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Lecture Outline
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* Reading: Senturia, Chpt. 14, Chpt. 16, Chpt. 21

* Lecture Topics:
% Gyroscopes
% Gyro Circuit Modeling
% Minimum Detectable Signal (MDS)
* Noise
* Angle Random Walk (ARW)
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Gyroscopes

w
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& Classic Spinning Gyroscope
UGB tke e —
* A gyroscope measures rotation rate, which then gives
orientation — very important, of course, for navigation
* Principle of operation based on conservation of momentum

* Example: classic spinning gyroscope

Rotor will preserve its angular
momentum (i.e., will maintain
its axis of spin) despite
rotation of its gimbled chassis

Glmbal Rotor
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Vibratory Gyroscopes
BEELEHEIEEE e
Generate momentum by vibrating structures
* Again, conservation of momentum leads to mechanisms for
measuring rotation rate and orientation

* Example: vibrating mass in a rotating frame
' /C(tZ) > C(.rl)

=
LR

)
LI

i

y Mass at rest vy’ Get an x
\ component
X \ —x of motion
Driven into \ $ Rotate
. : c() 30°
vibration |
along the %I H »
y-axis \
/ A \

~ Capacitance
between mass and

frame = constant
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/
y-displaced mass

w  Basic Vibratory Gyroscope Operation
"

JC,Berkeley

Principle of Operation Side Vrew : s

X
* Tuning Fork Gyroscope: <~ — —
prf—< o
Input Driven
Rotation~_ }” - Vibration Vet fore
Q /@ f, S\lf‘.n',- Shfpaj- =)
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Coriolis EI 7
Torque
é | |/ 7 y
X
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& Basic Vibratory Gyroscope Operation
["UCBerkeley
Principle of Operation Drive/Sense Response Spectra:
* Tuning Fork Gyroscope: Drive
1 Response — — Sense
o Response
. T
Input Driven 3
Rotation — Vibration = ] i
N o3 H
e JE ] '
iy ) T
~ : av, G >
a 1, v L (@T,) ®
7 dave .
Coriolis X Jrodiin Driven Rotation
(Sense) Coriolis Velocity Rate
Respons Acceleration /
N wmefeqwgy Na =20 x
Sen<, Coriol\is\T/? Beam
M‘“ Force —_— / Mass
.- . F._ma, a,
Coriolis . % X = ? = ” =—5
Torque 0]
y Coriolis ™~ "N Sense
/£ LV ; Displacement Beam  Frequency
X Stiffness (i serne directic,)
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C;Berkeley
Principle of Operation
* Tuning Fork Gyroscope:

Input Driven
Rotation —. Vibration
N
- ,; ;<L.Q¥ ; @fo
éc 7 \\7
Coriolis
(Sense)
Response
Coriolis

Torque z
é Ny y
X
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Vibratory Gyroscope Performance

. F. ma, a =

X=—Ff=p—t=—" a, =2VxQ
VAN N \

Beam Beam Sense Driven

Mass stiffness Frequency Velocity

* To maximize the output signal x,
need:

% Large sense-axis mass

% Small sense-axis stiffness

% (Above together mean low
resonance frequency)

% Large drive amplitude for large
driven velocity (so use comb-
drive)

% If can match drive freq. to
sense freq., then can amplify
output by Q times

LecM 15 C. Nguyen
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Tuning Fork Gyroscope

[Ayazi, GA Tech ]

Laser
Polarizer

Nuclear
Magnetic
Resonance
: Gyro [NIST]  Tmm
EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 9

Sense
| f Sense
L/ ]

Tuning

Drive eV S | Electrodes

Drive

. Electrode
Tuning

Electrodes |

Quadrature Cancellation Sense
Electrodes Electrodes

* In-plane drive and sense modes pick up
z-axis rotations

* Mode-matching for maximum output

sensitivity "
* From [Zaman, Ayazi, et al, MEMS'06] Sense Mode
EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 10
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'l
%  MEMS-Based Tumng Fork Gyroscope
I UCBetkeley
N o Drive Voltage
| , .Zﬁﬂi!‘?es / Signal
(-) Sense Drive
Output
Current | [ | = Eecwods ) .
- ! d o Drl'llve
i :H ; veo| ! ¢ : scillation
. 1 ! Ll- ; uaa g Sustaining
(+) Sense |, t Digitat PLL ; Amplifier
Output=T | s [ .. |  ‘TTTTTTooos 7
Current —— R
Differential
:[} s _ TransR
—_— inste. Demodulator Out Sense
p— Amp Amplifier
sense [Zaman, Ayazi, et al, MEMS'06] -
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l

MEMS-Based Tuning Fork Gyroscope

r4U CiBerkeley

-

* Drive and sense axes must be stable or at least track one
another to avoid output drift

Sense
Electrodes _
f Sense
Problem: if drive

“4 tuning | frequency changes

— relative to sense

frequency, output
changes = bias drift

Drive
Electrode

Tuning A1l : Wi Electrode
Electrodes v “
m Vi — Ao Sense
Drive T~ /Response
Response

(]

3

Quadrature Cancellation Sense- 2
Electrodes Electrodes g—

Need: small or matched drive T

and sense axis temperature
coefficients to suppress drift

”
y

f,(@T) f,(@T) o
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[

[ UGBerkeley

-

Mode Matching for Higher Resolution

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

Sense
Electrodes _ '
Sense
g Problem: mismatch
Tuning q
Electron . | between drive and
T

sense frequencies =
even larger drift!

Drive
Electrode

Drive
. / Electrode
Tuning s |
Electrodes - * . T
4 Drive 1=—~@___ Sense
—— 4 Response
]
i+
Quadrature Cancellation =
Electrodes g. : T2
Need: small or matched drive Response /TT
and sense axis temperature AN >

f,(@T) f,(@T) o
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coefficients to make this work

=

Issue: Zero Rate Bias Error
I UGBerkeley
* Imbalances in the system can lead to zero rate bias error

4

<=

Sense Quadrature Cancellation
Electrodes Q Electrodes

o Tuning
Drive 49 Electrodes
Electrode > 2 —

Drive
Electrode

Electrodes a
Mass imbalance

= off-axis motion
of the proof mass

Sense
Electrodes

Quadrature Cancellation
Electrodes

Quadrature output
signal that can be
confused with the
Coriolis acceleration

Drive imbalance
= off-axis motion
of the proof mass

EE

Output signal in
phase with the
Coriolis acceleration
: Introduction to S Design . Nguyen 11/18/08 14
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[

e
¥

e

Nuclear Magnetic Res. Gyroscope

U

CBetkeley
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

(rather than e-), since nuclei are
heavier = less susceptible to B field

Soln: Spin polarize Xe'?? nuclei by
first polarizing e- of Rb% (a la
CSAC), then allowing spin exchange

20°

. Challenge: suppressing
Atoms  Aligned the effects of B field
Nuclear Spins

EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 1/1%mm 15

MEMS-Based Tuning Fork Gyroscope

- UGBerkeley

Sense
Electrodes Sense

Drive Voltage

/ Signal

(-) Sense
Output
Current 1 .
1 Drive
T ¢_ Oscillation
' vaa Sustaining
(+) Sense |, t Digital PLL : Amplifier

Output—] e W s O e i )
Current ¥ & -
Differential

» X R > TransR

—_— iy, Demedulator Out Sense
From ", g Amplifier
Sense . '
[Zaman, Ayazi, et al, MEMS'06] 7
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Determining Sensor Resolution

EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 17

Sense

Electrodes Q ~

Q, Drive Voltage
I::!r:iz:‘ges / Sigﬂal
/’
(-) Sense
Output

Current | [ | = Eectodes

r;:: St o

) b wo| | ¥~ scillation

-1 T ! voa g Sustaining

(+) Sense/,y me t Dlgitat BLL } ) Amplifier

Outout=1 | s [ = |  ‘eesesdesaeids s

Currzn'r 2 5 N
Differential

» ) B Rae > TransR

Tuning
Electrodes ==

— iy, Demedulator Out Sense
From - Amplifier
Sense . 0
[Zaman, Ayazi, et al, MEMS'06] =
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180°

force is proportional
EE €245: Introduction to MEMS Design

r |
Drive | ? : an ! ¢>—+

. . | _| compara 1
Oscillation s 1 |" '1' il T

Sustaining Gl | “| ' veA
Amplifier ' '
| Digital PLL |
_____________ 4

* Generates drive displacement
velocity x4 to which the Coriolis

To Sense Amplifier
(for synchronization)
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CBerkeley

Xg = Wy Xy

\
Drive Mode Driven
9) Velocity

Sense
Velocity

Sense Mode

EE C245: Introduction to MEMS Design

Amplitude

Drive-to-Sense Transfer Function

Drive/Sense Response Spectra:
Drive

Respon

f, (@T,) ®
Rofadin - [nduced oriths foree:
Q.- 2;':4"?1- * QQJZK??_
2 Acks in He serse mede directon
g = 2y Ny SL SN’

S‘Idﬁ de 'XJ_Q-
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__— Sense
Response

v
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G6yro Readout Equivalent Circuit

UeBekeipm——— (for a single tine)—
Noise Sources - i?
F. =ma, =m- (2%, xQ) \\ | 8 |
— _
( IX N frx
—
F. X
G
Gyro Sense Element Signal Conditioning Circuit
Output Circuit (Transresistance Amplifier)

* Easiest to analyze if all noise sources are summed at a
common node
EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 21

Minimum Detectable Signal (MDS)

‘.-I)":'rf;.‘:) -3
e

CBerkeley

%

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

Sensor .
ss?}n:z? © Scale > Cgcy it —O Output
9 Factor ain

Circuit

Sensor Includes
Noise %':g ': 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

EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 22
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%  Move Noise Sources to a Common Point
U

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 .
%ei;:z? o Scale +)—- Cg:iun” O Output
Factor
Sensor Circuit Includes
Noise Input- desired
Referred output
Noise plus
Sensor noise
Signal Conditioning
Circuit
EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 23

Gyro Sense Element Signal Conditioning Circuit
Output Circuit (Transresistance Amplifier)

* Easiest to analyze if all noise sources are summed at a
common node
EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 24
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& G6yro Readout Equivalent Circuit
fllliﬁe.nﬂs.l;em_(for a single fine)_
Noise
_ _. Sources Noiseless
F.=md,=m- (2xd><Q) A
Ry
Fx Te-
°
V
FES X 0%
N J
Gyro Sense Element Signal Conditioning Circuit
Output Circuit (Transresistance Amplifier)

2 2 . .
* Here, Vg and I, are equivalent input-referred voltage and
current noise sources

EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 25
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e
ll@ﬁ@rkﬂlej=

Noise
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P Noise
1 UGB .
* Noise: Random fluctuation I(t)

of a given parameter I(t)

* In addition, a noise
waveform has a zero
average value i >+

Avg. value
(e.g. could?’xD

DC current)

* 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(t)=1(t)—I,

Then i” =(1-Ip) = lim = “I—I 2 dt

EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 27

o Noise Spectral Density
U

I UGBetkeley,

-

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

i2
L—f [units2/Hz]

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

yl

v

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)
EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 28
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* Random: S, () =|H (jw)H

“(jo)]s: (@) =

P Circuit Noise Calculations
ucBerkeley
ts Deterministic touts v (t)/ v (jo)
Inpu /\ utputs pVo
w(io) | (i) %t@’——T .
H(jo) o @,
S,(@) | S@) 5 5. (o)
Linear T \ 1
Time-Invariant No 4,&0‘-‘3 t<:> _\_
System hﬁ: :l' fdm ﬁ)w
Random 5 pomﬂerx Mean square spectral density
* Deterministic: v (jw)=H(jo)Vv.(jo)

H(jo)’si(@)

Af

=5,(f) —> v =/Si(1) B —7 0 b

JS, (@) = H(ja))‘ S, (@) ——> How is it we
LN can do this?
Root mean square amplitudes
EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 29
i Handling Noise Deterministically
- UGBerkeley
* Can d this for noise in a tiny bandwidth (e.g., 1 Hz)
_2 .
VY mate this

by a sinusoidal voltage

generator (
for small B,

especially
say 1 Hz)

T

v, 1) [-|A|coswt

L

VUVY

VU™

which oscillators work —
oscillators are just noise going

EE C245: Introduction to MEMS Design

[This is actually the principle by

through a tiny bandwidth filter]

T~—

~ B

Why? Neither the amplitude

nor the phase of a signal
can change appreciably

LecM 15 C. Nguyen

within a time period 1/B.
11/18/08 30
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= Systematic Noise Calculation Procedure
[ UG;Berkeley
4 H,(jo) .
H;(jo)
General Circuit —_ 3¢ n5¢ ‘><4
With Several < B \O "l
Noise Sources é’) Von
n6
. 1 Huio)
* Assume noi_se sources are uncorrelated
1. For i,fl replace w/ a deterministic source of value
i2
i =42 (LHz
L= af (1Hz)
EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 31

~ Systematic Noise Calculation Procedure

CBetkeley

. Calculate V(@) =i, (®)H(jo) (treating it like a
deterministic sngnal)

. Determine V2, =i - ‘H(ja))‘

ﬁ:)"?f
‘= e

w

2
4. Repeat for each noise source: in;,Vny Vi3

5. Add noise power (mean square values)

2 2 2 2 2
VontoT = Vont T Von2 T Vonz +Vona +-+-

= 2 2 2
VontoT = \/Vonl +Von2 +Vonz T Vona +-°-

/1

Total rms value

EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 32
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R
Determining Sensor Resolution
EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 33
& Example: Gyro MDS Calculation
" UGBerheley
Fe =ma, :E(zxd xQ) o NN
/ Ix Cy frf r, ; Rf
é
} \'
ch —OVo
= 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

EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 34
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w  Example: Gyro MDS Calculation (cont)
[ UGBerkeley
F.=ma, =m-(2x4 xQ) o AN
=2 2 R
|X Cy frx ry Te: i) Veq f
o0
é
5 vV
O X% OV
= Noiseless
* First, find the rotation to i, transfer function:
%s* N'LQ B, (a) & = W@QW)
s |
R zu,«x,,:zm]/ / we
’5(_,-’ 2 %’f;&«d @de) S
EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 35

w Example: Gyro MDS Calculation (cont)

U B e

o Meks = 2R Ol = |62 AL
S R ek e |Ohee A2 ROl

When SL= SLogn = MVS, 4o+ 4 o7\ (nputekred noi® cunenf enbcing
" 1 Ho sense amplifeor— in pA{H=

- g Wty 2 e (85) () [ ()

\ﬁ@ Randon Walk = ARW = 25~ 0 { Ainr]

G Easier 4 defermine diroctiond
ermr as a fmction of elaprad time.

EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 36
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o Example: 6yro MDS Calculation (cont)
[ UC;Berkeley

IfC =ma, =m- (2%, xQ) "’egﬂf\

Cy f2 ry Veq

i

s_-Rs large - /lfe “opened ou‘\‘>
* Now, find the i 7ot enter'mg the amplifier mpu‘r

y = .m. 3,3 Ve 3
eq‘m' . 'Heq_—* "e;\‘bT"-\'l""‘: f,(‘-:-t-?;:z— '_F,'z‘&.r-qu*
Brownion mofan nolse of Hhe LA —

fense Q(emevrl'—* defermitod entiiely by He noike jn re— £
S easiest 4o comert 4o an all dectricel equiv ckk

EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 37
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.ﬁ-w Example: Gyro MDS Calculation (cont)
"

Ly Cox Rx _,

—

——‘<>_T£_A'm h"r\'er In
-3 F G\ 2 (‘92 ' P\*
Tty Do @i e

) v,
Uk’e L'{’ '%',C«”}e(‘,,,?x’ _';E_

L e (1) @) — z; . ‘Wr( )\@‘J“d)‘

dsf; (263

Leam-lu gef e fm EE20.
S or ouﬁge‘l'%em‘ﬁqu“}ﬁw

EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 38

= -x
gt . YT @)+ LT 4 Jia
\_ﬂl‘l 2,,'@9“‘)/ + ++ =

Copyright © 2009 Regents of the University of California



EE 245: Introduction to MEMS CTN 11/4/09
Module 15: Gyros, Noise & MDS

[

-ﬁTM . LF356 Op Amp Data Sheet
"UCiBetkeley

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

General Description W] Logatthmic. ampkiers
. ) ® Photocell amplifiers
These are the first monelithic JFET input operational ampli- » Sample and Hold circuits
fiers to incorporate well matched, high voltage JFETs on the e & ee e
same chip with standard bipolar transistors (BI-FET™ Tech- Common Features 2
nology). These amplifiers feature low input bias and offsel @ Low inpul bias current.  30pA " J o] FA/WQ
= 0.

currentsiiow offset voltage and offset vollage drift, coupled m Low Input Offset Current:  3pA 44
with offset adjust which does not degrade dift of @ High input impedance: 10'% s F
comman-mode rejection. The devices are also designed for g | o input noise current:

o 100 dB

high slew rate, wide bandwidth, extremely fast seffling time, A
low voltage and curent noise and a low 1/1 noise corner. #. High common-mrode rejectiomrra
= Large dc voltage gain: 106 dB

Features

Advantages Uncommon Features

® Replace expensive hybrid and module FET op amps LF158/ LF156/ LF257/ Units
= Rugged JFETs allow blow-out free handling compared LF355 LF256/ LF357

with MOSFET input devices LF356 [Ay,=5)
® Excellent for low nofse applications using either high or

low source impedance —very low 1/ comer m Extremely 4 1.8 15 L
m Offset adjust does not degrade drift or common-maode fast seltiing
rejection as in most monalithic amplifiers time to
m New output stage allows use of large capacitive loads 0.01%
(5.000 pF) without stability problems m Fas! slew 5 12 &0 Vips ’1,-
= Internal and large input voltage rate B ,
capability m Widegain 25 5 20 MHz Vha =2 w, lﬁr%
Applications sanawieh o
m Precision high speed integrators LW pal 2 12wy
w Fast D/A and A/D converlers i
= High impedance buffers Yoilage
w Wideband, low noise, low drift amplifiers
El vomu. annvuuiiun v memo ueayn Leum 1u . Inyuyen 11/18/08 39

[

i Example ARW Calculation

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

s =

= : Tuni
VP - 5V I ¢ -?» Elegg‘glges

Electrodes

% Sensing Circuitry: Eloctrode
R = 100kQ -
i, = 0.01 pA/VHz
Vi, = 12 nV/VHz
Electrodes
EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 40
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& Example ARW Calculation (cont)
mll rll_(.@!.ﬂv—
Cet rotedion rafe f outpul cument scale facter:
A2 ZJTQr'Kqu@(J“ 2 = 2(T80) () (2u) (5)2000€6) (0.000021) = 2.83¢%8'C
@(.w ) (J'Ud)(w.rla.\') : J(10)(15)/(5VK) J(2K)
Jd ~ug |Dst s (1510% (o )* » M 1. 25x0% j(2K)
- o] = s
l@()"d)' i \f(/-z.mo")‘-;- (3k)* 0'00002; 2515 Fim,
o"w ° TN
[ o Go St LA 50, s o)
'Q Asrowg eecfode covers a’esvxls“ T
fle Whie sidewald.
Then, get noive:
= g
gy . YT\ @ oyt + KT Ji , M )
) g, (@Gl + Re L a T (Ef
EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 41
i Example ARW Calculation (cont)
- UCBetkelgy

[fo patn amtstapas skn.]

Q;"e ( 0 )&

___iﬂ' (166x/o ’)(ooooozv) (lssx;o 9 0 ) ; (12"
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Module 15: Gyros, Noise & MDS
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