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& Lecture Outline
T 1B 1 .

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

* Lecture Topics:
% Gyroscopes
% 6yro Circuit Modeling
% Minimum Detectable Signal (MDS)
* Noise
* Angle Random Walk (ARW)
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Gyroscopes
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i Classic Spinning Gyroscope

" UGBerkeley
* 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
Gyroscope i i momentum (i.e., will maintain
frame its axis of spin) despite
rotation of its gimbled chassis

Gimbal
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i Vibratory Gyroscopes

T 1L B .
* 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

(1) > C(y)

y Mass at rest y' Get an x'
A 1 component
x \ —x' of motion
Dr"iven jnfo \ é ) R%Tg;l‘e
vibration |
along the %I = »
y-axis : \
// \

/
y-displaced mass
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~ Capacitance

between mass and

frame = constant
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& Basic Vibratory Gyroscope Operation

" UGBerkeley
Principle of Operation
* Tuning Fork Gyroscope:

Input z Driven

Rotation —  Vibration
\
gT: Q @f,

o

Side Vigw : Py
- o> _—

('N‘ fore o
Suppat Supat =0
d

ve ';‘hb am:‘o\
ac @'/ & v “)‘W\ rYO\I‘JJ'\IPo&O-\
Coriolis ¥| —T Delect me RV
(Sense) a;é‘-"’;?& [op View:
Response e < Qb;
uning fock as Voladion! Past
A—aN =
—
Coriolis z
Torque
é LV y
X
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i Basic Vibratory Gyroscope Operation
" UCBerkeley
Principle of Operation Drive/Sense Response Spectra:
* Tuning Fork Gyroscope: Drive
1 Response—_ —— Sense
o Response
Input Driven 5
Rotation — Vibration = -
N Q. :
4:9 @f, £ ;
L T
i Eq v >
T 14/ "ﬁdn'w . f,(@T,) o
Coriolis dladion . Driven Rotation
(Sense) Coriolis Velocity Rate
Respons Acceleration /
S ne e Na =25 x0)
S?m CorioW Beam
A - Force —_Y_. / Mass
. . F, ma, a,
Coriolis 2 X=—ft=—=&=—2%
Torque e k ~ k D,
y Coriolis Sense
é -V ; Displacement Beam  Frequency
x Stiffness (ih fene directi,)
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Principle of Operation
* Tuning Fork Gyroscope:

Input Driven
Rotation — Vibration
N
‘7‘%‘?‘“ o
ac 77 \“,’

Coriolis
(Sense)
Response
Coriolis

Torque z
é LV y
x
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Vibratory Gyroscope Performance

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

_~ RbiXe Cell

Nuclear

Photodiode

Magnetic
Resonance
Gyro [NIST] A/r'nm
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A

MEMS-Based Tuning Fork Gyroscope
" UG;Berkeley
R 2

Tuning
Drive =y ~ v, Electrodes
Electrode ¥ 4

Drive

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
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A o
i MEMS-Based Tuning Fork Gyroscope
" UCBerkeley
Drive Voltage
/ Signal
(-) Sense
Output A
Current A
rre e o : Drive
I | comparo [veo| " Oscillation
Vo E s U vea Sustaining
(+) Sense |, — | Digital PLL I Amplifier
OUprT/ Sense fmmmmmmm T r
Current —
Differential
:DF [ }—= TransR
— instr.  Demodulator Out Sense
g Amp Amplifier
Sense [Zaman, Ayazi, et al, MEMS'06] ~
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UCBerkeley

Electrodes

MEMS-Based Tuning Fork Gyroscope

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

Sense

Z Sense

Tuning
Electrodes

Drive
Electrode

chors:  Proof Mas:

Problem: if drive
frequency changes
relative to sense
frequency, output
changes = bias drift

Drive
Tuning Electrode
Electrodes ‘\.
Drive
° Drive
3 Response
Quadrature Cancellation Sense- X
Electrodes Electrodes g—
Need: small or matched drive |<
and sense axis temperature

/
' Response

Sense

coefficients to suppress drift
EE €245 Introduction 16 MEMS Design

LecM 15

C. Nguyen

f,@T) f,@T,) o
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5 Mode Matching for Higher Resolution
"

UG Berkeley

* For higher resolution, can try to match drive and sense axis
resonance frequencies and benefit from Q amplification
Sense
Electrod
ectrodes ¢Sense .
i ) Problem: mismatch
Tuning between drive and

sense frequencies =
even larger drift!

Electrodes

Drive
Electrode

Drive

Tuning
Electrodes
__—Sense

Drive
Response
[}]
E
Quadrature Cancellation =
Electrodes [=% T.
E 2
3 i <
Need: small or matched drive Response /TT
and sense axis temperature . \, >
coefficients to make this work f,@T,) f,(@T, )
EE €245  Introduction 1o MEMS Design LecM 15 C. Nguyen 11/18/08 13

& Issue: Zero Rate Bias Error
" UGBerkelgy

* Imbalances in the system can lead to zero rate bias error

Sense Quadrature Cancellation
Electrodes g Electrodes

Tuning
Drive . Electrodes
Electrode

7 Proof Mass

Tuning

Electrodes Drive

Electrode Mass imbalance
= off-axis motion
of the proof mass

Sense
Electrodes

Quadrature Cancellation
Electrodes

Quadrature output
Drive imbalance »{ Output signal in signal that can be

= off-axis motion phase with the co_nflysed Wilth the
of the proof mass Coriolis acceleration Coriolis acceleration
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Nuclear Magnetic Res. Gyroscope

1} -

u(_:, etkeley
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
0° heavier = less susceptible to B field
20° Soln: Spin polarize Xe'?° nuclei by

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

\/

0o
-20 Polarizer

0° / Rb/Xe Cell
- : Photodiode
20° 3.2 mm — 9f

Challenge: suppressing

Atoms  Aligned the effects of B field
Nuclear Spins /
EE €245: Introduction to MEMS %es@n LecM 15 C. Nguyen 1/17h/mm 15

i MEMS-Based Tuning Fork Gyroscope

" UG Berkeley

Eciofe S Drive Voltage

Electr-odges / Sigﬂal
tuning [l s
Electrodes
/ ." Elec(rode
(-) Sense s
Output N
Current s _E':“_m:es_ _______ ] .
Drive
1 :mnpilw I . i i
i i |vco . > Oscnlqufon
1 ' vea Sustaining
(+) Sense |, s | Digital PLL i Amplifier
OUprT/ Sense | | T TTTTTTTTTT I <
Current =
Differential
:DF [P s . TransR
e kiate. Demodulator Qut Sense
idin Amp Amplifier
Sense . 0 J
[Zaman, Ayazi, et al, MEMS'06]
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Determining Sensor Resolution

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

A
i MEMS-Based Tuning Fork Gyroscope
I UGBerkeley =
x : Drive Voltage
eorrones / Signal
(-) Sense i
Output
Current .
| Drive
! : Oscillation
Yo | i Sustaining
(+) Sense |, — : Digital PLL | Amplifier
OUprT/ Semse | | T TTTTTTTTTTT r
Current =
Differential
:DF [P s _ TransR
— instr.  Demodulator Out Sense
m_g Amp Amplifier
sone [Zaman, Ayazi, et al, MEMS'06] ~
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A

5 Drive Axis Equivalent Circuit

" UCBerkeley

180°

D-r‘lve‘ 7 L'_"](, - compare [ T bwol™ T 7
Oscillation | ... " i 7 O et ¥
Sustaining e :| | ' vea

o e l
Amplifier : Digital PLL |
b o i i e i i A i A 4

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

EE C245: Introduction to MEMS Design

To Sense Amplifier
(for synchronization)

LecM 15 C. Nguyen 11/18/08

19

& Drive-to-Sense Transfer Function

Drive/Sense Response Spectra:
Drive

Respo
Xg = WOqXy T

__—Sense
Response

Amplitude

v

Driven @)
Veloci .
Q elocity Ra’a{,’m.rﬂdu«’d Coriths forwe:
Zz':*' sza(j—{_ < 2@42,7(?7_
= O X 2 Mets n He sere made direction

\ : in°
Sense Os = 26y Mg SL S

Q)

Velocity la_,:de LIt
Sense Mode
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,ﬁ Gyro Readout Equivalent Circuit

UsBerkelepmmm (for a single Tme)_

Noise Sources

Fo=md, =m-(2x,; xQ) \\ J_gg

6yro 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

i Minimum Detectable Signal (MDS)

UCBerkeley

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

Sensor .
?Sein:lz? 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

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

T 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 —
ss?;:fxf o Scale 1 Cg'c.“” O Output
Factor ain
Sensor Circuit Includes
Noise Input- desired
Referred output
Noise plus
Sensor noise
Signal Conditioning
Circuit
EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 23
1 . . .
& Gyro Readout Equivalent Circuit

" UeBerkekymm———— (for q single tine) —

. 2
Noise Sources — l‘ 7

F =md, =m-(2x,xQ)

2
lx Cx -fi’x H
o0
—
v
N X 0
F
N AN Y
6yro 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

,=)>,,“:>-

T UG Berheley m— (for' a single ﬂne)_
Noise
~ - -~ _Sources Noiseless
L=ma, =m-(2x,; xQ) AAA,
— R
lx Cx f Ty ry ﬂe: 4
)
—
OV
FLH X ‘
\§ J
Gyro Sense Element Signal Conditioning Circuit
Output Circuit (Transresistance Amplifier)

2 2 . .
* Here, v, 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
’
e
L -
i ﬁ@ﬂ@.ﬁ_.kﬂ_l.ﬂ_y—

Noise
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& Noise
T 1 B .
* Noise: Random fluctuation I(t)

of a given parameter I(f) Avg. value —
* In addition, a noise (e.g. could be
DC current)
waveform has a zero
average value | .y

I,

* 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()=I1()-1,

Then i*=(I—1,) = lim %IOT‘I—ID‘Zdt

T—o

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

Noise Spectral Density

=

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

2

i—f [units2/Hz]

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

.l

v

Two-sided spectral density k -
(1/2 the one-sided) " = integrated mean-square
\ N J noise spectral density over
Often used in all frequencies (area under
systems courses the curve)
EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 28
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n

A

UCBetkeley
Deterministic

Inputs / \ Outputs

v;(J a’) v, (jo)
o— H(jo) o
Linear r \
Time-Invariant No Snose
System hor m/v/m
kaoe,fa
Random s Pomﬂerx

* Deterministic:

* Random: S, () =|H(jw)H (jo)]

ﬁ Circuit Noise Calculations

\% (t)/ Avo
W17

o N O
=

v,(jo) = H(jo)v,(jo)

S, (1) 23, (j )

Mean square spectral density

Si(@) =|H(jo) 5, (@)

_Sl(f) —> Vi

g

JS. (@) =|H( ja))‘ S.(w) ——> 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
5 Handling Noise Deterministically
f'liﬂ.ﬁﬁ@lfiv
* Can this for noise in a tiny bandwidth (e.g., 1 Hz)
Can approximate this
=SB by e o

by a sinusoidal voltage
generator (especially
for small B, say 1 Hz)

N\
v (f) ‘[—|A|cosa)t

AN
WV

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

EE €245: Introduction to MEMS Design

LecM 15

T~—

~ 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 30
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A

s Systematic Noise Calculation Procedure
UCBetkeley

e H,(jow)

General Circuit — V.3 ¢ n5¢ ‘ZA<4

With Several <

L0 2
Noise Sources é’) Von
n 6

\

* Assume noise sources are uncorrelated

1. For i; replace w/ a deterministic source of value

.2
I

=.|--(1Hz
nl Af» ( )

EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 31

A

% Systematic Noise Calculation Procedure

T 1B 1 .

. Calculate v, (w)=1i,(®0)H(jw) (treating it like a
deterministic sugnal)

Determine V., =i - ‘H( ]a))‘

» w

2 2
. Repeat for each noise source: 1, ,V,;,V,;3

5. Add noise power (mean square values)

2 _
VonTOT = von1+v n2+v w3tV n4+

VonTOT:\/ on1+V 2+V 3+Vn4+

/

Total rms value

EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 32
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A

L
b8 [

Determining Sensor Resolution

EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 33

AAYAY:
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

EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 34
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7

a Example: Gyr'o MDS Calculation (cont)

UCBetkeley
F. = B mc_i AAAY,
R,
_OVO
= Noiseless
* First, find the rotation to i, transfer function:
. w.Q .
x -f B, & = M@QUA
)
\F,: £e 2u,m,,51m1/ J Wi
X2 %‘;Q«d Oljwa)
EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 35

A

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

UCBerkeiey
fo" Mle%s = 2 {ZJ%Q’XJ% Olwa) s = |6 Al
S R b |Ohee A2 Q11O

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

. /.ﬁ'q'l'l’rz Ay, — Ston le T (,_‘E.)(?b) (/hr‘)/

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

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

EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 36
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ﬁ Example Gyr'o MDS Calculation (cont)

Berkeley

x frx x ﬂe=1 j Veq
[ BN J

I Rg: large - /IZ; vopened ou+>
* Now, find the i o7 entering the amplifier input:
— = = i —
e,{m *Ae1—> A;;NT'A?'PA'f‘fA 4—2
C Brownian mefion pobse of He f LI —
fenre Q(emen‘l'—-& defermirod emhtefy by He noiR jh Ny— -F
(-?aJ‘ie.ﬂ' Ao convert 4o 4n all clectriad e{u’v- c]d'

EE C245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 37

A

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

UCBerkeley

Ly Co R —

— ' '
""R} Ty " @2 GE4; (eqmor

. L
whee Lo ® %/(«"’Ief‘m Bx* _,;g_
: " I\ e
e, () @) — 4 YRy (2Z )@ Gl
& T @) “l
Thus: = XA-F g,x[@ jwall

= T
To. ykT L2, HET Jia. /U.a B
\Eﬁ" e, @G g+ 5 Afl\ i (EG

Leam'h gef e oam EE0.
S or \\Mdgef%em‘ﬁqu“}ﬁw

EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 38
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" UC,Berkeley

General Description

These are the first monalithie JFET Input operational ampli-
fiers to incorporate well matched, high voitage JFETs on the
same chip with standard bipalar transistors (BI-FET™ Tech-
nology). These amplifiers feature low Input bias and offset
currentsfiow offset voltage and offset voltage dnift, coupled
with offset adjust which does not degrade drift or
comman-mode rejection. The devices are also designed for
high slew rate, wide bandwidih, extremely fast seftling time
low voltage and current noise and a low 11 noise camer

LF356 Op Amp Data Sheet

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

= L ogarithmic amplifiers

® Fhotocell amplifiers

= Sample and Hold circuits
Common Features

® Low input bias current:  30pA
= Low Input Offset Current:  3pA
= High input impedance:
= Low input noise current:
= High comman-made rejectis

-2 (JDI Fhlm%

= Large dc voltage gain: 106 dB

Features
Adisntages Uncommon Features
m Replace expensive hybrid and module FET op amps LF155/ LFi5& LF257/ Units
® Rugged JFETs allow biow-out free handling compared LF355 LF256/ LF157
L] ;E:e:de?ttsFFofTo:p:UlI:hsl;;Tlcations using either high or LE3ge (A=g)
low source Impedance —very low 1/f cormner m Extremely 4 15 15 s
m Cffset adjust does not degrade drift or common-mode Tf'“ setting
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. W Fast slew 5 92 &0 Vips
w |nternal compensation and large differential input voltage raite A,:t. \’Id’ﬁ'%
Ehpntiiy ® Wide gain 25 5 20 MHz wa = \2n
3 I bandwidth
Applications and - B of
m Precision high speed integrators o Low inplt L 2 nV/yHz
m Fast /A and A'D converters noiee.
® High impedance bufters voiiage
= Wideband. low noise, low drift amplifiers
El vevu. anirvuuciiun 1w memo ueaiyn Leum 1u . Inyuyen 11,18/08 39

A

Example ARW Calculation

" UGBerkeley

;3}\

* 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 =

Tuning
Electrodes

d = um ichors ProofMass
Tuning
Electrodes .
. . o Drive
Q(>5€"S"'|g CII‘CUITPY: Electrode
Rf = IOOkQ Ay

i, = 0.01 pA/VHz
Vi, = 12 nV/J/Hz

EE C245: Introduction to MEMS Design

Electrodes

11/18/08

LecM 15

C. Nguyen
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Example ARW Calculation (cont)
erkele_—.

Ge'l' rotedon rafe fo otput cument scale factr:
A:2 N_SQ,'U%(E(JW o) = 2 ( )(SDK)(20/4)(5')(21!006:»)(0.00002'1) = 28348 €

@jwg) =

|

ﬂleh,ge‘f /IOI‘J?:

j) —

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

— . Sk 002!
\®¢j,)] = J-2sx0%) 4 (3 k3 > 0.00 ;aswx:o'?l’lm

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

I8

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

-~

= -
kqt . YT ) @ wy® + TET 4 A M‘ >
e R, @™ + P T (Ef

EE €245: Introduction to MEMS Design LecM 15 C. Nguyen 11/18/08 41

ﬁ Example ARW Calculation (cont)

UCBerkeley
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