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MEMS Gyroscopes - Market

Automotive applications
Anti-skid control

Consumer applications

Image stabilization in digital
cameras

Short-range navigation
Gaming consoles

High-performance applications
Aerospace

Defense

Precision inertial measurement units Georgia |
Tech||




High-Performance Gyroscope Interface

MEMS do the sensing, Circuits do the thinking!

As MEMS gyroscopes offer lower noise levels and higher dynamic ranges,
interface system noise and dynamic range must also be improved.

Rate Grade Tactical Grade Inetial (Navigation)
Grade
Bias drift 10 to 1000 °/hr 0.01to 10 °/hr <0.01 °/hr
Angle random walk >0.5 °/"\hr 0.5 - 0.05 °/vhr <0.001 °/Nhr
Scale factor accuracy 0.1-1% 100 - 1000 ppm <10 ppm
Full scale range 50 - 1000 °/sec >500 °/sec >400 °/sec
Bandwidth > 70 Hz ~100 Hz ~100 Hz
IAI
Georgia |

Tech||



MEMS Gyroscope - Principle of Operation

Coriolis Effect:
Transfer of energy between two vibration modes
Deflection proportional to rotation rate

Acor = 2V X L2,

e
Z S

#Z
Drive Mode X Sense Mode Sense Mode

(x-axis) Input Rotation (y-axis) @
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Tuning-Fork Gyroscope (TFG) Model

Springs

Gyroscope Model:
Mass = Motional Inductance
Spring = Motional Capacitance
Damping = Motional Resistance

Coriolis: proportional to drive-mode
velocity

Quadrature: proportional to drive
displacement (undesired signal)

Proof-mass
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i
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MEMS Gyroscope — Simplified Model

Energy coupling between two modes of operation, through Coriolis force:

F (S) AC coupling Crr
0) Il
32+—Ds+a)D]XD(s)= = f,(t)=F, cosawpt I
D Wl f L R c “
— — 1 v ApN : —
0 : i
s°+—=5+ wsj =—2Q0x8X,, @ v Te. T
QS * resonator
Coriolis Quadrature i i _

General Resonator Model

The drive and sense signals can be derived as:

QDD

Xp (t) = sinat, Xp (t) = Do CoS w,t
(0,
t) = aCoriolis COS(C()Dt T aQ sin (a)Dt TQ 2 /Qs
— , p=tan™
<(280) + (s /Qs ) Aw

Frequency split, Aw strongly affects sensitivity and phase shift of the

output signals.
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Mode-matching - Noise and Sensitivity

Mode-matching improves both mechanical and electrical input-referred
noise, MNEQ and ENEQ:

MNEQ = £ \/ gl A/ BW ENEQ = Ay Ny tota -V BW
Xarive | @oMQgee 2VpCo o Qerr Xarive
AC ©Q AC . 1
N EFF P R
Z |Matched QZ Unmatched Af
|H(#)| |H({#)|
A Gafﬁ_: Qerr 4 Gain < Qerr
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Mode-Matching
Split-mode, Low Q- Mode-matched, High Qg

|H(f)| Electronic

Gain ~ Quer Tuning

ySense XD I
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EFF

f f
DRIVE SENSE Qz W,

Gain~1
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Mode-Matching - Example

__________ _ Drive; Sense
Splitis reduced from 45Hz down to OHzon | D AN 7t O

a tunlng_fork gyroscope .......... .......... .......... ......... .......... ......... ...... ,lfg ....... ..... ESEEEE::E

IF B4 18 fz__ ' FONER —27 dBm ' TP 377.4 sec
CEWTER  11.728993 kHz SPANT 5 Hz
A/R  1od MAG 5 dB/ BEF -28 dB 3.2491 dB
i 5 5 £1.726575 kHz

‘ T R R LTrka

: : Bl § 1?5 mHz

s £1.726577. kHz

BB B63 k

08-Sep-10 WD33.7mm 5.00kV¥ x40

IF Bl 1@ Hz POHER -27 dBm ?? 4 sec
STRRT 11.725586 kHz STOR 11 72806 kHz
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Current Sensing Topologies
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Transimpedance Amplifier (TIA)

Amplify sense current /

Sense
Re
AMA—
j)‘Ser% )
CF__ Ao
o

Reduced input resistance:
High bandwidth

Minimum Q-loading on the resonator

Reduced output resistance:

into output voltage V.

Vour _ ReAy

Isense 1+ A)
R

Rin,TIA — 1 =
+ A

Good buffering for the subsequent amplifiers

Bias adjusted by feedback

No need to bias network

Georgia
Tech
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MEMS Gyroscope Interface Architectures

Amplitude demodulation:

Coherent demodulation of amplitude-modulated rate from
Coriolis signal

Force-to-rebalance architecture

Frequency demodulation:
Resonant output FM gyroscope
Quadrature FM (QFM) gyroscope

Phase demodulation:
Phase-readout and self-calibration architecture

Georgia
Tech
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Coherent AM Readout

Actuate the drive mode at resonance
demodulate rate from Coriolis output

Drive loop uses an AGC loop for start-up and drive amplitude control
TIA front-end used for minimal loading and optimum noise performance

Quadrature Attt Mttt ;
: Cancellation : .,ﬁ :
' vy ; Gyroscope | : [Sense TIA LPF !
‘ / ‘Drv-out : — ' \ E Rate
i |AGC N ; : e > :
; \;ED B - . : Mixer :
E | . rv-in =l H =7 1_ ' H
: L ﬁam : = Sense and AM Demodulator
= ontrol §
""" Drive Loop LB, Pl e | v
_—I_ T I [ |AI
Charge Pump Georgia |
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Coherent AM Readout — Drive Loop

Barkhausen criteria provided by TIA-based drive-loop
Automatic gain control (AGC) loop used to start-up oscillations and to

stabilize v,,;,, amplitude

Pl controller is used to remove steady state error

Mechanical Resonator Co

AGC Loop
E - Peak
E Pl Controller _< Vs Detector
' |
Gain |
Control -
{
Sl
Crr RF
f —A\\—
JUSU | I
:(I:in R Ly lout
Wt =L I

V,
4

out

3
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1. Start-up region

N A AN
e AVAVAVAVAVA

2. Nonlinear transient region

3. Steady-state region

Georgia
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Motional Resistance — Design Implications

* Output current of sensor:

| oC VP Qsense Xdrive Q

sensor dSO Z
* Implication of large motional resistance:
» Larger drive voltage is needed
* Large TIA gain
» Higher power dissipation
» Poor drive-loop phase noise

Close-up of sense gap and drive combs

AC coupling Crr

1 in a tuning-fork Gyroscope (TFG)
I
J’.fn : Lo Ro ci)l E iout
LYY ' —
; MN Im
+ —t— R ecccccccccccsaasnnnanaese : i +
Vin _-(;s o Mechanical Coo | Vour
resonator Georgia
) Tech
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TIA Gain and Frequency Response

In addition to the Opamp poles, w,; and w,,, the closed-loop TIA
configuration adds an extra pole to the loop-gain transfer function:

A
LG(S)=
(5) (1+5/@y ).(1+5/@,,).(1+ R:C,5)
VSense _ RF X LG(S)
lgne 1+ LG(5)
TIA stability must be analyzed accounting for the additional pole caused
by Cp. o 1)
Als)= RFIIG < Als)
RF \ PS.J
MN

-"'Sense ; 4 ' ( S) VSense

ISEHSE \
—_— _
=Cp A(s) —

(1+S/(ﬂ}_ﬂ ).(1+S/ﬁ!3}ﬂ) RF Georgia
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TIA Compensation

Adding a miller feedback capacitor increases phase margin and
improves stability by adding a zero:

B A (1+R:Cps)
) s an) (Trs/an) (1R, (G, 4G, )s)
VSense _ RF X LG(S)
lgne 1+ LG(s)

Large R; provides better stability, yet larger phase shift in the amplified
output: C:

/ Sense
—_—

Il

)
O
-

Als)= 4 B(5)= e Georgia

(1+s/a, ). (145 @y,) D Tech
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TIA Input-referred Current Noise

Input-referred current noise of a TIA:

dso A, o BW

n,tot
2VP Cs OQEFF Xdrive

L LI (Rimzm ]

n,tot R tot,in
F F

ENEQ =

Above a certain value of R, the input-referred noise is dominated by R,
noise only.

Larger R = Lower current noise Ir = 4kT/RE

I, =Vpow,AC @
. R
Lf)pamp
@]
P L/ Lo v,
+
L opamsp Georgia

= Tech |
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Drive Loop — Capacitive Feedthrough

Anti-resonance is a result of feedthrough (C;) and pad
capacitances (C,)

Locking into parallel resonance due to drive-loop phase shifts _i

Locking to a higher frequency where magnitude is higher and ™

phase criteria is provided by high-Q resonator.

phase is 0°

F 3

Amplitude

Phase

Series Resonance

[
I
[
I
|
|
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i
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i
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Drive Loop — Series Resonance
R

Locking to series resonance needed to: ik AN

Maximize scale factor ‘ﬁnfn; ------ i L Jout, | N

Minimize quadrature error e, ischanicai Resanaior ,| N
Analog/ Digital Phase shifting can : I <
compensate additional phase shift. )

<A //;ﬁ
All-pass analog shifters: \I \\/
Voo 1-R;,Ci.S

out

_ in~in> _ M . 2 tan—l ( RinCina)) Vout — _1+ RinCinS _ Mﬂ . 2 tan—l ( RinCina)
v. 1+R.C.S Vi, 1+ R, C.S
R R
AN AYAAY,
R R
in[ R ) in[ )
+ T +
Cm in
l R
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Drive Loop — Feedthrough Cancellation

Locking to a higher frequency where magnitude is higher, and phase is 0°:
Extra low-pass filtering needed
Phase-shifter is needed

Feedthrough cancellation circuit can eliminate the effect of C.:

------------------------------

-30 375

L] R L
: R F~40.0
' _
] 2 -40-
—-AVWA CI sl =
: : 42,5
' 50 o
: E No Cancellation
E : _ ,"‘ , ~4s.o;
: = : 2
CFT : ~47.5>
Il 7o)
II F50.0
o e
¢ Cpy Rn L : lout N2
' m L} -804 . N~ . -
Vin | & AA— YN With Cancellation .
[ ]
e e e e e e e e e e '
, Mechanical Resonator Cy 9.495 3.498 e 9503
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Sense TIA Front-end and Demodulator

Sense TIA amplifies the sense current into sense voltage.

AM rate is down-converted by multiplication of Coriolis output into drive
signal.

Phase-shifter is used in drive signal path to compensate the phase-shift
induced by the sense front-end amplifiers and filters.

R
AN Post-TIA

Amplifiers
Y

[ Sense
-ﬁ-

LPF
Ancos(aypt+ @)

S e

Ay cos( ayt ) driv@

\
/

Georgia
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Effect of Quadrature

Besides Coriolis signal, the gyroscope sense current has a quadrature
component caused by misalignments and fabrication imperfections:

Coriolis oc velocity

_ —> 90° phase difference
ZRO oc displacement

ICoriolis — AQ COS a)Ot
louas = Ao SIN ayt

Coherent AM demodulation eliminates quadrature phase data from rate
output, however:

Accurate phase adjustment is required in the demodulator drive path to
compensate for sense front-end phase-shift

Quadrature is typically 2-3 orders of magnitude larger than Coriolis full-scale

Large quadrature saturates TIA output = TIA gain must be reduced
— degrades SNR and Dynamic Range

Feedthroughs and other error sources can change the ZRO phase.

fDrv — fsns — Vdrive — AD COS a)Ot — {

Georgia
Tech
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Error Sources and Noise Analysis

Bias drift: Random variation in the bias (ZRO) over time — long-term drift

Sense front-end noise = thermal and flicker
Minimum detectable rate:

TNEQ = VMNEQ2 + ENEQ?2

MNEQ oc — \/ atll , ENEQ oc i N —total
Xdrive a)OMQEFF V C OQEFderlve

drive-loop phase noise:

I = A, COS @t
v, = AD Cos(a)ot_|_¢n (t)) {IConolls AQ W,

louad AQ sin w,t
rate = Ao AQ COS gon —) Negligible effect on rate

= 9
Low-
offset = s|n (0 (p — Low fre.quency
L " f blas noise Georgia
Tech

o ()<l
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Charge Pump

Required to generate large, on-chip DC polarization voltages for gyroscope

o(t)
d(t)

Typically a cascade of voltage-doubler stages
High voltage generation — may need 20V or higher depending on device
No current consumption — electrostatic polarization of capacitive MEMS

Resistive loading — significantly reduces maximum pump V_
Parasitic capacitors act as voltage dividers, reducing maximum V_
Clock frequency practically limited to less than a few hundred kHz

Ripple reduction, losses through stray capacitances

Body effect — increase in V¢, after each pump stage makes V, larger and reduces
the subsequent pump gain

ﬁ LPF
Vin 1_VOUT

| V¢ C C CL
L t [ —
A4
— __l i ¢ Georgia

Tech



STM Gyroscope Interface ASIC (1)

Drive loop:
SC charge amplifier used for current sensing
SC band-pass filter used to remove residual offset and phase-adjustments
Output of 2"4 order Chebyshev LPF is regulated using a Pl-controller AGC loop
PLL is used to generate all the timing for SC blocks

""""""""""""""" [ BINIIG SIROIIONICE] ===~ <irossemrreiseissnnninssivarsiissanayinsaeiitivaning
External CP
capacitor Charge
I Pump
|cc,,(1onr) s _F :
SD1 sC S— CT low- :
Charge |— fiter "] SH [ pass »| VGA H
(sp2 y—» Amp P filter —»( D2 )
............. o ) (FR
Amplitude ref :
: - Proportional- |
- Integral (P1)
. controller

|
I

P Georgia |
[Prandi et al, ISSCC 2011] Tech ||
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STM Gyroscope Interface ASIC (2)

Sense chain:
Time-division multiplexed open-loop readout interface
Charge amplifier is used for current sensing
Demodulation carrier in-phase with the drive mode velocity
SC low-pass filtering
12-bit SAR ADCs used to provide digital output from three gyroscope axes
Temperature compensation done on the digital output

et o S e e S e SRR S Sensing electronics N N S AR SRS o
\ :
: y . y
: = Quadrature sC T — 12 bit
'(P1aP2 )+ § error —»| Charge | filt pPass t—+! sar @ Oy
' er =2
¢ compensation Amp ADC '~
: 7 7 4 Digital ' ® ‘
FS Domc:dr:::tlng Gain trimming pfocesslng}§ —> Qpisch >
/ selection unit i E
Embedded 8 bit = -
temperature —»| SAR ® [~ Qpo
sensor ADC ‘
................................................................................................................... |
. I
[Prandi et al, ISSCC 2011] Georgia H

Tech M
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Invensense Gyroscope Interface ASIC

Sense chain:
Charge amplifier is used for current sensing
Programmable capacitors used for transcap amplifiers
Amplitude control block regulates drive-mode displacement
Gain and offset trimming performed on digital output rate

47 smommmsomme-oe- .
foa—iiL L NN . L} I
Sense Path : s — :
> 4-®—— Analog ADC [ Offset— L%F —T>
Charge :_F-T """" ﬁ LPF i Trim :
Pump : Cancellation7_i : | i
__________ - Temperature } ,
) Sensor ADC ! Digital :
1 11 ! Signal Path
v | e | L mmmmmmmmmmeeees .
F—D ’| Phaseshift [ ]
Factory
_ Calibration
Drive Loop » Amplitude —’()()
Control IAI
[Seeger et al, HH 2010] Georgia |
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Force-to-Rebalance Architecture

Drive loop used to actuate the drive mode of the sensor

Feedback provides the force needed to rebalance sense displacement
Sense displacement is maintained at zero

Enhance bandwidth for mode-matched gyroscopes
Provide digital 2A output
Use sensor element as loop filter for additional noise-shaping

Brownian Electronic Quantization
Noise Noise Noise

l

N\ @ Analog | __ Oversampled
Input T Front-end Digita] Outpllt
Mechanical
Sensor

Quantizer

Il DAC II

[Petkov et al, JSSC 2005] Ge‘?l."eg(;ﬁ



FM Gyroscope

Periodic compression and tension of the
tuning-fork tines by Coriolis force at the
proof-mass drive frequency modulates the
resonant frequency of the force sensors.

Displacement is both AM and FM modulated.

Differential sensing can
improve sensitivity to FE
temperature and pressure.

29

outer
frame

frame —p
suspension

DETF
P

sense
direction

drive flexure

QOscillator
circuit Buffer
| o ——>
Oscillator electronics noise can LpE
become the primary electronic DETF output
noise source. Lp
DETF
roof mass
_l I_D_ rive output
1 Buff )
e P Georgia
F Tech

coriolis

[Seshia et al, MEMS 2002]



Digitization Schemes

2A ADC:

the best match to digitize the low-frequency signal of the gyroscope

High SNR provided by oversampling and quantization noise shaping

Integrator

>16 bits of resolution achieved easily

> force-to-rebalance Analog
npu

SAR ADC:

Provide low-noise operation
Low-power consumption

+

J

30

/ DAC

Linearity limited to capacitance mismatch

Up to 12 bits of resolution

J_C 2C | 4C |8C |16C |32C | 84C 1ZBC£SGC 512C| 1024C

FFFT

Vref

N

Comparator
%

Switch Array <

SAR Logic

Digital Output

Quantizer
» Digital
bit-stream
Georgia
Tech
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Frequency and Phase Demodulation
for Gyroscope Self-Calibration

Georgia |
Tech |
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Self-Calibration Platform

Calibrate scale factor and bias of the sensor frequently:
Compensate for long-term drifts in bias and scale factor of the mechanical part

Eliminate factory calibration

Mechanical approach:
Rotary stage: hard to implement, needs very high accuracy

Electrical approach:
QFM gyroscope: provide self-calibrated rate output
Phase-readout technique: provide electrostatic stimulus to mimic rotation

Gyroscope A
oy = Output L
= (Voltage) PR
o 7 S e
= IR = Error grows with time
3 o7 S o
= 7 - a N .
= JRe Input nE- Recalibration required
.-‘.lé' ,,f (Rotation) to reduce error
(] 7
® |- Ideal response i
#a |— Drifted response : —>
11] P fl /l Time
Calibration Periodic calibration G _ |A|
eorgia |
1

Stage Tech!
[Courtesy of Dr. Andrei Shkel, DARPA MTO]
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Quadrature FM (QFM) Gyroscope

Foucault pendulum gyroscope in QFM mode:

Outside observer perceives a frequency change of the gyroscope if he
rotates relative to the sensor.

suspension

Relies on nominally symmetric gyroscope
design

Scale factor independent of quality factor
and electromechanical coupling factor.

Aw is independent of temperature,

pressure, bias voltages, and fabrication >

imperfections.

w, still drifts with temperature. |
Georgia |

[Kline et al, MEMS 2013] Tech |



QFM Readout Architecture

x and y oscillations controlled to equal amplitude and quadrature phase
Circular actuation of the gyroscope modes to mimic the Foucault

pendulum gyroscope

Frequency shift of the loops is
measured as rate

Real-time mode-matching is trivial

Temperature, pressure and other
environmental factors can produce
false rate.

Amplitude
Reference

Pl

Envelope _
Detector

Freq.

Phase
Detector

E ‘ Detector

34

—)Zrtfn L2

—> 0

Axisi
D S
>0~ [] .
T—{ Phase
Pl Difference
Detector
. Axis2 . s T v
T}_ §-1 7
‘ | Envelopel
Pl Detector
I
[Kline et al, MEMS 2013] Georgia H
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Dual-Mass Readout Architecture

The gyro frequencies exhibit equal and opposite sensitivities to rate.

The relative phase of the two oscillations is the integral of the
frequency difference = output is a direct measure of the whole angle

Temperature is common-mode in the differential sensing scheme
Mismatch between two QFM gyros can introduce new error sources

e ~
/ \

' Gyro1|m

I /7

SR

Clockwise

Rate (fo)
Input —e
(Q) Counter-
Clockwise

/'—\

[ \

 Gyro2|m

\ /
~ rs

-

—a—

Freq.
Detector

27[f0+Q

Phase
j Detector B

Angle
Output

Freq.
. Detector| 2xf,-Q
[Kline et al, MEMS 2013]

Rate
Output

Single FM Gyro
Dual Fi Gyro

ma-\—/\

10 1|lJD 1IEI| 10 1IU
Averaging time [s]

Improved Rate Random Walk (RRW)

RRW is attributed to environmental

variations.

Allan deviation [deg/hr]

|
Georgia fll
Tech |
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Phase-Readout and Self-Calibration

Phase-readout architecture based on phase-shift induced in the gyro
response due to rotation (Phase Modulation)

Same concept can be utilized for self-calibration, using AM excitation.

X2

X
. , Q.
Phase-readout: Fostneot Calibration: 1 \
oo
)"/
Fycosawjt
> >
Xy X
k J =F, t /\j
()=Fycosm, \ 4 Fi(1)=Fycos_tcosm gt

: 1
Fr(t)=Fysinwt F(t)=F ysinQ_tsinw 4t

A : Angular gain

X, (t) = A sin(axt —6,) x,(t) = (F,/A)cos(Q,t —8,)sina,t
X, (t) = A, cos(a,t —6,) X, (t) = (F,/A)sin(Q,t — 6,) cosayt
6o = 2010, 6o = 20Q, _
) 0y rgia

. fech
[Casinovi et al, MEMS 2012]
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Phase-Readout Architecture

The Coriolis force creates a phase shift in the gyro outputs with respect
to the inputs

The phase shift is detected by synchronous phase demodulation.

Fcos myt

LPF

T\ o=

X2
l Fysinwpt

90° _ x(1)
o PHASE Qdrive  [sense
Freoswol | syprer
Fycoswt
*—)
X1
LPF
F,(t)=F jcoswt <><) \ o Z:fl)

F()=F ysinwt F>sin ot

FiFy Q,
Zl = 22 = = 2 2 |A|
@ (wp/Q)? +(219,) Georgia |

ech|
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Self-Calibration Architecture

Input excitations AM-modulated by quadrature-phase sinusoidal signals
at angular frequency Q,

Rotating excitation mimics mechanical rotation at Q,.

Fycos gyt cos Q.1
o

X
¢ ' F5 sin @ sin €1
/ 00—
I ance
X
kj LPF
4 F(t)=Fycosf.tcosw

@\ e

QO drive

1 l—\ o (1)

Fy(t)=FysinQ tsinw

—X)

Ly Q,
Y 2 1(20,)2
0 (wp/Q)” +(2Q2;)

L1 =1

Georgia
Tech |
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Combined Readout and Self-Calibration

Common electronics in both readout and calibration configurations
Errors and drifts due to electronics will affect both modes equally

I. ________ 5 Mux Readout Modg CSELECT =0 ;A(I) =DC
cos(wgt) | I IDri\t'e— 1se = Fl(r) = Ficosant
h v | SELECT F,(t)=F, sin ot

| t I QDrive ~ 1 . N -w - A +) e
| A | Calibration Mode : SELECT = 1. A(t) = cos Q¢
| | 0 seL|Mux F(t)=F, cosQ,rcos ot
| - F,(t)=F, sinQ,sin ot
| 90° : _________

I
| | LPF

A zi(t

: I \ Vv | 1()
| 90° | |

|
| |

|
| | PF_ %ZZ(U
'L | |

AM SIGNAL GENERATION SENSE MODE SIGNAL EXTRACTION

AND DRIVE EXCITATION AMPLIFICATION AND AMPLIFICATION

[N-Shirazi et al, Transducers 2013] Georgia
Tech



Calibration vs. Physical Rotation

Calibration scale factor shows agreement with physical rate scale factor

1.25
13 10Hz
1.35 11Hz

DC Output (V)

1.4 ‘ 12Hz

1.4 ‘ 13Hz
1.5 ——‘
1.6 . - -
o Calibration staircase 15Hz
1.7
1] 10 20 30 40
Time (sec)

Staircase is generated as the output
of electrostatic rotation at different

frequencies.

50
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Output (mV)

1.7
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1.6

—
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=
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o N B~ OO

40
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/
-
-t
/
P
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10 11 12 13 14 15
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,’
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/
/
)
f/
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20 40 60 80 100

Rate ( °/sec)
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Automatic Mode-Matching
and
Quadrature Cancellation

41

A
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Automatic Mode-matching — Maximum ZRO

*  Minimum frequency split happens at maximum quadrature amplitude

A
Ky—mech o Zd—stz—l

. i=1
Wsns =
Mest
1 : { i ; { i i i : !
: : i 0.9
Maximum sensitivity corresponds to
matched condition (Af ~ 0) 0.8 D
i k N
A S LER v )
1 o
0.6
N L NG Lo f o Hos 3
L o o | ot o o
17.40 : i i H E
—a—sense 0.4
------------ : +dr‘ive - < PRRUUUPUO P UUOPUT JOUPURPNS.SUUPUUUUUY AESTRRIR: SEORPRUONS SRR SO 0.3 §
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System Architecture

fons > f4r €nables mode-matching using spring softening through V,

Maxima of ZRO is achieved in a close loop mode-matching system

ZRO
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Algorithm up_, " —
Engine .
DN | Up/
Down
Counter
Software algorithm
V, Stepper

[Sharma et al, JSSC 2009]
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Extremum Seeking Control

Maximize the amplitude of motion along the sense

a4

Perturbation signal at ® modulates the DC control signals for faster

operation
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Automatic Mode-matching — Dual Pilot Tones

Two pilot tones at equal offset from drive-mode resonance frequency
are used to excite the sense mode.

At mode-matched condition, the amplitude of the two tones is equal.
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Mode-matching — Phase-Domain Control

Both drive and sense modes are excited
Phase difference of sense and drive outputs generates an error signal

Low pass filter Mode controller

Mode-matching can be maintained while
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ML
[ = = = e e e - Limiter
1 : = L4
Mode control Posit er
reference input M Od‘? ¥ :"';mﬁn 1 ;
»  maic hmg Frequency tune Sensing mode
loop Sense mode al ' -—
0 el A /A - Mode-matching
. control Drivemode | _ | ' Sense mode
AN S/ signal " ] - control loop
{ﬂ C R oy | it I :\_ -
Drive mode / ol P !f-’ S ey [ I e
excitation signal /,1 / i R, do i ! o
IR B
= £ ey Bzl e i —
> // 44 b Uy
l 74 /A‘ A ol - Wl 4
N [ R Vo
A matching P
Sense mode ( \‘ ;
excitation signal ) e e |
Drive mode | v % |
Drive vgalo:}ty |
oscillation sian » = G |
loop eorgia H

Tech |

[Sung et al, Transactions on Mechatronics 2009]



47

Offline Phase-based Mode-matching

In stationary mode, the phase difference of the sense and drive signals
is kept fixed at 90°

In rate detection mode, mode-matching cannot be monitored anymore

Phase Detector
F, Quadrature
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Open-Loop Quadrature Cancellation

Ideally at mode-matched condition: demodulate quadrature error and
subtract from sense output current
Noise injection to sense front-end

ZRO is not necessarily quadrature-phase!

In-phase component results in offset

Ro ]
~
NI}&\' drive 90°
\ ‘\\
Ce
/ //
90°

Conceptual open-loop
guadrature cancellation

LPF

: Rate
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Closed-Loop Quadrature Compensation

Demodulate quadrature error, and feedback a DC voltage to fix the
undesired gyroscope displacement.

In-phase ZRO term will appear as an offset.

F Quadrature

Quadrature

Motion, y

[Tatar et al, MEMS 2011] Georg|a
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Conclusions

MEMS does the sensing, Circuits do the thinking!

Smart system architecture and careful circuit design are needed to
show the true color of high-performance inertial MEMS technology.

Self-calibration algorithms and architectures are needed to compensate
for environmental effects and long-term drifts in MEMS inertial
Sensors.

Automatic real-time mode-matching and quadrature compensation are
essential parts of interface systems for high-performance navigation-
grade MEMS gyroscopes.
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