
Then i2=(1-1,) = lim —j [1=1p[ dt
Too T J0
EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 26 EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 27

Copyright © 2009 Regents of the University of California



EE 245: Introduction to MEMS

Lecture 27: Gyros, Noise & M

DS

i Noise Spectral Density
[ UCBerkeley
* We can plot the spectral density of this mean-square value:

2
L—f [units2/Hz]

One-sided spectral density
— used in circuits

analyzers

2

— measured by spectrum

CTN

[

ki Circuit Noise Calculations
" UCBerkeley

Deterministic

_P_/\ Outputs Vo(t)/i—’: ~ v, (jo)
‘ v, ;; vt '_T_’a)

V(Ja)) Hio) o Vo (Jo) -
S.(w) So(@) o s, (jo)

Linear T \ °
Time-Invariant /No ~nocre = S~
System hor vardow. t —ﬁ’w

kaee Ly
Mean square spectral density

s Pomher:

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

* Random:  S,(@) = [H(j0)H" () [8,(@) = H (jo)| S, (@)

VS (@) = H(ja))‘,ls (@) ——> How is it we
N

can do this?
Root mean square amplitudes

2

s,(f)-B — Can approximate this
Af 1 by a sinusoidal voltage
generator (especially

for small B, say 1 Hz)

=S, (f) —> Vy =

ST AT
S, (jo s,| 5
P o i

r~=
~ B
Why? Neither the amplitude
nor the phase of a signal
can change appreciably
within a time period 1/B.
11/18/08

[This is actually the principle by
which oscillators work —
oscillators are just noise going
through a tiny bandwidth filter]
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Two-sided spectral density k =
(1/2 the one-sided) I” = integrated mean-square
\ v J/ noise spectral density over
Often used in all frequencies (area under
systems courses the curve)
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&% Handling Noise Deterministically
[ u[: erkeley
n do this for noise in a tiny bandwidth (e.g., 1 Hz)

30
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% Systematic Noise Calculation Procedure

UCjBerkeley
. H,(jo) .
Hs(jw)
General Circuit — n3¢ n5¢ ‘><4
With Several < \O W
Noise Sources Von
- n4 n6 /
H,(jo
9 1(jo)
* Assume noise sources are uncorrelated

i,fl replace w/ a deterministic source of value

2
= - @H)
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& Systematic Noise Calculation Procedure o
[ UCBerke ey s — UG BerHe oy m—

2. Calculate V(@) =i, (®)H(jw) (treating it like a
deterministic s:gnal)

. Determine V2, =iZ - |H (ja))|

H w

. Repeat for each noise source: 'n1 Nn2 Vi3

(8]

. Add noise power (mean square values)

Viiror = Ve +V2 Ve Ve, - Determining Sensor Resolution

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

Total rms value
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i Example: Gyro MDS Calculation i_, Example: Gyr'o MDS Calculation (cont)
[ ucBetkeley j erkeley
Fo =ma; =m-(2X; xQ) ANV AN
w2 T R R
Ix Cy frf ry f f
r M
X Vo O
F. s
+ +
= Noiseless = Noiseless
* The gyro sense presents a large effective source impedance * First, find the rotation to i, transfer function:
% Currents are the important variable; voltages are . .
oo ou e
% Must compare i, with the total current noise i, going -
qTOT e
into the ampllfler circuit \FS 2 Zu.mdnml / we
. W i
: W) - St
%K= 2 Di—&’xd Olywa)
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i Example: 6yro MDS Calculation (cont)

| uC:Berkeley
ko 'Ie".(.r =2 %’—-@’que @(;‘g)d) SL = 4o AL
—_———— 2o Wl .
A2 ccald fudor Whee A2 G'T,Q'KJ’)e@(de\

[npw"—fegned nom CU"@'-'I‘ ehbﬂg
Ho senre armplifor = in ph (A2

e Ay 2|52y = ot (200) (B [ (%) J

When S1* SLpin H Mos, Ao® feqm

\ Avg(e Randon Walk = ARW < Z‘Fﬁ'ﬁﬂ"\ (%ﬂ:—]

S Earier b determine diroctimd
emc das a fwction of elaprad Hime.
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@. Example: 6yro MDS Calculation (cont)
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le Cox Ry _,

|
o
-~
43
-
é

@: ‘-II<TE.,( o
uke-e L™ oF (,, 4,,(,,27: T,E'

: "s*”zx(é—v)@w s 4 - wrhe ()@

s 2 KT
= \ & [@(’w_(l

- z -~
[{ 2 "IW Am ’u-o
\ l@( )" + P + _Af - T,‘,f ( )l

Leam"m get f‘\m'&m Ee24o.
% or just get Hom fom @ ok St ..
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w  Example: Gyro MDS Calculation (cont)

UCBerkeiey _
F.=ma, =m- (2%, xQ) Aeqny AN
¢ f2 ¢ v2 \ Ry
I LS I

I, 1
F{ y POvav—: gj%@ ' oV,
- = Noiseles

Z_R: large - 4/«,1 “gpened ou&>
* Now, find the i gror enfer'mg the ampllfler input:

vy 7T
em ““e‘l—"e{m ,4:+Af.f,4 4—2‘: g uiTx

Brovnion mehion pobe of =
Jenre Q[emen‘l‘——a defermirod embnefy b\’ He noi jn 1 x— {3 v
~ easiest 4o convert 4o an all dlechricd equiv ckt,
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& LF356 Op Amp Data Sheet
"UCBetkeley
LF155/LF156/LF256/LF257/LF355/LF356/LF357
JFET Input Operational Amplifiers

General Description = Logarithmic amplifiers
Trsso are the first monolithic JFET mput operatonal ampli-

& well matched, high voltage JFETs on the
andard bipolar transistors (BLFET™ TEI‘I
v

Foatures

® Low inpul bias curent.  30pA

& Low Input Offsat Current:  JpA
® High input impedance: 102

_

2 y_olrhlrﬂ-l

r
evices are aiso designed for
extremety fast seftling time.

® Low input notse cusment
high e,
Lo VUREIQE and current noise and a low 1/ noise carne

@B
® Large dc voilage gain |Ds qE

Features

Uncommeon Features

LF155/ LF156/ LF257 Units

LF355 LF256/ LF357
with MOSFET input devices LFI56  (A,=5)

= Excellent for kow noise applications using sither high or

Advantages
= Replace expensive hybrid and module FET op amps
® Rugged JFETs allow blow-out free handling compared

m Extremely 4 15 15 us

fast settling

comman-mode
ers time 1o

adjust does not degrade dr

€ 5. in Most Monclac ampi
= N 1 stage allows use of large capacitive loads 0.01%
(5,000 pF) without stability problems w Fast stew 5 12 50 Wips -
= Internal compensation and |ange differential input voltage ot 2 )"
capability z = = ﬂ/|a =\ V\V he
m Wide gain 25 5 20 MHz
z 2 tandwidth
Applications = u Z of
¢ 1
® Precision high speed integrators m Low input v
= Fast DiA and AD converters o
High bufters volinge
Wi 2, low drift amplifiers ‘
EC Lewru. anirouuciion 10 moemo uesiyn Leem 1u ©. 1vguyen 11,18/08 39
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; Example ARW Calculation

[ u‘lﬂ, 6

* Example Design:
t%>Sensor' Element:

= (100pm)(100pm)(20pm)(2300kg/m3) = 4.6x10-1%g

(,)s = 2n(15kHz)
Wy = Zn(IOkHZ) ’\
s = (,)szm = 4.09 N/m Sens? fs

Xy Electrodes N .

v s y Tuning
P P K | Electrodes

d

Tuning L& >
Eleclrodes T )
- Drive

Electrode

%5 nsing Circuitry:

CTN 12/3/09

= IOOkQ Drive
i,, = 0.01 pA/VHz
= 12 nV/V/Hz
Electrodes
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i Example ARW Calculation (cont)
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L Wsn _2mmOSKEEXITE) o eun
{ Gsne (mz)lm‘mo") lo-6k

,ﬂf_T (Lebxrs ')(o 0o02y)” + ———('“”o 9 + (0-60p)+ (2ny°

(1106 (m 2
2 am:o”‘A’/Hz 16x15% A2 %10 % e \ L97x10 % ma
Sennor €loment nolse . 7 o odos |
Insignificant Noise - Re daminates
2
" RT | goars Ay — ot <| DT = 30016 AN
& " e TT AT |
' 20 p
o Stmin e _ﬂ‘—’eA T (S8 (‘f,-'-’ ’;;; LN — (.«oo)( B 9ye ( 1948 (Vor
And -‘fmﬁ,:
. L N = Blmost fumad
ARW < 315"57*1!"\' £0 (a4ve) arnd in | haye!
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? Example ARW Calculation (cont)

U B e —

Get rofehion rafe. 45 odput cuvent scale factor:

A:2 —Q’KJ 100 - 2 ( T5) (oK) (29w () (2000€2) (0.000025) = 2. 23N C

J(10K)(15k) J(sDKk) 12K

.Y (jwz)(Wsl®s) R
@(;ud) _———u;l- T o

- =
l@zwl e

€h —
(652 hat e i T

" (15 (o + (09699 © (asx0% (zk)
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d d ,Q
Assay clectodde covery &&sX18" By
the wWhie sidewald.
Then 39,{ nowe:
T -5
. 1{__ G "fk'r Ko (/78 (—‘23
—ﬂ_ 1® )l R¢ T
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A .
5 What if o4 = o,?

” (e

TF (e (s 1SKHR, Hon (@) =1 and
A:2 &Q’KJ%‘@GNAI 2 2@ ¥lNe ® 2( k) (20,)(s) (W0 E) = L72X10°C

_JI’_T (1sbxis™ (g2 ———('“m ! + (0-60p)°+ (ra®

7 (116 .6k) (m
(SIXIV* ATHa 146x157% A¥Ma %1027z \ 1410 2N he

Now, o somme
Lryﬂm“ o(omfhdi’r

"e 'nr= ? Nz
—Z’%L-[é?xlo A/Hi"’de.{nﬂ‘ 3—1— £0® x10. A Hz

. Stein= _/_esl;:;_( )(m ‘M«?KID (3‘06)(@) 0.47% ("/h,vr.;

(X100
= Navigation
Anw * 25 Ry © 205 (0476) 0,007 % - ARW 3343
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