30SEP2003 I nprovenents relating to Angul ar Rate Sensor Devices The present
i nvention concerns inprovenents relating to angular rate sensor qﬁ I

and nore particularly, though not exclusively, to angul ar. rat é éhggﬁm
devi ces enploying a 5 sensor having a planar structure vibrating resonator,

such as that used in m&l(gﬁbnﬁ@a@ﬂe&ﬁﬂgtéf%@ﬁﬂﬁe%ﬁmﬁfee@r oscopes (VSGs),
and associ ated control electroni cs. CT O- , ng Structure
Gyroscopes, nanely VSGs fornmed in a single crystal silicon substrate using
| i thographic techni ques lg)rovi.de a source of conpact, lowto, cost rate

sensors wHIE RTEEH IBYEnOgR GPRCSERS; IMPrOYSREn(§ felAtng fo.ngulpr rate sposefdexiseidd has
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ar eas. Thg?gw ar eﬁgayu ’rg{rﬁ%1 fgy nEE%?gﬁg&g’e@i %‘gs‘ﬂ%nﬂa{e}r&g;éé\?req% glﬁégﬁ@gr%@g%/i ng a
vari ety ofsersenbaing planadesicoins vibedtinig redondtor,Sucly asihaf wed ixi miabdendchingd and
processes. The cqonpl ete_device consists of the sensor chip and associ ated
control eIVéE@Flﬁ&gEB“PW Gyrpsopes AR Agiosiptedwontml ¢Jectromicsol ume
applications the control electronics will typically be inplenmented as a
discrete ASIC (Application Specific Integrated Circuit). In this intensely
conpet i t i WeicfRunketindd)&fibratig i StRi¢hire [Gytostopes) tiaely VRGY forhddaids digyer

cost and inproved performance. One of the perceived routes towards these
goal s i s 2uystahpidigemsubstraigrusing dithapraphic-teshniquesppiovidedi soyrse|of comparcts low- sensor

hip. |t i i d d that int ipn qf th t .Ci jtr) | d
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circuitry close to the sense el ectrode 1 s beneticial r mnimsation of

par asi t i ¢ arecaurently quifneconssievicgs dnderalevelopmgntserapldyingra varibty ofi gersbr-ehip
electronics directly

capacitances. In addition, fabricating the control

on the seﬁe%snscfﬁw%%%@ e@tmis m%evramssesam SMPISIRIAYISSICOBESAL by
negat i ng r Wy : ?cﬂﬂ{c . r.di t .ect tgs. This
can advan%’gg’gosgg% crﬁggétygegsgc{%ﬁ%éer a ?teggéléﬁclé gli ?g@%{(?&p@c ]é%l ‘%ﬁ@ IiH;%lduce
the unjt oolkine dppliddtionk abe tdittal tefecbnios willitppiCdIBChe Bnplementsd Qg aadisdéte i S
critically dependent upon the sensor design and fabrication nethod.

Fabri cat i éWIef(Applicatipe Spewific Eegaptad £ig8idk on t he sanme piece of Silicon
requires that the processes for producing these two elenents are nutually 1

In this intensely competitive market there is inevitably a continual drive towards lower
cost and improved performance. One of the perceived routes towards these goals is
20  through integration of the electronics directly onto the sensor chip. It is considered that
integration .of the control circuitry could provide significant performance benefits
particularly for devices employing capacitive sensing. For example, locating the pick-off
amplifier circuitry close to the sense electrode is beneficial for minimisation of parasitic
coupling from stray drive voltages and for reducing stray capacitances. In addition,
25 fabricating the control electronics directly on the sensor chip may also reduce the overall
device component count by negating the requirement for a separate ASIC or discrete
electronics. This can advantageously reduce the overall device size and potentially reduce

the unit cost.

30  The feasibility of on-chip electronics integration is critically dependent upon the sensor
design and fabrication method. Fabrication of the electronics and sensor on the same

piece of Silicon requires that the processes for producing these two elements are mutually
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3 0 S EP 2003 conpatible. This is not always readily achi eved w t hout
significant nodification to one or other of the process routes, which. may
have a detrinental affect on the overall wafer vyield. Some conpOBHEPSENs N
t he device design may al so be required to accomobdate these changes which
al so typically has an adverse effect on performance. 5 These probl ens have
m ti gat ed cggatisle. This icmonabyayis atadilg\achiopsiewithaf signiffeantrmedifipationlte one ohi c

integrated planar resonator devices fabricated fro iIicotg1 and at 'ﬁfresent
such  devides ofr8emspcess Bautesy MU OMAE AV &R éﬁmlﬂe%‘{n%ﬁ?‘r"éd’“e Bloé.'ﬁ?ﬁi BAChf why
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9817347. 9. charsss Wifictealpd @?ﬂcﬁﬂyﬁis’?dilad’dvéxisélgffsdtl‘ou@)btfbmnc&uch as that described
in GB 9817347.9, typically use the Cos20 and Sin20 vibration node pair as
shown i Figures | a and Ib in which vibration of the structure is shown
about pri nBliege gxaeRs davde swtgatedrgainkethe Somnerciab develeteens afpwed quEshdRir e
la) is excited as, the carrier node. \Wen e structure is r.otat ut an
axi s nor negleqtoniciBtegrateplgnar rSoNAtoR deAgss {?FV?%?({)E%’SSI I aé%éer%g?} Sl?lgk?o t he
response eg%& iRbie r& kil ekpiARReR s whPdcH diftiansiies are
preci sel yn&)e(r;}lf%etgzﬁt tﬁ‘é%ﬁ%)}?eéogun%‘{}ﬁtagge O?fa;[ he #{asponse \#lgge notion is

anpl i fied jasegtdtion@xixt is ey privided twittereféFlrice tgiavpeior art semdvadessdibed insouri op t y
and such devices are capable of high 20 performance. One of the critical

par anetr spesdingrnatent ppplicpord@Bid8e 73S or mance is the difference frequency
between the two nodes and its stability over the operating tenperature

. d t hi t hi t chi L .S, [ tqrat
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requi r emeniyhiARNitEioh StheBtkudaire iSshon(abddy prishdry ares Maddsesondaayretes SSiCnkecon
wafers cut parallel to the [111] principal crystal pla For this crystal

ne.
ori ent at i oof these modés: (Figure rta) isrdxaitedoas thercamies maede. dhe wtrpctuge, 1§ gptated
However, this requirenent is,not 30 npatible wt r i
standard efCt ABrAXLS EPTRR itore (?ha“teh%fg’rgvﬁl%@lo&?& f&ic%gsg%'jrﬁ b eé?%%dgirad&fe
CMOS/ Bi CMOReh Rk infféel @fgiir 1bY.PifGRd bariee bhd® Fé8pEnse mbdd) Gkqiinkies are prtiely
matched then the amplitude of the response mode motion is amplified by the Q of the

structure. This gives an enhanced sensitivity and such devices are capable of high

20 performance.

One of the critical parameters determining the device performance is the difference
frequency between the two modes and its stability over the operating temperature range.

In order to achieve this frequency matching it is essential that the material properties are

25 such that the resonance parameters for the two modes are precisely matched. When
fabricating such resonator structures from crystalline Silicon, it is presently understood

" that this requirement can only be met by using [111] Silicon wafers, namely Silicon
wafers cut parallel to the [111] principal crystal plane. For this crystal orientation the
critical material parameters are radially isotropic. However, this requirement is not

30 compatible with the fabrication of standard electronic circuitry on the device layer Silicon.
Standard CMOS/BiCMOS fabrication is typically performed on [100] Silicon wafer
substrates. The techniques and processes employed at commercial foundries are not

directly applicable to [111] cut Silicon wafers.
2



substrates. The techni ques and processes enpl oyed at commercial foundries

are not directly applicable to [111] cut Silicon wafers. 2 303%@2%)[%32
Accordingly, it is an object of the present invention to overco e %ove

descri bed problens that have to now mitigated against the comerci al
devel opnen

of inproved sensor,. devices fabricated fromcrystalline.silicon
and incorp F%PtrfhﬁggeI“e{‘?ta}noﬂt?JECIC‘?frtgﬁip[r?s\fm eI t_é’t %‘&r%weoﬁ}eh%og%rﬁfgsoc‘r?lbg?}i p. 5
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US- A- 57237 or neasuring force conponents, accel eration and/or angul ar

rate, whi céensar devidesdabricatedafrorai argdtalline yBicah asénncorporaiing electsams cirediey such
as [100] orientated silicon. One or nore cantilever beans, each carrying
an i nert i aintergrated opfQuthe §EM$EHCHP-om t he seni - conductor 1o substrate, angl ed
to the substrate surface and orientated in the [111] crystal plane for

proportionate novenent in response t l.ied force.. atR_saens hayi ng a
ring shapgg G?W’a?‘?rﬁﬁn% tsﬁ'ﬂ‘i:"(“i?r Stfn}locroﬁ\g'éc%%?g?ﬁl%er VS@%S?PP%JHS Hgi .%;32_9{/\%) i g"x i's

vi brated i pea09 4Bresalohipdhedt® dR calbraflo-afid/r hh@ateRty whickl@siinb@dronna 15
EP- A-0836073. In"its broadest aspect, the present invention resides in the

appr eci at i singlehaystal seem sonducanubstitagueh pe§Hidtopienttad $ibcdnabfing £ dHOEr om
[ 100] crystalline Silicon thereby enab{?i% i nt Z}gr atd'a%n of, the .sen(goli and
associ at edCHEBIRVED DEANS F2FR FATKINS TARCINCTHAL 1455, #8 JOBRESH HPMs HESBYPRAA'™ t he

esonangr bibshi-aRt @;&f@ﬁé&%@%MCQM%ggstg&d%ythe Fe10jchpaam pesk R

specific analy atiron no It can opérate in a simlar
manner as Flfopbftidﬁ@lfeenmfeﬁfeﬂ?iﬁ respohde td bpplicirfprdeal | i ne Silicon. Mre
specifically, according to one aspect. of the present invention there is
provi ded an 25 angular rate sensor device conprising a resonator having a
subst ant i alAl ratpkensar hating @t nmg: shhped /ibrating stractursi formed fiom srvataliing ciliconed

el ectronic control neans, the resonator, drive nsi and

] nmeans, sensi.ng, mean
control nexhichhes NipratedrincatERs2Bcame mede *’éeﬁs@ﬁszghﬁfﬂqeﬁch 1s Im%eafm

si licon_hayin 0] principal crystal plane, wherein the resonator is
arrangga t&b"%éﬁ%%iﬁat ed by the control nmeans with a Sin30/Cos30 vibration
node pair providing

In its broadest aspect, the present invention resides in the appreciation that a sensor
comprising a resonator can be fabricated from [100] crystalline Silicon thereby enabling
integration of the sensor and associated control electronics. The inventor has established
20 that if the resonator is arranged and operated in a specific way, as determined by specific
analysis of possible vibration modes, it can operate in a similar manner as if it were

formed in [111] crystalline Silicon.

More specifically, according to one aspect of the present invention there is provided an
25  angular rate sensor device comprising a resonator having a substantially planar structure
drive means, sensing means and associated electronic control means, the resonator, drive
means, sensing means and control means being fabricated on the same sensor chip in a
layer of silicon having a [100] principal crystal plane, wherein the resonator is arranged to
be operated by the control means with a Sin36/Cos36 vibration mode pair providing

30  degenerate carrier and response parameters.



30 degenerate carrier and response paraneters. 3 30SEP2003 Use of the
present invention now enables all of the abovenentioned previ ogts¢§

unavai | abl e advant ages associated with integrating control ele ﬁfc%[mand
the sensor chip itself to be attained. The Sin39/Cos30 vibration node pair
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performance structure in relation to its weight for mcro-nmachi ned VSGs.

1o Suppor tigefaodeanyinkd i ncl uded for the resonator, which support neans
conprises a plurality of flexible support |egs which allow relative

movenent oTha HEn}A/Easdd nilhrgtions tmedsr pel PEOYIFiRE (HeSERFTAtR e CHBRS AN ESPYEE Mor e
specifically, the.resonator be .provjded. wthj |ty g
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structure T&éil@gégﬁ@ygmn%@gwémﬁ{or e&t&’c@%& ibO&h lind REDS ¥ BRG PerfofBiancar €

preferably na symmetry of vibration node pair. This

advant ageostsicture B @¥ioh 3o asweiphefon miabimachifedt W@Gslynani cs of the vibration
node pair thereby preventing any frequency split. 20 The el ectronic control
means preferably conprises drive circuitry for use with the drive  means
and sensi nSuppiortcmeamsy magrbeuseluded Hor s resensatorg whichn Support WEINSEARPTISAT Rude

| ddi ti | cCi A t hat | d. ot i .b i d t
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t he resona I'n close proxim e respective drive neans and,
sensi ng MeaMtsin Ay ih hisabitmtgspiceéapirt fhmpbe Substratecad stspeoded il the cavity

configuration for a mcro-machined VSG This vant ageousl y nm ni m ses any
stray par abytthe suppgshdegsabring é’ff‘?‘ég?ds}%’ﬁ‘ tah%e"ﬂ‘iaii\%@gntﬁa éﬁ#o?ng ﬁg‘-‘“gtgﬁsi ng
nmeans. lgo Prefaz{q;gbly, the sensing circuitry conprises an electronic

r

anplifi fepn lifying the size of sensed signals. Providing the
anplifier in the layer of Silicon again provides a high

The number and location of the support legs are preferably matched to a mode symmetry
of vibration mode pair. This advantageously, prevents any preturbation of the dynamics of

the vibration mode pair thereby preventing any frequency split.

The electronic control means preferably comprises drive circuitry for use with the drive
means and sensing circuitry for use with the sensing means but may also include all
additional circuitry that would otherwise be provided on a separate ASIC (Application
Specific Integrated Circuit) or discrete electronics. The drive and sensing circuitry may be |
25 provided around the periphery of the resonator, in close proximity to the respective drive
means and sensing means. Again this is another high performance structural configuration
for a micro-machined VSG. This advantageously minimises any stray parasitic

capacitance effects on the drive means and/or the sensing means.

30  Preferably, the sensing circuitry comprises an electronic amplifier for amplifying the size
of sensed signals. Providing the amplifier in the layer of Silicon again provides a high

performance structural configuration for a micro-machined VSG.



performance structural configuration for a m cro-nmachined VSG 4 30SEP2003
The device may further conprise an electrical screening neans provi ded at

| east between each of the drive and sensing means, the screenBriySER003
being electrically grounded to electrically screen the drive and sensing
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device. Thg Hroﬁl?en&ri\ienéiﬂnstehﬁﬁg A eafs, d §RElRitcOmearisi YelfeOfeMBERN GOMRIESONY
plurality of angul ar rate devices as described above. io The present

i nventi on elsakitaly scrgenathardriviengdrsehsing emsos fitom bachpotber. ddds advebrageatstd from
[ 100] cut crystalline Silicon, with carrier and response. pode Hrfesoge%ce
par amet er senaplescihs efapstmationeel A dRKFESH 19 PecBOHL COMBRCth WIACY e HSTRRNEE. AN

expl anat i on_of :esent invention enables such integrated
el ect rogni cgerg)r%\&g%en&sfg}?e %ﬂg'\glcl%(':es to be fabricated is now described. 15

Crystalline Silicon has material properties that are well suited for use in

vi brating ?f,{#@géﬁﬁ SveHISIPASPLRRRRS b SACHP Wafer BEnpPAsiAg a?nghlﬁy ©F Wisdudr rate
material it has low fatigue and is extrenely strong. This nmakes it durable

and resil i éeviceans deseriped alowst when subjected to shock and vibration. Mre
specifically, it has lowinternal |osses (high Quality factor) and a high

20 Young's nodulus, E. These paraneters are also relati v_el%ofstabl e pver the
oper at ihg Thepprsenttinyention fgables a phanagrsipg date sepwEve e rradged; fabngied; oy

pr onounced i sotrop | Q. neans. that they w r 1

angul ar di PZ’@i icgf]'crylsxz}ﬁé\geaﬁglmogr %‘ggbéz%%gﬁcagﬁi rse%ésdﬁ%\%ﬁgﬁlq%oéﬁég %ar%%tgﬁ
plots the yatis@yifchdd afduikice isr&?hlblﬂ%f\mgh"pe@mﬁﬂhxﬂfe. Ahre&gtahﬁ_ibn dfowhy the
three principal "crystal planes [111, 100 and 110] shown by lines 2, 4 and 6
25 r espect presény inventiorsermbleasucthiategiatecheleatromivd ahd senser daviges to befabrigatad isp| ane
i s independent. of. angle which nakes it ideally suited for use wth planar
ring devi cByv d ﬁng Si n20/ Cos29 resonance nodes such as described in GB
981734749. The periodicity of the angular variation for the other crystal

e e A P05 LS IR ) O b g
gyroscope applications. Being a single crystal material it has low fatigue and is extremely
strong. This makes it durable and resilient and very robust when subjected to shock and
vibration. More specifically, it has low internal losses (high Quality factor) and a high

20 Young’s modulus, E. These parameters are also relatively stable over the operating
temperature range of the device. However, they do exhibit a pronounced anisotropy which
means that they will generally vary with angular direction. This angular dependence is
shown in Figure 2 which plots the variation in Young’s modulus with angular direction
for the three principal crystal planes [111, 100 and 110] shown by lines 2, 4 and 6

25  respectively. It is clear that Young’s modulus value for the [111] plane is independent of
angle which makes it ideally suited for use with planar ring devices employing
Sin26/Cos26 resonance modes such as described in GB 9817347.9. The periodicity of the
angular variation for the other crystal planes is such that a large frequency split is induced

between the two modes making them inappropriate for gyroscope operation.

30 :
The natural frequencies of the Sin n8/Cos n6 in plane flexural mode pairs has been

analysed using Lagrange’s equations. The effects of the anisotropy may be accounted for

in the strain energy formulation. The isotropic nature of the E variation for the [111] plane
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30 The natural frequencies of the Sin n0/Cos nO in plane flexural node
pairs has been anal ysed using Lagrange's equations. The effecéjlng'f:_ t he
ani sotropy may be accounted for in the strain energy fornulatFon R7803
isotropic nature of the E variation for the [111] plane 5 30SEP2003 w ||
clearly not..genefrat f pli:t ~f rler. : and REe [ 100]
pl ane, theW‘“%‘i??%’%P{&" Eg%xeﬁég%n%d%ég%c?eép%ﬁr%ﬁ Y%ﬁ%ﬁ: &iﬁhlg Iﬂ:‘?gl’&% ﬂtoﬁgglﬁgg rr%des
are_degenagiglBiodsMifiodd SRIPIARRVAINTA AHG HENRSANbdLs |85 BeibiaRb (Fobor
gyroscope ‘applications due to their reduced ampiitude and hi gh frequency).
I't is thergfias abpeswi-bl fctgenéallyilest suimblel funagyroscope applicationsudee fio gheif 100]

Silicon which has the required nmaterial properties_ to t¢ch the nodal
par anet er srefuced tampihg-ldﬁgmg Héglsiragmnens Hos thraefoprapessibls, ‘@s%ﬁ'f“?%‘/e B Planar PRg

enbodi nents_of the . 1NV ' id L. . i ' r ence
to the’ac c%%%ﬁ#%‘&%@ﬁﬁcg@.w 15;111 %’%&hé\?éé\mkurgg}s%:ape%ﬁpﬁag%ljrngggl Agﬁtgﬁg‘elrﬁ&gig e
respectiv LGtk RN t vibration patterns of a Cos 20
and Sin 23’%@%@%?8?‘%@% pal ?Xﬁ/ggg%sxgﬁﬁ‘%gra carrier node and a response
node; Figure 2 is a graph showing the in plane angul ar variation of Young's
Modul us f opre@RaY Méferrd® ehlbRdinin®e op tieprepak invensivalwifll move e[ debdribed0dith 110]
for crystalline Silicon; Figure 3a and 3b are respective schematic

r epr esent atefenerse ¢ thelaecompanaingairayings.dn the dsawmgsi n- 30 and Cos 30 vi bration
node pair representing a carrier node and a response node according to an

enbodi Hent of the present invention; 20 Fi%ure 4 1s schenatic plan:vi ew
f r om aboveFigarepdp andlbaare sespeqtaye schematicagRGenAtons (?fﬂbe VIDEAUGR PAREBYOfént  of
t he preseng, inventij.on.show.ng a.resonator..a.s r t drive
and pi ck- o¢?5 ibr%%s%ﬁcgrvé,m% made PIETRPESEIYNE aaclégrg%éﬁr?a@iaéggﬁg% gg%@ﬂ?ﬁieénal
view taken along the line AAin Figure 4. An angul ar rate sensor device
enbodyi ng the i atJ @0 i L ' 8 RnCRr bachdfour es
3a, 3b, 4 ﬁaregﬁ%%ﬁpshe%\égﬁ tiel\gnniz aﬁ%ﬂgg%%@%%%awngdg%-smchi nedr vi brating
struct w e gykgsspRkcipderystal plananped, 100, DIfot @ystalline 8ilison; 30 and Cos 30

Figure 3a and 3b are respective schematic representations of the vibration patterns of a Sin
36 and Cos 30 vibration mode pair representing a carrier mode and a response mode

according to an embodiment of the present invention;

20
Figure 4 is a schematic plan view from above of part of an angular rate sensor according
to an embodiment of the present invention showing a resonator, a support structure and
drive and pick-off transducers; and

25 Figure 5 is a schematic cross-sectional view taken along the line AA in Figure 4.

An angular rate sensor device embodying the present invention is now described with

reference to Figures 3a, 3b, 4 and 5. The sensor device 10 comprises a micro-machined
vibrating structure gyroscope and is arranged to operate with a Sin 36 and Cos 36
30 vibration mode pair as has been described previously. More specifically, the Cos38 carrier

and Sin30 response mode patterns are shown in Figures 3a and 3b.

The device 10 utilising these modes incorporates electrostatic drive transducers and

capacitive forcing transducers similar to those described in GB 9817347.9 The fabrication
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30 vibration node pair as has been described previously. Mre specifically,
the Cos30 carrier and Sin30 response nbde patterns are shown i E s 3a
and 3b. The device 10 utilising these nodes incorporates el ect 32% g?%
drive transducers and capacitive forcing transducers simlar to those

described in GB 98 T bricati 0 c to
produce t H" gce§§ersdx(§?cﬁg>epr8$\ge3§1§ éﬁ}l?tgﬁ e ?ﬁgméagig%? an? %Sstgoge(ge?:'? edg'?l%%; GB
9828478. 9 @NE4796 &R dbéwdhﬁglyaﬁx% nBPlesSS@ HeResh e edryaXubtRér dethilany furt her
detail. The device 10 is formed froma layer 12 of [100] conductive Silicon

anodically bonded to 5 a glass substrate 14. The main conponents of the
devi ce 10 PHeadeRidei10ds $drinida tftohea 18P IAGD]1 00FcongistivarIilieoncanodzalipbonded to
transducers 18 and si x pick-off capacitive transducers 20. The resonator
16 and dr i a/glawbamklﬁﬁhecramcqompo@em# ahthadewrs 19 gre 2png SEUGIEIEFEIPIRYT o
process Reactive Et chi.gg A $nt ugh
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the Silico I-on g5es 4 conpafible with
the fabri Cx‘é&dxﬁfbr% abl @kQe %ﬁ&ﬁick%f@a%aélﬁvé fiaisdakoang, le)z{re(fédr)ed(w dprecdss | i con
device layer 12. The techni ques involved in such flabrication are mell
known and ﬁrl@eapdieadmsmlontﬁduhg@RIE) Whighu frmm tregcwsghﬂwahﬁhec&hi:@glﬁﬁml

pl an vi ew,_sh t he desi gn t he de 5 sh

schemati c 'E}Peog’gngﬁgpﬂ RIASHSSSSi 969\/ 8%‘5""! ¢ §Vl‘ LH,"F 3%’“’3*" gna‘é fg%é%rfﬁlcsThe
15 ring, st r th WBAEE iHr §8NThe hbchnfiesBivatvedf inCaueR! i ant
| egs Zg) T@UPFP@%@) @g&ﬂgv&l ]%GSIHI Igclt?ﬂg% prr ?ng masses agtl ng on ltnhe ring
struct ur e fabseutiohare Wéll kovhandoare not debcritetitharsiment . A singl e support |eg 22
inisolation will differentially perturb the dynamics of the Sin30 and
Cos30 nodes generating a frequency split. In order to ensure that the net
ef fect of Exgereswpmsqhemge dmgrmes phast viewd shawving hesgesian ofnde dewise A0 #B&r and
| ocati on t he 20 sup s 22 are t |caI I t ched

symetry. %SHVérﬁ Wtslafg ‘E%} °SS'58%t}&"ia£ I%&sgﬁﬁ% %fttg?e O ovi §‘e5 at
regul afs a tr £ isXpporAenRAIR byPinbasTEomipligae & Ih. The

i nsi de 24 ﬁﬁuc@%ﬁ%@%rugﬁre resonaltlorFy b)altnnd at toﬁltg 1ot her end t%@a
central supphavie theiefféth of Sfrmghnidss@actisg bm themng stiugtuaié ;csmat@rcltﬁeal thegpainfeof
insulating glass substrate 14. cavit rovided in t ass
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effect of the support legs 22 does not induce any splitting, the number and location of the

20  support legs 22 are typically matched to the mode symmetry. Conveniently, twelve
identical leg supports 12 are provided at regular angular intervals of 30°. These are
attached at one end to the inside 24 of the ring structure resonator 16 and at the other end
to a central support hub 26. The hub 26 is in turn rigidly attached to the insulating glass
substrate 14. A cavity 28 is provided in the glass substrate 14 under the rim of the ring

25  structure resonator 16 and compliant leg structures 22 to allow free movement of the ring

structure resonator 16.

Twelve discrete curved plates 30 are provided around the outer circumference of the ring
structure resonator rim such that each forms a capacitor between the surface of a plate 30
30 facing the ring structure resonator 16 and the outer circumferential surface of the ring
structure resonator itself. The plates 30 are rigidly fixed to the glass substrate 14 and

are electrically isolated from the ring structure resonator 16. The plates 30 are located at



Twel ve discrete curved plates 30 are provided around the outer
circunference of the ring structure resonator rimsuch that ea rhrgg{,ma
capaci tor between the surface of a plate 30 30 facing the ring St

resonator 16 and the outer circunferential surface of the ring structure
resonat or irtgghfangllaeingredlesf 30 aacundrthgiinl of the rieg stnectirk eesghates] Gaistackat e 14
and are electrically isolated fromthe ri n? structure. re‘scgnat r he

pl ates 30 aubtendscan argleof 25%3dSmvenenly; diyge &F theplatear30; fcated At @g)’olfzjog@“ r ound

the rim of e ri tructure.reson 1 £ : of
25 Conveni B 194 BRs BB R B 8P Bhety ARG RR G5 008 cBRDRBHE °
fixed refergags ig¥kRcld usdhg thsHiged 30 6860°] F30° dhd 860°ab elehitel réRrentbexis &1 i er
node notion is detected using the plates 30 at 60, 180 and 300 to the

fixed ref erasrmek-offi tsanRjucbrsads. dilmder abtation Losidlie dorseswill cpeRpie cpereytinignthe

Coriolis forces wl upl e.ener into_the responge de.. Thi Lon is
ot et ed_ byeimospte. TBHEGHAS GRecel b sifuse oot Hoscalf BifsaggHh 3o TBAGAD
270 to the fisyeqdspef@renes BEikefrefdend RR ITCaIRY ifetiectite 10 1©BS¢raeen &N 2

force feedback node response node, drive elenents 38 are |ocated at 90, 210
and 330 t ofotdededdbackimodé exsporse nsodesdiive di¢merts B8 ate locatel 08, A10° ard330°

provi ded on each. drive and , 10 pick-off tra sg cer 18,.20 to %owf r
connect i on Pdhe &ixed srferenee axis &y @mﬁm)@ FrePEMids & Eﬁcﬁ V\?(ﬂ"ﬁage
s applied o biafighbbefs 964 QIR EFeBhktit @ cchli6] GRARAARL sokaguency . The

ring structiure resonator i's malntarned at a fi1xed off'set voltage which
results in a developed force which is linear with the applied voltage for
smal | capacitor 15 gap displacenments. Electrical conpecti o&to the rin

structure rissepesation aldrivesveltage ipypplirdatasthe ramicp dAye slneats B ha dEsoBEt  ne
tral hub.26 whi ts th h ti il j .
55 to the r R0 0t (R Foerttominy Torf mARRY s (TRl dReyagd YRicho0s

variation ifRsiifi6in GaRAEIohed 6189 whedhds Enka with tHewppliad Mokdgenfor emall cipaoitér
transducers 34. This wll generate a current across the gap which may be

ampl i fied tgapydisplacemeintsn HlecRicap copction teatheting pieuctiye iresenatpd 61 made Jy
i nduced notion at_the response de pigck-off . .t ducers 36 i Lo Larly
det ect ed. I’i’i‘e%r‘_bfea E@%‘&B&gﬂ nﬁ&g},&e‘g °§rtﬁeé°%‘11_t‘ﬁ‘§2?€ gvlﬂé%bﬁnélgaf ghr%l:@e.h?e
response m&%dg%th?é%iﬁcr armuf floS 2380 it Akg Ltrddhins rERnb@P 194 THe fnltceannbticd
drive vol tage el ng direct y proportional to the rotation rate. Direct
capaci tive e d nigiatibn ihthedapacitor gipgreparatiamofithe karrier mode picktoffimansdecsrs 20,
34, 36 can give rise to spurious signal out putﬁ . . .
4. This will generate a current across the gap which may be amplified to give a signal
20  proportional to the motion. The rotation induced motion at the response mode pick-off
transducers 36 is similarly detected. In force feedback mode, a drive voltage is applied to
the response mode drive transducers 38 to null this motion with the applied drive voltage
being directly proportional to the rotation rate. Direct capacitive coupling of the drive

signals onto the pick-off transducers 20, 34, 36 can give rise to spurious signal outputs

~
o

which will appear as a bias output and degrade the device performance. In order to
minimise this error, a screen layer 42 is provided which surrounds the capacitor plates 30
on all sides except that facing the ring structure resonator 16. This screen 42 is connected
to a ground potential which enables the drive and pick-off transducers 18, 20 to be in
close proximity to one another.

30

To reduce the effect of stray capacitance and parasitic coupling, pick-off amplifiers (not

shown) providing sensing circuitry are advantageously provided in close proximity to the

8



25 which will appear as a bias output and degrade the device perfornmance.
In order to mnimse this error, a screen layer 42 is provided \ggbci@
surrounds the capacitor plates 30 on all sides except that f &ch t ring
structure resonator 16. This screen 42 is connected to a ground potenti al
whi ch enabldsrathicrdff eapanidorppletes @0f 34.r 3 skhecappsoptidle seDsing dysuity may bee

proximty to one another. 30 To reduce .the effect of stray capacitance and
parasitic davmeiedgn ‘E}? gﬂ’-CBP pcr&;ﬁ){a;y?ri @re(:ﬁ}sladjag%\% eb?%@%&%ﬁgnsé’én@ﬁﬁa
circuitry ajpe YeoRhQ¥oER ¢ L8 b rfegnd dFavie Borlds SEP M
di screte pi“gk?g’%a‘glapg%%glrﬂ cﬁpﬁa%ésoggg),thgi%s%%ilgﬁsg%appr%pri ate slensi ng
circuitry mnayt $a6wnf @lhé Béidashde @0 tfbenedi oni the tppee seréavelodiyter sefidnglplates 20y34,

adj acent to the individual sensing plates 20, 34, 36 with electrical
connect isons3é o t he sensing pl ates made by neans of wire bonds (not shown)

to the bond pads 40 fornmed on the upper surface of the sensing plates 20, 3
)4, 5 36. The fabrication of the anplifier circuitry (not shown) wll

require therglepbs@tioR{¥the amplifibi Eifcuirp (ot howl) will eguire else dévier wafesiing
fornmed, to be subjected to the | araﬁai nunber of additional process, steps.
It is ther efhick apliiwalityaddevices t0 argtheingaformed; torhe Subjectedto the lgEe BRMBSH]

i rouit oss] bl the device chi duce the r equj t
addi ] ondl SRR TocERs s6p.r . Hrinee e, »diAvaRlg e, LBy e A b IEL) of e
addi tiopal aéc%%h{c%‘:‘cﬁinﬁgié?ibgééb e ShIiaévice chitPlo\ ek T felirdrhért rtadiionalt

shown) tor generating rive voltages and the offset voltage
appl i ed to éxdenili cigouiteys oTks anayl Gdvintagebusly dadede aleadditional elecenie ropniggul d
be fabricated on the Siljcon screen |ayer_ i.n close proxi naeitd% toliahe d

di screte dréiraits] wpludingidsivs|circriry (ot siowny for geper TPABECR Y Y9 eaF

connected tQ i ndiVvj Jy¢ : RPthi i it woifdown)

to the bondt?’ﬁggigétéfjgﬂggérﬁ@g'eégo Fﬁggﬁ%&rﬁm@éaﬁéce o%‘)%fﬁyeﬁggﬁsgﬁ%l{lgfeg 18,

32, 38. HavpgbHemed bvak Sidedr soréanrlapsreh elose groxirhityl torthetdisanéte ttive plemenint

invention, it is to be 20 a&preci ated that the enhodi rreﬁs i n qtéegé’lcﬁ are

exenpl aty oplates 28,82 B8 and wonlsk berlectrerlly popnactedde ipf widugl daiva Plafes 18, to

t hose possessed of th [ ORri at e know i ;

W thout - dept hiieDontimel AEveR:t fi< oot PeE R Tyt on T ber Tl o R Give
plates 18, 32, 38.

Having described particular preferred embodiments of the present invention, it is to be
20  appreciated that the embodiments in question are exemplary only and that variations and
modifications such as will occur to those possessed of the appropriate knowledge and

skills may be made without departure from the spirit and scope of the invention as set

forth in the appended claims.



forth in the appended clainms. 9 30SEP2003 CLAIMS: 1. An angul ar rate sensor
devi ce conprising a resonator (16), having a substantially planar ring
structure drive neans (18), sensing neans (20) and associ at edribescEtPr 4C 5
control neans, the resonator (16), drive neans (18), sensing ans (% and
control n&hﬂ‘ﬂﬁj ng fabricated on the sanme sensor chip in a |layer of
silicon having a [100] principal crystal plane (12), wherein the resonator
(16) is arranged to be operated by the control means with a Sin30/ Cos30

vi brati on npdeapahgulit @ nder degeNednarising. & résoitoA L) BSRAN 2eupRum@imtier s.
10 2. An angular rate sensor device as claimed in Claim1, including
support neans flamr ting struesssrixivermeans X 1 8)hsepping mpens {2Nwad 8sseeirsdicseyonic

fevi ce 54 ol aiShBHo) RewR o ORI kan AL e ol [ pf SRR

support |egs (I%ZQns%ﬁ%f}%ﬁda%a SiPthd sHRE QeI BRb Y aQhyeriodpkicb® RaviRgde [10Gi I .
n

4. An angul ar rate sensor device as clained in CCaim2 or Caim3, wherein

‘the 20 resongirripall &ystabplpne(di2dedhentin Hhewresonatori(i§) i¢ 28 rngedde &d oagrated biyr om a
substrate (14) and suspended in the cavity (28) by the support |egs (22)
provi ded from the sentrelameansowith 26$in36/Gasad yitaatign miodg pairr providing AeseBfator
(16). 5. An angular rate sensor device as clained in any preceding C aim
wherei n the 5 @Y FSRPESE PRI neans conprises drive circuitry for use
W th thg) drive neans (18) and sensing circuitry for use with the sensing
means (20). 6. An angular rate sensor device as clainmed in Claim5, wherein
the drive c2.rcAnengulanmete stiser devies ascclaimed in Clajmdy, inchuding ippoit aneans for fieose

proximty to the respectiye drive 30 neans.(18) and. sensi ng, means 0)
around the pericpey (gg) Wﬁ@hr%‘QB?fét“(‘ﬁmf f%rjlpn%é %@g@&%@g%‘exﬁle support(lggs)
(22).

15 3. An angular rate sensor device as claimed in Claim 2, wherein the number and
location of the support legs (22) are matched to a mode symmetry of vibration mode

pair.

4. An angular rate sensor device as claimed in Claim 2 or Claim 3, wherein the
20 resonator (16) is provided within a cavity (28) spaced apart from a substrate (14) and
suspended in the cavity (28) by the support legs (22) provided from a central hub

(26) to the planar ring structure resonator (16).

5. An angular rate sensor device as claimed in any preceding Claim, wherein the
25 electronic control means comprises drive circuitry for use with the drive means (18)

and sensing circuitry for use with the sensing means (20).
6. An angular rate sensor device as claimed in Claim 5, wherein the drive circuitry and

the sensing circuitry are each provided in close proximity to the respective drive

30 means (18) and sensing means (20) around the periphery of the resonator (16).

10



7. An angul ar rate sensor device as clained in Cdaim5 or Cdaim6, wherein
the sensing circuitry conprises an anplifier for anplifying the si ée of
sensed signals. 8. An angular rate sensor device as clai ned in3apn§ P 2003
preceding claim wherein the drive 5 neans conprises three carrier-node
drive el emdnt AnBRplaprate saeor davia@,as thime@i(Clagn § of Glamh ¢.eflerein e ¥r18E (R)
and the sensing neans caqnprises three calfier-nmode _.sensjn | ements (34)
provi ded at 6@69‘?%6?’“86%2@8 W@%‘FT &éamp&yér}getﬁgélzagfgenﬁés_lgxgﬁs.An angul ar
rate sensor device as clainmed in Caim8, wherein the drive neans 10
conprises three response-node drive elenents (38) provided at 90, 210, 330
to the fixed reffrcaheeataxeisof Rvienss ¢lhieneddnshngraveding ctompwhees thhdese

response-node sensing elements (36) provided at 30, 150, 270 to the fixed
ref erende axi sneam comprisesuthran garrigr-mode drive alsmengdd 2 cproxisied jah Oheld 07 248Ny

o1 ovi ded at | A8 REETRdRR OF TR PO LA PRy haahe (T8 1907t he
i 42) bhej | ech ki o real;
The arive and BB ARG R pREAAGR DY SRR e B gL A T T

sensor device as clained in any preceding claim further conprising 20 a
base substrate (14) made froman electrically insulating materjal such as
gl ass. 12. 9%n Amgudwar rate eensendoyicel@yiciaimad in| Glaime . i wheagip the i HEARE! ai m

wherein the Sin 30/ Cos 30 vibration .nod ai r,_has nogdal er.s,.whi ch

i ncl udel®t he YSQRgrises WEsgUESRONss-mode ?’§I§F’§FGP sn@&?ﬂ"t‘f?ﬁ @%ﬁg’f@tové%)r \«'Ti on
node pair. 2513 . i I i » edi n
clai m wher e ¢ a6 QRS BERRERE Yendit kit Contpnfie TRt fofipe iR 1 10

structure gyr QEfEel rhénts (363 ipkd G #BHEN 5097004 &l thE firedleratdetaxisqR).angul ar
rate devices as c a? ?ns*g11 fﬁsiﬁy 30 preceding claim 11
10. An angular rate sensor device as claimed in any preceding claim, further comprising
15 an electrical screening means (42) provided at least between each of the drive and
sensing means (18, 20), the screening means (42) being electrically grounded to

electrically screen the drive and sensing means (18, 20) from each other.

11. An angular rate sensor device as claimed in any preceding claim, further comprising

20 a base substrate (14) made from an electrically insulating material such as glass.

12. An angular rate sensor device as claimed in any preceding claim, wherein the
Sin 36/Cos 36 vibration mode pair has modal parameters which include the Young’s
Modulus of the crystalline silicon for the vibration mode pair.

25
13. An angular rate sensor device as claimed in any preceding claim, wherein the

resonator (16) comprises a micro-machined vibrating structure gyroscope.

14. A silicon wafer comprising a plurality of angular rate devices as claimed in any

30 preceding claim.

11



