
INTORMATION TO USERS

This manuscript hrs bcen rcproduccd fiom tho microflm msstcr. t MI

fihs thc tcxt dircctly fiom the originel or copy srbmitted. Thus, some

thcsis and disscrtation copics arc in typewritcr &cC s'idle othcrs Ely bc

eom any tpe of computer prirtcr.

The qudity of thir rcprcduction b dcpcndent upon thc qudity of thc

copy rubmifrc& Brokcn or indistinct print, colored or poor quality

illustrations and photographs, prim blccdthrougfi $bstadard margins,

and impropcr dignmcrt can adrrcrsely affect rcproduction

In the udikety cvcot that thc author did not scod UMI a complete

manuscript urd there are missing prgcq thcse will be noted- Also, if
unauthorized copyight material had to be rcrnovd a note will indicate

the deletion

Oversize mrrcrids (c.g., mapq drawi4gp, chrts) are reproduced ry
scctioning the origina[ b€fturforg st thc uppcr left-h8nd corner and

cominuing from left to right in equd scctioru with smdl overlaps. Each

origind is also photognphed in one crposrc and is included in rcduced

form at thc back ofthe book

Photographs included in the original roanusctipt have becn rcproduccd

xerographically in this copy. Highcr quslity 6" x 9" black and white

photographic prints are available for any pbtographs or illusratioru

appcaring in this copy for ur addhional chargs. Cortact UMI directly to

order.

TIMI
A Bcll &, Ihycll lfirortoa Coryery

3fl) NotO 2o6 REA Artr &tor MI ltl06-1345 USA
3,f,,n6t17m t00/521{6q'

t
E
E

t
\|9 3Y

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Nintendo Exhibit 1037 
IPR2024-00667 - Page 001



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 002



MicrcmrchinedDual Input A,tis Rate Gyroscope

by

Thor Nclson Juneau

B.S. (Carnegie Mcllon Uniwrsity) t99t
M.S. (Univcrsity of Cdiforniq Bcrtcley) 1993

A disscrtation submittrd in partiat satisfaction of the

requirements for thc dcgrec of

Doctor of Philosophy

m

Enginecring-Mecbanical Engineering

in thc

GRADUAf,E DTVISION

of thc

UNIVERSffY of CALIFORI{IA, BERKEI-EY

Commitec in charge:

Profossor Albcrt P. Pisano, Ch&ir
hofcssorRogerT. Howe

ProfessorR. Horowitz

Reproduced with permission of the copyright ownet. Further reproduc-tion prohibited without permission.

Nintendo Exhibit 1037 
IPR2024-00667 - Page 003



UilI lllnbrr: 9825975

ultfiI Mlqo?orn *26!ng
Copyrl3ht l9S, by IJIII Comprny. All rthtE ru.rred.

Thb nkolom Gddm b prrucd rphd udodrd
copylry undcrlEc 17, Uoltd t*rt6Coda

UMI
300 North ZGGb Rmd
Ann Artor,llltltfO:t

Repro<tuced bvith p€rmbslon of the copynght owner. Further reproduclion prohibited without permission.

Nintendo Exhibit 1037 
IPR2024-00667 - Page 004



Micrmdind Dul InEt Axis Re 65ro0copr

Copyrighr 1997

ThorN. funcau

by

Ropmdued wlth permbsion of the oopyright of,ner. Further roprodudion prohibited wthout pormlssion

Nintendo Exhibit 1037 
IPR2024-00667 - Page 005



Thc N. Juneau is approved:

/ovc9
Profcssor Albcn P. Datc

Datc

12 Dea',br llq?
Datc

-T
T. Howe

6

Pmfcssor Robeno Horowitz

University of California Berkeley

1997

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Nintendo Exhibit 1037 
IPR2024-00667 - Page 006



lll

Tb my Mother, Sistor, aod Fothcr

vho arc both frnily and dcar &ionds

Roprodued wilh permission of the copyright ownsr. Further repoducthn prohibited without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 007



lv
l.Inuoduction I

1.1. Preludc t

1.2. What is a Micromachioed Dud-Axis Ratc Gyroscope? .

1.3. Sunrey of Conventiond Gyroscope Technology .................4

1.4. Micromachined Gyroscope Applications 7

1.5. Survey of Micromachined Gyroscope Dcsigns .9

1.6. Thesis Oufline 11

2. Theory of Operation

2. 1. Mcchanical Stnrcturc

2.2. Simplified Gyroscopc Dynamics

2.3. Resonant Drive

2.4. Coriolis Motion Detection

2.5. Fabricated Prototypes

!.f. $ummsy

3. Mechanical Suucture .................21

L2

t2

L4

t5

l6

r8

l9

3.1. Dynamical Equations of Motion

3. l. l. Kinematic Formulation

.21

3.L.2. Lagraryian Dynamics Formulation

..22

..24

3.1.3. Idcal Linearized Equations of Motion ..................26

3.2. Coriolis Motion Induced by Rarc [nput ......... ......................27

3.3. Mechanical Sensitivity and Mode Matching .......................28

3.3.I. Angular Deflcction Outpnt to Ratc Input ................................28

3.3.2. tmproving Sensitivity Via Modc Marching .30

3.4. Parameuic Modeling of Rotor and Suspension ................ .30

3.4.[. RotorMomentof Inertia ....................30

3.4.2. Quality Factor duc to Rotor Air Damping ..32

3.4.3. Suspcnsion Spring Constants ............34

3.4.3.1. Inside Versus Outsidc Suspcnsion ........35

3.4.3.2. Rotational Spring Constant Derivation .35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 008



v
3.4.3.3. Ratio Bctwecn Scnse and Drive Modc Frequencics 4l
3.4.3.4. Translational Spring Constant Derivation ....... -..... -.42

3.5. Tmproving Sensitivity Via Electrostatic Frcquency Tuning .45

3.5.1. Electrostntic Down Tuning of Scnse Mode Frcquencics ........45

3.5.2. Tuniog Range Sa by Rrlldown Voltage ............46

3.6. Minimum Derccable Signd duc to Brownian Noisc .........52

3.7. Conclusions .......... ......54

4. Elecrical lntcrface and Signal Processing .........55

4.1.1. Electnostatic Comb Drivc .57

4. 1.2. Positive Feedback for Rcsonancc .60

4.l.3.Trans-resistanceAmplifrerDesign ......................61

4. t .4. Phasc-locked-loop Lock-in to Resonance ...............................63

4.[.5. Resonant Amplihrde Control Via AGC ...............65

4.1.6. Quadrature Error ......... ......................66

4.1.7. Feedthrough and Residual Motion Currcnt ..........66

4.2. Coriolis Motion Sensing 68

4.2. l. C-apacitive Detcction of Coriolis Motion 68

4.2.2.lnterfae Circuitry and Signal Processing ............71

4.2.3. Electrical Sensitivity to Rotation Ratc lnputs 73

4.2.4. Elecrical Noise Resolution Limit......... ...............78

4.2.5.Etfects of Distortion .............. ............81

4.3. Fully Inrcgrated SNL Fabricatcd Desigo .........83

4.3.1. Trans-resistancc Amptifier and AGC ..................83

4.4. Electrical System $rrmmryy ......86

.87

88

88

9l

5. Dcsign Tradc-offs and Optimization

5. l. Fabrication Process Limitations

5.2. Performance Constraints

5.3. Indcpendent Design Psramcters and Desigu Tradeoffs

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 009



vl
5.4. Desigu Optimization ...............96

6. Fabrication and Expcrimental Results 99

996.1. Dcscription of Fabricated Devices

6.1.1. Fabrication by Analog Devices [nc. ............ .........99

6.1.2. Fabricarcd by Sandia National [,abs 101

103

r06

tg7

t08

r09

u0
LL2

6.2. Vacuum Packaging

6.3. Description of Test Scnrp .........

6.4. System Idcntification and Paramctcrization

6.5. Performance lVithout Frcquency Tuning

6.6. Performancc With Frequcncy Tuning

6.7. Cross-axis Sensitivity

6.8. hoblems Poscd by Mode Matching

7. Future Directions and Conclusions ........... ......................114

7.1. Projcct Summary tL4

7.2.Wby is Closcd loop Contol Desirable? n4
7.3. Null position Moment Balanciag 116

7.4. Quadraturc Enor Canccllation 118

7.5. Higher l-evels of [ntegration L2t

7.6. Funrrc of Micromachined Gyroscopes ..-..........121

8. Bibtiography t23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 010



vlt

Acknowledgments

I would like to thank dl those who hetped malrc this thasis possible and all thosc who

hclped make this thesis well nigh impossible.

First and foremost, I must thank Professor Al Pisano for his continued $upport and

wise mentoring. The keen insights and guidance of Professor Roger Howe, Professor

Bemard Boser, and Professor Roberto Horowiu are also much apprcciated.

Next, I thanlc my parents for they made me possible which in turn made my thesis

possible. They were always an unconditional source of lovc and support My sister Kara

holds a special place in my heart' for although we live so distant, we have grown so closc.

I would also like to especially thank all my friends, be they in the lab orelsewhere, for

their unmitigated attempts to waylay my research. Folks tike Tim Brosnihan, Arthur

Brown, Bill Clarh Don Devoe, Anna Ison, Kyle Lebouitz, Mark l*mkin, Jon Longtin,

Trey Roessig, and many morc. Although they failed to halt my research, they succeeded in

making me a happier person.

This research would not neiuly as interesting if the gyro had not been fabricatcd.

Judicious praise gocs to thc people of Analog Devices [nc. and Sandia National Labs for

keeping me out of the microlab.

I must thank the BSAC adminisnators Sheila lGlly and Joel Nice for there never

ending patience with procrastinating, technicd types like myself.

Finally, I must thank Uncle Sam because without the National Science Foundation

Fellowship, I would very likely have gone to Stanford. Furthermore, DARPA grants kept

me fed during the Iater years of my Berkcley stay.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 011



Inttduction

1. NtnooUCTION

1.1 PnEupp

Modern aviation, space travel, and navigation would be impossible without

g)rroscopes. Gyroscopes arc used to mcasurc the rotation angles or rotation rates between

a body-fixed axis and an inertially-ftred axis. This allows estimation of pointing direction

or vehicle hcading. In this respect a gyrcscope is akin to a magnetic compais except that a

gyroscope can reference to any direction (not only North) and is not dependent on

magnetic field lines. Whereas a compass may be inaccurate in the face of magnetic

anomalics or helpless in spacc, a shielded gyroscope can provide measurement

independent of outside magnetic environment. Until now, g:froscopes have been bulky,

expensive devices. However, micromachining has raised thc possibility of revolutionizing

the field by providing inexpensive, miniature gyroscopes with good performance.

Conventional macro-technology gyroscopes are large, heavy, and costly. Adding all

support circuitry for operation, fiItering, rimming, compensation, and analog+o-digitd

conversion multiplie.s the volume, the powerconsumption, and the cost many fold. In fact,

t)?ical miniaturc mcchanical and quartz gyroscopes lL), [2] when all mounting brackets

and support circuitry are includcd cost thousands of dollars and require a dozen cubic

inches of volume. More accurate Ring Laser Gyroscopes and Interferometric Fiber

Optical Gyroscopes are even larger and morc expcnsive. Principally, size and cost

drawbacls have precluded gyroscopes from competing in virnrally all high volume

mililry and consumer product fields. Further disadvantages including poor shock

survival, low bandwidths, and excessive power soasumption have further limited

gyroscope usagc. Thc bonom line is that convcntional g]rroscopes cannot meet the

demands of many applications.

Recognizing this unfuIfiUed need, microelectromechanical system (MEMS)

rcsearchers havc pursued the goal of devising a micromachined gyroscopc. The inherent

size, weight, ord power advantages of MEMS should allow micromachined ratc

gyroscopes to fiIl thc void left by comrcntional technology. Batch fabrication utilizing
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Intruduction 2

standard VISI compatible micro6lshining techniques shoutd yield at least an order of

magniude in price reduction. The solid state sensor reliability and robustrress both to

shock and to vibration make microp2ghining eveD more attractive.

The majority of pubtished micro-gyroscop designs are single input a:cis sensors based

on either translational vibration [3], [4] or structural mode vibration [5]. Few of these

designs have been demonstrated in a micromachining process integrated with circuitry. tn

contrast, this research focused on fabricating a dual-axis rate gyroscope using the fully

integrated Analog Devices [nc. (ADD [6] and Sandia National Labs (SNL) surface

micromachining processes t7]. An advantage of dual-a:cis operation is that the two sense

axes are prc-aligued to each other by lithography. Placing interfaee and signal processing

circuits on chip allows improved noise performanco, extreme miniaturization, and

inexpensive manufacture. In addition, integrated surface micromachining enables

multiple sensors on the same substrate. Combining this dual-a:cis rate gyroscope with a z-

axis gyroscope [8] yields angular rate measruement for all orthogonal axes without the

need to align individual sensors. By also adding a uiad of micro-accelerometers [9], [0]
a thumb-nail sized Inertial Measurement Unit (trvftl) with accompanying signal

processing has been rcalized. The micrograph in Fig. l-l shows the final dual-axis rate

gyroscope version as part of an IMU designed by Berkeley Sensor and Actuator Center

(BSAC) personnel and fabricated by Sandia Nationd l-aboratories.

Figure l-1. Micmgraph of the ILIMU sensor anay designed by BSAC and fabn-
cated by Sandia National l-abs.
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Inuduaion

12 Wnlr rs A MrcRoIr{AcErhrED Du.lr,-A:as Rlru Gynoscopn?

As discussed previously, thc principle use of gyroscopcs is to measure orientation,

hcading, or pointing direction. Gyroscopes can bc divided into trvo broad categories. One

category measues oricnation anglcs dircctly, whilc the other carcgory acnrally measures

rotation mte arrd for this second typc truc orientation angles must be estimated indirectly

by integration. Frce Slroscopes or spinning whecl g:froscopes mounted on gimbals are

included in the first dirrct mcasurEment category. Thcsc wcre tbe mainstay of aviation

and navigation for decades [[U. However, tbe advent of inexpensive, minixgurc

computem allowed thc risc of strap<down navigation. The tcrm snapdown navigation

refers to inertial measurcment units which have no $Ebd mountcd Eyroscopes, but rathcr

use non-gimbal ratc gyroscopcs. This computationdly intensive method uses rate

gyroscopes of the second broad category. h essence, the angular rate measurements from

rate gyroscopcs arc intcgrated to estimate orientation anglcs. Although this approach

rcquires morc computation, advantagas in gyroscopc cost aad rcliability have allowed

strapdown navigation to become dominant in many aprplications. Some applications,

Z-Ar<is

X-Ar<is s

Figurc l-2. Pcrspective view of tlu micrumachined dual-axis mtc gymscope fab-
ricated on a computcr chip.

3
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Introductioa

such as pladorm stabilization and missile guidancc, require angular ratc in addition to true

orienation angle rcn&ring ratc gyroscopcs thc natural choicc.

Micromachine technology lends ieelf well to the fabrication of strapdosrn rate

gyroscopes. Fabrication of rotary micromachines with long lifetimc, low-friction bearing;s

is exceedingly difflculg so a free g)rroscope or spinning wheel gyroscope which measurcs

orientation directly was not attempted. Instead a spring mounted, vibratory gyroscope

rcquiring no bearing was developed. This rcsulted in a rate gyroscope which measured

angular rate in degrces/second [2J, [3]. To achieve dual-axis operation, the circular

mechanical sensor was desigued to have trvo identical axes. This allowed simulaneous

measurernent of rotation rate about the nro axes parallcl to the subs8ate. The final rcsult

of this work was a fuIly functional micromachined dual-axis rate gyroscope with

accompanying support circuitry fabricated on a signal single silicon substrate as shown in

Fig. l-2.

1.3 Sunvnv oF CotwENTroNAL GyRoscopE lEcmror,ocy

Conventional g:Froscope technology ranges from high-end inertial navigation

instnrmcnts to low+nd consumcr producs scnsors [14]. This diversity in performance

and operational requirements has spawned a vast diversity in gyroscope technology.

Spinning wheel, vibrating trning forlg solid statc laser, and magnetohydrodynamic

gyrcscopes are but a few examples of prcsent technology. Unfortunately, what almost all

these technologies have in courmon is high cost, large sizc, and apprcciable power

466umption.

The first technology developed was thc purely mechanical spinning wheel gyroscope.

Mechanical gyroscope designs span the cntire pcrformancc range from nuclear submarine

navigation to simple coilnrner products [11]. Typical tactical grade spinning whcel

gyroscopc madc by Humphrey [lfl and Allied Signal [6] have performance in the range

of dcgrccs per hour bias stability. As the nalnc suggcsts, spinning whecl gyroscopes have

a gimbal-mounted inertial whcel which spins at a high rate often above 10,000 RPM. Due

to conscrvation of angular momentum, thc spinning wheel will anempt to remain pointed

4
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Intrdrction

in a constant direction dcspite thc arbitary motion of thc gyroscope housing. Measuring

the angle betrveen the spinning wheel and the outside housing which is mounted to the

vehicle gives the rrehicle heading or attitude. Maoy variations on this rheme exist,

including force balanced rate gyroscopes and dynamically hrned gyroscopes. The highest

performance gyroscopes are still mcchanical in the form of electnostatically levitated solid

metal spheres used in nuclear submarine uavigation. Tte keys to mechanical gyroscope

manufacture are precision machining, low friction bearings, extremcly fast spin speeds,

highty stable force transducers, and elecrical compensation. All these rcquirements

increase size, cost, and power consumption.

Most military and cornmercial inertial navigation systems rely on either ring laser or

interferomeric fiber-optic gyroscopes instead of mechanical designs. Both approaches

are based on clockwise and counterclockwise laser light experiencing rotatiou, but the

underlying physics is difrcrent for each type tl ll. Highend applications gencrally

incorporate ring laser gyroscopes in which counter-rotating laser beams have different

laser cavity lengths due to rotation of the entire assembly and hence differcnt light

frequencies. On the other hand, navigation in the I nautical mile per hour range often

incorporates inrcrferometric fibcr-optic gyroscopcs for this type is bcginning to challenge

nadition ring laser g:froscopcs in rcrms of accuracy [l7J. These instruments operate via

thc Sagnac effect where idcntical, counter-rotating laser beams have differcnt travel

lengths and are thercfore out of phase when rerombined. Hence tbe name interferometric

because the phase difference benveen the npo l6sE1!6nms crcates an interfercnce pattcrn

which can bc measured. Both lascr gyroscope types arc well cstablishe{ but arc far from

incxpensive and miniaturized.

Perhaps the most unconventional gyroscope is the magnetohydrodynamic rate sensor

sold by Applied Technology Associatcs [8]. An annulus (doughnut shapc) of highly

conductive fluid is placed in a magnetic 6eld. During rotation, the rclative motion

between the conducting fluid and the maguetic field creatcs a voltage measured by nrro

electrodes which form the walls of the annulus. The sensor has good wide band noisc

performance; however, intcractions between the conductive fluid and back electromotive

5
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Intruduction

force roll off scnsitivity below L Hertz confining usage to dynamic and short duration

applications.

Rccently, thcrc have bccn great sfides towards developing inexpensive, miniatur.izcd

EyroscoPes. Sysfon Donner manufactures a novel vibrating nrning fork gyroscope

fashioned from quartz [l]. This relatirrely small tactical gyroscope is rrery robust and

incorporated in mauy miliagy applicatioas. One of thc 6rst gyroscopes developed for the

consumer market is the Murata piezoelecric vibrating gyroscopc [9]. This gyroscope

provides performance of 3 o/second at constant tenperatue. Another company namcd

Gyration has developed a spinning wheel gyr,scope costing less than $20 in quantity for

use in 3-D computer mice and presentation pointers [20]. This has not been an exhaustive

list of technology, but rather a summary of the most common approaches. A comparison

of performance versus cost and size is summarized by Fig. l-3. As always, the price of

higher perforurance is higher cost and largcr size for conventional macro technology.

6
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Itttro&rction

All of the abovc rcchnolory is wanting in terms of size, cost, power const'mption, and

performance. The advent of silicon micromachining allows the possibiliry of developing

gyroscopes which are miniature, inexpensive, and low power yet exhibit adequarc

Pcrformaoce. Currently, no silicon micromachined gyroscopes are commcrcially

available. However, firms around the globc iocluding Delco [22], samsunglz3l, Murata

1241, and Bosch [25] to naure a few havc published rescarch rcsuls involving

micromachined gyroscope development. As Fig. l-3 depicts, the micromachincd dual-

axis rate gyroscope described in this thesis is in the commercial and high volume militsry

application range of [ "/second. The next generation BSAC developed sensors using a

new SOI-MEMS [29] technology are projected to reduce bias noise to near the tactical

inertial sensor level of l0 olhour. A Bay Area based company Integrarcd Micro

Instnrments intends to commercialize performance g:froscopes and accelerometers using

this type of technology. But thc question of whether therc is a market for such technology

must be answered. As the next section de.scribes, thcrc appears to be a gigantic funre

market for micromachined gyroscopes.

1.4 MrcnorncgrNtD GynoscopB Appurclrroxs

The serious drawbacks of conventional technology iwite micromachine technology to

supplant conventional gyK,scopes in many present application and to provide enabling

technology for ncw applications beyond the capabilities of present designs.

Micromachine sales alc experiencing explosive growth. Market surveys by Systems

Planning Corporation [3U and Semiconductor F4uipment and Materials International t32]

forecast annual growth of 507o-60% a year compounding to a $10 billion market by the

year 2000. Both markct surveys expect thc inertial micromachine segmcnt to encompass

roughly 2O% of this huge, fast growth market. The marlret is very broad, ranging from

automotive to aerosPace. Market niches exist for single sensors, multi-sensor modules,

and full micro-inertid measurcment units (pIMUs). Markets conducive to

micromachined gyros deuand low cost and small size while rcquiring only low to medium

performance. A recent Samsung paper [26] projcctcd that micromachinsd ssgglsrometer

7
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Intmduction 8

and gyroscope sales will grow to $700 milliep for the automobile markeg $500 million

for the con$rmer clectnonic martag and $300 millisn for the indusrial market by the year

2002.

The strong Department of Defcnse support for MEMS research stems ftom the many

vital applications spanning all branchcs of the military [33]. Micromachincd gyroscop€s

could dramatically rcduce thc purchasc prices and launch weight of short flight tactical

weapons such as smart bombs and tactical missiles. One of the most promising

applications is augmented Global Positioning System (GPS) navigation. Couplcd with

GPS, iuertial sensors will provide backup in thc face of enemy jamming and satellite

blockage by buildings or rcrrain [34], [35]. ]Vhile GPS is fully functional, offsets and

scale factors of thc inertial sensorc can be calibratcd. Many applications such as pladorm

stabilization, anteona pointing, and auto-pilos require less stringent drift pcrformance

couu[ensurate with micromachined gyroscopcs. Finally, the robustncss and low cost of

solid-state sensors can facilitate munitions safing, arming, and fusing [33].

With 470 million c:us on the road and 50 millisa cars annually sold world-wide, the

automobilc market promises to be thc largest inertial MEMS market segment. A growing

number of automobile manufachuers are switching to silicon micromachined

accclerometcrs such as the Analog Dcvices AD)G-50 1361, 1371. Micromachined

gyroscopes will enable safety advances such as affordable active suspension, adaptive

anti-skid, and anti-roll over options [38]. Pcrhaps morc importantly, computer map

marching and navigatiou systcms using gyroscopcs for dead reckoning arc arriving on the

market. In facg more than million automobile navigation systems have been sold in Japan.

Another potcntially high volume market is consumer elecEonics [39]. For years

virtual rcality has been heraldcd as thc next geat entertainment leap. Yet without

miniature, inexpensive sensors to measurc hcad orientation, the market has not bcen

ignitcd. Micromachined gyroscopes with magnetic update to cancel drift could change the

industry. Some conventional gyroscopc producs are already on the market. For example,

the firm Gyration has a line of 3-D computer mice and presentation pointers using an

inexpensive gyroscope which could bc replaced by higher performance micromachined

gyroscopes [20].
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Space exploration and commercid satellitc 6elds are also ripe for MEMS tyroscope
usage [41]. Incrtial scnsors are crucial for spacccraft missions. Attitude correction,

runeuver control, tumble recovery health monitoring, and large strucnup stabilization

can all be implementcd using accurate inertial measurcspnts from micro-gyroscopcs [20].

Inertial senson allow stabilization and pointing of instruments such as camenas, antennas,

solar panels, and dctectors. Futurc high pcrformance incrtial sensoni could provide

bactup and "fill in the gaps" during Global Position System (GPS) outages due to physicat

or electrical interference, sunsensor loss duc to solar eclipses, and star trackcr down time

betrreen star acquisitions. As with all space technology, inertial sansor sizc, weight, and

power consumption must be ninimized. Every addcd watt of power requfues addcd solar

panel area which in turn adds morc weight and cost. The need for miniature sensors is

accenhnted by the goal of designing microspacecraft which are several orders of

magnitude smaller and cheaper than present generation spacecraft exemplified by Galileo.

Many of these applicuions do not require inertial navigation grade scnsors but rather

rcquirc tactical grade sensors. Gyroscopes with [-10 o/trour bias stability and

accelerometers with 10-100 pg stability arc adequatc t401. tn sunmary, there is a clear

and prcsent need for MEMS gyroscopes. This need has sparked prolific research as the

next section reveals.

I.5 Sunvny oF MIcRoMAcEINED GynoscopE DEsIGNS

Therc are a numbcr of research centers investigating silicon micromachined

Syroscopes. Each group has different design philosophies and fabricati6ll jschniques.

Most work has focused on variations of surface micromachining with strustual films

between 2 end 20 ttm thick Thc basic opcrating principlc of all vibrating gyroscopes is

based on the generation and detection of a Coriolis acceleration. For a Coriolis

acceleration to bc gencrateq a proof mass must be put in motion. Thus far,

micromachined whecl bearings have displayed inadcquatc lifetime, so most designs utilizc

spring mounted vibratory motion. Somc of thc B?ical proof masses for micromachanicat

9
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Figure 14. Silhouettes of conmon micrumachined gyroscope designs.

gyroscopes are pictured in Fig. 14. These broad typas include translational nrning folk,

rotary disk, ranslational shuttle, stnrcnrrd mode fog, rotational X-shape, and

Eanslational X-shapc. Because the automobile market offers massive sales volume and

requires only low pcrformancer most res€arch has focuscd on micromachining automotive

grade glnoscopes.

Drapcr Labs was the fust organization to develop a micromachined gyroscope [,14].

Morc recent Drapcr Labs designs include a tuning fork grroscope [4] developed for both

the automotive and aerospace market sevcral years ago, but the silicon on glass fabrication

pr,cess used is not conducivc to circuit intcgration and comnercialization has becn slow.

Delco automotive has invested in a vibrating ring dcrived ftom the "urine glass" gyro for

the automotive market 1221, tsl,l2ll. This dcsign has good anenuarion of undesirable

ranslation and rotational disturbances. However, this excellent robustness also results in

relatively low sensitivity making improvement to inertial grade performance difficult.

Scvcral lapanesc manufacturers including Murata [24] and Matsashita [45] have published

gyrrscopc announccments involving both translational shuttle and translational X-shape

desigus. Again these are aimcd directly at the low accuracy, high volume automobile

market. The Jet hopulsion [,ab has produccd a novcl mtational X-shapc g:froscope with a

brass pillar for added inertia [a6]. This gyroscope has exhibited fine drift trrcrformance,

but the gyroscope is not dcsigned for mass production and the lack of circuit intcgration
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rcsults in automotive grade noise performance. William Clark at the Berkeley Sensor &
Actuator Center has also developed a fully iorcg"t"{ uanslational shuttle-type

microgyroscope which mcasru€s rotation rates perpeodicular to the substrate [3J. This

d€sign ports naturally into high aspcct ratio processes and is thc basis for commercial

gfroscope dcvelopmcnt by lntegrated Micro Instrumcnts. A similar shuttle design was

rcported by Samsung [23]. Although this is clearly oot :Itr cxhaustive list of reseatchers,

the most neccnt and most common typcs of micromachincd gyroscopes have been

prcscnted.

The micromachined dual-axis rate gyrcscope presented in this thesis urilizes 3

rotationd disk proof mass [47]. Ttris design is first mentioned in a 1992 intemd BSAC

document [48] wrinen by Per Ljung and Albcrt Pisano. Thc circular design is the key to

dual-axis operation. Due to quad symmetry', the two orthogonal axes parallel with the

substrate are identical. This allows simulaneous measurcment of rate inputs about these

two identical axes. As discussed in later chapters, this rotational disk design has many

advantages stemming form the circular proof mass.

1.6 Tfsrc Otm.wp

This thesis is divided into scven chapters. The first chapter is of course the

introduction which motivates the rcscarch and provides an outline for the rest of thesis.

The second chapter describes tbc general theory of opcration and ovcrall system

architccturc. The following threc chaptcrs dctail aspccts of thc gyroscope design. Chapter

Three discusses the mechanical strudurc design. The electrical interface and signal

processing are explained iu Chaptcr Four. Thc key mechanical and clectrical dcsign issucs

arc brought togcthcr in Ctaprcr Five which explores system wide desiga trade-offs and

optimization. Next, Chapter Six discusscs the fabrication plus the expcrimental methods

and results. As always, therc are somc performance issucs stcmming from the opcn loop

operation of the original protot)?es. The final chaptcr projects solutions to these

impcrfections and provides conclusions to bring tb &esis to a closc.
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Theoty of Openttion

2. IEOny OF OPERATION

t2

The classical mechanical gyroscope relies on a spinning whecl or rotor exhibiting

gposcopic motion in the form of Coriolis accelerations [1]. Unfortunatcly, fabricating

microscopic, low friction harings necded for this classical approach is challenging.

lnstead, this thesis prssents a rotor mounted on springs ratber than bearings. Hence, the

rotor motion is a countercloclorise and then cloclctrise angular oscillation rather than a

constant spinning motion. This oscillatory motion still orhibits gyroscopic dynamics

which can bc used to measlue angular rate.

2.I MTcmmcALSTRUcTT,RE

The vast majority of micromachined gyroscopes v* trarclational displacement

motion. In contrast, the dual-axis rate gyroscope discussed hercin is driven iato rutartonal

oscillatory motion. The proof mass is acrually an inertial rotor comprised of a 2 pm to

2.3 pm thick polysilicon disk. As depicted in Fig.2-1, this inertial rotor is suspended

1.6lrm to 2 pm above the subsnate by four symmetrically placed beams anchored to the

Z-axis

Resonant Drive

Anchor

Spring
lnertial
Rotor

Suspension

Substrate

X-axis Y-axis

Figure 2-1. Conceprual illwtration of the meclunical setuor element for the dual-
axis rate gyroscope.
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Tluory of Opcraion 13

substratc. The beams provide a torsional suspension allon ing rotational compliancc about

all three axes. The polysilicon thickness and inertid rotor height above &e substratc

vaded depending on thc snrface micrormachining process used

The basic operating principle of all vibratory gyroscopes relics on the generation and

detection of a Coriolis acccleration. In gyroscopic dynamics, tler€ is a distinct motion

about all three orthogonal axes. First, the proof mass is put into oscillatory motion about

the z-axis pcrpendicular to tbc substrate. Oncc in motion, the proof mass is sensitive to

angular ratcs induced by the substrate being rotated by outside forces. This input rotation

rate is on a second axis (say the x-axis) perpendicular to the first &ive axis. The input rarc

induces a Coriolis accelcration about the third axis (y-axis) which is perpendicular to both

thc z-axis drive and thc rate input x-axis. This Coriolis acceleration induccs a Coriolis

motion with an amplitude proportional to thc augular rate of the substrate. Detecting thc

Coriolis motion induced by the Coriolis accelcration allows the original rotation of the

gyroscopc to bc inferred.

The key to dual-oris operation is the circular sFnmetry of the device. The

mechanical sensor is identical about the x- and y-axis in the planc of the substrate. When

the inertial rctor is resonating, any rotation rate of the substrate about thc x-axis will

Z-Axis Resonant Drive

x )q
X-Axis Substrate y-Axis Coriolis
Rotation Rate lnput Tilt Output

Figure 2-2. Conceptual viat of the Coriolb tilting motion fuwoked by rutation of
the substrate.
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Theory of Opcmtion l4

induce a Coriolis angular acccleration about the y-axis which in turn induces a tilting

oscillation of the rotor about the y-axis. Because the mcchanical gyroscope is symmetric

in nro orthogonal arrcs, any rotation rate about the y-axis likewise invokcs a tilting

oscillation about the x-axis, thereby allowing dual-axis rotation rate measurement. Hence

the rotation rate about both these aJ(es can be measured simultaneously rcsulting in a dual-

a;cis rarc gyroscope. The axes arc orthogonal, so the small tilting deflections associated

with Coriolis motion will not mix or combine. However as the Chapter Six rcgarding

experimental results Eports, the designer must be vigilant to ensure low cross-axis

sensitivity. The concepual illustration in Fig. 2-2 shows the out of plane tilting motion of

the inertial rotor in response to a rotation rate input.

2.2 Snarrrnpo GvnoscoPn DYNAMTcS

These intuitive dynamics are rcflected in the simptified dynamics of gyroscopic

motion. The linearized, first-order dynamics are described in Eq.2-l and F4.2-2 where

o,, and ay are Coriolis accelerations foreach axis, O, *d g are the input rotation rates to

be measured, and 6. is the resonant drive angular rate.

X-exs: &x = 2 -0r-0. (2-l)

Y-axs: dy = -2.Or.6. (2-Z)

The Coriolis acceleration is proportional to the product of the drive motion and the

input rotation rate to be measured. As discussed earlier, the drive motion is an osciUation

at the natural frequency <o" of the drive axis. Thereforc the tilting oscillations about the x-

and y-axis are at the same fr,equency as the rcsonant drive frequency ol.. These tilting

oscillations are amplitude modulated signals with amplitude proportional to the respective

rotation rate inputs. Therefore, the rotation rate can be infened by measuring the rotor tilt

oscillation and demodulating this measursnent at the resonant drive frequency.

This is very much likc amplitude modulatcd (AIvt) radio. The dual-axis rate gyroscope

oscillation &ive frequency can be thought of as the radio station frequency. At the

broadcast station, the sound is modularcd with the station frequency and transmitted.
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Theory of Operation l5

[.oud sounds have large osci[ation amplitudc, whilc soft sounds have small amplitude. ln

thc gtrrroscope, this is analogots to large rotation ratc inputs gencrating large amplitude

inertial rotor tilt, aad small rate iuputs gcncrating smdl tilt amplinrde. A listener uses a

radio rcceiver to pick up and demodulatc the station signal, lcaving the origind sound or

music. For the dual-axis rate Eyroscope, scnse circuitry measurEs the rctor Coriolis tilt

motion and demodulates, leaving a voltage signal proportional to the original angular rate

input.

For an AM radio receiver to operate, the radio must be tuned to the proper frequency.

A similar analogy exists for of vibratory gyroscopes. Performance can bc much improved

by matching drive oscillation frrequency with the nanual frequencies of both sense aJ(es.

This is because the gyroscope sense axes have large rcsonant peaks, so scveral orden of

magnitude improvement in sensitivity is gained through matching modes. This is

analogous to tuning a radio rcceiver until the best rcception for a particular station is

found. In a gyroscope, runing using electrostatic force is used to "down-tune" (i.e., reduce

the nanrral frequency) both sense axis natural frcquencies until they nearly match the drive

frequency. The principle drawback of clectrostatic tuning is thal mechanical shock

survivability is reduced due to the electrostatic attraction from tuning voltages. With the

basic dynamics illuminate4 thc problcm of actually setting the gyroscopc in motion and

sensing Coriolis tilting can be tackled.

23 RrsonAr.rr Dnwp

There can be no roufion rate sensing unless the inertial rctor is driven into rotational

resonance. This task is accomplished using a highty linear elecuostatic comb drtvc [49].

Pairs of alternating differential combs, half of which are drive and half of which arc sense,

can be s€en surrounding the rotor in Fig.2-3. A voltage difference between the inertial

rotor and the stationary drive combs around thc rotor circumference induces attractive

elcctrostatic forccs on the rotor. By varying this voltagc difference, altemating clockrrisc

and counter cloclorise moments can bc eplied to thc rotor thereby exciting oscillation.

The kcy to exciting oscillation is to usc this drirc Eomcnt to canccl out thc natural air
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Drive Combs

Rotational
Drive

Sorino
SirspEnsion

lnertia
Rotor

Figure 2-3. Diagmm of thc rutational nesorrance drive scheme. Sense and drive
elccnosmdc cotnbs are uscd h conjrmction with a trans-nesistance
anpltficr a inducc self oscillation.

damping of the rotor. With no damping, th system becomes nnstable and the inertial

rotor self oscillarcs at its nanrral frequency. A differcntial trans-rcsistance amplifier (i.e.,

current-to-voltage converter) measurcs rotor rotation rate using the scnse combs and

provides positive fecdback to thc drive combs to effectively cancel viscous damping [50].

Since the amplinrdc of rcsonance directly dcermincs the scale factor, an automatic gain

control loop is uscd to ensure constant oscillation amplitude [51J. The details of resonant

drive and amplitude conuol are saved for Section 4.1.

2.4 Conror,rs Morrox Dptucuox

With the rotor in oscillatory motion, thc gyroscope is scnsitive to substrate rotation

rates. As previously notc4 a rotation ratc input induces a Coriolis accelcration, which in

turn induces a tilting oscillation. Using a difrcrcntial capacitance measucment scheme to

detect the tilt oscillation amplitudc, the orieinal rotation rate input can be infcrred. In

Fig.24 is shown the rotor with an underlying pair of quadrant shaped elecnodcs. These

elcctrodes form a capacitive dividcr with the incrtial rotor. If thc rotor tilts about the axis

perpcndicular to thc page, then thc capaciuncc of one sense capacitor increascs while the
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Thcory of Opcmtion t7

capacitance of thc other decreascs [47]. This diffcrential change in capacitance is dctccted

via an intcgrator electrically connected to the incrtial rotor in conjunction with a

modulated sense voltage applicd betwecn the pair of quadrant shaped electrodes. If the

scnsc capacitors arc equal, then the modulation voltagc causes charge to flow betrreen the

sense capacitors with no charge escaping tbrough the inrcgrator. If the scnse capacitors

arc unbalanced due to incrtial rotor tilq then somc charge flows through the integrator

producing an measuremcnt voltage proportional to tilt displacemcnt and modulated at the

sense voltage fr,eguency. Hence, the Coriolis motion is mcasured and the desired input

rotation rate ureasureurnt can be derived through signal proccssing.

Dual-axis opcration is achierrcd by placing four quadrant-shaped electrodes beneath

thc rotor. This allows Coriolis tilt detection about both orthogonal orcs. A different

voltage modulation frequency is used for each pair of scnsc elecuodcs thereby allowiug

thc signal processing circuitry to discriminate betwecn the two axes. Separate

demodulation circuits for each sense a:cis providc nro voltagc outputs proportional to thc

X-axis Rate

Y-axis Rate

Rotor

cs

Sense
Electrode

Modulated Sense Voltage
Figuru 24. System laul schenutic of the Coriolis tilt motion sense clectrunics for

a single axis.

cs

lntegrator
Signal
Processing
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two angular rate inputs. The ouput voltages must be demodulated twice: fint a

demodulation rcmovcs the sensc modulation frequency, and second a demodulation

removes the drive resonant frrequency leaving the base band rate input measurcments.

2.5 Flrnrclrm horortpps
ln order to pro\re dasign concepts, protot,?e.s of the dual-axis rate gyroscope werc

fabricarcd in trro difercnt integrated 6isromaghining processes. One set of dual-axis rate

gyroscopes was fabricated using the ADI BiMEMS process [6], while a second set was

fabricated using the sandia National Labs (SNL) experimental process [7]. The

micrograph in Fig 2-5 shows the first working dual-axis rate gyroscope which was

fabricated by ADI. The ADI design included minimd interface circuitry and no on-chip

signal processing.

After the completion of the ADI desigU, an entirely new design was completed using

SNL as a foundry. The SNL process provided advantages such as improved structural

polysilicon, highcr density interconnect, and smaller minimutrl circuit sizes. This allowed

bener mechanical structurc opfimizatisp and added electrical functionality in tcnns of on-

Figure 2-5. Micrcgraph of the first gercration dml-axis gyroscope fabricated
by Analog Daice*
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chip signal processing and closcd-loop feedback elecuodes. The obvious differcnce

betwecn the designs in each tcchnology is that the ADI versions had the drive combs and

beam suspension on the outside of the inertial rotor, where as the SNL version had the

drive combs and beem suspcnsion on the inside of the inertial rotor as shown in Fig. 2-6.

The reasoning behind these design choices is detailed in Section 3.4 regarding inertial

rotor and suspension design.

Figure 2-6. Micrugraph showing tlw Sandia National Labs version of the
dual-axis rate gyroscope.

2.6 Suttuvnny

This completes a brief overview of the gyn,scope system architecturc. The following

two chapters give details regarding the mechanical stnrcture and the electronics. Design

optimizsli6s depends on both mechanical and electrical aspects. Thereforc, only after

these aspects are described can Chapter Five discuss desrgn optimiza6en. After the dual-

axis rate gyroscope is described in detail, the experimental resuls of several fabricated

devices are discussed. In particular, the matching of natural frequencies via suspension

desigu and electrostatic frequency tuning is explained. Marching modes provides
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cohancd nolcc pc,rfororre, but also dccrcascd scalc frctor stabi[ty and dynamical

performencc. Soluions to fuG ditrcriltics are cxplored in Chaptcr Ssrnn rqamiog

closcd loop coatrot ad fuaue dircctions.
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3. Mpcnarucu, StnucrlrRp

This chapter de.scribcs the mcchanical stnrcture in detail. As the prcvious chapter

mentioncd, the mechanical stnrcture is comprised of an inertial rotor sccurcd to thc

substrate by four symmetrically placed lsams. The derivation of systcm kinematics and

in tuu the system dynamiss arc sunmarizcd. Thc undertying dynamics providc the

foundation upon which the cntire scnsor design is based. In particular, the dynamical

equations rcveal how Coriolis accelerations can bc created and thcn dctected. The

mechanical scnsitivity to angular ratc inputs is derfircd and the method of frequency

matching to grcatly enhance scnsitivity is highlighted. Witb the governing equations

formulated, ancntion is focused on the physical design of the inertid rotor and attached

four beam suspcnsion. The dynamical parameters such as momcnt of inertial, darnping,

and spring constants must be rclated to actual sEucturc geometry and material

characteristics. The electrostatic fine tuning of sense axis ft,equencies vital for cnhanccd

mode marching is explained with focus placed on deriving maximum nrning range.

Finally, the absolute minimum detectable signal limit due to Brownian noise is explored

Optimization of the mechanical stnrcturc is closely coupled with theelectical design. For

this reason, the actual choice of all mechanical dimensions is left until Chapter Five:

Design Trade-offs and Optimization which follows Chapter Four: Electrical Interface and

Sigual Processing.

3.1 Dy:la,rrrcAL EeuATroNs oF Morrox

The litcrature devoted to gyroscoPc dlmamiss is truIy vast. Rather than repeat

previous work, this dcrivation will srrnmari2s the key steps tbat lcad to the ideal,

linearized equations of motion Thcory and cxperimcnation have shown that deflections

arc rathersmall and within the range of linearapproximation. This level of approximation

is impcrative for design as thc full nonlinear equations of motion become unwieldy. A

more detailed description of the dual-axis ratc g:froscopc dynamics can bc found in thc

doctoral thesis completcd by P. B. Ljung [52].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 032



Mcchoical Strucnn vt

z

v

Figurc 3 - I . Euler coordhutcs uscd to defiw inenial rotor position with rcspect to a
fued incnial rufcnnce dxes.

3.1.1 Kinematic Formuladon

thc first step in developing the dynanical equations of motion for any system is to

deEnc coordinatcs which fully characterize thc kinematics of thc systerl These

coordinates are not unique, but cvcry effort should bc made to choose a set of coordinatcs

which simplifies thc problem. As discussed in the introduction, the micromachined dual-

axis gyroscope is comprised of an inertial disk mounted upos a four benm suspension

which allows rotation about all threc axcs. This suspension is dcsigned to attcnuate

translational accelerations by placing ranslation nanrral ftequencics far from rotation

natural frequencies. Hence, the sysrcm can be satisfactorily modeled using only angular

rotation coordinates with thc assumption that the incrtial rotor stays ccntercd. Three

rotation coordinates arc needed to rncasurc the inertial rotor position with respect to the

substrate. The conventional Eulcr anglc coordinates werc uscd [53J. As is shown in

Fig.3-1, the tilrcd plane on which the incrtial rotor spins can be defined by the first nro

standard Euler coordinates $ and V, whilc thc rotation angle of thc spinning rotor about the

z-axis can bc defincd by an angular coordinarc 0. Ihc 6rst angular coordinate Q mcasures

v'

0

Y
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the rotation angle about the x-axis. Next the coordinates r[ measures the rotation angte

about the pivotcd y' axis. Thesc two coordinates define a plane in which the rotor spins,

and the last coordinate 0 measures the rotor spin angle about the z' axis.

Dynamical equation formulation requires the time derivative of angular coordinates,

so the angular rates must bc tackled next. Thc total system kinetic energy is a function of

total body angular rate with respect to inertial space. Although rotations arc not vector

quantities, angular rates are vector quantitics and so superposition holds. Thereforc, all

sources of angular rotation rate can be transformed to one set of coordinate a:(es and then

summed to producc total angular rotation rate. This sumnation includes the angular rate

of the rotor relative to the substrate plus the angular rate of the substrate relative to fixed

inertial space. Normally, dl rates are referenced to the body centercoordinates. Thc body

center coordinates arc fixed in the body such that moments of inertial do not change with

respect to the threc axes. This is vital as variable moments of inertial are to be avoided.

The inhercnt syumetry of thc circular rotor allows some simplification. The motion of

inenial rotor is constant at cvery angle about the z'-axis, so purc body centercd axes are

not required. Instead, a set of constant momcnt of inertia axcs denotcd x', y', z' are used.

The first srcp in developing total angular rate is to find the angular ratc of the rotor relative

to the substrate in terms of the tbree angular coordinates. The angrlar rate vector due only

to coordinate changes, denoted by 6, is given in Eq. 3-1. These are derived by converting

rotation rate vectos 0, ,ir, 6 into the x', y', z' coordiaates [53].

'=[d=L".r:J (3-1)

Ncxt, the angular rate of the substate rclative to incrtid space must bc derived and

converted to constant moment of inertia coordinates. [n general, the rotation rates the

dual-axis gyroscopc is to measurc are referenced to thc substrate. These angular rates are

relative to inertial space but are referenced to substrate coordinatcs X, Y, Z. Hence a

rotation matrix must be derivcd to convert all vectors in substrate fixed coordinates to the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 034



Mcchonical Stttcun 24

constant moment of inertia coordinates x'y'z', The matrix is given in Eq. 3-2 and can be

derived using simple rigonometry.

(3-2)

Deriving the total angular ratc vector for the inertial rotor rcquires summing the angular

rates relative to the substrates O with subsEate angular ratcs relativc to inertial space

Or, Oy, O.. The substrate rates are converted to constant moment of inertia coordinates

via the rotation matrix O. This conversion and summation are embodied in Eq. 3-3 where

O is the vector describing substrate rotation rates (lr, fly, Oz about respective substrate

ixe.s.

ol = Gl+@O (3-3)

Hithcrto, only the kinematics of the rotor have been discussed. OnIy geometry and

calculus has been used to derive vector quantities need for dynamical modeling. Now at

last, dynaurical modcling can begin.

3.12 Lagrangian Dynamics Formulaflon

Once a suitable set of coordinates has been settled upon, the equations goveming

dynamics can be derived. The Lagrangian mcthod is a system energy based technique

which provides the full equations of motion. This is a very systenatic procedure which

requircs only the kinetic energ;F, potentid energy, and energy loss scalar functions as a

starting point. Thcse quantities are derived beginning with the kinetic energy T. The short

hand matrix form of the kiqgtis encrgy is written in terms of the idcal diagonal inertial

matrix I and the totd angular rotation rate voctor of the rotor. The elements of I represent

the angular moment of inertia about the respective axis subscript [54].

lC r trl, -Sizgsizqr -CosQSizy]O=lO Cosg SinQ I

lsinry -SinQCosry CosqCosryJ
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fao ol

'=f; 'r:) (34)

r = lt '.r.or) (3-5)

Next, an approrimatc potential encrgy function must be settled upon. Since the angular

dcflcctions are cxpccrcd to be quirc small (less than one degree), the assumption of lincar

suspcnsion spring cocfficicnts is jttstified. pqs 5implicity, the spring cocffciens are

assumed to be uncouple4 but coupling will be added later in Chapter Six. This rcsults in

the approximate potcntial encrgy function V grven in Eq.3{ with IQ; representing the

spring rate coefficients of each respective axis.

v = ){x-qz + Kryz + Krro21 G-5)

Now the energy loss due to viscous friction must bc accounted for. Tlpically, an

approximarc Rayleigh dissipation function must be used. Again, fss simplicity a linear

viscous damping term is assumed wittr thcresulting Rayleigh dissipation function R given

in Eq. 3-7. The damping force is assumed to be proportional to rotor angular rate relative

to the substrate Gl and a viscous friction coefficients Ci; foreach axis [53].

n = |tc* qz + cuyz + cu621 G-:l)

With all nercessary scalarenerry functions derived, the mcchanics of l,agrangian dynamics

can be used to reveal the equations of motion. Fint, the Lagrangian L is forrred from the

kinetic and potcntial energy frrnctions.

L = T-V (3-8)

Secon4 Lagrange's method coupled with the Raylcigh dissipation function R is used to

produce the equations of motion. This produccs thc tbrec nonlinear, coupled equations of

motion. Tte left hand side of each equation models thc gyroscope dynamics, while the

right hand side rcprcscnts the cxtcrnal torqucs. The right hand side is zcro for the x- and

Reproduced with permission of lhe copyright owner. Further reproduction prohibited without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 036



Mechanical Stntcnre 26

y-axis because there are no extemal torques of inrcrest. In contrast, the z-axis has rotor

drive torque M, which induces rotor oscillation [53J.

*&)#*#=o

#;**ffi=o
#hs,)-3t*3f =,,

(3-e)

(3-10)

(3-l 1)

3.13 Ideel Lineufued Equadons of Motion

Unfornrnately, the dynamical equations produced are nonlinear, coupled, and lengthy.

As such they are wholly unsuitable for design synthesis. However, the assumed srnall

motions allow linearization which results in thc much simplified and decoupled equations

of motion [54]. After linearization, most terms are negligible and may be removed. Many

terms are removed by assuming that the z-axis drive motions are far larger thao thc

Coriolis induced motions in the x- and y-axes. Although the dual-axis rate gyroscope is

sensitive to angular accelerations about all a:ces, these terms are small and typically far

below the Coriolis motion bandwidth of interest. Thereforc, no angular acceleration terms

are included. The key to dual-axis operation is rcvealed in Eq.3-12 and 3-13 for the

angular motion about the x- and y-axes. These rwo equations arc nearly identical except

that the subscripts x and y arc exactly reversed and the Coriolis acceleration changes sign.

The z-axis eguation (Eq.3-14) models the rcsonant drirre dynamics which are central to

sening the inertial rotor in motion.

(3-12)

(3-13)

(3-14)

Irr0 * Crr,i, * K,,$ = I u:tly6'

Irrr+r+ Crit+KyyV = -IzzQro

I116+Crr6+K,0 = M,
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3.2 Conror,rs Mouox Imucpp By RATE lr*pur

In order to generate a Coriolis acceleration, the inertial rotor is driven into angular

resonarce about the z-axis (perpendicular to the substrate). This results in both z-axis

rotation 0 and angular rate 6 being sinusoidal time varying signals with a frequenry of

precisety the z-axis natural ft,equcncy or..

0 = OoSfn(olrr) (3-15)

6 = 0oozCos(o.r) (3-16)

The gyroscopic dynamics arE embodied in the x- and y-axis equations of motion

Eq.3-17 and 3-18. Thcse equations wcrc derived from Eq. 3-12 and3-13 by divirling both

sides by thc respective momcnt of inertia I* or I,, and converting the equations to the

standard frequency fonnat. The axis mode frequencies are ot, and ro, with rcspective

quality factors Q* *d Qy for each axis. Note the gyroscope duality is visible in the mirror

image symmetry of the two equations of motion.

.. o_. ,
q * 

6O* riO = 20r0ool.Cos(a;)

.- O)v- 2,i,*7iV +orjV - -2Q,0oor.Cos(art)

(3-17)

(3-18)

When the inertial rotor is resonating, any rotation rate Cl, of the substrue about thc x-

axis will induce a Coriolis angular acceleration about the y-axis which in turn induces a

tilting oscillation of the rotor about the y-axis. Because the mechanical gyroscope is

symmeuic in npo orthogonal a(es, any rotation rate Q, about the y-axis likcwise invokes

a tilting oscillation about the x-axis, thereby allowing dual-axis rotation rate measurement.

The tilting oscillations about thc x- and y-ards arc at the sane frequency as the

rcsonant drive ol.. These tilting oscillations are amptitude modulated signals with

amplitude proportional to the respective noation rate inputs. This is rcprescnted in Fig. 3-

2 wherc underlying high frequency drirrc is modulated by a low frequency sinusoidal rarc

input O, to be measured. The amplitude or enrrclope of thc signal is proportional to the
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Coriolis

Titt

Angle

Figure 3-2

Time
Graph representation of the amplitude modulated motion hduced by
Co rio lis acc el e ration.

rate input which is to be measured. Thereforc, the rotation ratc cirn be infened by

capacitively detecting the rotor tilt oscillation and demodulating with the rcsonant drive

signal.

3.3 MgcEAMCAL SENSITNTIY AND MoDE I\lIl{Tcm{G

33.1 Anplar Deflecdon OuQut to Rntc Input

Mechanical sensitivity is of paramount importance because it directly determincs the

minimum detcctablc signal in the facc of inrcrfacc clectronics noise. Electronic noise will

limit both the smdlcst possible rotor tilt deflection which can be dctccrcd and the

mea$usment resolution. Hencc high scnsitivity is desirable for low minimum dctcctable

signal. The mcchanical sensitivity relating Coriolis rotor tilt anplitude to substrate

angular rate input for each scnsc axis can be derived from Eq. 3-17 with the final form
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showu below for the x-axis. dssrrming the x- and y-axis are nearly identical, then each

axis will have equivalent manninrdc scnsitivity alr approximated in Eq. 3-19.

[0J
rn;t

2Qocl,..
(3-1e)

2 +
j0r0z_

Q,

This is the standard second order frequency rcsponse with 00 the resonant drivc

amplitudc, rq the resonant drive frequcncy, q the sensc axis frequency, and Q* thc

quality or inraersc das,ping cocfficient The sensitivity equations can be uscd to improve

scnsitivity and hence noise perfomnnce. Clcarly increasing drive amplitudc is

advantageous. Also, because the sensitiviry is a function of drive and scnse natural

frequencies, an optimal set of frequencies can be used as discusscd in the next subsection.

Unmatched Near-matched Matched
Frequencies

Figute 3-3. Bodc plot showing silwlated sensdrndry and output phose versus sense

axis naturalfnquency.

e
.z
.=ocoo

o)o!,
oo
(U

0-

Frequency
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33.2 Improvtng Sensitivity Via Mode lfiatching

Since the ratc scnsor is operated in partiat vulcuum, the quality factors Q* ud Qy are

gcncrally above 900 with exact values gircn in Chaptcr Six rcgarding experimental

resuls. Thus, a large rcsonant peak exists which providas the possibility of excellcnt gain

when drive and scnsc frequencies match [55]. Scnsitivity is plottcd against sensc axis

naural frequency in Fig.3-3. Unmatched natural frequencies give poor signal gain,

whercas exactly matched nanral frequencies give maximum gain. To improve sensitivity,

the four beam suspension is designed to match sense and drive modes closcly. Howeveq

prccess rrariation and manufacturing tolerances make extremely close matching

impossible in practice. A latcr section will discuss using suspension dcsign for coarse

frequency nrning while using electrostatic frequenry tuning for fine matching after

fabrication. But first the method of sensing the Coriolis rotor tilt must be addressed.

3.4 PIuuurlrc MoDELING OF ROTON AND SUSPENSIoN

Thc equations of motion use lumped pammeters for moment of incrtial, zuspension

stiffness, and damping. Thesc parameters must be derivcd from mechanical sense elemcnt

dimensions and material properties. The pararnetric derivations werc intentionally kcpt

simple for two principd rcasons. Fitsq a complex deriration including all possible effects

becomes intractable and uscless as a de.sign tool. Second, parameter erroni due to

manufacnrring process variation often outweigh second order theorctical effects. Hence, a

balance must be stnrck beween accuracy and usability.

3.4.1 Rotor Moment of Inerda

The total system momcnt of inertia is the srrrr of thc rotor moment of inertia and the

moment of inertia of the elcctrostatic combs. Although the notion is counter intuitive, the

gyroscope has bcner performance if the ccnter is hollowcd out. [raving thc center hollow

does in fact reducc pcrformancc cnhancing parametcn such as the moment of inertia and

sensitivity, but only slightly. That is because moment of inertia is proportional to the

fourttr power of radius and sensitivity is proportional to radius cubed. On thc other hand,

increased rotor radius increases surface arca. krger surfacc area implies larger parasitic
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capacitance which increases the input referred elecrical noise and larger electrostatic

forces impinging on the rotor which may pull the rotor toward the substrate. Rotor mass

also incrcases with larger radius. This lowers translational nanral fte.quencies which in

66 rliminishes both shock and vibration survival. Hence, an optimum erists balancing

performancg impr,oving incrtia and scnsitivity with performance dcgrading parasitic

capacitancc and maes. This optimization cncompasscs both mechanical and electrical

system aspects of the design, and so will be left until Chaprcr Five.

The rotor body can be modcled uing the outer radius & and inner radius &. The

exact intcgral for momcnt of inertia is complicated by etch holc.s and gaps betncen

rcsonantdrive combs. tnsrca4 estimarcs bascd on cffective polysilicon density were used.

As Eq. 3-20 suggests, the total z-axis moment of inertia is the sum of rotor inertia [,. and

drivc comb inertia Ir". Using these radii in conjunction with strucnral polysilicon

thickness b, and rotor polysilicon effective density pe; the rotor moupnt of inertia about

thc drivc axis [, can bc dcrived [5fl. Likewise, the clectrostatic comb moment of inertia

Ir" can be cstimated with the inner comb radius R.i, and outer comb radius R*, and the

effective comb density p.".

(3-20)

Iu=lp,hrnj-nf) *!rr""r$1"-RLl (3-21)

Likewise, the moment of incrtia about the sense axis can be cdculated. As F4.3-22

shows, thc sensc axis moment of incrtia is exactly half the drive axis moment of inertia-

(3-22)

The effective density correctly discounts the rotor polysilicon density for relcase etch

holcs and thc comb dcnsrty for comb air gaps. The cffective density is the tnrc bulk

material density multiplied by the actual polysilicon area and dividcd by the sum of

potysilicon area and arca missing due to etch holcs or comb gaps. For example, in the

Sandia National Labs (SNL) pr,cess rotor density pc ws discounted to 92% and comb

&nsity pcc w6 discounted to25%. Tlpical moment of inertia estimates for ADI designs

were 5x10-18 kglm and for SNL designs z.5xl0 tTrgfm.

Iu = Irr+ Ir"

Iu= Iyy=ir*
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3.42 Quslity Factor due to Rotor Air Damping

The system damping is composed of both stnrctural demping intrinsic to the

mechanical elcment and air damping provided by the surroundings. The stmctural

damping is extremel! small with a quality factor Q of perhaps morc than 75,000.

Although tbc dual-axis rate gynrscope is opcrarcd in moderate vacuum, the air damping is

still dominant. For small motions, the air da-ping torque is approximately lincar with

rBsp€ct to rotor rotation rate, so linear damping coefficients are uscd for dynamical

modeling. The damping may be rcprcsenting in nondimensional forrr be using quality

factor as shown carlier in Eq. 3-17 and 3-18. The quality factor Q" for the drive mode is

much higher than thc scnse mode because the drivc mode is almost pucly incompressible

viscous damping, while thc scnsc mode is compressible squeeze film damping.

The drive axis quality factor Q, cu be approximated analytically by using viscous

flow equations with an effective viscosity. Fint the damping torque is calculated, and then

this torque is converted into a quality factor Qr. fr" air damping on the top of the rotor is

small compared to the small gap damping beneath the rotor and thercforc ignored for

siniplicity. Although in vacuum the viscous continuum assumption breaks down, an

effectirrc viscosity coefficient lrcr cao be uscd to approximate a linear correspondence

benveen fluid shear stress and fluid velocity gradient [58]. Hence the differcntial force dF

on a diffcrcntial area element da can be approximatcd by Eq.3-23 with 146as the efective

viscosity coefficient, g as the gap between rotor and substrate, and y as the rotor velocity at

that point [56].

dF = ry+ ' da (3-23)
I

Of course thc gy.roscopc system is rotary, so this differential force must be conracrted to a

differential moment about the rotor center by rcplacing velocity with Rd wherc R is

radius from thc rotor oenter and 6 is rotor angular rate at that point. The total viscous

rlarnping torque T can bc found by integrating over the entirc area A of the rotor as in

4.3-24. This is an approximation bccause thc damping at comb tinc tips and on the rotor

top is ignored. Furthermorc, the effective viscosity approximation of the transition from

fluid continunm to rar€ ges particlas is impcrfect. The factor p is used to account for comb
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tinc sidewall arca which increascs damping.In thc ADI dcsign with combs on the outside

1rcrirctcr, comb drag dominatcs and F was cstimated to be 1.8. This estimate considers

comb tinc overlap, the smaller I pm gap barvecn conbs, and thatcach comb tine has nro

sidcwalls.

, = gI(YR 6.d.) = YUc2 
.aot)e (3_24)

The damping torque is now converted into an cquivalcnt quality factor Q. The quaLity

factor Q is a function of the damping torquc T, thc rotor angular rate 6, the rotor moment

of incrtia about the drive axis l,,, ud the drivc modc natural ft,equency or"

g = 
Io2.rb 

(3-25)
T

By substituting the analytical function for drivc axis moment of inertia Io, a simple

approximation for Q can be derived. lnvoking the dcfinition of moment of inertia about a

givcn axis, the term locao be rcwrittcn in tcnns of radirs R" totd rotor srea A, the mass

dcnsity of polysilicon p, and the polysilicon thickness or height h as in 84.3-26.

to = phl(nz .day G-26)
A

Now this exact rcprcsentation of moment of incrtia is substituted into Eq.3-25 and the

integml tenns cancel rcvealing a much simplified Eq. 3-28.

o(Jrn''dat)ro.6n=m,
., - Ph(ozg__w

(3-27)

(3-28)

At first glancc, tbc quality facor Q appean indcpcndcnt of rotor radius or the beam

suspension; howerrcr, the drive axis nanral frequcncy o, is delrndcnt upon both rotor

radius and suspension dcsigu. A quality factor Q of 71,000 is calctlatcd using typical

valucs 230O Kgla3 for mass dcnsity, 28 kllzfor drive ftequency, 2 pm for polysilicon film
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thickness, 1.6 pm for the & gap, and Lel0-t Kg/m/s cfrcctirrc viscosity at 60 mTorr

Prcssurc. This method ovcrcstimates the Q as verified by thc actual Q valuc of >30,000

mcasured experimentally.

Unfornrnuely, the quality factor of thc scnse mode in not simple to calculac. No

analytical solution was found for compressible squcezc film d66pisg of a circular rotor

riddled with ctch holes. Some recent rescarchers have investigated squeeze film damping

in a rectangular plate [59-60], but all results arc arrivcd at through numerical computation

of spccific cascs which gannej [p gencralizcd to thc cuncnt gynrscope problem. However,

experimenation revealed an approximarc empirical relationship of sense axis Q being an

order of magnitude lower than drive axis Q in thc pressure rangc of interest.

3.43 Suspension Sprlng Constants

Attention is now focuscd on the suspension dcsign and thc resulting spring constaots.

Thcre are several key dcsrgn constraints which the suspcnsion dcsign must satisS. First,

any mcchanicd suucture deformation duc to fabrication induced residual stress gradients

must be accommodated by thc suspension. This was particularty tnre for gyroscopes

fabricatcd by Analog Devices tnc. (ADI) bccause rclatively large stress gradients in the

structural polysilicon were present. Secon4 all natural frequencies, both rotational and

translational, must be above a given threshold for shock and vibration robustness. This

work attempted to keep dl frequencies above high audio frcquencies of 1&20 ktlz.

Prcferably, thc rotational ftequencies wil be lower than the translational frequencies.

Finally, thc suspcnsion should allow closc but not exact matching of the rotational drive

modc and both the rotational sensc modes to enhanc! sensitivity. tdealty, thc scnse modes

will bc slighdy higher than the drive mode so elcctrostatic down-tuning can equalize all

rotational natural frequencies. Thc fact that the sense axis ttrosrcnt of inertia is half the

drivc axis momcnt of incrtia imptics that the sensc axis spring constant must bc

approximately half thc drive axis spring constant for effective modc marching. Thc

following subsections layout the fimdamental considcrations and governing equations

consraining bcam suspcnsion dcsign. The acilal design optimization and fiaal

dimensions are left until Chapter Five.
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Anchor-->

Outside Suspension Inside Suspcnsion

Figure 34. Conccptual illustation of both insidc and outside suspension designs.
Inside suspenston pmvides mone cornpact desigru, but excessive resid-
ual strcss gmdtent canforce the use of outside stupension.

3.43.1 Inside Versus Outstde Suspension

The overriding design consideration which must be tackled is whcther the suspcnsion

should be placed inside the rotor or outside the rotor as depicted in Fig. 3-4. Placing the

suspcnsion inside the rotor can reduce sensor area and force all translation modes to be

higher relative to the rotational modes. Unfornrnatety, the inside suspcnsion can be

disastrous if the rcsidual stness gradient causcs the polysilicon strucrure to warp into a

convex shape with the center at the high point. This allows the ourer edge of the

ryrcscope to drag on thc substrate and halts all motion. For this rieason, the outside

suspension had to be used for the ADI fabricated gyroscopes, despite arca and mode

frequency drawbacks.

3.432 Rotadonal Spring Constant l}erivetion

The linear spring constants for both inside and outside suspension dcsigns werc

derived using simple Euler beam bcnding theory. A spring constant rcprcscnts &e linear

rclationship benveen angular rotor displaccment versus suspcnsion torquc and is accurate

for the casc of small deflections. All spring constants werie assumed uncoupled for this

simplificd analysis. Thc spring constants can bc found by cdculating the torque rcquired

to deflect the rotor a given angular displacement. Each beam can bc thought of as a
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cantilever with a forcc and an angular monrcnt applied at thc end attachcd to tbc rctor. For

a given rotor angle, the bcam must satis$ both a deflcction and a slope consEaint at the

end attached to thc rotor. Hence, therc arc nvo linearequations (one forend deflection and

one for end slope) with nllo unknowus (forcc and moments applied by the rotor).

Conrrcrting the force and momcnt applied upon the beam end to a total moment about the

rotor center provides tbc spring constrnt for a single beam. *" roulting moment about

thc rotor center for a singlc beam Ma is the sum of the single beam moment M and the

single beam force F multiplied by the radius from beam end to rotor oenter R.

MR= M+FxR (3-29)

Simply multiplying the spring constant calculated for a singlc beam by four gives the

total angular spring cons&ut for all four suspcnsion beams in thc drive modc. This is

mathematically rcpresentcd by Eq. 3-30 where K, totd drive axis spring constatrt md I$.
is thc spring constant gql s single bcam.

Kr, = 4Ks, (3-30)

The scnse modc spring constants Kr* and \, can be approximarcd by tr*,ice the single

beams spring constant trS* s in Eq.3-31. This is because only two beams exhibit

bending, whilc the other hvo beams exhibit wcak torsion which produccs negtigible

torque.

Ko = Ko = ZKp, (3-31)

Remembcring that in order to match mode frrequencies thc sense axis spring constant

must be half the drive axis spring constant. This requircmcnt can be proven by assuming

the natural frequencies wx, w)o and w, are equal and then substituting expressions based

on total spring constants and moments of inertia

C), = (llr=0D. (3-32)

E= Er-E4r* 4r, 4r:4
(3-33)
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Now the total spritrg constauts can be replacad by single beams expressions while z-axis

moment of inertia cao be rcplaced by twice the x-axis moment of inertia and both the x-

and y-axis monrents of inertia are assumed equal.

lf*= W=ffi G44)4r*-4ro 42ro
Kb, = Kor= K1. (3-3S)

Thereforc, all frequencies are ideally rnatched if all single beam spring constants arc

identical. In practice process variation forces electrostatic tuning to be use4 so in fact the

sense x- and y-axis spring rates will be de.signed slightly larger as Subsection 3.4.3.3

regarding ficquency ratios reveals. However, sening all single beam spring constants

appruximately equal is a good rule of thumb.

Thus the height and width of the suspension beams should be approximately equal.

This rcsults in each individual beam having spring constants approximately equal in both

the drive and sensc bending directions. The sense axis spring constant (with only trro

beams in bending) is then naturally one half the drive axis spring constatrt (with all four

beams in bending).

Serpentine or folded suspensions may be used to conserve die area and provide some

stress relief. This can be mathematically accommodated easily by simpliffing the

problem into a single beam bending problem with modified deflection and slope

constraints. [n order to facilitate drive and sense mode matching, the end connections

Anchor Rcinforced
Cross Beaur

Main Beams

Connected
to Rotor

Figure 3-5. Tlpical serpentine orfolded swpension with reinforced cross beans at
coruected ends for bener mode matching.
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between parallel lrgrms arc dcsigned to minimize flcxurc. As Fig.3-5 shows, this is

acconplished by designing widc, reinforced gssss beams connecting folded beams at thc

extreme cnds. Thereforc, the spring constants in both sense and drive direction depend

only on the main lsams and not &s ssnnecting cnds. This allows more precisc mode

matching bcause spring corxitatrts depend mostly on beam aspect ratio and length, not

complex torsion and deflectioui at the connection ends.

Thc problem is further 5implified by making all serpentine beams approximately thc

same length. Because each beam is approximarcly identical in both dimcnsion and end

conditions, each beam must exhibit identical de0ection and slope change. Hence, a two

fold suspension can be simplified into a single beam problem with the beam undergoing

half the toal deflection and half the slope change of the total suspcnsion. Generalizing

this concept to multiplc folds simply rcquires a singls bearn to exhibit deflection and slope

divided by the number of folds. Each scrpentine suspension was oriented such that the

gyroscope was symmetricd about the 45 degree diagonal. This symmetry ensured that no

idtial rotor displacement occuned due to fabrication induced residual stress gradient in

the beams.

The previous assertions and the following calculations rcst on several key assunpions

for an idealized gyroscope [62]. First, all dcflections arc assrrmsd small enough so as to

rcmain in the linear range with beam elongation negligible so Euler beam theory is

appticablc. Second, all beams are identical in rlimension and marcrial properties. Third,

the rotor can be considcred absolurcly rigid compared to the suspension bea-s, and hence

rotor bending is negligible. This assumption is rcasonable bocause the rotor is almost nrro

orden of magninrdc wider than the individual bcams. Findly, although large rcsidud

stress arc prescnt aftcr fabrication, the scrpcntine suspcnsions provide some stress rclicf.

Thc stress relief was intcnsionally implcmcntcd to lower natural fr,equencies and allow all

critical natural frequencies to be depcndent on beam dimcnsions.

Calculation of the spring constatrt for outsidc bcams begins with the formulation of the

dcflection in Eq.3-36 and deflection slopc in F4.3-37 at the rotor attached end of each

beam [6U. If the rotor rctates through an angle 0, then the bcam end attached to the rotor
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Individual
BeamForcc
and Momcnt

39

(3-36)

ol
Angular \
Displacement'

Beem
lrngth = [.

Figure 34. Tbp victt of polysilicon rctor showing dimercions and variable defni-
tions for an outstde suspension design.

must have slope 0 and deflect a distance \0. Both thcsc equations depend on the

unknown forcc F and moment M applicd by the rotor. Since Euler beam theory is purely

linear, the deflection and slope induccd by both applied force and moment can be

combined linearly.

FL3 . MLZ ROO

-+- 
= 

-
3EI' zEI /V

FL2 FL O

-+- 
= --2EI. EI AI

(3-37)

Bcam length L, outer rotor radius &, beam cross scctional moment of inertia I,

number of serpcntine folds N, and modulus of elasticity E all play a role. Although thc

thin film polysilicon can cxhibit large residual stresses, thcse arc not includcd bccausc all

suspension desigas implcmcnrcd strress relief. Incomplctc stness relief would rasult in

higher spring constaots than cdcttatcd.

t
Rotor

F

M

Ourcr
Radius
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Thc ddra and sensc axis may havc different cross scctional momcnts of incrtia to

intensionally mismatch natural hequencies. Ttis is accomplished by changing the aspect

ratio which is defincd as the ratio benrecn bcam bcight h and bcam width b. The

corresponding beam moments of inertiacan bc calculated as in Eq. 3-38 and 3-39 [61].

I (3-38)

(3-3e)

Solving these nro simultaneously rcsults in the following equation for drive and scnse

modc spring co$itants in rcrms of matcrial, and geomeuic paramcters. ktcrestingly,

increasing the radius with respect to suspcnsion bean length results in dramatically higher

rotational stiftress.

hb3

E
bh3T

bz

t-tbt -

Dnrw: Ku = "1*{rrh' 
*rt}l. r } (340)

Smrsp: Ko = Kty = t*{, ,?r'.s<} * r} (34r)

Calculation of thc insidc suspcnsion linear spring constant procccds the samc way,

except that the original dcflection and slope equations arc altercd. The constraint for beam

deflection, 4.342, changes polarity. In this casc, the beam deflection and slopc have the

same sign unlilce the casc of outsidc suspension in which thc deflection and beam slopc

have opposirc signs. Also, it is the inncr radius Ri of the rotor which affccts stiffncss [61.].

FL3 MLz iio
-_+-:: = _ (342)3EI' zEI - rV

FL2 FL O

ffr+'fi = -t, (343)

Again thesc equations 8re simultaneously solved to rcvcal thc final drive and sensc

spring cotstants. Notc thc equations for thc insidc and outside spring constants are ncarly

idcntical savc for a sign change in thc cenrcr tenn.
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Individual
Beam P6rgg
and Momcnt )

0

Angular
Displacemcnt

Figure 3-7. Tbp view of polysilicon rutor showhg dinensions and variable defni-
tionsfor an butde suspewion design.

Dnrrrc: Ku = "!i#{rrh

Srwse Kr, = Kw = ,I**{r, \)'-r,!/.,I

2

-rtfl..r) (344)

(34s)

This negative term allows insidc suspcnsion designs to prduce lower rotational modes

frequencies than outside suspcnsion designs given equiralent radius and beam lcngths.

This is very important as subsection3.4.3.4 will demonsuate that tbe translationd modcs

for both insidc and outside suspcnsions arc cqual.

3.4.33 Rstio Between Sense and Drlve Mode Frcquenctes

As stated previously, the ratio of sensc spri[g constant to drive spring const8nt should

be half for succcssful modc marching. Unfortunatcly, in practicc the modqs are never truly

cqual duc to manufacnuing tolcrances. The fact that polysilicon deposition sets beam

hcight h while lithography sets bcasl width b makes menu[acturing well matched modes

extremcly difficulr To overcomc this tlitrculty, elechostatic tuning can bc uscd to down

Radius

Beam
I-ength - L

Rotor

F

M
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ttllre scnsc modes. Sensc and driw Edcs are course tuocd usingbeam gcomctry and then

fine tuncd using electrostatics. The only rotation mode ftequency tuning which can (rcur

is down tuning of the sense axis rotation mode. For this reason, it is adrrant4geous to

purposely mismatch modes with thc sense mode i-LO% higher than the drivc mode. This

allows elechostatic down tuning to equalizc modes in the face of small fabrication

dcviations. The kequency ratio can be shown to depend only on beam cross-section

moment of inertia which in tum is dcpcndent only on the aspect ratio of the beam.

@Dri""

-=

(346)
@s.o",

The ideal target mode matching ratio bctween sense axis and drive axis can be

selected using the aspect ratio bftr. For example, the ADI BiMEMS process had a fixed

polysilicon thickness or hcight of 2 pm, so the bcam width was made 1.8 trm to attempt a

sense mode mismatch of plus l0%. The SNL process had a stnrcmral polysilicon

thickncss of 2.3 Fm with a width of 2.1Fm to produce a mode mismatch of 9%. More

details regarding choosing a fteqrcncy ratio are discussed in Chapter Five.

3.43.4 Thansladonal Sprlng Constant l)erivafion

With dl rigid rotational mode frequcncies investigatcd, attention is now focused on the

translational modes. tdeally, the uanslational mode frequencies will bc much higher than

the rotational mode fuequencies. Higher frequcncies attenuate rectilinear accelerations

such as shocks and vibrations which will alter scale factor or intcmrpt operation. In

addition, the stnrcnrrc must havc atrcngth enough to withstand electrostatic forces due to

scnsing volages. As discussed in the ncxt scctions, it is the z-axis traoslation mode

frequency which dictates maximum modulation voltage on the Coriolis sense electrodcs

and maximum electnostatic frequency tuning range.

m
^l 

Ia

F"*,
^l-r

b=-h
JG,
J-t *
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Thc z-axis perpcndicular to the substrate is the most critical for surface

micromachines. One of the scrious problems plaguing surface 6igromachining is stiction

benrecn the substrate and the polysilicon structur€. Unfornrnatcly, the thin film

polysilicon used in a tlryical snrfacc micromachining process provides little stiftess in the

z-axis direction to prercnt &e mechanical structure frrom contacting the substrate. Once in

contact, the stnrctures often adherc to the substrate, rcndering the dcvice inoperable.

Chapter Four points out that external z-axis accelcrations should not produce false

Coriolis outputs due to the difrerential scnsing desrgn. However, changing rotor height

causcd by accelerations will change scale factor. Many methods including the addition of

small bumps to reduce contsct area and anti-stiction monolayers have been udlized, but a

stiffer z-axis mode increascs the shock input necded to instigate contact between struchrrc

and substrate.

The x-axis and y-axis translation modes parallel to the substrate arc nanrally stiff

because thesc involve beam comprcssion and not bcam bending. However, the z-axis

modc is essentially a ptue beaming Bodc, and thercforc must be calculated. The same

assrmptions rcgarding lincarity, rotor rigidity, identical beams, and ncgligible residual

stress effccts used to calculated rotational sprhg constants are also assumed for z-ads

spring constant calculation. The identical beam assumption is important because this

implies symmctry which requires that the rotor rcmain parallcl to the substratc.

I Force

Anchor Rotor Mass = M
Suspension
Length = t

Figurc j-8. Cross sectional side view of tlu rotorwith suspension,

Thc exact samc approach will be uscd for tnuslational spring constant calculation as

was used for rotational spring constaot calculation. Thc bcams are modeled as caotilcver

bea'ns rigrdly mounted to thc substratc. All four suspcnsiou bea'rr^c are idcntical, so the

lil t z

Substrate

11il ilil il 11il 11il1il 11il il il il1il il il ilil il 1

ililt
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total z-axis spring constant is simply four times the spring constart of each individual

beam- For a given rotor z-axis deflection, thc deflcction and slope consrains of thc

individual beam ends attached to thc rotor are derirrcd. Clearly, the beam end

displacemcnt is equal to the rotor axial displaccment z. The slope is constrained to zero

because the rotor must be parallel to the subsEate due to symmetry and the rotor cannot

dcflcct apprcciably due to relative rigdity. Again, scrpentine or folded suspension is

accommodated by noting that each beam is constrained to deflect a fraction of the total z-

axis rotor motion as giran by l/t[ where N is the numbcr of folds. Writing the beam end

motion constraints in terms of ap'plied moment M and force F rcsults in Eq. 347 and 348

with E rcprcscnting modulus of elasticity md L, rcprcscnting the beam cross section

moment of inertia-

FL3,MLz _z:+_=_ : _ (34j)3EIbx'zElbx- N

FLz il.
*trjfru= o (3-48)

These equations can be solved simultaneously to find the moment M and force F. The

Eoments of diamerically opposed bcams cancel out leaving only the forcc component.

Multiplying this by four, since thcre arc four bcams, yields the total z-axis spring goasrent

Krr. Tlpical calculatcd values werc I N/m for the ADI devices and 6 N/m for SNL

devices.

Kr, =
48EIbx

E (34e)

The rctual z-ucis translation modc fr,equency can bc calculatcd as follows with M

represcnting the total rotor nrass.

(3-s0)

Notc that thc translational spring constant does not dcpend on rotor radius. Hcnce, both

inside and outside suspcnsions have the same z-axis mode f;rcquency if suspension designs

and rotor mass are cquivalent. Tlpical calculated values wherc lzkllz for ADI deviccs

,rr= ff
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and 22 kllz for SNL fabricated devices. This implies that the ADI devices should

withstand a static 9000 g acccleration beforc leushing the substrate, while the SNL design

should withsund a 3E000 g acceleration. In general, the outside suspcnsion will have

highcr rotational frequencics than equiualcnt inside suspcnsion. This imptics that inside

suspensions are advantageous because the z-axis translation mode frequency wiU be

higher for a given sense axis rotation frcquency. This is imporant as a higher z-axis

frequency provides bener acceleration attenuation as well as increased sense and tuning

voltages as revealed in the next sections. On the other hand, care must be talccn since

inside suspensions prove less auenuation of angular accelerations.

35 Incnovnvc Sgxsmvfly Vn Er,BcrnosrATlc FnreusNcy TuNrNc

3.5.l Electrootatic llown thning of Sense Mode Frequeucies

As stated prcviously in section 3.3.2, sensitivity can be significantty improved by

matching sense mode frequencies with drive mode frequency. Unfortunately, process

variations during manufacture make precise modc matching via mechanical stnrcture

design impossible in practice. Under etching, orrcr etching, and polysilicon thickncss all

change suspension bcam aspect ratio and thereby change frequency matching. To solve

this difficulty, electrostatic tuning can bc used to compensate for random process

variations. The main drawback of this clectrostatic tuning approach is a significant

decrcasc in maximum mechanical shock stuvival if significant frequency hrning is needed

Thc rotor is essentially a parallcl platc suspcnded by the beam springs above the

substrate. Any voltage applied benrreen the rotor and the four quarter-pie shaped

clectrodes beneath the rotor will rcsult in an clectrostatic force. Because electrostatic

force is always attractive, the electrical force behavior is opposite that of the bcam

suspcnsion. As the rotor moves closcr to thc substrate, the clectrostatic force becomes

stronger. Likewise, as thc rotor moves away from the substate the electrostatic force

bccomes weaker. Tilting motion also exhibits the same behavior as the edge tilted closer

to the substrate is pullcd down, while the cdge tilrcd away from the substrate has less forcc

acting upon it. Honcc, the clectrosutic forcc scts like an unstable or 'negative' spring
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working to forcc the rotor away from srcady state equilibrium- For small motions, the

forc.cs may bc linearized about the rotor cquilibrium position. Tbc toal x-axis tonional

spring constant t , is fig srrm of the positirrc mechanical constaDt Ilo and the ncgativc

electrostntic spring constsnt Ifu as shown in Eq.3-51. The second equuion shows that

the y-axis torsional sprhg constant rt rcomplies with the same equation formulation due

to syrrunetry.

t, = Ko-K*

tyy = Krr- K,
This shows that the scnsc springs and thercforc the scnsc narural frequencies can be down

nrned. Since thc effectivc electrostatic spring can ne\rer bc positive, the scnse frequencics

must be dcsigned via beam aspcct ratio to be highcr than the drive frcquency. Afrer

fabrication, the voltage applied bcnrrecn the sense electrodes and the K,tor can be adjusted

to down tune the sense frequencies until they nearly match the drive ftequency.

Thc [inearized spring constant is dcfined as the derivative of the electrical torque M* with

rcspcct to rotor tilt urglc Q. This can be rewritten as Eq. 3-53 in terms of tbc physical

parameters applied voluge V and the sccond derivative of each quadrant scnse clecuode

capacitance Cr. The y-axis follows suit in Eq.3-54. Calculation of tbe sense capacitance

partiat derivatives will bc explored in Cbapter Four. Thc calculation is stnongly dcpeadcnt

on the air gap benreen rotor and substrate. This gap decreases with applied voltage, so the

second dcrivativc of scnsc capacitancc is also a frrnction of appticd voltagc.

(3-51)

(3-s2)

(3-53)
aM_v,^t' - DiD

2

=\y,
a0'

2

K,y =#t =*r' (3-54)

35.A ftning Range Setby hrll-downVoltrge

From the previous equations, it appcars that the total spring coostant can be down

tuued to any value srryly by incrcasing thc applied volt4ge. HonreveG this is not the casc
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Substrate

{t

Rotor
Area = A

2I
Restoring
Spring I

ElecHostatic
Force

Figure 3-9. Concepnal side view of the rctor acted upan by both the suspension
spring rcstoring force and the electostatic attracrtve force.

because therc is a limit to how high the voltage can be set. As thc voltage is increased, the

rotor will also deflect down towards the substrate in the z-axis uanslation direction until

the suspension force exactly balances the clectrostatic force. However, there exists a

voltage, termed the pull-down voltage, bcyond which the suspcnsion z-a:cis restoring force

is too weak to balance thc electrostatic force. At the pull-down voltage the electrostatic

force overpowen the z-a:cis restoring force of the springs, and thc rotor snaps down to the

substrate [63].

As illustrated in Fig. 3-9, there are two opposing forces acting on the gJrroscopc rctor.

One is the suspension spring restoring force Fg,inu which works to keep the rotor at

equilibrium, and the second is the elecuostatic force F Et*uo which works to pull the rotor

to the substrate. The shength of these forces can be approximated usiag the rotor distance

from the substrate z, the voltage applied benveen rotor and sense electrodes V' and

physical characteristics of the rotor. Eq. 3-55 shows the suspension spring force with the

original gap g and the z-axis translation spring constant K1r.

Fsp,ns = Krz(g-z) (3-55)

Eq. 3-56 shows the electrostatic force impingng on the rotor in terms of rotor area A and

the dielectric coefficient of vacuum €. This rclation assumes that the inertiat rotor is

ideally flat and that no outside accelerations are dtering rotor position.
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1o{ Sprltrg and dectlcal lorce w @laoerpnt

0

o's to,**r.n,htt ' ,rol't
Figurc 3-10. Suspension spring and electmstatic forxe curves plotted with

respect to z-axis displacement,

F Elr"rro
tAeVz (3-56),,2

Z

Thesc nrro opposing forces can be plotted against rotor distance from the substrate z as

in Fig.3-10. Changing the voltage applied between the rotor and the scnse electrodes

shifts the electrostatic force upward for higher voltagcs. For low voltages, thc force curves

interscct at hro points whcrc suspension forcc and elecrostatic forcc are cqual. Onc

cquilibrium point is stable and the rotor stays at this point unless pcrttrrbcd. The other

equilibrium point is unstable. [f the rotor is moved to this unstable point close to thc

substrate, the electnosutic force dsminsles and pulls the rotor down. Above this critical

distance, the rotor will snap back to thc stable equilibrium poinl At very high voltages,

there is no forcc curra interscction, and the electrostatic force always dominates pulling

thc rotor to thc substratc. In betwcen thqsc two exmmes lies a critical pulldown voltage

where the suspension can just balancc thc spring. At the pull-down voltagc, only one

I
0

z
o
eo
EI
I
o
!tc
6
EDE
o,t,

6

4

2

Electrical Pull-down force

Spring force

hrll-down
Voltage curve
at Thngent
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equilibrium point exiss and the two forcc curves arc tangent. This results in a metastable

cquilibrium point with zcro spring constant and a zero eigenvalue,

This critical pull-down voluge is the absolute maximum voltage DC voltage which

can be applied benveen the mtor and the sensc electrodcs. Hence, the pull-down voltage

limits the rotational x- and y-axis frequency tuning range as well as the mocimum sensc

modulation voltagc. This ctitical pull-down voltage can be calculated by solving trro

equations simultaneously for nro independent variables. The first equation is the force

balance Eq.3-57 which enforccs cqual and oppositc forces at equilibrium and can be

rewritten in terms of kcy rrariables as in Eq.3-58. This formulation assumes that the

mechanical suspension is linear over the range of motion and that the rotor acts as an idcal

parallel capacitor ignoring fringing fields.

Fspring*F,tr"rro= 0 (3-57)

KrJs-z) =:+ (3-sB)
-z

The second equation embodies the important obserrration that the two force curves are

tangent at thc pull-down voltage. Thereforc, the slopcs of thc two curves arc equal as

enforced by in Eq. 3-59 with substitutions to yield Eq. 3-60.

aF sprrog dF Er".rro
a, =E (3-se)

Kk v2
(3-60)

All of the variablcs in the abovc equations arc known except for the pull-down voltage and

the rotor distance from tbe substratc when pull-down occurs. Solving the equations using

substinrtion recovers the rotor distance aborre the substratc z in tcrms of the original as

fabricated gap g. Increasing volugc pulls thc rotor down until the gap is 2/3 thc original

zero voltage gap. At this point, pull down occu$. This critical distance (zB)g can be

substinrted back into the force balance equation and the pull-down voltagc can be derived

as in Eq. 3-62.

Ae
3

z
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, = ?s (3-61)

vpu*= ffi e-62\

This pull{onn voltage sets the absolutc uppcr limil ss voluge which can be applicd

for ftequcncy tuning. In practice, a lowcr voltagc must bc used since at the critical pull-

down voltagc, the total spring constaDt is zcro and any perurbatiou will rcsult in the rotor

snapping down. Therefore it is adrrantageous to choosc a desired restoring total spring

constart IQ which provides good stability robustness and good sunival to outside

accelerations. Then the volagc which results in this desired spring constant must be

calculatcd. This can be accomplishcd by solving nvo equations simultaneously for rotor

distance z and desired voltagc V6. Thc Erst equation is Eq.3{3 which simply statcs the

desired spring constant is thc origind z-axis tanslation spring constattt minus the effective

clectrostatic spring constant. The effective electrostatic spring constatrt is 5imply the

derivative of electrostatic force with rcspcct to K,tor height z.

Ka = Krr- (3-63)

The second equation is the familiar force balancing equation ensuring forces arc cqual at

the equilibrium point.

Krz(s-z) = 4 (3-64)
z

Solving through substitution rcsults in an exprcssion for the ncw gap beween rotor and

substrate z in terms of thc original manufactured gap g. This can be substituted to finally

reveal the desired voluge required to provide the dcsired spring constant in Eq. 3-66.

(3-6s)

50

AeVz
3

z

zt--=-g^Kd{--- Kr.-
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t
2Kr,

(3{6)(3Krz- K

Utilizing thcse equations, the ratio of new versus old or original spring constant can be

ploncd as in Fig. 3-l l. The first ADI dual-axis g:froscope design, which will be explained

in detail in a latcr chaptcr, was modcled. The horizontal axis shows the volage applie.d

bctwccn rotor and sense electrodqs. Thc top graph shows the z-axis traoslation spring

coruitaot drop with increased voltagc until it rcaches zero. At this zcro point, pulldown

occurr with applied voltage equaling approximately 2.4 volts for the ADI designs and

4 volts for the SNL designs. Expcrimental data showed that the actual pulldown voltage

was in fact 3.4 vols for ADI desips. Thc SNL design werc much lowcr than expected at

2.5 volts partially due to ovcr-etching of the suspension beams. Hence, this calculation is

an approximate estimate with spring hardcning aod fringe capacitances ignored. The

lower graph shows the ratio betwecn new gap and the old or original manufacturEd g1p

Ratio of nedoriginal ranslational spring constant vercus voluge

,,2 ag'xl r' eA(3Krr- KalL

1

N
F.

Y
(l
tr
oo

o
,
a)z

N

o0
rt)

C'
tr
b0

o

't)z

0.6

02 0.4 0.6 0.8 1 1.2 1.4 't.6 1.8 2
v

I

0.9

o.E

o.

Ratio of nedorigtnal rotor height above the substrate versus voltage
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The top graph shows the ratio bctwecn ncw and origirul tansla-
tbnal spring constotts versut applicd voltage, Tlu bottom graph
shows nent ve,etus origirul rutor hcight ventus applicd vokage.

7

Figure 3-11.
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betwcen rotor and substrate. As orpccrcd, thc gap dccreascs with incrcased voltage as the

spring dcflects to balancc the electrostatic force. Evennrally, clccuostatic force dominates

and pulldown (rcu$ when the ncs/ gap me,aliurcs 2,t3 the original gap.

Using the desired voltagc requircd for thc desired spring constant, the truxinnm tuning

rangc car be calculated. This actually ovcrstatcs thc tuning range as the sense voltage

rcquired for electrical interface circuitry must bc added. Honever, this approximates the

maximum possible ftequcncy tuning range of thc rotational spring constant as given in the

following equations.

k,
4

o)r

c)r
, -K,,.K, (3-67)

2
ac-

d'o
2

(3-68)

3.6 l\{nuvruu Dprucrl^nLE SIcNAL Dt E ro Bnowruuv Notsp

Maximizing sensitivity by frequcncy tuning is important for performance in the face of

electrical intcrfacc noise. However even if thc circuits wcre absolutely noiseless, the

ultimate minimum dctcctable slgnal is limircd by mcchanigall demping or Brownian

noise [64]. Just as chctrical resistors have thermal or Johnson noise, the mechanical

'resistors' or dampers hatrc Brownian noise. In this medium vacuun case, viscous air

darnping is the white noise source as air molecules randomly impinge on the mechanical

structure. Thc ultimatc timit in hard vacuum whcre air damping becomes negligible is set

by the structural rlemFing of polysilicon. [n either case, the resulting angular torque or

moEent root power dcnsity Mn can bc dcrived in terms of the damping coefficient C*r,

tcmpcrahrrc T, and Boltzrnann constant k3 as rcvualed in Eq. 3-69.

M,, - J@- (3-6e)

This torque noisc appears as a falsc Coriolis aceleration noisc which scts thc absolutc

minimum detectablc ratc signal for thc gyroscopc. Converting the Brownian noisc torque

Kr, =
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into an equivalcnt falsc rate input is accomplished in Eq. 3-70 by sctting the Brownian

torquc noisc equal to the Coriolis accelcration term from previous Eq. 3-12.

1:a.{2o6 - Mn (3-70)

Thc cxpression for drivc oscillation velocity 6 from equation 3-16 can be substituted. The

sinusoid term sprearls the input rate signal over twice the originat bandwidth while

reducing magniiude) by a factor of 2. This allows calculation of the equivalent false rate

input caused by Brownian noisc [65] in F4.3-72.

I u(lo0garCos(or.r) = M o (3-7r)

(3-72)

This equation can be converted into a morc usefuI form involving quality factor Q as

shown belon.

ksT
(3-73)

I zzo,ZQ,,r:)
Dcspite operation in a moderate vacuum (50-100 mTorr), the main source of damping

is still duc to aA viscosity and not stnrctural damping. At lower prcssures the damping

would be reduced, and thereforc Brownian noise would be reduced. Howerrcr, at very low

pressules the stnrctural damping of the polysilicon becomes dominant and no more

improvement can be achicved without structural or material alteration. As qudity factor Q

versus pressurc data contained in Chapter Six shows, the prcssurc level at which structual

damping bccomes dominant was not reached using availablc test appara$s. Actual

$/roscope testing occurrcd at approximately room tcmpcrature with an operational

prcssur" of 60 mTorr resulting in a Q of approximately 1000. This rcsulted in an

estimated Brownian noise level of approximately 36 "thourt JFz for the first generation

dual-axis gyroscopc fabricated by ADI and,2z^'lhourlJFz for the largcr dual-axis

gyroscopc fabricatcd by SNL. Unfortunarcly, thc Brownian noise performance level was

ncvcr reached becausc electrical noise from thc interface circuitry was thc dominant noisc

source. However, future desigu gencrations should approach the Brownian noise levcl.

on= -ffi

LQn=4
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33 Coxcrusroxs

This chaprcr has described design of the mcchanical strucrurc in detail. The chapter

began with formulation of the decoupled, linearized equations of motion. Thesc equation

revealcd that scnsitivity could be significantly enhanced by matching drive and sense

mode ft,equencies. The narrative procccdcd to then find analytical expressions for the

pammetcrs contained in the equations of motion. This rclated lnmped dynamical

parameters and mode matching critcria to actual rotor and beam geometries urd materid

properties. No manufacturing process is perfect, so electrostatic tuning is required to tnrly

match modes. However, the design optimization and final mechanical stmchue

dimensions werc not prescnted. This is because interfacc electronics are an integral part

of the mechanical design, and optimization is impossible without a detailed undcrstanding

of tbc electronics. The electronics requircd to set the mechanical structure in motion and

dercct thc ensuing Coriolis tilt motion are discussed in the next chapter. Then and only

then can design optimization bc explorcd in Chaptcr Firrc.
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4. Erncrmcx, INrtnmcE AND Srcxl.t, PnocrssrNc

The dua[-axis gyroscope rcquires both interface and signal proccssing circuitry. The

overall system levcl schematic is pictured in Fig. zt-I. First and forcmost, the gyroscope

must be driven into rotational oscillation with a constant amplindc. This is the duty of the

tra:ns-resistaDce amplifier in combination with Automatic Gain Controt (AGC). Next, a

capacitive mea$uement scheme tnust detect Coriolis motion in both orthogonal input axes

and then produce useful electrical signals. High fr,equency digitd sensc voltages applied

to the quadrant sense electrodes in conjunction with an integrator anached to the mtor

provide Coriolis sensing. Ibese electrical scnse signals must undergo signal processing to

produce the final rotation rate output signals. Finally, all of the sigual processing,

modulated voltages, and AGC must be coordinated by a master cloclc Tbcreforc, a phase-

locked-loop is uscd to slave a voltage controlled oscillator to the gyroscope drive

frequency. Using basic digital circuit building blocks, all of the rcquired digltd signal

processing and modulation signals are created. While the ADI fabricatcd versions had

much of this circuitry off<hip, a later section discusses the Sandia National Labs (SNL)

fabricated versions which integrated nearly everything on-chip. In fact, only passive

Output

Y-a.tis Oulput

Foru Modulated
Sense

Drive
Combs Clock

Figurc *1, System lanl scharutic sltowing entirc dual-axis gytoscop. elcctontcs

Signal
Proccssing

RotorTilt
Sensing
Integrator

Digital Signal
Generation

Combs
Sense

Trans-resisancc Drive
& Auto Gain Contnol

Phase-locked-loop

MastcrClock

Position
Signal
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4.1. Resonant Drive 56

compooeDts and sources ale necdcd for operation of the dual-ads rate gyKrscopes

fabricated by SNL. Important effects such as quadranrc error, drive fecdtbrough, motion

cunent, and distortion which impact performancc are also discussed.

4.1 Rpsoxl,xr DRrvE

Therc can be oo ratc sensing unless the inertia rotor is in motion. To this en( the

incrtial rotor is driven into rotational rcsonancc about thc z-axis perpcndicular to thc

subsuate. An electrostatic comb drive was used as it has the distinct advantagc of

rcmeinisg linear dcspite largc displacements. As discussed by Clark Nguyen [50], a Eans-

rcsistance amplifier provides positive fecdback which essentially cancels viscous damping

and thereby induccs selfresonancc. A phase-locked-loop locks on to the elecrical drive

voltage to provide a clcan signal for amplitude control and signal processing. The

Esonant amplitude is carcfully controlled using automatic gain control (AGC) becausc

scale factor is directly proportional to resonant amplinrdc. The diagram in Fig. 4-2 depics

the entire drive system Each of tbe,se important subsystems will now be discussed in turn.

Differential Comb
Electrostatic Drive

+ Drive Combs

lnertia
Rotor

To
Sense
Demod

Desired
Arnplitude

Multiply

Figan 4-2. System lcvel schematic of thc trans-resistance rcsonant drive with

automatic gain contnol plus phasc-lockcd-loop for clcan sigual generation

Spring
Suspension

PLL
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4.1- Raonant Drivc 57

4.1.1 Electrostadc Comb Drlve

Comb elecuodes arc used to both impart a torque to the rotor and to scnse Oe rotation

rate of the rotor. Onc set of combs is dcdicarcd to providing driving torque, while a

sccond set of combs is dcdicatcd to providing rotation ratc measurcment. Elcctrostatic

comb drivc was chosen over other electrode configurations such as parallel plate bccause

comb electrode sensing and forcing remain linear despite a degrec or more of angular

displrcement [49]. This is vital for gfroscopc actuation since the target angular

displacement of one degree re.sults in several micrometers of rotor motion.

The drirrc subsystem was fully differcntial. In other words, half the drive combs

pointed cloclovise, while the other half pointed counterclochvisc. Likewisc, half the

sensc combs poinrcd clockrvisc, while tbc other half pointed counterclocknise. This

provided a difrcrential measurenrnt of rotation ratc and a diffcrcntial torque applied to the

rotor. Differcntial comb drive circuitry was crucial for functionality and perforrrance.

The usual arguments involving less susccptibility to outside intcrference and powersupply

variuions arc important but arc not the prinary reasons for differential design.

The most important differential argumcnt stem from the fact that the rotor is used as

the sense node for Coriolis motion detection as detailed in Scction 4.2. Thercforc, the

sensitive measurement node is affecrcd by the comb drive voltages via the air gap

capacitance between drive comb Eagcrs and the rotor. This results in drive voltage

fecdthrough and cxtancous motion cuncnt in the critical Coriolis scnsing circuitry. tf
thesc parasitic signds bccome large, then the Coriolis sensing circuitry can be corrupted

duc to distortion and amplifier saturation. Diffcrential drive reduccs the size of these

parasitic signals (although they cannot be totally eliminated as discussed in Subsection

4.r.7).

To ensure tbat &c rotor will indeed oscillate, two key comb electrode parametcrs must

be calculated- These two parameters arc the torque generated by a given drive voltage and

the cunent output generated by a givcn rotation ratc. The gencrated orque can be

calculated by considering the potcntial euerry E of thc rotor and drive combs with a

voltagc potentid V" between thcm- This can be writtcn as Eq. +l in terms of thc applied
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4.1. Resonant Drivc 58

voltage and thc air gap capaciunce bctwecn the rctor and the clochvisc C"* plus

countcrclochrise Co* drivc combs.

""*v2)
(+r)

Invoking the definition of potcntial cneiglf, the resulting torque T can be calcul*ed by

differentiating thc potential cnergy with respect to rotation position as in Eq. &2. The

dependence upon the square of voltagc can be linearizcd by assuming a large constent DC

voltage Vpg and a smaller, rrariable AC drive voltages u.-aod u."*

, = #= iH"', DCvcw*#"ro.r",.] (+zl

Noting that the counter cloclorise and clockwisc combs are idcntical except for physical

direction. the torquc T in Eq. 42 c.anbe simplificd. As thc rotor rotatcs 0, thc clockwisc

combs increase in capacitance while the counter clockrrise combs decrease in capacitance.

Hence, the derivative of air gap capacitance with respect to 0 is equal and opposirc for the

two combs ses. Furthei 5implification rcsults from using a differentid drive signal such

that v"* = -Vcc* The negativc volage and negativc pafiial differcntial cancel and torque

simplifies to Eq.4-3.

, = ffr"' , o|u"* (+3)

The air gap capaciance catr be estimated using the parallel plate approximation. The

totd platc area is detcrmined by rotor and comb finger overlap, while thc capacitor gap is

simply thc distance betrreen comb fingcrs and the rotor. This iguores fringe capacitance

and thcrcforc rcsults in a conscrvatirre estimate of torque. The air gap capacitance is

estimated in Eq.4-4 where N is thc number of air gaps on clockwisc combs, e is the

pcrminivity of vacuunr, h is the polysilicon height, d is the comb air gap benveen rotor and

stationary combs, Fq is tbc radius ftom gtrrroscope cent€r to thc inncr most air gap, Ro is

thc radius from gyroscope centcr to thc outer most air gap, and 0g is thc nominal anglc of

overlap.

e = ltc"-v"2 +c
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4.1. Rcsonant Drtvc 59

(4)

Taking the partial dcrivative with Espcct to rotation angle (8q.4-5) and substinrting

back into the torque equation (Eq.4-3) finally reveals the torque generated by a givcn

drive voltage in Eq.4-6. The key to comb drive linearity is that the partial derivative of

ovcrlap capaciaocc with respect to rotation angle is constant. Assuming adcquate tine

overlap and travel, drive torque has no depcndencc upon rotor angular position.

C"n = ry(+)eo*e1

dCr* ygrslR, + Rr1
=--ae d\.2 )

,=1ry(ry),,d*-

(+s)

(+6)

Next the cunrnt output generated by rotor rotation rate is found from basic principles.

The starting relationship is thc simplc linear capacitor Eq.4-7 modcling the total storcd

charge Q givcn the capacitor size and applied voltage. In this case, the capacitance is the

overlap capacitance betwccn the rotor and stationary scnse combs and the voltage is the

DC sensc voltagc. The voltages and comb dimensions are assumed to be identical for both

electrostatic sense and drive combs.

Q = (C.r+C""r)Vpg (+7)

Since current is the time derivative of chargc, the ouput curr€nt can be detcrmined by

taking the total time derivative of the chargc stored due to the volugc applicd bctrreen the

rotor and stationary sense combs as in Eq. 4-8.

,=#=zffr*vr"]e (+8)

As shown previously, the partiat dcrinative of overlap capacitance with respect to rotor

rotation angle is constant. By fixing the sense voltage constant iu tirnc, thc ouput curent

is directly proportional to notor rotation rate 6. With the basic comb electrodc sense and

drive charactcristics illurnirratat, attention is now focuscd on using thc combs to induce

rotor oscillation.
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4.1. Rcsonant Drivc 60

4.12 PosifiveFeedbackforReonence

Positive feedback is uscd to induce rotor self oscillation at the drive mode nanml

ftcqucncy. This techniquc is used in mury oscillators including quartz crystals and

micromachined tuning forks [5U. [n sho4 the positive feedback cancels thc inherent

viscous damping of the rotor. This lcaves the sysrcm u$table and thc rotor begins to self

oscillate. In this case, the feedback path stafis with the sense combs generating a current

proportional to rotation rare. This currcnt is convertcd to a voluge by a rans-rcsistance

amplifier. The trans-resistance approach was chosen over lower noisc topologies such as

the Piercc oscillator schcmc bccausc th trans-resisancc method was prwiously proven

operational by Nguyen [50] and allowed variable gain. Finally, the voltagc is applied to

the drive combs which induce rotor rotatioo.

The key to successful opcration is ensuring that the combs and trans-rcsistance

amplifier are designed with enough loop gain to overcome viscous damping. The

calculation begins with Eq.4-9 which reprcsents thc obvious rcquirement that the viscous

damping in the drive axis must be cancelled by the resonaDt drive torque.

T = crzb - Iu?oe 
(+g)

@.

Now the rcsonant drive torque givcn a rotation rate must be calculated. As stated

prcviously, the rotation rate generates a sense comb ouqut curcnt which is convertcd to a

voluge by the trans-resistance amplificr then fed back to the drive combs. Assuming the

rotor resonant frequency is well bclow the fint pole of the amplifier and that feedthrough

is minimal, the transfer functions are all frrequency independent algebraic expressions.

Substituting the comb transduction cxpression and adding trans-resistance ohmic gain Ro

thc torque is shown to be as in Eq. +10.

, = ffi"" volnni = zff;,vr"]'*oe (+ro)

Replacing resonant torque in Eq.4-9 with the above expression gives the combined

design equation for comb structures and trans-resistance amplifier in Eq.4-l I [50J. This
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4.1. Rcsonant Drtvc 6t

can be convert€d into Eq.4-12 iwolving onty geomety, comb finger uumbcni, physical

constants, and trans-resistance for inspection of design tradc-offs.

Ro=
cu (+n)

'W-u,4'
czz

Ra (+t2)
,w(ry),,4'

4.13 lhans-rcslstance Ampllfler Desigp

The trans-resistatrce amplifier must satisfy several design criteria for successful

operation and improved perfonnance. As afore mentioned, the trans-rcsistance amplifier

must have adequate gain at the rotor drive natural frequcncy to induce sclf oscillation.

This impties that a high DC gain with a first elecuical pole well abovc the drive mode

natural frequency is required- It is also important to have rninimd phase lag at the drive

froquency. Sincc the trans-resistance output is used to synchronize the mastcr PLL cloch

any phase lag will reduce the performance of the final sigual processing. As discussed in a

latcr in Subsection 4.1.6, this will exacerbate offset drift due to rotor wobble or quadrature

error. Tlpically, higher gain results in lower bandwidth and greater phase lag, so there is a

maximum practical trans-resistance gain for any given technology. The gain may also be

limited due to destabilizing capacitive feedthrough from drive to sense combs.

y'tn important featruc of the trans-rcsistance amplifier is that a variable gain must be

provided. Once thc rotor is self oscillating, oscillation amplitude will grow unchecked

until a nonlincarity fixcs amplinrdc. This results in a very large, distorted, and

uncontroled amplitude. Because the gyroscope mcchanical scale factor is directly

proportional to oscillation amplitude, it is of paramount importance to accuiately fix

oscillation amplihr& constanL Hencc, an automatic gain conroller is nccded to mpasure

amplitude and adjust the trans-resisancc amplificr gain.

The first stage of the trans-resistancc ampliEer utilizcs a high gain opamp with a

variable resistor in fcedback. This approach had the adrrant4ge that is was very simple and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 072



4.1. Rcsonant Drivc 62

was previously pnovcn opcrational by Ouh Nguyen [50]. The first drivc circuitry for the

ADI dual-axis ralc gyroscope was designed by Bilt Cla* [3] and trscd the scheme

depicted in Fig.4-3. Thc variable fecdback resistor was accomplished by using a triode

PMOS [66] having a high lcngth to width ratio. This technique produced a very simplc,

area efficicnt dcsign. Unfortunately, the ransrqsistancc is not stable with rcmperaturc

which complicues resonant amplitude mcasurcmcnt. An off-chip voltage on the gatc

provided the means to vary the feedback resistive B& R, A second stage providcd added

gainA in the form of a voltage amplifier.

Rv VAnHrr,s Rpsrmon

SmcsE
Conms

Dnrw
Couns

Rv AMPI,ITIJDE

Figwc *3.
by ADI.

Cortrnor,
Conceptual rcsonant drive design used on early gymscope fabricated

Tbe total differential trans-resistancc Ro can bc calculated by multiplying the first

stage equivalent resistance with the second stage gain as in Eq.4-13.

Re = RrxA (+13)

The trans-resistance of the first stage can be calcularcd using the formula for a PMOS

operating in thc riode r€gron with negligible voltage differcnce benreen source and drain.

In Eq. SL4, 1t is hole mobility, C* is thc garc capacitance, W is transistor width, L is

transistor lcngth, Vcs is the voltage ftom sourcc to gatc, 8nd y, is thc transistor tbreshold

voltage. By varying Y65 using an off*hip voltagc sourrc, the mns-rcsistancc could be

adjusted. Thc approximate maximum trans-resistancc anaincd by this particular amplifier

was 20IMCI
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n' = v7ftr (+14'

The main drawback of this vcry simple approach is that the variable gain trans-resistance

rmplifier output is uscd for oscillation amplitudc contnol. As the variable gain changes, so

does the scale factor betrveen physical oscillation amplitude and trans-resistance voltage

outpul It is rrcry difficult to guarantec a constant oscillation amplitude if the scale factor

is changing. A solution to this drawback is &tailed larcr in Section 4.3 expleining thc

fully iarcgrated dcsigu fabric*ed by SNL.

4.1.4 Phase.locked.lmp l"ock.in to Resonence

Both Coriolis sigual processing and automatic gain control rcquirc demodulation with

the resonant drive signal. Analog multiplication of critical signals with the raw resonant

drive signal is not preferable due to small signal sizc and the large noisc inhercnt to trans-

resistance anplifiers. Phase-locked-loops or PLIs are often used to suntrount thcse

difficulties and provide a clean digtal signal. An example of this rccbniquc is shown in

the experimental data in Fig.4-4 where thc PLL produces a clean squar€ wave exactly 90

degrees out of phase with an i*gotrr, noisy sinusoid emanating from the trans-resistance

amplifier.

Frrfr Bi. ggn lraP|Ih.t{r hr@ rts G,lo

r0zoE.ot0t0roDs
Ifr.hlsc

BEt,f Bfa Shrrd aid PlJ. hcl{r b.A@ Hr Oyro

rqt

ro,oo'otoor000ro
fhr.hl6G

Ftgwe *4. Oscilloscope canera picures of sinusoiful drtve signals and locked-in

P LL digital squorc wave sigwk.
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HASE
Corcenlton

Tnexs.
Rrg.srrnct
Srcxlr.

Wwe *5. System lanl diagrun of ttu pluse-lockd-loop (PIL).

The heart of the PLL is the voltagc control oscillator or VCO which produccs the clean

digtal output squarcwavc at thc same @wncy as thc incoming trans-rcsisance signal

[67]. A feedback loop compares the VCO signal !o tbc incoming trans-rcsistancc signal

and feeds back a correction voltage to the VCO. Assuming the drive mode natural

frequcncy is within the frequency lock-in rangc of the PLL system, tbe fecdback loop

reaches a steady statc with the VCO producing a digital output at the exact frequency of

the trans-rcsistancc &ive sigaal but 90 degees out of phase. The PLL systcm is

schematically shown in Fig. +5. The incoming rans-rcsistance signal is multiplied or

chopped with the VCO digital signal. The rcsulting signal is then fiItered and fed back as

the voltagc control for thc VCO. In the actual system, the VCO runs at a frequency much

higher than drive Desonance and is dividcd down to thc rcsonancc frrequcncy. firis allows

gcneration of several digrtd waveforms for signal proccssing and amplitu& control. One

wavcform is called thc rarc signal becausc it is in phase with the rotor rotation rate.

Hence, this signal has the same frcquency as the rcsonant frequency and is in phase with

the trans-resistancc drive signal. Since tbe Coriolis tilt oscillation is also in phase with

rotation rate, the ratc sigad is uscd for dcmodulating to rucover the Coriolis signal

anplitude. The ratc signal is also used for oscillation amplitude control since it is in phase

with the trans-rcsistance amplifier. A sccond waveform is called thc position signal

bccausc it is in phase with rotor position. Thc position signal is the PLL comparison

signal which is at the drirrc natural ft,cquency, but is 90 dcgrecs out of phase with the rans-

resistance drirrc. Finally, tw'o high frcquency signals uscd for Coriolis motion scnsing arc

also generatcd as described in Scction 4.2.

Hlrrn

fLJ JIIL
vco

FREQUENCY
Drvme
Dowt*
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Figure 4-6. Overvi*t diagrun of the automatic gain contrcl (AGC) circuitry used
toftx rotor resotunt amplitude corctant.

4.l.5 Resonant Amplitude ConhoM AGC

As discusscd earlier, the gyroscope mechanical scnsitivity and hence scale factor is

directly proportional to rotor oscillation amplitude. To cnsurc cotuitant scale factor, the

amplinrde of oscillation must be hcld constant via automatic gain contnol (AGC). The

underlying principle of AGC is that if oscillation emplitude is above thc desircd level, then

trans-resistance gain is decrcased. Lilcwisc, if the oscillation amplitude is bclow the

desired level, then trans-rcsistance gain is increascd. The feedback system which

accomplishes this task is the subject of Fig.4-6.

The trans-rcsistance amplifier produces a sinewave with an amplinrde proportional to

physical rotor oscillation arnplitude. This sinusoid is converted into a usable DC voltage

proportional to oscillation amplitude by chopping with the PLL generated rate signal and

lowpass filtering. The resulting DC voltage is proportional to oscillation amplinrde and is

compared with the desired amplitude voltage. Thc error signal from this comparison is

fed baek into the variable gain rans-resistance amplifier to correct the oscillation

nmplitude. Dpicdly, the drive voltage amplitude as mcasured at the drive combs was set

at 50 mV for ADI designs and 120 mV for SNL designs.

Lowpess
ftrren

PI,L
Rtrz
Srcxrr,
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4.1.6 Quadrature Error

As with all rotating bodies, the dual-axis gyroscope rotor will exhibit some wobble

due to notor Eoment of incrtia imbalance as well as spring asymmetry and imperfections-

This wobble is in phase with rotor position, and so out of phase with the critical Coriol.is

motion. Thereforc, theoretically the wobble can be rcmoved using demodulation with the

orthogonal PLL generated rate signal. However, in practice the rate signal will exhibit

some phase lag. This allows a component of the wobble motion to masqucrade as a false

Coriolis motion. This falsc signal is termed quadraturc enor. Typically therc might be

only l-5 degrces of phase lag, but becausc thc wobble is a gigantic motion compared to

minute Coriolis tilt, the quadrature enor can be significant. Rough expcrimental

measurcment showed the wobble to be approximately l0G'500 ppm (parts per million) of

the drive motion which translates into a quadraturc error of 2-[0 '/sec if electronic phase

lag is merely l'. The quadrature error is a DC offset which theoretically could be

calibrated out. Yet, thc quadrature error magniude depends on second order

manufacturing imperfections and as such may tend to drift. Thc designs testcd hencc far

have anempted to overcome quadrature error through carefirl trans-rcsistancs rmplifier

design, but futurc designs may rcly on directly cancelling wobble as discussed in Section

7.4.

41.7 Feedthrough and Residuel Motion Current

Attaching the sense integrator to the rotor hes some side effects in terms of residual

resonaot drive signals appearing on the inrcgrator output. The differential topolog;y of the

trans-resistance drive climinates these rcsidual siguals to a large extent, but some rernnants

rcmain. The main nro signals arp fccdthrough and motion current. Both have their origin

in the interaction betrveen drive combs and &ive voltage.

In general, thc overlap capacitancc benveen the rotor fingers and the drivc combs will

have two componene: a constant capacitance and a sinusoidally varying overlap

capacitancc due to the rotor oscillator motion. Clockrvise and countcrclochrise

capacitance change in oppositc dircctions as repr"sented in Eq. 4-15 and Eq. +16.
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*
I

V*t

6t

q

ccw

V"r, V**
Figvrc 4-7, Sinplified view of air gap capacttance betwecn statiotury drive combs

and the inertial roton

C"* = C.ro+ Csin(olt) (+15)

C"-,* = Cr"*o- Csin(olr) (+16)

Likewise, the drive voltages can be rcpresented by a constant voltage term and a varying

sinusoidal voltagp as in Eq. 4-17 and 4-18.

v"* = vcno* vcos(otr) (+17)

v".* = v""no- Tcos(ox) (+18)

Tbe current passing into the integrator can be cdculated by taking the totd time

derirative of Eq.4-t9 which represents the charge stored acnoss the rotor to comb drive

overlap capacitance. Rearranging yields F4. +20 which prcdicts both the feedtbrough

and motion cturent.

Q = V"rC"rtV""*C""* (+le)

, = *? = [C"ro - C""*slVcos(ror) + CVrosin( 2irrrt) + A,o"
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4.2 Coriolis MotionSatsing 68

Direct signal fccdthrough stcms from the constant capaciancc component in the fint

term on the right-hand sidc of Eq. +20. \\ediffcrential drive voltage should theoretically

cancel out entircly since one drirrc comb volt4ge riscs as the otber comb voltage falls. But

mismatch between tbe clockwisc and countcrclochpisc drirc capacitance can result in

slight feedthrough causing a sense inrcgrator signat 10',20 mV amplinrde. This is

especially true for large voltagc drive or when a large oumber of combs are used. The

sinusoidally varying ovcrlap capacitance is different becausc even with pcrfect matching,

a residual motion currcnt is produccd. This can bc secn in the sccond term on the right-

hand side of Eq. ,t-20. This term can bccome quite large and care must be taken to ensurc

the sense inrcgrator does not saturatc or scvcrely distort. The ADI desigu has a rcsidual

motion cunent which produced a 10G,200 mV ouput from the integrator. Theoretically

the ne.sidual motion curcnt could be us€d for PII lock-in and resonant amplitude control.

However, in practice difficulties with oscillation start-up and precise amplitude

measurcment makc this less attractive.

4.2 Conrous Morron Snxsnqc

With thc resonant drivc systcm fully explaincd, attention is turned toward the actual

sensing of Coriolis tilt motion. This rcquires a capacitive measur€ment scheme to

transduce mcchanical motion into a capacitance change, scnsc intcrface electronic to

dctect the change in capacitance, and signal processing to create to final output rate

measurement voltage.

42.1 Capociflve Detecton of Corlolls Modon

It has bccn showu previously tbat a rotation ratc input induccs a Coriolis acceleration,

which in turn induces a tilting oscillation. Using a diffcrential capacitance measurcBent

scheme to detect the tilt oscillation amplitude, the original rotation rate input can be

infened. To this cnd, four quadrant clcctrodes arc pattcrned undcrneath thc rotor. One

pairof diamerically-opposedclectrodcs provides x-axis tilt scnsing, whilc the sccond pair

provides y-axis tilt sensing. Lr Fig.4-8 is showo thc rotor with only one pair of quadrant
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4.2 Coriolb MotionSasing 69

electrodes gss simplicity. Thcsc elcchodcs form a capacithrc dividcr with the inertial rotor.

lf the rotor tilts about thc axis pcrpcndicular to the pagc, thcn the capacitance of one sense

capacitor increascs while thc capacitance of the other decreases. This differential change

in capacitancc is dctectcd via aa integrator elecrically connected to tbe inenial rotor in

conjunction with a modulatcd scnse voltagc applied between the pair of quadrant

electrodes.

Coriolis Tilt Angle

cs-acs

Electrostatic
Force

Figure *8.
one sense axis.

Modulated Sense Voltage
Sidc view showkg rotor with underlytng difitsion scnse electrudes for

The dual-a"ris rate gyroscope is cqually sensitive to rotation ratcs about both the x- and

y-aJ(es. Differentiating betrvecn x- and y-axis input rotation rates is accomplished by

differentiating between the orthogonal x- and y-axis inertial rotor tilt oscillations due to

Coriolis acceleration. TWo pairs of separate quadrant elcctrodes arc pattemed beneath the

inertial rotor. As illustrated in Fig. 4-9, there is a pair of diametrically-opposed quadrant

electrodcs for cach axis. One pair measures x-axis tilt orcillation whilc the other pair

measures y-axis tilt oscillation.

Because all tilt oscillation detection is complcted using a singlc integrator that is

electrically connectcd to the structure, electrical diffcrentiation benrecn x- and y-axis tilt

oscillation is accomplished by using a diffcrcnt scnsc modulation frequency for each axis.

Separarc demodulation circuis for each axis provide hpo scparate output signals

proportional to thc nvo orthogonal rotation ratc inpuB.
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X-tu<is
Vohage
Modulation
200 kHz

Y-Axis Voltage Modulation 300 kHz

Figure *9. Wew of the quadrant sense elcctrudes bcneath the inenial roto,i Note

the dife rent modularton ftequencies for each axcs.

As the multiple srgoal frr4uency bands shown in Fig.4-10 suggest, choosing sense

modulation frrcquencies dernands grciat care. Clearly, the sense modulation voltages

should have a far higher frequcnry than the incrtial rotor rcsonance to avoid mixing with

drive feed-though, double ftrequenry motion curcnt, and any &ive signal distortion.

Since the integrator output signals for each axis arc actually double modulated, the

detection signals for each axis appear as double side bands spaced equally distant about

each respective modulation voltage frequcncy. The frequency difference between each

sidc band and the original sense modulation voltage is equal to the drive frrequcncy

QBWfz in this casc) bccausc the tilt oscillation induced by Coriolis acceleration is at the

drive frequency. These side bands should never mix, so the sense voltage modulation

frequencies have a minimum separation of grcater than twicc the drive rcsonatrt frequency.

In addition, highcr harmonics rcsulti.g from distortion can inrcrferc with signd purity, so

frequencies Eust be chosen such that cvcn multiples of thc important signal frequencics

do not coincide. The sense modulation frequencies 2(0x.l:kElz and 300 kflz wcre choscn

bccause they satisfied all these requircs and were within the electrical circuitry bandwidth.
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Figure 4-10. Conceprual power spectal density of all important dual-axis rate

gynoscope signals. Note signalftequencics arc chosen to avoid overlapping.

Both of these sense modulation voltages are crcatcd from tbc high frequency VCO

signal gencrated in the phasc-locked-loop. Thc basc VCO signal is approximately 2.4

MtIz during normal operation. This high frequency signal is divided down to produce the

sense modulation signals. For exarnple, divirling the VCO sigaal down by 12 yields a

20okJlz signal, while dividing down by 8 yields thc 300 ktlz signal.

422 Interfaoe CiFcuitry and Sipal Pnocessing

As prcviously noted, the key to dud-axis gyroscopc operation is sensing a diffcrential

capacitaoce change bctwecn substratc mounted electrodes and the inertial rotor. Tbo

diametrically opposcd elecuodes form a capacitive divider with the inertial rotor. If thc

rotor tilts about the axis perpendicular to the page, then the capacitance of one sense

capacitor increascs whilc the capacitance of the othcr decrcascs. An integrator holds the

rotor at a constant voltage rendering the mtor a virnral g6ound. [f the sensc capacitors are

equal, then the modulation volage causss charge to flow betrrecn the sense capacitors
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4.2 Coriolis MotionSaung Tz

with no charge cscaping through the integrator. If the scnsc capacitors are unbalanced due

to inertial rotor tilt" then somc charge flows throngh the integrator producing a

measureEent voltage proportional to tilt displacement and modularcd at the sense voltage

frequency. The integrator is realizcd by placing a small integrating capacitor of

approximately 50 ff in fecdback around a high-gain operational amplifier.

Capacitive sensing using an htegrator demands an operational amplifier with very

high input impedance and no significant input bias curr€nl Hence, 41 amplifiGr with

MOSFET input transistors was uscd bccause MOSFET input impedance is extremcly high

(>tOE O). Unfornrnatcty, this poses a problem for DC biasing the inertial rotor at a set

voltage since there is no DC current path to ground. This problem is further exacerbated

by any minurc leakage curcnts which m.ry cause the rotor voltage to drift To solve this

problem, a resistive path was created by placing a subthreshold MOSFET in parallel with

the integrating capacitor. This provided a high cnough input impedance for effective

capacitive Ineasurencnt, while providing a low enough rcsistive path to ground for sening

of the rotor bias voltage.

Oscillator
Drive Signal

Rate

Sense Modulation Demod Demod
Multiply Multipty

Fipre *II. Side vieve and schenutic showing the sercc ktegmtor and the sigttal

proccssing required to produce lmal rutation mtc mcdsuremcntfor one axis.

|.,t

Ouput
Signal
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4.2. hriolis MotionSetshg T3

As shovrn in Fig 4-11, the voluge output ftom the integrator must bc dcmodulated

twice to rBcover thc dcsircd voltage output srEInaI. The 6rst demodulation removes the

sense voltage modulation @ueucy leaving a voltage proportional to inertiat rotor tilt
position. The second demodulation nemoves the inertial rotor drive frrequcncy leaving a

basc band voltage signal proportional to rotation rate input. The second demodulation

uses the PLL generated rate signal which is in phase with both the trans-resistance drive

signal and the desired Coriolis sigual. [n practice, this double demodulation was

accomplished using a single chopping of the integrator signal and a lowpass filter, This

could bc done because tbe demodulation multiplication is associative, so the scnse

modulation signal and thc PLL generated rare signal could be prc-multiplied. This

requircs a digital multiply which is complercd using a simFle XOR circuit ratber than an

analog multiplier [68]. Thc rasulting digltal sigoal was then used to chop the integrator

output thereby rcalizing both demodulations with only a single analog chopper circuit.

Because all tilt oscillation detection is completed using a single integrator elcctrically

connected to the structure, electrical differentiation between x- and y-axis tilt oscillation is

accomplished by using a different sense modulation frrequency for each axis. Tlvo nearly

exact copies of the demodulation signal processing circuitry are integrated on-chip. The

only differcnce betwecn thc circuit copies is that one demodulatcs with the x-axis sense

modulation frequenry, while the other demodulates with the y-axis frcquency.

Demodul*ion circuits foreach a:cis provide two output voltage signals proportional to the

two orthogonal rotation rate inputs.

423 Electrical Senstdvi$ to Rotadon Rate Inputs

The electrical sensitivity to rotation rate input rclates the voltage output to a rotation

rate input. The calculation of this quantity can be separated into trvo distinct sensitivities.

Mechanical sensitivity and clecuical scnsitivity to rotor displaccmcnt combine to give the

electrical scnsitivity to rotation rate inputs. It is important to find thc combined sensitivity

bccausc mechanical sensitivity or electricd sensitivity to Coriolis displaccmcnt alone can

be misleading.
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Drive
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Figrc *12. Schcmaic sltowing circuit equivalent of the cnttrc interface circuitry

and signal prucessing combitutton.

The rnechanical scnsitivity was calculatcd in Ctaptcr Ttree, so only the clectrical

sensitivity to rotor displacement need be addressed herc. The electrical sensitivity to rotor

displacement rclates voltage output to rctor angular deflcction. The x-and y-axis are

identical and ideally docoupled, so only the x-axis elecricd scnsitivity will be explored.

The calculation begins with the change in scnsc capacitancc given an angular

displacemcnt of the rotor. As$rming a small angular displacement Q, the electrode sense

capacitance can bc approximated by a constant value Cr6 and the linear term of the Taylor

scries. Any positiw angdar deflection of thc rotor causes onc capacitor C* to incrcase in

capacitance, while thc othcr capacitor cro decreases in capacitance. Thus the two sepamte

sense capacitances can be writtcn as Eq. $21 and $22.

ac-
Crp = Cro *86 0 (+21)

ac-
Crn = Cro-36'0 (+22\

Because thc inrcgrator attcmpB to hold the rctor voltagc constant, any imbalancc in

tbc scnse capacitors duc to rotor displaceurcnt will force currenr onto the integrator. Thc

foundation of determining this sensc current is thc rclationship betrrcen charge on a

capacitor given capacitancc and voltagc. The charge in question is the sense chargc q on

thc rotor.

Gain
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4.2- Coriolis MotionScnsing 75

In tbis case, the capacitance is the capaciumcc benneen the nro electrodes and tbe

rotor (C* and Csn) while thc voltage is thc modulatedscnsc volage V, as$'ming the rotor

is held at ground. The two other sensc electrodes which Eeasurc rotation about the

orthogonal y-axis direction can be ignored becauc they exhibit no nct change in

capacitance duc to rotation about the x-axis. Tte scnsc roltagc is difrerential, so the sense

voltage on each scnse capacitor is equal and oppositc as depicted by \. +23.

e = CrpVr-CroV, (+23\

Substituting the Taylor serics approximation of the sense capacitance @. +2L and 422)

into Eq. 4-23 gvcs the mucb simplified total charge on the rotor due to the x-axis sense

voltages in Eq. 4-24. Note the constant sensc capacitancc tenns arc cancelled.

,(H"
)v

(+24\q= s J

The definition of current is changc in charge over time. Therefore, the current flowing

through the integrator is simply the timc dcrivative of the chargc on the rotor as defined in

F4.+25.

,= f, = #,Pff;r)'J (+zs)

The integrator of course integrates this current on to a capacitor C1 which thercby

produces a voltage. Thercfore the volage out of the intcgraor V;n, can bc written as

shown in Eq.*26 aad findly 4.+27. This assumes the frequencies of the modulation

sense voltagc are high enough such that tbe interfacc circuitry behaves as an idea

integrator.

Vin, (+26)=tr

G* (+27)V- =' lnl CI
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The voltage output of the intcgrator undcrgocs scveral transformations including

voltagc gai4 two dcmodulations, and final filrcring. Both the demodulators and the filter

havc individual gains. To simptify reprcscntation without losing auy imporunt nuancqs,

tbe cffecs of thcsc 6nal stages cau be capturcd in an efrcctivc gain &. Thc final form of

thc clcctrical scnsitivity to rotor displacement is given in Eq. 4-28.

vo,, Lra9")!- l^- (+zE)o = r(m )-ql ,

Now electrical sensitivity to rotor deflection can be combined with mechanical

sensitivity to rcrrcal overall electrical sensitivity. The mcchanical sensitivity is reduced by

[/2 bccause the multiplicative Coriolis motion reduccs the ampUnrde by ll2 while

doubling the bandwidth.

The combincd mechanical system, sense electrodes, and integratorcan bc surnnarizcd

in Eq.4-29 with sense voltage V' integrating capacitor C1, and clectrode capacitive

sensitivity (aq)/(40) .

lHl =l+ll?l =
0oo.

[,(#"FJ^.olz,+iT. -
(4-2e)

It is clear that increasing thc scnse voltage differential \ between the rotor and the

quarter circle sense electrodas will increase overall sensitivity. Unfornrnately, this sense

voluge also results in an clectrostatic force which tends to pull the inertial rotor down to

the substrarc. The critical pull down voltage limiis ifus mocimum applicablc scnse voltagc

and is proportional to the nanral ftequcncy for z-axis translation perpendicular to the

substrate. Cowentional wisdom would suggest one should maximizc mechanical

sensitivity by lower thc rotational nattual frequencies. However, lower rotational natural

frequcncies result in lorrer z-axis translationd fre4uency also. For this reason, the sense

voltage for lower frequenry suslrnsions must be reducc4 nearly sliminating all

mechanical scnsitivity gains. In general, thc intcgrator capacitor is sct by minimum

process capability or mini'num size to avoid "rqpliter saturation due to feedthrough and
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motion curents. That lcarres the derivative of scnse capacitance with respect to tilt angle

as the an important factor forimproving scnsitivity, atrd it is discussed nexc

Hitherto, the elecuical sensitivity has becn documented in general tcnns. ln order to

find the numcricd elccrical scnsitivity of the dual-axis rate gyroscope, the change in

capacitance for a givcn change in rotor tilt anglc @C)/(dil must h derived. To

estimate this quantity, first the acnml capaciuncc berween to rotor and a quadrant

electrode is calculated ignoring fringng fields. Sincc small tilt angles are assums( a

parallel plate capacitance estimarc is fouud for a differcntial clemcnt on the seuse

electrode. Integrating ovcr thc cntirc elcctrode arca yiclds the otal sensc capacitanc'e Q
for a single elecmode. The discrete differcntial capacitance dC, can be wrinen in terms of

e the dielectric constant for air, dA thc differential area element, and g(Q) the angle

dependcnt capacitor gap as in Eq. 4-30.

dc, = 7# (+30)

The totd capacitance is the integral sum ovcr the entirc quadrant electrode arca This

inrcgrat is best tackled by dividing the integral into two separate integrals. One integrates

the arca of a trianglc and thc other integrarcs thc arca of a circular portion as exhibited in

Fig. '1-13.

Pivot A;ris
Figure 4-13. Division of capacitarce calculation into two separate integrals.

Because integration is a linear operation, the two sepamte integrals can be added

togcther to form the total capacitance as Eq.4-31 shows. The diffcrcntial area dA and thc

gap arc writtcn in tcrms of tilt angte Q, distance from thc pivot axis x, electnode radius r,

and original Eap Eo. This yields tbe intcgral tns,. +32.

x
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(+31)

(+32)

(+34)

C, = Cra*C"r,

I

nc,=Ze[ffi.r, t lTz.4r -x ctxmI
n

Although this integral can bc found exactly, the answer becomcs vcry cumbeniome.

Howcver, the assumption of small titt anglcs justifies linear approximation using a Taylor

series expansion. Finally, thc capacitancc scnsitivity to tilt angle can be approximated as

shown in Eq.,f-33. The sensitivity is additive, so calculating the differential for a solid

rotor of outside radius Ro and then subtracting a smallcr inner radius R1 hollow center will

ghrc the capacitance sensitivity for a hollorr rotor design. The kcy results to note are the

cubic dependence on radius and the square depcndcnce on the height of the rotor above

the sense clecrodcs z. Thus capacitance scnsitivity can be EFeaUy enhanced by incrcasing

rotor radius or by decreasing gap size.

39d=(-ry)"1-nir (+33)

The calculated change in sensc capacitance given a changc in rotor rnglg fss the ADI

fabricated gyroscope was 5.3 pF/ra( but for the larger SNL fabricated gyroscope it was

8 pF/rad.

As norcd earlier in Section 3.5, both thc sensc frequency nming and maximum nrning

range depend on thc second derivative of scnse capacitance. This can be calculated using

the samc approach with thc final results given in Eq. +34.

a cs O.2ile
rnl - nll

2

as' T
Z

42.4 Electrical Nolsc Resoludon Lltnit

Although the absolute minimu6 detectable sigual is set by Brownian motion of the

rotor, the actual minimum resolution of the dual-axis gyroscope is limited by elecfical
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4.2. Coriolis Motion Sercing 79

noise in the interface circuitry. Specifically, the input voltage noise at thc front end of the

sense inrcgrator was cdculated to be the dominant noise soutlcc. In this case, the

dsmin6ai noise originates hom the thermal noisc of thc polysilicon interconnect rather

than the inherent noise voltage of the input MOSFET pair. There are many other noise

sourrcs including rans-rasistancc drirre noise capacitively coupling onto the structurc and

PLL phase noisc allowing comrption of the Coriolis signal by quadrature enor to name a

few. However, these sources werc calculatcd to bc below the dominant rcsistive

interconnect sotrlce. l,ater electrical stages in the Coriolis signal path add negtigible noise

as thc signal magnitude is greatly increascd by the initial integrator gain.

The minimum resolution can be found by equating thc voltagc output due to elecrical

noise with the voltage output of a hypothetical white spcctrum angilar rate input fh. This

hlAothetical rate input noise power integrated over bandwidth will give gyroscope

minimum detectable signal. Converting a voltage output to a hypothetical rate input is

completed easily [65] by dividing thc noisc density of the output voltage by the electrical

sensitivity as in Eq.4-35.

cr, = + (+3s)
lV rr,l

Iorl
With elcctrical sensitivity already calculated in the previous subsection, the voltage

noise ouput must be derived. Mark tcmkin has shown [69] that for his accelerometer

designs the dominant noise source in both ADI and SNL technology is the thermal noise

generated by the rcsistance of the interconnect between rnechanical stnrcturc and interface

circuitry. The samc was calculatcd for thc dual-axis rate g:fr,scope. This rcsistance

includes both thc polysilicon suspension beams which the signals must flow through and

the signal ru$trers from suspension anchor to the integrator input transistors. For

reasonable transistor sizcs and bias currcnts, thc noisc contribution of the interface

amplifier is relathrcly small compared to the interconnect resistance bascd noise.

Although ADI employed n+ difrsion connections and SNL employed polysilicon

connections, both rcsulted in about the same order of magninrde rcsistance betrreen 8 k(l
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and 12 k(} The schemstic in Fig.4-14 shows the sense circuitry with the resistance and

equiralent noisc source u, in fr,ont of thc intcrconnect rcsistance R. The parasitic

capacitance C"r, bcnrecn thc rotor and the substatc and scnse electrodes also has a direct

effect on noisc performance.

cs q

lljl o
oil

o
o
a)

E:
C)ovrR

Modulation
Carriers

]JII Ic'"' Modulation
Carrier

Modulation
Carricr

Drive
PLL

Drive
PLL

OuBut

(+36)

Output

cs

J1IL Lfl
Ftgurc *14. Schenutic diagran showing the dominant elcctrical noisc source with

all interface and signal prucessing circuitry degradcd by this noise.

Mark Lcmkin [69] showed that thc sensc circuit schcmatic can bc rearranged into the

simplified equivalent circuit in Fig.4-15. this allows direct calculation of the output

volt4ge vo by considering the v, induced noisc currcnt which is intcgrated on capacitor C;

as shown in Eq.4-36.

(2Cr+ C roro)Arv,r'-+-n 
Ci

2Ct q
o
oi)

lEl
i)
AR

o
oc

v

%r
JIJL il

Figwe *15, Sclumatic diagram showing cquivalent clectrical noise source after

neanangcmcnt of tlu circuit to simpltfi anatysis.

Gain

Gain
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Thc thcrmal noise induccd by any resistive load can be calculated 167l as in E4.4-37

where R is thc intcrconnect resistance, T is rcmperature, and kg is the Bolemann constant.

The typical noise calculated for ADI versions was approximatcly I I nYt JFz.

,, = ,lTsTR (+37)

The equivalent angular ratc noisc power density can bc calcularcd by substituting F4. +36

and437 into Eq.4-35 with the rcsults in Eq. +38.

2
@r*

j@.@,

Q, l@ (+38)
200ol,,

Eq. +38 implies that equivdent angular ratc noise causcd by electrical interconnect

rcsistance can be reduccd by decreasing comection resistance & decreasing all

capacitances, incrcasing capacitivc sensitivity, and increasing scnse modulation voltage

%. The middle term in the absolute valuc brackets models the mechanical dynamics.

This is the inverse of the sccond order dynamical model of gnoscopic motion. This tcnn

is minimizcd by matching sense and drivc modc frcqucncies and increasing resonant drive

amplitude 0g. Assuming poor frequency matching, the AD[ version rate aoise power

density was calculatcd to be 0.09 'tsrr;t J-Hz. Improving thc matching betrreen drivc and

scnse axis frequencies gives a reduced.noise density. Actud experiments yielded noise

levels scveral times higher than calculued. Lower drive oscillation ampliudc and inexact

capacitive sensitivity cstimation arc among the most likely coneibutors to error. However,

wide band noise is but onc pcrformance measurement which must bc addrcssed. Offset

drift must also be considered, as in the next subscction.

4,25 E[fecB of Dlstortion

Quadraturc error (first discusscd in Subscction 4.1.6) originues from rotor wobble

caused by imbalancc and suspension spring imperfcctions. The only difference bctween

thc desired Coriolis motion and tbc comrpting wobble motion is that they are 9O dcgrecs

out of phasc. As statcd previously, phasc lag in the electonics can increase quadraturc

(ZCr+ C ooroltrz_=+" 
(ffi'),"
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enor offset. Distortion can also alter phasc and induce quadrature crror offscts. In a

perfectly linear systeln, thr 90' phasc diffcrence is retaincd and demodulation can rcmove

the wobble and thereby eliminate quadrature error. Unfortunatcly, the clectnonics arc not

perfectly linear; the gain stage and thc dcmodulation circuits following thc integrator may

cxhibit distortion. This distortion may gliminxlg the phase difrercnce benpecn Coriolis

and wobble signds and thts comrpt thc ouput signal.

To see how wobble can corupt Coriolis outpu! the effects of distortion must be

modelcd. Tte starting point is thc rotor motion itself. Thc simplificd rotor motion

consists of a combination of Coriolis motion and rotor wobble as Eq.4-39 denotes. These

two components arc 90' out of phase, and so can be symbolically rcpresentcd by a sine

and a cosine with Coriolis amplitude C and wobblc amplitude IV as in Eq.440.

Motion = Coriolis+Wobble (+39)

0 = Csin(ror) + Wcos(cor) (4-4O)

The sense intcgrator output is tre motion modulated at the sense modulation voltage

frequcncy. This intcgrator output signal V;n, thcn passcs through thc distorting gain stage.

Low ordcr effects of distortion can bc modclcd using thc Taylor series in 4. Ul.

Vsain = ArVin,+e,rV!r,+ erVl* (4'/.L)

Aftcr the doublc demodulation, thc final voltagc output Vo* can be derived. As

cxpccted, the ouput voltage is proportional to the Coriolis motion as the fint term on thc

right-hand side of Eq.442 shows.

Von,nC+ArWzK (MZ)

However, the ouput voltage is dso proportionrl to the squarc of the wobble with a

pmportionality constant I(. The odd ordcr harmonic tcnn in the gaiD stage altered the

wobble phasc such that thc Coriolis sigual was corrupted. Tbe wobble motion is massive

comparcd to th Coriolis motion, so odd ordcr distortion should be avoided at all costs.

Thc usc of square law MOS and fecdback hctpcd allcviatc odd harmonic distortion in each

desig;u.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 093



4.3. Fuily Integrutcd SNL Fabricatcd, Dcsign 83

43 Furr,y Ilrrpcnlrrp SIYL f,'lrruclrtD DEsrcN

Tlvo dificrcnt surfacc micromachining processes were used to fabricate different

versions of the dual-axis rate gyroscope. The ADI fabricated versions had only circuitry

requiring low noisc and low phase loss on chip. All other circuitry was built on a FC

board. Clearly, a highcr level of intcgration providcs improved miniaturization and

reduccs Part coutrL The more compact circuitry made possible by smaller minimum

dimensions in the SNL pn,ccss enabled a highcr lcvel of integration. For the most part,

integration was simply a maner of moving comparable circuit blocks from off-chip to on-

chip and will not be detailed. However, the trans-rcsistance amplifier will be discussed as

important changes improving scale factor stability wcre added.

43.1 Ihens-rcslstance Amplifier and AGC

All versions uscd a trans-resisuuce amplifier to generated rotor drive oscillation.

However, there arc important differcnces benveen the ADI and SNL versions. The main

drawback of the simplc approach uscd by ADI fabricarcd versions is that thc variable gain

trans-rcsistance amplifier output is used for oscillation amplitude control. As the variable

gain changes, so does the scale factor betrpcen physical oscillation amplitrudc and trans-

resistance voltage output. It is very rlifficult to guarantee a constant oscillation amplitudc

if the scale factor.is changing. A better approach would be to use a constant gain uans-

resistance amplifier to produce the signals for amplitude control. Then use a separate

variable gain amptifier to adjust the signal driving the stnrcnrrc. Such a topology was uscd

for the SNL dual-axis gyroscope design as shorrn in Fig. +16.
ImD Rpslsron

VlnHsln
Gmr

Srnsn
Corms

Drurru
Colos

Ry AiOLmUDE
COITIROL

Figarc *16. Conccptual nesonant drivc design used for gyruscory fabricatcd by

Sandia National Lab.
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Duc to large strucnrc size, a very high trans-resistance gain was rcquired. Therefore,

several stages were used to complcte thc dcsigu. The first stage was the raditional trans-

rcsistance amplifier with an NMOS as a variable feedback resistor R, giving an

approximate maximum resistance of 1.00 kf,l This rcsistor was set to a fixed value during

operatiou to ensurB consuut gain. Next nro fast amplifiers having medium gah A equal to

approximatcly 22 were cascaded to provide adcquate gain. These three sub-circuits

comprised the constant gain tans-rcsistance amplifier. The output drive signal amplitude

is proportional to oscillation arnplitude and is uscd by thc AGC to 6x oscillation amplimde

coostanL A find variable gain amplifier (gain Ar) thcn acts upon the constant gain siguat

to provide the actual drive signals applied to the drive combs. This amplifier had a

variable voltage gain from 4 through zero down to 4. The total maximum trans-resistance

gain RO was thercfore positive and ncgative 200 N4O as calculated using 4.4y';3.

ftn = RuxAzxAu (4-4;3)

As with all elecronics, the electrical system must remain stable and not ring. The

trans-rcsisunce amplifier is designed to self oscillate the stnrcture, not self oscillate itself

without the snucture moving. Theorctically the total trans-rcsistance amplifier has no

electrical feedback path, so ii is lsminally stable by definition. However, in practice there

will always be some capacitive fecdthrough from the drive combs to the sense combs. The

size the phase of the feedthrough signal is determined by wire routing and mechanicai

stnrcturp layour For cxcecdingly large Uans-resisunce values, positive capacitive

feedback of less tha" I fF can induce instability. Carefully planned wire routing and

structure layout can alleviate much of the fecdthrough capacitance.

For added protection, compensation capacitors were added to the SNL designs. The

standard single dominant polc compensation mcthod wss imFlementcd. This method

relies on a very low frequency dominant pole to reduce loop gain betow oae bcfore

secondary poles redrce phasc to -180 degrees. All the trans-rcsistance circuit stages have

highcr polcs above 50 MIIZ, exccpt the first stagc which had a single lower pole provided

by a compensation capacitor in pardlel with the variable rcsistance NMOS. The first

st4ge was choscn as the location of the compensation capacitor for two distinct rearcns.
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Firstly, the first stagp has an NMOS in fcedback which provides a possible dcsabilizing

feedback path and compensation can add to local stability. Secondly, th stabilizing

dominant pole frcquency dccreasas as the equivalent resistancc of the feedback NMOS

increases. Hence for largcr uans-rcsistance mlues which might bc susceptible to

fcedthrough instability, the staSilizing dominant pole is automatically lower in frequency

thereby improving stabilization.

The wideband amplifier used in thc SNL design was dasigoed to have an approximate

gain of 22 while providing a bandwidth of 50 MI{2. In addition, thc wideband amplifier

was designed to operatc dcspirc largc rrariations in backgue efrect and input common

mode voltage. A variation of the folded cascode was used with rcsistor loads for improved

linearity. The wideband amplifier schematic is shown in Fig.4-17. Differcntial input

signals enter at nodes inp and inn with the gained differential output exiting at nodcs outp

and outn.

Figurc tl-17. Cadencc schematic oJ one of the wideband amplificr used to incrcase

trans-resistance gain fuch amplificr incrcases tans-resistance by afactor of 22.

The final stage of the trans-resistancg amplifier is the variablc gain amplificr shown in

Fig.4-18. Thc automatic gain conuoller adjusts the gain of this stage to control rcror

resonant amplinr&. Thc variable gaia amplifier is loosely bascd on the Gilbert multiplier

1671. [n short, tbc constant traru-resistance signal entering at nodas inn and inp ar"

(

5tIr

-ff
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multiplicd by a variablc voltage entering at node agc thcreby setting the gain bctwecn 4

and -4. Resistive loads placed the common Bodc output within less than one volt of the

bottom rail for maximum drive voltage differencc betrrecn stationary drivc combs and thc

inertial rotor.

Figure4-lt. Cadence schemartc of the variable gain anplifier

used to vary drive traru-rcsistance fiom 2N MQ to -200 Md).

4.4 Er,nctnrcAt, SYSTEM Sumulny

Thus far, this thesis has delved into all the dual-axis gposcope subsystems. All these

subsysrcms arc intcrrelatcd, and thcse connections have been touched upon throughout the

Iast four chapters. The next chapter pulls all these subsystems together into a full system.

Tten system widc design nade-offs and optimizlion are explored. A full system

approach is imperative as optimizing certain subsystcms may dcgradc overall system

performance. Many fcatures, botb electrical and mechanical, must be considered togethcr

to &vclop a tnrly optimized design.
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5. Dssrcx TRADE-oFrs AND Oprnrzlrrox

fite above chaprcrs describe thc important aspccts of the mcchanical and etectricat

design. Now the task remains to combine all thesc aspects into an optimized systcm

which will perform to specifications. In gencral the fabrication proccss, for example

Analog Devices Inc. (ADI) or Sandia Nationd Laboratory (SM-), will be given. Hence

therc are a number of process constraints dicuted by process capability. These include

stntctural marcrial properties, minimum mask resolution, and elecrical capacitance to &e

substrate. Along with these process constraints are performance constraints which

rcprcsent robushcss criteria, pcrformance specifications, and interface circuitry

limitations. A simplified optimal dcsigu problcm can be formularcd whcre a set of design

parameteE are oprimally chosen to satisfy performance constrains while rcmaining within

Process constraints aud minimizing rate mealiurenrent noisc p2l. [n most indusrial

situations, it would be the noise which is a given constraint and the die area would be

minimized. However, for this work the rotor outside radius was a constrained due to

rcsidual sftss ordie usage limitations, so rate Ereasurement noisc was minimizcd instead.

The circuitry can bc optimized separately from the mechanical stnrcgre. Only the

circuiry which directly interfaces to the structurc has serious impact on performancc

specifications, so the majority of the signal processing circuitry can be dccoupled from the

optimal dcsign probleru Furthermore, kcy intcrface electronics can be oprrmizcd purely

in electricd terms or optimizcd based on the mechanical strucnre. For cxample, the trans-

resistance amplifier can bc designed to producc thc maximum rssistancc with acccptable

phase lag for a given technology. On the other hand, the sense integrator which is attached

to the structure can be optimizcd f6J minimum noisc given structurc parasitic capacitance

and interconnect rcsistivity. The bottom line is that the stnrcturc can and will be tneated as

a stand alone design problcm.
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5.1 FmnrcmoN lh(rcEss Lnntlrrons
Firsq the limitations hherent to the process must be represented mathematically using

constrain cquations and inequalities. Thcsc include materid propcrties, film thicknesses,

parasitic capacitance, minimum dimensions, and maximum dimcnsions. Thble t below

shows the approximate constraints for both the ADI and the SNL surface micromachine

processes.

Ihblc 1: hocecg Constraln6

Verleble Srmbol ADI srIL
Stuctural Polysilicon
Thickness

h 2pm 2.3 ttrn

Nominal gap bctween poty
and substrate

g 1.6 trm 21tm

Minimumcomb fingergap d I lrm lpm
Polysilicon modulus of
elasticity

E 150 GPa 150 GPa

Polysilicon mass dcnsity p 23OOkglm3 230Okglm3

Air viscosity at opcration
vacuum prcssurc

p 2e10-u Kg/m/s 2e10'u Kg/m/s

Rcsidual stress gradient doldz 4.4MPal1tm 0

Maximum allowable volt-
a8e

Vt"t 15V 6V

Parasitic capacitance of
inrcrconnect

Cp"- 2pF lpF

[\vl6$6rrm size of stnrcture radius 500 1000

5.2 hnronurulcgcoNsrurNTs

Next the dcsign criteria and pcrformance specifications must be writtcn as design

constrains which must bc satisfied. Onc obvious constraint stems from the nccd to put thc

incrtial rotor in motion. Thereforc, the gnoscope Eust be designcd such that thc trans-

resistance amplifier with maximum resistance R9 can induce drive oscillation. The

maximum trans-resistance value dcpends on transistor speed, transistor gain, and

fecdthrough as describcd earlier. This suggests that the amplifier maximum gain is

depcndent on circuit tcchnology and optimization can be completcd scparately from the
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mechanical desigo. The gyroscope clearly cannot operated if the rotor is pulled to the

substratc by clcctrostatic voltagas. To ensure survirral during start-up transients and

possible elcctrostatic dischargcs (ESD), s minimum pulldown voltage Vpux should be

estsblished. Suni\al in the face of mechanical shock can bc enbanced by dercrmining a

minimum natural ftequency for all modes. This also aids in operational robnrstness to

outsidc accclerations and vibrations. The Einimum ftcquencies are either the drive

frcquency rrl or the x-axis translation fr,equency ro1".

Othcr dcsign constraints follow dircctly from performance spccifications. The most

obvious is minimum dctectable signal (h, but therc are several other intcrrclated factors.

Forexample, thc clectrrostatic hrning range shouldchosen in aneffortto pmvidc frequency

matching despite process variations. Idcdly, the tuning range wiII be broad enough to

allow mode matching dcspite scnse axis mode ft,equency tolerancc tAco, and drive

frequency tolerancc tAcor. Closely connected to the uning range is the ratio benreen

scnse and drive mode ft,equeocics. Mode separation should be widc enough to ensure the

sense mode is above the drive mode frequency regardless of process rrariation. Yet the

mode separation should not bc so wide that frequency tuning cannot match modes. The

nmiug range and mode separation assumiqg cxact matching is desired are illusuated in

Fig.5-1.

Frequency Timing Rangc

Frrquency (lcHz)

Figurc 5-1. Thc minimwn mde scpamtion andfiequency twing rwtge for opti-
mal desiga.

+Ao, -Aol,

Mode Separation

otz ox

-Ao, +Aox
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Sense mode tunability can be dcfined as the percentagc change in sense mode

frcquency dcrirrcd from clcctrostatic tuning. Assuming the mode frequency tolerances are

not large, then the Taylor scries approximation catr bc involccd and tunability can be

expressed as a relationship bcnveen mechanical spring constant Kr* and clccuostatic

spring constant Ifu as in Eq.5-1. The original scnse mode frequency is cr4 and thc

frequency after maximum tuning ir 6r. The bottom line is that the rotational spring tuning

range can be dcfined as thc ratio bctwecn the maximum electrostatic sprhg constant I(o

and the original mcchanical spring constant K*.

b=z@,-6, (5-r)Kxr-- o,

As Fig. 5-l suggesr, the tuning range should span the fuIl tolerance range of both sense

and drive modc frequencies. Again assuming tolerancas are small and thcrefore sense and

&ive frequencies should be nearly equal, thc tunability constrairrt can be exprcssed in

terms of perccntage frequency variation of the sensc and drive mode in Eq. 5-2.

F=-(t.t) (s-2)

Likewise, the nominal mode frcquency separation berween sense and drive a:cis can be

derived from Fig. 5-1. The modc separation should be thc snm of sense mode tolerance

and drive mode tolerance. With the same srnall tolerance assumptions, the ratio constraint

place upon drive axis to sense axis mode frequencies can be cxpresscd h Eq. 5-3.

0._, Aot, A@.

-=lclr c), (De
(5-3)

Finalty, all of the above constraints should bc satisficd cfficiently through thc usc of

minimum die area or a pre-determined die area- The strucnral die area is dcpendent on

rotor radius R" so in fact radius becomcs the kcy design constrainL In this case, maximum

rotor radius was used as a constraint. All of thesc dcsigu constraints are enumerated in the

Table 2 below for tbe ADI fabricatcd version.
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Ihble 2: Performancc Derlved DeslgE Constralnts for ADt Yersion

Parameter Limit

Trans-impedancc Ra<2AMA

hrll-down Voltage vpull >2V

Tunability b*,,-(*.t)
Minimum frrequency min(ro=, crr.) > L2kHz

Dctectable Signal Q, < l("/s) orMin(f,d)

Ratio benreen Drive/Scnse
Naural Frequency

@drr"r-, Ao), A0.
E r-

@rrnr,. (Dr O)z

Die area Min(R) orRcR'n",

53 IIroBrmroENT DEIGN PARAI/TDf,ERS AIYD DBSTCX IhIOP.OTTS

A set of independent dcsign parameters must be chosen to fully charactcrizc critical

aspects of the mechanical structure. The inertial rotor, beam suspension, and comb drive

must all be rcpresented- The rotor iself can be compactly described by the inside radius

& "nd 
the outside radius R The suspension can efficiently modeled using thc average

beaur length, polysilicon 6lm thickness or height h, and the beam width b. The general

typc of suspension, such as single beam or serpcntine multiplc fold, must be determined

bcfore hand. Large residual stress, Ioc/ dcsircd frequencies, or limited radial spacc often

dictate thc necd for serpentinc suspension. Full charactcrization of thc drive combs

rcquires inner most comb radius, outer most comb radius, and number of comb gaps; but

only numbcr of comb gaps N will be considcred for simpliciry. The definitions of these

dcsign paramctcrs for both insidc suspension dcsigns and outsidc suspension designs are

showing in Fig.5-2 and 5-3 respcctively.

Reproduced with permission of the copyright owner. Further reproduction prohiblted without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 102



De s i3n Tmdc -ofs ad O ptimiztti on 92

)
0

Angular
Displacement

Figurc 5-2. Tbp vi*rt of polysilicon rutor slwwing dimewions and design varioblc
defmitions for inside suspcnston dual-axis gyroscope.

The design variable.s can be firther simFlified by choosing a single dimensional

parirmeter and converting all other design paramctcrs to dimensionless parameters. The

outsidc rotor radius R was chosen as thc dimension parameter because it has the grcatcst

effect on performance and best embodies orrcrall mechanical structune size. The ratio of

inside rotor radius to ousidc rotor radius charactcrizcs the inertial rotor. The suspcnsion

can be characterizcd by the ratio benreen beam length L and inertial rotor outside radius R

in conjunction with the bcam cross-section aspoct ratio b/h. Including the alrcady

dimpnsionless comb gap number N, the dcsign pammeters are as follows.

R. !-.. !. ?,,v.L' 
R, R, i

The most important dcsign trade-offs involvc R, ft/R, [-tR, and b/h. A sufficient

numbcr of comb tecth gaps is vital for achieving rcsonan@, b,ut the only real trade-off is

increasing the number of rceth c{msurnes more dic area- Increasing or decreasing each of

the dasigu paraneters provides intcnelatcd advantsgss and disadvantages. This yields a

Radius

Inside
Radius

R

&

Beam
Lcngth= 1<"+

Rotor
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Outsidc
Radius

0l
Angular \
Displacement '

Beam
Irngth = L

Figure 5-j. Top vicvrt of polysilicon totor slowrng dimensions and design variable
dcfnitiotu for outside suspension dual-aris gyroscope.

complex, coupled optimization problem. The following paragraphs illuminate the

important rade-offs which must bc considcred duing thc design process.

The outer rotor radius has paramount effect upon gyroscope performance and

opcration. A largc radius obviously prcvides gpater capacitivc scnsidvity (sce Eq. +33)

thereby improving noise performance. A larger radius improvcs sensc axis fr,equency

tuning range (Eq.4-34 providcs thc dominant ucnd) which also implies bctter noise

performaoce. Anothr bencfit might be increased moment of inertia as this rcnds to lower

the natural frequencies and increase scnsitivity. On thc othcr hand, there arc many

drawbacks to increascd rotor radius. Asidc from incrcased die arpa, the largcr Kr0or area

caused by a larger rotor radius has several dctrimental side effects. A larger arca exposed

to the substratc and scnsc elcctnodcs bcncath the rotor produces highcr parasitic

capacitance on the rotor which in turo increascs noisc lcvel. More area lowcrs pulldown

93

R

Rotor
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voltage the requires lower sense modulation voltages thus reducing sensitivity. A larger

rotor naturally implies a large mass which rcduces translational natural frequencies. The

large rotorclearly requires a more powerful &ive to overoomc viscous friction. Finally, in

tcchnologics with rcsidual stress gradients, a largcr rotor lcads to increascd warpage. In

general, the rcquirement for hig[er noisc perfonnance rDust bc balanced with the

drawbacks qf utilizing a larger radius rotor.

Many of the drawbacls plaguing a larger rotor radius can be partially surmounted by

hollowing out the rotor center or in other words increasing the ratio Ri/R. It is tnre that

hollowing out thc rotor center will reducc capacitive sensitivity. However, the vast

majority of sensitivity is dcrived from the outer rotor edge where the scnse electrode area

is largest and the motion during tilting is grcatest. Thus, hollowing out the center reduces

sensitivity only slightly while imparting many crucial advaotages. This is represented

mathematically by the fact that scnsitivity is proportional to R3 (sce Eq. z1-33) while rotor

area and the rclated drawbacks are proportional to R2. Witl lower rotor area, the rotor

parasitic capacitance is lower thus rcducing noise. Reduced area increases pull{own

voltage which in tum incrcascs both allowable scnse modulation rroltage and nrning raoge.

The hollow center dso reduces mass which increases thc natural frequencies of

translational modcs. There is of course a timit to how large a hole can be etched in the

rotor centerr for at some point the mechanical rigrdity of the rotor will be compromised.

The ratio UR embodies the complex relationship between the rotor and the beam

suspcnsion. Shortcr bcarns and thus lower [./R represents a stiffcning of the mcchanical

structue. Clearly both rotational and uanslational frequencics will be increased with

lower [-/R. lnrcrestingly, ranslational fuqucncies increase more rclative to sense natural

frequencies (comparc Eq. 3-41 to 3-49) in the design region of intcresc Hencc, for a given

sensc mode frequcncy, the translational mode,s are higher. This provides bener

mechanical shock protection, higher pulldowu vollages, and largcr frequcncies nming

range. Disadvantagcs includc thc fact that shorter beams will e.:rhibit nonlinearity for

smaller oscillation arnplitudcs. [n addition, short bcans have less capacity for stress

rclief.
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The 6nal desrgn panmeter is the beam cross-section aipect ratio b/h. Sincc the

polysilicon thickncss or heigbt h is given for a givcn proce{is, only bcam width b is
altcrablc. Increasing b incrcases tbe ratio of drive to sensc frequency. If the sensc and

drive frrequency arc too far apart, thcn thc electrostatic frcqucncy tuning nange rnay not be

sufficient to match modcs and maximize sensitivity. On the other hand, very closely

matched mode dcsigns IDay lcavc the drive modc below thc scnsc modes duc to process

variation. This would rendcr electrosatic tuning useless as the scnsc modcs can only be

down tuned. The end result would be anenuatcd sensitivity and a reversal of polarity

because Coriolis tilt motion would bc [80' out of phase.

AII of these trade-offs arc tabularcd in the Tablc 3. For those advantagcs and

disadvantages wherc a clean relationship to a design variable exists, the order of

proportiondity is given.

Ihble 3: Mechanical Design lhade-ofB

Variable Advantagc Disadvantage

Larger R Morc capacitivc scnsitivity *R3

Morc scnsc frequency tuning rangc
*R4

More inertia *R4

More parasitic capacitance *R2

More drive trans-R *R4

Moredie area*R2

Morc warping *f,

Lower pulldown voltage o.R2

l-ower allowable sense voltage ".R

Morc mass yielding lowertransla-
tional nanrral ft,equency *R2
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Thble 3: Mecbantcat Dcsign lhade-ofis

96

5.4 Drsrcrq Oprnaz.q,TroN

With thc dcsign problem formally outlined and the tradc-oft considere( some form

of optimization scheme must bc utilizcd to produce an opcrative dcsign. The first

generation ADI desigu was scmi-optimizcd by hand through a dasrgn pammeter space

search. Due to rcsidual stress induccd warpage, the rotor was limitcd to 150 pm. The

SNL vcrsion uscd computer optimization through flooding thc design space [72] with

parameter combinations and scarching for global minirrum noise. This pcrforrrance was

constraiaed by a maximrrm outer radius of 2$Oprn for dic arca utilization reasons.

Variablc Adrrantagc DisadvanUge

SmallcrLrR Ilighcr uanslational nauual ftc-
quencies

llighcr pulldown volage

llighcr sense voltagc without pull-
down or excessive translational
frequency down-tuning

Morc sense fr,equcncy nrning range

Higher rotational natural frequen-
cies

l.ower rqlonant amplitudc due to
onset ofnonlinearity

[-ess srain relief

LargerRi/R Reduccd parasitic capacitance

Less cxposed rotor arcayielding:
lncreased pull{own voltage
Incrcased allowable sensc voltage

Decreased mass yielding higher
translational frequencies

More scnse frcqucncy tuning range

Allows inside combs

Reduces capacitive sensitivity

Reduces inertid rotor rigidity

Decrease
b/h

Larger immunity to process varia-
tions causing the drive mode to be
above the sense mode.

Requires increased electrostatic
tuning range
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Unfortunarcly, thesc radius sizes and the given technology forccd abridged electrostatic

tuning ranges because the pull-down voltages werp low. However, all other relevant

constraints werE met. This resulted in dual-axis gyroscope designs tabulated in Table 4.

Table 4: Finrl Destgn Parameters

Desip

Parameters

ADI Eigh

Frcquency

AI)I [.ow

Frequency snL
R l50pm 150 pm 250 pm
Ri/R 0.33 0.33 0.82
T./R 1.2 Outside 0.73 Ouside 0.48Inside
b/h 0.90 0.90 0.9r
N 384 384 512

The micrographs in Fig.54 and 5-5 show these dimensions for the high frequency

ADI version and the SNL version respectively. These dimensions satisfied all de.sign

constrains except fuil tuning range. The next chapter gives more detail rcgarding

fabrication and highlights the performance attained using these designs.

Figure 54, Micrograph of thclvst generation dual-axis gymscopefabricated
by Analog Daices showing key destgn dimmstons.
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Figure 5-5. Micrugmph of the dual-axis rate gyruscopefabricated by Sandia National
I-abs showing critical design dimensiotu.
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6. FnrnrcArroN AI{D Eprnnmxtlr, Rnsuurs

6.1 Dpscnruox op FlrnrcarElr Drmcps

AII of the dual-axis gyroscope dcsigns werc fabricated using surface micromachine

technology. However, two differcnt surfacc micromachining processe.s, one dcrrcloped by

Analog Devices tnc. (ADD and the other dcvelopcd by Sandia National Labs (SNL), werc

uscd. The lccy diffcrence bcnrecn the fabricuion methods is that SNL fabricarcs the

micromachanical sructure first and thcn forms the circuitry, whereas ADI interleaves the

structue fabrication and the circuitry formation. These fabrication methods were inspired

by the fact that the deposition and anncaling of the structural polysilicon rcquires

temperatures above the alumin'.m interro*scg 6glting tempenature. Hence, tbc

aluminum intcrconncct must by deposircd and pauemed after the stnrctural polysilicon is

deposited.

6.1.1 Febrlcadon by Anatog Devlces Inc.

The ADI BiMEMS surface micromachining process t6l used for the dual-axis

gyroscope is an industrial production process used to producc the ADXL-5O [36] and

AD)(L45 micromachined accelerometcrs. The process begrns with the fabrication of all

electrical circuit layers ercept the interconnect alumhum. As stated previously, the

polysilicon which embodies thc micromcchanical stnrctue must bc deposited beforc the

duminum due the high deposition rcmperatures.

Air

Ftgurc 6-1. Ctoss-scction of the ADI surface micrumachhing prcccss. Figure
courtcsy of ADI.

THOX n+ runner

metal p- substrate
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Once all the BiCMOS circuitry layers except the alurninum are fabricated, the

micromachines are fashioned in a moat region located at the die center. ADI implements

the classic sacrificial oxide surface micromachins process reported by Howe and Muller

[73]. First a sacrifcial oxide is deposited. Second, holes arc etched through the sacrificial

oxide to anchor the mechanical stnrctures to the substrate and allow elecnical connection

via n+ diffirsions cmbedded in the substratc. Next, the stnrctural polysilicon is deposited

and annealed. With all high temperahue operations completc, the aluminum circuit

interconnect can be spunered and patrcrned. Finally, the mechanical stmcturcs af,e

released by etching the sacrificial oxide from bcneath the polysilicon layer. This results in

free standing strilcturcs secured to the substrate at the anchor points as shown in Fig. 6-1.

The micrograph in Fig. 6-2 shows one of the two operationd designs fabricated by

ADI. The circular disk at the center is the inertial rotor with the drive combs projecting

radially from the circumference. The for.r beanr suspension also extends radially from the

inertial rotor. Unfortunately, the ADI process results in a high residual stness gradient

which tends to cause the mechanical strucnue to warp concave downward with the center

at the highest point. For this reason, an outside suspension with stress rclief serpentine

Figure 6-2. Micrcgraph of the fint gmeration &ul-axis gytoscope meclwnical
structure ard hte rface electrunics.

lntegrator

Trans-
resistance

Trans-
resistance

Buffer and Gain Stage
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springs was used. As can be secn in Fig. G2, oily vital iaterfacc circuitry was placed on

chip to simpl$ desigu and allow marimum signal procassing flexibility. Only the sense

integrator and trans-rcsistance &ive amplifiers were integrated.

6.1.2 Fabricated by Sandh Nadonal Labs

The overdding disadvantage of the ADI process is that the circuit and mechanical

fabrication is interleaved. Therefore, standard circuit fabrication gnnnot be used. This

limits the ability to contract outside foundries to fabricate the circuitry and hampers the

ability to adopt successive generations of circuiry as rcchnology evolves. To surmount

these drawbaclcs, SNL has developcd an embedded process which effectively divides and

isolates the mechanical structurc fabrication from the elecrical circuit formation Fl. The

term 'embedded proccss' is uscd because the mechanical structurcs are fabricated in a

trench and then embedded in oxide to dlow standard circuitry fabrication. This

theoretically allows many surface micromachinc processes to be married to any standard

circuit process.

The cross-section of Fig. 6-3 reveals the how the embcdded process is accomplishcd.

First, a trench is etched into the silicon wafer to form the mechanical stnrcturc area-

Second, the mechanical structure are fashioned using essentially thc same sacrifcial

surface micromachined process described carlier. The key differcnce is that ADI

CilOS Doflcc Anr lllcrcmccfunlcal Du/cr Arua

EIE

,tr

r .Z

Figure 6-3. Cross-section of Sodia National Labs fully tntcgrutcd pmcess with
embedded micrunuchines. Figurc courtesy of Sandia Nattonal Labs.

Itr
}5

-5

&rtIr.t

Reproduced w1h permission of the copyright owner. Further reproduction prohibited without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 112



Fabrication ond Faerinunul Rcsults ta

interconnect was a difrrsion path, while SNL actually utilizes an exra signat polysilicon

layer atop the trench floor. Next the entire uench is filled with oxide to embed the

mechanical structue and protect it from later circuit fabrication. The entire wafer is then

chemical mechanicd polished (ClrP) to expose the silicon substrate and remove all

topology associated with mechanicd stnrcture fabrication. This flat wafercan now entera

standard circuitry process with the elecronics placed around the outside of the tnench. A

2 pm CMOS technology was used for the SNL dual-axis gyroscope designs. Electrical

connection to the mechanical strucnre is rcalizcd using a bridge connected to a pedestal

which carrics signals down to the polysilicon interconnect at the bottom of the trench.

Finally, the embedding oxide and sacrificial oxide are etched from the tnench rcleasing the

fi nal mechanical stnrcture.

Figure 64. Micrcgraph showing the Sandia National Labs version of the dual-axis
rate gynoscope. Note extensive interface and, signal prucessing circuitry.

The lack of significant rcsidual suess gradient in the SNL stnrctural polysilicon

allowed morc design freedom than the ADI process. Hence, the rotor center is hollow

with all drive combs located in the ccnter for improved performance in a smaller structuc

(see Fig 64). The fact that polysilicon rather than n+ difhrsions were used for

interconnect increased interconnect density enough to allow the addition of feedback
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electrodes and thc drivc signal bus in the rotor center. Finally, smaller minimum

electronics feature size pcrmitted extensive on-chip sigual processing. In fact, only

soluccs and passirrc compouetrts wcre needcdoff-chip.

6.2 VlcutnvrPlcxlcnvc

As eluded to carlier, thc viscosity of air seriously impedcs incrtial rotor resonaDce. To

overcome this viscous rcsistance, the dual-axis g:yroscope is operated in y6ssrrm. { mini-

vacuurn, chamber was used for all cxperimens because &is allowed access to the

micromachine in case of stiction to the subatrate. Howcver, prototype dcmonstration and

actual product manufacture rcquirc a scaled vacurrrn package. Vacuum sealing dic

mounted by ADI in ceramic packages was derreloped with the help of James Bustillo.

Concurrently, a method for measuring vacunm packagc pressure after sealing was also

invented. This initial work produced mediurn vacurrr?r packages with good long term

stability. l.owcr presstues should bc achievable by rcplacing the standard epoxy die attach

with either vacuum cpoxy orgold foil.

Thc first obstacle to vacuum package dcvelopment is measuring the internal pressurc

of a sealed package. The fact that it is scaled make.s acoess to the vacuum cavity

impossible. Repeatcd measurements over time are imperative for stability verification, so

destructive methods must be ruled out. The chosen solution used micromachincd tuning

forks insidc the vacuum package. A mcthod was found to meariure tuning fork damping or

quatity factor inside the vacurtm package. Then the relationship betwecn quality factor

and ambient prcssur" was experimcntally dercrmined using an unsealed die in a vacuum

chamber. This allowed &g estimatc of sealed packagc prcssure through first measuring

tuning fork quality factor and then using thc empirical rclationship 16 sstimats internal

pressure.

Thc entirc approach is founded upon accuratcly and consistently measuring tuning

fork quality factor. This was achicved using a ringdown tcst The tuaing forks werc

driven into sclf r€sonancc using an on+hip trans-resisEnce amplifier. The resonance

fcedback loop could be disconnectcd off+hip. Whcn thc fccdback drivc voltage was
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disconnecrcd from tbc drive combs, the tuning forks ringdown from resonancc to no

motion. A tlpical ring{own oscilloscopc trace of the trans-rcsistance amplificr output is

shown in Fig. G5. Fining a dampcd, second ordcr system modcl to the ring-dowu trace

provides an estimate of tuning fork qudity factor Q inside the vacuum package. A

maximum likclihood exponential regression was used to fit the ringdown amplinrde

envelope.

Raaoimo.qtz HrB-dom Td

0.001 o.0@ 0.0Gt 0.00a 0.006 0.s6 0.([, 0.m 0.m9 0.01
TIn h Sacordr

Figurc 6-5. Oscilloscope tracc ftom a typical tuing fork rhg-down test as wcll as
the amplitude ewelope of the naximumlilcelihood rcgrcssion.

With a consistent method of mcasuring tuning fork quality factor devclopc4 the

rclationship beturecn vacuum chambr pressttte and nrning fork quality factor could be

experimentally dercrmined. Repcatcd ringdown tess werc completed insidc tbe

controlled environment of an MMR vacuum chambcr. The rclationship between ambient

pressurc and tuning fork quality factor Q is summarizcd by Fig. G6. Thc relationship

aplrcars approximatcly logarithmic in nature. Estimate of internal package prcssurc was

now accomplished by mcasuring Q via ringdown. Theo the unknown pressure is

estimatcd by applying the modcl to the mcasured Q to fitrd prcssure.

or
?
ItE

curvc fit
cnvelope
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Relationship betwcen turring to* qulity factor md, vacuton chamber
pnessune. Note the ,uarly logaritlmic dcpendcnce. All motion is in
the lateml direction parallcl to thc snbstrate.

The following reclpe was used to seal stardard ADI cerarnic DIP packages [75l, F6I

with epoxy die anach. Thc epoxy dic attach presentcd a lilcely source for out-gassing, so

extrcmcly low prcssures were not attained. The first srcp was to remove as much air, water

films, and other volatile contaminatcs from the package die cavity as possible. The

package was placed in a clear quartz \racuum chambcr with the l.id loosely placed in

position. The chamber was repeatedly evacuated with dry nitrogen back filI to remove

atrnosphcric air. During this procass, a hcat lamp raiscd the package tcmperaturc above

the boiling point of water (to approximatcly 200 dcgrees C) to remorrc water molecules

adhcring to thc package and die. With an incrt cnvironment insidc the package die

chamber, the lid w3s ssaling by increasing heating tBmperaturc above the melting point of

thc indium lid solder !o approximately 280 degrees C.

First attcmpts produced intcrad prcsstrres of around 900 mllorr, while later r€cipes

improved int€rnal prcssures to 300 mTorr. The time series data in Fig 67 is testimony to

r
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thc long term stability of th vacuunl No increasc in pressure due to either out-gassing or

leakage was dctected after l4O days which bo&s well for the much longcr lifctimes

required for comnercial products. Switching dic *tach to vacuum epoxy or gold foil

should allow much improrred t/acuum levels. However, this was not pursued as a sealed

tid makes inspection and probing of the enclosed die impossible. For this reason,

gyroscope testing insidc sealcd vacuun psckagcs was not pursued.

Vacuun Package Prassure olr€r TIme
1200

50 r50
June 1 July 1 Aug 1 Sept 1 Oct 1 Nov 1

Figurc 6-7. Endurancc tests showing vacuwn pa*agc intcg?ity ovcr timc.

63 Dpscnrrrox oF TEsr Sprrp

All dual-axis gyroscopc tcsting was completcd in tbc Bcrtcley Micromechanical

Analysis and Dcsign Labs. Accurate angular rate itrputs were produced by a Contraves

rate table in the basement of Erchwcrry Hall. A mini-vacuum chamber attached to a

roughing pump was used to produce the vacunm environmcnt for gyroscopc resonancc.

Vacunm pressutts of bcnrccn 60 and 100 mTorr were typical. All g:froscope support
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circuitry and the mini-vacuum chambcr wcre pinioncd to a rate table mounting bracket

allowing 180 degree of rotation orthogonal to the ratc table spin axis. This arrangement is

akin to a dividing head and allows cross-axis scnsitivity nrcasurerucnts.

64 Systuvr togNrEIcATToN AND PAn$ilrreRIzATIoN

Experimcntd system identification and parameterization was complcted to validate

analytical models. Thosc paramcters with grcarcs impact ou performancc, such as natural

frrequency, quality factor Q, and maximum sense voltage were experimentally identifed.

Both the devices fabricated by ADI and the devices fabricated by SNL werc extensively

tested.

Tlvo versions of thc dual-axis rate gyrcscopc werc fabricarcd using the ADI surface

micrcmachining processes. The two vcrsions have identical inertial rotor sizes but

different suspensions. The high frequency design had a sraight single beam suspension

with minimal stress relief (see Fig. G2) giving a drive natural ftrequency of 28.6ktlz. The

other low frequency de,sigu had serpentine springs with a drive ft,equency of Zllrlirz.

Sense axis frequencies where 2-9% brgher than the drive frequencies. This variation was

apparently caused by variations in fabrication. The drive frequency was measured by

exciting self resonant drive, while the scnse axis frequencies wcrc found by scanning

sinewave frrequencies on the sense clectrodes and identi$ing rcsonance pcaks. Both

sensors wcrc tested in 60 mTorr vacuum which gave the high frequency venion a sensc

axis quality factor Q of 960 and the low ftequcncy version a Q of 820. The ringdown test

described in the vacuum packaging section was used in all cases. The pull down voltage

of the high frequency seuior was 4.2 volts, whereas the low frequency sensor could

wi0stand only 3.4 volts.

All of the above tcsts w'cre also completcd on the single SNL version- The sense

natural frequency was found to bc l3.7ldlz with drive frrequeacy 4+5O% higher. The z-

axis translation ftequency was l7.44kllz rcsulting in a pulldown volage of 2.5 volts.

The low frequencies and extncme scnsc and drive mode mismatch were due to serious over

etching of the suspension bearns. A summary and comparison of all three version can be

found ia Table 5 belo'v.
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Ibble 5: Experimental Device Parameteis

Parameters
AI)I Eish
Frequency

AI)I l.ow
Frequency SNL

Drive Nanrral Frequcncy 28.6 kHz 21, trlla 7 kJlz
Sense & Drive Frequency
Mismatch

2-9% 5-9 L3.7lrllz

Sense Mode Qudity Factor Q, 960 820 880
hrll-down Voltage 4.2 3.4 2.5

LaJtts Translational Frc-
qucncy

l8.2kJlz l3.5ld{z 17.4tsllz

6.5 PPnrOnuINcE WnEoUT f,.REQUENcY TT,NING

Therc are many measures of gyroscope performance including minimum detectable

signal, scale factor stability, and offset bias stability to name a fcw. Thc focus of this

testing was upon minimum detectable srgnal. Because micromachined devices produce

extremely tiny signals, noisc lcvel or minimum signal is of great intcrcst. Furthermore,

achieving stable offset and scale factor requires procqss contnol, compensation, and

calibration morc suitablc to an industrial setting than academc.

The performance results for the ADI dual-axis gyroscopc versions arc summarized in

Fig. G8. The results arc for ryroscopcs as fabricated without electrostatic tuning. Due to

process variation, a disribution of nearly matched urd rrnmatchcd rate sensors could be

investigated. In all instances, a sinusoidal rate input was used to alleviate difficulties

posed by the twisting of thc wiring and vacuum nrbing connecting the ratc table mounted

test bcd to off table cquipmenL The dud-axis rate gyoscope having mode mismarch of

2% ptovided far bettcr performancc with 2mV per o/sec sensitivity ud a0.24 "lsecNllz
noise floor timited by thc electricd noise. Thus, a Einimum detectablc signat of

approximately L.2 o/sec over a 25 Hz bandwidth was achicved- tndividual gyroscopes

which posscsscd modc mismatch of 8-8.5% yielded a noise levcl nearly an order of
magnitude larger. Intcrestingly, tbe low frequency vcrsion did not show proportional

improvement ovcr the high frcqucncy vcrsions becausc a lower pulldowu voltage

necessitated a low scnsc voltage.
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250

Angular Rate lnput (deg/sec) 100

Figure 6-8. Plot showing &ral-axis gymscopc voltage output vcrsus angular rate
anplitude inputfora I Hzstnenave.

6.6 Pnnronunxcr, Wrrs Fnseugxcy Tusnvc

Due to the high sensc-mode quatity factor Qx, g3eat pcrformance improvement may be

reaPcd using electnostatic tuning. As displayed in tbe uppcr graph of Fig. 6-9, increasing

voltage benreen thc quartcr circle scnsc clectnodes and thc Krtor hrnes the sensc frcquency

downwar4 while aficcting the drive frequcncy only slightly. The bonom graph in Fig. 6-9

shors that sensitivity is maximizcd rougbly at the point where thc frequencies match with

some offsct due to experimenal error. Ttrning resulted in pcrformance of l0 "/min over a

25llz bandwidth.

E
o
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0
0
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270 Mode Mismatch
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Frequency Tuning via Voltage

2
Tuning Voltage (V)

Figurc 6-9. The upper plot shows sense frequency down-tuning. At
the voltage wherc sense and drive frzquencies are apprrrx-
bnately equal, sensitiviry is maximwn

6.7 Cnoss-uas Snnsrrrvrry

A key pammctcr in all sensors, but cspecially dual-axis senso$i, is cross-axis

sensitivity. Whcn therc is an input ratc on tbe onc axis, then thcrc should be no rate

measurement from the other orthogonal axis, but in practice a small false measurcment is

unavoidable. Cross-axis sensitivity is hcrc dcfincd as the pcrcent4gc of on-axis rate input

which appears as a falsc off-axis rate mcasurcEleDt. For cxample, if a 100 '/scc rate input

is applied to the on-axis and the orthogonal ofr-axis produces a I '/sec mcasurement, thcn

tbc cross-axis scnsitivity is l%. Both die misalignrnent and inUinsic sources contriburc to

cross-axis sensitivity; howerrer, misalignment was partially compensatcd by

cxperimcntally adjusting the dic such that thc measurement axis and the rate input axis

fr- 30
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werc approximately colinear. Essentially, a ratc input was applied and the anitude was

adjusrcd until the maximum output volt4ge was obtained. During open-loop operation the

devices with bettcr mode matching and hence berer noisc performance shoqred larger

cross axis sensitivity. tn fact, poorly matched modes cxhibitd 3% cross-scnsitivity while

closcly matched modcs exhibited over L67o. When modes werc perfectly matched, cfi)ss-

axis signals nearly as large as thc r*c input were wihessed. This is not unexpected as

operating opcn-loop with modc matching can exaccrbate cross coupling.

Matching drive and sense modes rcduces thc rotation rate noise floor, but cross aris

scnsitivity may consequently increase druing opcn-loop operation. Part of this may be due

to slight differences in the x- and y-axis natural fr,equencies, but the mcchanical cross

coupling is the primary source of cross axis scnsitivity. Asyrnmetries and irregularities

stemming from fabrication imperfections can result in inertial, viscous, and elastic cross

coupling. Since the dual-axis rate gyroscope beams are sizcd trg $s minimum allowable

process dimensions, elastic cross coupling is the dominant cross coupling term. Elastic

cross coupling t54l simply implics that thc suspension rcstoration torque is a function of

both x- and y-axis angrlar displacemens 0, and 0, as denoted in Eq. Gl aud G2.

Tx,Eto"tic = KOx + 6K0, (6-l)

Ty,Etorti" = K0r+6K0, (6-2)

fl5srmipg for simplicity that tbc sense axes arc identical, then K is the standard spring

constant and 6K is thc clastic cross coupling tenn equal to the standard spring constant

multiplied by a dimensionless coupling cocfficient 6. Adding the dynamic effects of mode

matching, thc approximate function Eq. G3 for cross axis sensitivity Scr*. is derived

whcrc Q is the quality factor, ro5 is the scnse modc frequency, and roD is the drive resonant

frrequcnry.

lsc',J =
513 (ca)

co!+ gcoeol5)/Q-

This function is idcntical to a typical sccond order system with low damping and

thercfore a rcsonance peali When modc marching is cxact (ob=os), cross uris
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sensitivity due to elastic cmss coupling is maximizcd. This was experimentally obscrvcd

when elecEosatic frequency tuning was used to matcb modes precisely. The white noise

floor was reduced to 2 o/minutet JFz, but at the cost of excessive cross axis sensitivity.

This undesirable incrcase in cross axis scnsitivity is a conscquence of open-loop dynamics

which can be suppressed by closed-loop force balancing as discussed in the final chaprcr.

Unmatched Matched
Frequencies

Figure &10. Bode plot showing sensitivity and ouput phase vcnu, sensc axis natu-
ralfiequenq.

6.t h,onr,nus Posup By MoDE M^lrcrouc

Under open-loop operation, matching natural frequcncies closely forces the inertial

instnrmcnt desiguer to confront the undcrlying rade off benreen noisc performance and

cross axis scnsitivity. An additional consideration is that gain and phase both change

dramatically at the resonance pcalg so natural ftequcncy drift can cause both substantial

scale faclor and ouput phasc changes. Any lateral mo\rcment of the pcalc in Fig. 610 due

to tcmlrcratue changes would causc drastic changes in sensitivity and hence scalc factor.

Near-matched
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7. Ftmrne DnncrroNs At\D Coxcr,usloNs

7.1 kolpct Sunm,anv

A dual-axis rate gyroscopc which measures rotation rarc inpus about two input axes

simultaneously has been dcsigne{ fabricate4 and tested. AI designs werc surface

micromachincd with integrarcd circuitry on a single chip. The mechanical gyroscope

itself could fit on the head of a pio, while the entire integrarcd chip was less than a few

millimetcrs squarc. Dual-axis operation was successfully dcmonsrarcd aod characrcrized.

Automotirrc grade open-loop pcrformance was achieved, but the pcak pcrformance via

mode matching resulted in an undcsirable increase of cross axis scnsitivity and scalc factor

drift. Future directions include adding closed-loop feedback which should allow future

dcsigns to benefit from the performance advantages of mode matching without sacrificing

cross axis sensitivity and scale factor sability. Other future directions include quadranrrc

cancellation to rcduce measurement offset drift and incrcascd circuit intcgration. In &e

futurc, integration may come to apply to mor€ than just circuitry. The mechanical scnsors

thcrnsclves may be integrated togcther to form entire monolithic microsystems.

7.2 Wry ts CtosED L(x)p Coxrnor, Dpsm,nrp?

Under open-loop operation, matching nanrral frequencies closely forces the inertial

instnrment dasigner to confront the underlying trade off betvreen noise performance and

cross axis sensitivity. Another considcration is that gain and phasc both change

dramatically at the resonance pealc, so the scale factor is not constant over any apprcciable

bandwidtb. Furthermore, natural frequency drift can cause both substantial scale fastor

and ouput phase changes. These conscquences limit practical mode matching for open-

loop opention to no closer thatr 5-10%.

However, closed-loop feedback is often used to enhance performancc beyond the

fimisstisns of opcn-loop operation UT,l69l. Fecdback typicalty improves scalc factor

stability, linearity, bandwidth, and operating range. A wclldesigned fecdback loop will

not siguificantly dtcr noisc performancc. Thus the noise ad\antages of mode matching
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can be retained, while the dynamic advantages of closed-loop feedback can be added. In

this case, null position moment balancing would be uscd. This technique balances all

external mourens thcreby prrlling rctor tilt position. AII rctor tilt is zcroed and the rotor

would remain parallel to the substrate dcspite Coriolis accelerations and extenral

moments. The ouput voltagc measuremcnt is then the feedback voltage required to

balance the Coriolis momenL It is projected that closed-loop monent balancing of the

dual-axis rate tyroscope will alleviarc many scalc factor and phase difficulties while also

reducing cross axis sensitivity significantly below that attained thus far.

Scale factor stability is importanC but equdly important is offset bias stability. Offset

bias is the gyroscopc output measurement when the gyroscope is not experiencing an

angular rate input. Idcally the measurcmcnt should be zero, but in practice an offset

always exists. Aside from elecrical sources, rotor wobble and thc ensuing quadranre

enor causc offset. As discussed in Chaptcr 4, the rotor wobble and Coriolis tilt motion arc

orthogonal in phasc. Unfortunately, due to slight phasc lag in the electronics,

differentiating benreen these out of phase signals is difrcult. fuiy phase lag will comrpt

the Coriolis signal with quadrature crror offsct due to rotor wobble. Null position momcnt

balancing feedback will improve phase performance whereby promoting better

discrimination between Coriolis signals aud quadrature error. Howerrcr, an even better

option is to cancel quadranrrc error at the sourcc by negating rotor wobble. lmprovcd

offset stabfiW may bc achicved in the futurc by cancelling rotor wobble due to imbalance

using a fecdback loop driving special comb elcctrodes designed for levitation forcing.

Anotber possible closcd-loop option is automatic ft,equency nning of the sense modc

to match the drive mode. This would ensure near couitant noisc performance in the face

of temperature changes which alter natnral frequencies. The possible future closed-loop

feedback systeus and the requfu€d moment generating electrodcs arc depicrcd in Fig.7-1.

Null position moment balancing and quadrature errcr cancellation will be discussed in the.

next two sections.
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Figure 7-1. Top view of SM stnrcture showing forcing elecnodes for both
moment balancing and quadranrc cancellationfecdbaclc An addi-
rtorwlfrcquency twing loop ustng the sense electrcdes is shown.

73 Nwr FoSrnoN MOnnnxt BALAIYcING

The main difficulty plaguing open-loop operation with closcly matched sense and

drive modes is poor scale factor stability. The resonant peak of the sense mode provides

thc gain needed to provide improved noise performance. On the other hand, the peak does

not provide a flat or constant sensitivity over bandwidth and any movement of the peak

due to tcmpemture change resuls in radical changes in sensitivity. Accelerometers face

less severc, but equivalent problerns which havc becn solved using closcd-loop or force

balanced designs. The sasp advantages realized in acceleromcter technology can be

applied to the dual-axis micromachined g;rroscope. The inherent limitations of the open-

loop mcchanicd structure arc sunnounted by adding both moment generating electrodes

and a feedback control law to kecp thc inenial rotor at the no tilt null position despite

extcrnal rate inputs. In &e SNL versions, thc possibility of momcnt balancing was

provided by four Ectangular plarc electrodes as part of the main moment balancing
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eedh;k
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fecdback in Fig 7-1. A diffcrcntial voltagc applied to thc elecrodes crcates nro

differential forces which in turn providc thc rcstoring moment. The ouput sigaal is the

differential voltage required to kccp thc rotor al this null position. Thus, the ouput is not

an open-loop, indirect position mcasurement, but rather a direct measurcment of the

moment requircd to caocel Coriolis acceleration.

The underlying adrrantage of this approach is that gyroscope operation would be

dominatcd by the elecuical moment balancing fecdback rathcr than the mechanical

stnxcture. However, the mechanicd structurc design is still important because the noise

performancc is determincd by the origind opcn-loop system. The virnres of null position

moment balancing [77] can be readily scen in Fig.7-2. Tbe original open-loop systcm

ro'
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Figure 7-2. Bode frequency plot showhg the enhancing effects of position null-
ing feedba*. Notice closed-loop feedback provides a flat bandwidth
with minimal plase change surtoundhg the drivefrequency.

with modcs matched exhibited a rcsonant pealc at the drive frequency. The closed-loop

systen implcmcnting null position momcnt balancing raiscs the systcm dominant lole
providing a flat operational rcgion surrounding the drivc frrequency. ltc flat region

providcs constant phase and constent scnsitivity ovcr thc dcsfuGd Ecasurement bandwidth.

Because the is no rcsonant peak near the drive frequency, scale factor changes due to

Drive Frequcncy

Opcn-loop

Closed-loop
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temperaurrc chaogps arc limitcd. Furthcrmorc, the inertial rotor motion resulting from a

Coriolis acceleration is attcnuatcd by scveral orders of magnitude thercby reducing

nonlinearity stemming from the suspension beams and scnse etectrodqs.

However, it might appear that noisc performance will be sactificcd because the scnsc

and drivc frequcncies are inrcntionally mismatchcd. This is not tnrc. Assuming the

control electnonics do not inuoducc a dominant noise source, then the closcd-loop noise

perforrrance is equal to the original opcn-loop noise performance. Force balanccd

accelerometcr manufacnuers havc taken advantage of this fact for years. Both the

elecrical Coriolis signal and the elecrical noise are acted upon by the same linear

feedback gain and loop gain. If the signd-to-noisc ratio is considere4 thcn the fecdback

gain and loop gain cancel out leaving the original opcn-loop signal-to-noise ratio.

therefore, null position moment balancing can significaotly improve scale factor stability

without limiting noisc performancc. This techniquc could allow future micromachined

gyroscope designs to move towards tactical gradc pcrformancc of conventional military

and commercial gyroscopes.

7.4 Qulonltunn Ennon Clxcpruluox
Rate gyroscopqs axe often used for anitude estimation, dead reckoning, or inertial

navigation. In all these calres, the gyroscope measurcmcnt is integrated. The integration

of a zerc rate offsct results in an angle ramp with error magninrde gowing towards infinity

orrer time. Hence, cvery effort must b made to cancel offsct. As discussed in Chapter 4,

rotor wobble can rcsult in a quadrature error ofrset. Tbc mngnitudc of the offset is

proportional to higher order effects such as beam asymmctries, rotor imbalance, and

electronic phasc lag. These effects may not be stable over time and temperaturc thcreby

producing offsct drift which will &S simple one timc calibration.

The best way to combat quadrature error is to attack thc underlying source, namely the

rotor wobble. This is dificult bccause thc rotor wobble is at thc same frrequency as tbe

critical Coriolis tilting motion. In theory the quadrature error will be 90' out of phase

with the Coriolis signal. Howcrrcr, electrical lags Eakc dctecting quadrature error and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission

Nintendo Exhibit 1037 
IPR2024-00667 - Page 129



Funre Dinaions and Conclusions I 19

canceUing wobble difficult. Bill Clark [68] developed a novel method of cancelling

quadratue error tbrough carcfuIly designed Eechadcal electrodes. A variation of this

technique can be applied to the dual-axis gyroscopc.

The key to this technique is the use of forcing electrode which provide a rotor tilting

moment proportional to z-axis rotor drive angle. tguoring forcing non-idealities, this

produces a moment exactly in phase with rotor drive displacement and thereforc in phase

with rotor wobble. This allows more effective cancellation of rotor wobble despite some

circuit lag. For the dual-axis rate gyroscope, restoring moments are needed about the

sensc axes (x- and y-axis). Thereforc electrostatic forcing must be generated

perpendicular to the substrate. This can be accomplished by taking advantage of comb

finger levitation [49], [78]. If both the ground planc and a moving rotor mounted finger

have the same voltage potential, then asymmetric electrical field lines arc formed which

provide a levitation force perpendicular to the substrate as shown in Fig.7-3. This

levitation force can be hamessed to provide the quadrature cancellation motion.

Levitation Force
Stationary

Ftgure 7-3 Cross-section of quadrature error cancellation electodes showtng
electrostatic fietd lines. Changing stationary electrode voltages vaies
levitationforce to cancel rotor wobble.

The schematic diagram depicting quadrature cancellation feedback for a single y-axis

sensing mode is shown in Fig.7-4. Conceptudly, the rotor y-axis tilt signal is chopped

with the rotor position signal generarcd by the a phase-lock-loop slaved to the strucnre

++

Moving
Rotor
Finger

@

@
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oscillation. This rotor position sigud is in phase with the rotor wobblc. After low pass

filtering, this produces a differcntial signal proportional to rotor wobble. The procedurc is

imperfect due to electrical phase lag, but the imperfections should bc small. The

differential quadrature enor signal is fed back to the stationary levitation elecnodes as the

wiring of Fig. 74 shows. The cornmon mode or nominal bias voltage of the electrodes is

well above the rotor bias voltage, so there is a steady levitation bias applied to the top and

bottom of the rotor (looking down on the die) when the rotor is centercd. Suppose that due

to rotor wobble Eeasurement, the stationary combs on the right are at a higher voltage

than the stationary combs on the left. If the rotor rotates clocknrise, the top rotor mounted

finger moves away from the low voltage left comb and towards the high voltage right

comb. This produces a net increase in levitation force proportional to angular

displacement. The bottom rotor mounted fingers experiences opposite polarities, so a net

decrease in levitation proportional to rotor angle in generated. This differential force

produces a moment which is proportional to rotor angular drive displacement and can

thereforc cancel rotor wobble. At the time of publication, a BSAC patent was pending on

this quadrature cancellation design.

Stationary Electrodes for
Quadrature Cancellation

Low

Chopper

Figure 74. Scheratic showing the quadratwe ernor cancellation feedback elcc-
trunics and, accompanying elecfionics.
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7.5 llrcmn LgvEIs oF INEGRATIoN

Tbe dual-axis gyoscope fabricated by Sandia National Labs (SNL) had a high level of
integration. All drive, sense, and sigual procassing electnonics werc integrarcd on chip.

This includcd opamps for filtering chopped signals used for the phasc-lock-loop and

automatic gain conrol. Hence, only voltages sources, passive componcnts, and variablc

uim resistors werc needcd off-chip. Clearly funue versions will incorporate circuitry to

rcducc voltages to only supply and ground. Furthcr intcgration will reduce off-chip

components and allcviate the need forexternal Eimming.

Howcver, the grearcst challenge is dcsigning circuitry which dleviates output offsets

and exhibits stable scale factor over operational temperahrrc rangc. Ensuring constant

drive rate anrplitude over time is critical for consistent scale factor. Equally important for

open-loop operation are the arnplitude of sense modulation voltages and the gain of the

scnsing signal path. Bandgap voltage refercnces may be needed to cnsurc the stability of

crucial voltagcs. An advantagc of closed-loop operation involving null position moment

balancing is that fewer voltages must b constant over tcmpcrature. In fact, the only truly

critical voltage is the moment balancing bias voltage sincc all other volages are included

in the loop gain which cancels out of the final scale factor. Added functionality in the

form of self-test or digital output may also be integratcd on-chip. Furthermore, as the next

section portends, the truc futurc of integration may not bc limited to a single gyroscope.

7.6 ftmrnr oF MIcRoMAcEINED GrnoscopBs

The field of micromachining is young and the field of micromachincd gyroscopes is

even youngcr. Fun're improvement in design and integration will allow performance and

functionality far beyond what has becn attained to datc. Innovativc rcchnologies such as

high-aspect-ratio MEMS and SOI-MEMS made possible by new decp tench ctchcrs may

allow significant inprovements in performance. Regardless of thc achieved performance,

micromachined gyroscope sizc, weight, power consumption, and cost should be orders of
magnitudc below conventional technology. This will allow thc consumer access to

technology once reserved for aerospace and ttre miligry. Society as a wholc will bcnefit
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from improvcd automobile safety, pcrsonal navigation, virnral entertainment, and

advanccd manuftctuing. More importantly, micromachined gynlscopes may be the

enabling technology for prcviously undreamt of applications.

Yct thc truc micromachine revolution may not emanate from the individual sensors

themselves, but the integration of many senson into a microsystem- Orthogonal triads of

accelerometcrs and gyroscopcs could produce an incrtial rneasurement unit on achip with

all signal processing includcd. This could revolutionize &e navigation industry. Every

portable computcr and ccll phone tuay somc day have the navigation capability of present

day aircmfr Total automobile safcty and navigation module.s may one day deploy

multiple air-bags, opcrate uti-skid braking, optimizc ridc comfort, and display maps and

best routing to the driver. A long tcrm goal of the automotive industry is an affordabte

selfdriving car likc thosc being pursued by the California PAf,tI project [79], [80].

Combining other chcmicd scnsors, physical sensors, and functionality could

drastically dter the economics aod capabilities of many fields ranging from space

exploration to health care. Flects of micro-satcllites smaller than a hockey puck may

encircle the globc and explore the outcr reaches of spacc [81]. Dreamcrs in the MEMS

field even envision a futurc where tiny autonomous medical robots course through the

blood stream searching for ailments. The possibilities art cndless, and the revolution has

onlyjust begun!
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