100072003 -1 ACCELEROVETER This invention relates to an accel eroneter and
particularly to an accelerometer at which is nmade at |east pafpigay yodrom
silicon. The conventional quartz and silicon accel eronmeters as shown I n
Figure 1 of the acconpanying draw ngs.Rave a bul k machi ned (wet etched)
quartz or silicon structure which is thinned along a line to create a

hinge 1, with a proof mass 2, on Qe 6t ghereof in the formof a
pendul um The structure is normaﬁy ||F71E)f{g%/|ent ed in the formof a sandw ch

with two fixed capacitor plates 3, |located on either side of the noveable
proof mass 2 which is hinged at 1 froma support 4 on which the capacitor

plates 3 are rmlgﬁg eﬂ’!ve\q‘fian ?é\at’%%ce{bere?"#iﬁéﬁélé}OH&EIdiéﬁtbmicmaiﬂ Rogane 1
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whi ch is perpendic 0 the plane o I'l'icon _or quartz wafer and
proof massadielerbimeterratoihicmEssmade éklgast padiadly fiom siligomdbout t he hinge 1 by
an anmount proportional to acceleration. This novenent is usually sensed
el ect rost at i calThe emeventibhal quartmand silicen ascelppometers as sbownrin Figurgroek
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convent i onge B@RE heiserisideflectad grcoatetjcaboutdhe hingeut byiamamountReaPoRkNah | s
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force. force is applied to return the proof mass 2 to a null position conveniently by use of
electromagnetic feedback using a wire wound coil on the proof mass. Electrostatic
force may also be used for the feedback. Feedback improves the scale factor
linearity at high forces as the proof mass does not move. High accuracy

accelerometers are usually closed loop.

Such a conventional accelerometer can provide high accuracy over a high
gravity range but is generally expensive to manufacture and of relatively large
size. Additionally as the structure is a pendulous structure the motion of the proof
mass 2 is arcuate which gives rise to vibro pendulosity which introduces a cross
axis sensitivity under a vibration. An additional problem which is common to this
and other types of conventional accelerometers is vibration rectification. This
means that in the presence of a vibration but no static gravity load such a
conventional accelerometer can provide an erroneous output signal which is due
to an imbalance between the two capacitor plates 3 which sense the deflection of
the proof mass 2 and act to give an electrostatic restoring force.
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1 100CT2003 -2- The conventional acceleronmeter as shown in Figure 1
requires the two capacitor plates 3 to be operated in anti-phaa% W’B*%he
difference in capcitance value then being linearly proportional

of fset position and acceleration. An electro-static force is supplied for
f eedback. This gives rise to three partdcul ar disadvantages, Firstly the
el ect r o- st at i cTHeroasertionaljsatetarometer as|shayn o Figures1 feguires dhe we
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as well as bias (zero offset). Hence it is necessary accurately to match the vaiues

of the two capacitor plates 3 which is difficult to do with the sandwich structure of
Figure 1. Accordingly electronic offsets are typically used to null out any
imbalance which is not desirable as any drift in this nulling signal will cause a drift
in the accelerometer bias, which is a key parameter to keep stable.

A second type of conventional accelerometer is shown in Figure 2 of the
accompanying drawings which uses vibrating beams 5, the frequency of vibration
of which varies with strain and acceleration. The vibrating beams 5 are attached
to a proof mass 6 so that the acceleratative force on the proof mass 6 changes the
strain on fhe vibrating beams 5, either in compression or tension, to give a
frequency output which varies with the gravitational force. The vibrating beams 5
generally operate differentially so that one side is in compression and the other is
in tension with a frequency increase and decrease respectively of the beams. The
difference frequency is then a good measure of acceleration. Movement of the
proof mass is in a sensing direction B as shown in Figure 2, with the vibrating
beams 5 in effect suspending the proof mass 6 between two mounting supports 7.



general |y operate differentially so that one side is in conpression and the

other is in tension with a frequency increase and decrease respe8t9GEABof
the beans. The difference frequency is then a good neasure of

accel eration. Mowvenent of the proof rra_gi is in a sensing direction B as
shown in Figure 2, with the vibrating F

_ éms S in effect guspegdi ng t he
proof mass 6 beThe@enventionalraGeaiprametyr ok the e Ho'n. 5!19UfR ¢ Can use
conventional acgel.eror f e kg Fi EREmeass Gaarde for
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smal | er anghgaki Shaligr eheapkdhtiyheneaper tramd theimengplunadype eacnetaremeter of
Figure 1 but they are still considera expensi ve to uf a r are
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There is tEﬂﬁ’? %&?&e@éﬁ}egé’rsaﬁﬂﬁﬁgpo%{/%ﬁj achI erometer which utilises silicon
and whi ch gibjeeetstlinsarnityesers athugh mpeiyjecegjetitionscul ties inherent in the
conventional acceleroneters illustrated in Figures 1 and 2. According to
one aspect of the present invention there is provided an accel eroneter
having a substantially planar plate-like proof mass, four or nore flexible
mounting | egs eggRrCes \%@ﬁrné@dt for tareinmprenéd rEselerametdyswhichi utliisgs siligaar |
ring-like support, 1n Ich the proof mass is novabl m)ﬁnttgld, whi CF nal
suppor t isanﬂivxlaaidh;atMtrmdlmléﬁaﬁm/@rﬁgomﬁed'ﬁ.'%@\esr?ﬂl'i%’ea B B&-FRHFRHC
therewith, with eac unt ] I 4N nnected at one end to the proof
nmass and c@ﬁﬁ%‘@f@'ﬂe{%{s' ﬁﬁ?t?gﬂne'ﬁg‘"{%g i e&gUpport so that the proof mass is
nounted for linear novenent 1in a sensing direction in the plane containing
the proof nmass, mounting | egs and support, in response to accel eration
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ubstan transverse to the sensing direc,thon W th
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fixedly mounted relative to the proof mass and co-planar therewith, with each
mounting leg being connected at one end to the proof mass and connected at
another end to the support so that the proof mass is mounted for linear movement
in a sensing direction in the plane containing the proof mass, mounting legs and
VSL.Jpport, in response to acceleration change applied to the accelerometer, and with
the mounting legs extending substantially perpendicularly to the sensing direction,
at least two spaced apart substantially planar capacitor plates, mounted in the
ring-like support substantially transverse to the sensing direction with the proof
mass located between the capacitor plates and with each capacitor plate being co-
planar with the proof mass, mounting legs and support, for sensing linear
movement of the proof mass in the sensing direction, a plurality of interdigitated
fingers in air, comprising first arrays of laterally spaced fingers extending
substantially perpendicularly to the sensing direction from the support towards the
proof mass and second arrays of laterally spaced fingers extending substantially
perpendicularly to the sensing direction from the proof mass towards the support,
with the first arrays of fingers being interdigitated with the adjacent second arrays

of fingers to provide air squeeze damping for movement of the proof mass in the



novenent of the proof mass in the sensing direction, a plurality of
interdigitated fingers in air, conprising first arrays of |ateral byt 9pgced
fingers extending substantially perpendicularly to the sensing direction
fromthe support towards the proof mass and second arrays of laterally
spaced fingers extending substantially4perpendicularly to the sensing

di rect i oehemy threctivroeélativs ot theasdsporhewithpiher proof winabs t heuntingtlegsr ays
of fingers being interdigitated with the_adjacent second arra of fingers
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nmount i ng Tegs, = support “capacitor plat and Interdigitated fingers are
formed f rtowaedssa mgll@opitishe of silicon, and restoring nmeans for returning
the proof nass in the sensing direction towards a null position.
Preferably the proof mass, nmounting |egs, support capacitor plates and
interdigitated fingers are formed by dry etching froma plate of silicon
which is ori qlefdr@gly the? pkddflina@s, méiHting! kgealsupponecagzwitoepistes| and he
support has a substantially rectangul ar ring-11ke shape surrounding. an

i nner openteadigifated fingara are fopmedelly Wne giehing frrm <2 Waterohalicen which' is

substantially recta r erein the nounting | egs extend
substanti%ﬂq'ifatﬁ r'B@Hgﬁhﬁ?%ﬁpgfggsﬁglégeénsi ng direction in spaced array,
with at least two between a first inner wall of the support defining the

inner open area and a facing first outer wall of the proof mass and with
at |l east two between the opposi ng second i nner wa
t

) |1, of the, Sulﬂ%(f)rb
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mass. Adv Ly t] ; : ' i IwhitRehasensi ng
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accel er ongitsstantiailyu destangslayp shapeheand ofwhesainc aheucnpustingraiegs agxtehd whi ch

is fixedly mounted the support and capacitor plates, with the . nt g
| egs, pr 08#b%‘%téaeilé(rRFrPﬁ@%EHI?HVtt%tt@%l sPFﬂggfﬁregﬁ?w ngc&ee% afrpg,rﬁ/v{tﬁgalf lés&lus‘gport
sheet.  two between a first inner wall of the support defining the inner open area and a

facing first outer wall of the proof mass and with at least two between the opposing
second inner wall of the support defining the inner open area and the facing

second outer wall of the proof mass.

Advantageously the mounting legs have high compliance in the sensing

direction and low compliance in other directions.

Preferably the accelerometer includes a support sheet of non-conductive
material on which is fixedly mounted the support and capacitor plates, with the
mounting legs, proof mass and interdigitated fingers being spaced from the

support sheet.

Conveniently the support sheet is made of glass to which the support and

capacitor plates are fixedly mounted by anodic bonding.

Advantageously the restoring means is electromagnetic.



Conveni ently the support sheet is made of glass to which the support and

capacitor plates are fixedly nounted by anodi ¢ bondi ng. Advanta lﬁ@ﬁyﬁﬂge
restoring nmeans is electromagnetic. r10 OCT 20 5 Preferably thg%r f Ss

carries a thin filmelectrically conductive coil structure, with each
mounting |l eg carrying at |east part of-&-turn of the coil structure.
Conveniently the capacitor plates are located in the inner open area of the
support. Advantageously the accel eroneter includes an apertured gl ass frane
| ocat ed on t hepgifglabff thdroofoptiss cdreies a ehint infi raleattiballys eppdudtiveaoall

attached to the support sheet, and the ,restoriarrég nean i[}ﬁl udes, a magnet
and two bstrugielee With eash msuitiag ied FRAEYIHNa3k & rﬂ?réﬁ’zr‘? B (i e AR pol e

pi eces be'é 'i aced apart at opposite ends of the nagnet in register with
t he coil Wi} Ure turns carried on the proof nass. Preferably the
adj acent surface of the support sheet is recessed to receive part of the

bar pole pieces and a |link pole piece is |located on the support side of
t he support sh&et to extend bety

en,and in registry wth t t L, DOl e
pi eces. Convent@RY§RieRthe thecapad ﬁ@ﬂ%ﬁsiaﬁ%ﬂ?ﬁi’g%gé{‘ e@pgrioggnger@g?g%é;e
attached sﬁ;?pérbe gl ass frame on the side thereof renote fromthe support
sheet to retain the nmagnet and bar pole pieces within the glass frane
aperture, and a glass housing for the link pole piece. Advantageously the
magnet is poled in the sensing direction. Preferably the first arrays of

lateral ly spacgd fin X}.en [a erpengdi | Mat® frdtBe
sensi ng di rect?%xa?trag%’@%{?dhﬁ ?ag?:ﬂ%?}%rﬂgéé(:row&lqdr]e%eF\P\\A%I%:egtﬂtfd @ﬁée support
towar ds t atst aaené sfde 6 thanslippostostibed uémbterrbinsthef supper randf attexbed tand
the second arrays of laterally spaced fi nge,rs xt end subtstagti al Ig/ 100CT2
- 6- the support sheet, and the restoring means includes a magnet and two bar poie
pieces located in the glass frame aperture with the pole pieces being spaced apart
at opposite ends of the magnet in register with the coil structure turns carried on

the proof mass.

Preferably the adjacent surface of the support sheet is recessed to receive
part of the bar pole pieces and a link pole piece is located on the support side of
the support sheet to extend between and in registry with the two bar pole pieces.

Conveniently the accelerometer includes a sheet-like glass base attached
to the glass frame on the side thereof remote from the support sheet to retain the
magnet and bar pole pieces within the glass frame aperture, and a glass housing

for the link pole piece.
Advantageously the magnet is poled in the sensing direction.

Preferably the first arrays of laterally spaced fingers extend substantially
perpendicularly to the sensing direction from said first and second inner walls of
the support towards the adjacent first and second outer walls of the proof mass
and the second arrays of laterally spaced fingers extend substantially



perpendicularly to the sensing direction fromsaid first and second outer
wal I's of the proof mass towards the adjacent first and second.jnner walls
of the support. Preferably the accel eroneter includes at |east 1 0P CT 22005
screens |located wthin the inner open area, each between the adjacent
capacitor plate and the .adjacent thi r@-or fourth inner wall of the
support deérpenaiculdry tontier semsing atireatiom fiwm spisk fitst @ntdoseneing| eutehavala®aci t or

| at f th t, wWitht it | at j icall
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electrically insulated fromthe support on which said earth screens are

nmount ed. Conveniently the drive nmeans includes neans for supplying a square
wave drive voltage to the two capacitor plates in antipha

Advant ageous| y Preferaty dheraneelespmieten inghusiegezinigashiwa @%ngg@egscleﬁ@tﬁgl
t to.th f i i ch:
rmane i noviERS Mier B3 Bfea, Sht Bblicon ik SRR cabathSr fite HARNK

st ruct ur e gjadént trfeocRusinginakbr kell\wfdine shpportdefiaipgcthednned epers aeea, and
Al ternating Current nodul ation fre ueacy resul thﬁgbf rom i nbal .ance of

(AC) :
the capacioperabie de sbialddes capaeitaraiaiesdrom dhe AePReroWith A0 capapitor plates
synchr onoygsl ti i it 'tRea8RkH fd nsan
i nt egr at o;b%f%clr %?érg?@%grlgt fnﬁgla{t%g f@ﬁ' E‘HtE é?%gcreférrf)sﬁ]gbﬂgﬁlt@eﬁ%dul arz oércfgea | oop
filter forbetmswésdcallyabisuiatgd dfornhtheosuppart singmdiich eaid \aadthf seigenshare
integrator and a current driver for receiving the output signal fromthe
| oop filtdROURRE: for feeding a control current to the proof mass coil
structure. Preferably the drive neans includes neans for supplying a single
nodul ation Alternating Current (AC) to the proof mass, which gives rise to
an output signal fromeach of the capacitor plates. 10 OCT 2003 -7-
Al ternatively tCanveniandlyftbe diivepneang includas means fer &RPIYIBth8AYA 8 HHaPass

coil structure incluydes two - | 1.f ] . for receiving the output
signal fr diﬂveov étagglf?ﬁée é’&%ggé?%'%@%? érr]lt' € other for receiving the
output signal fromthe other of the capacitor plates, a differential
anplifier for receiving the output signals

Advantageously the accelerometer includes means for supplying a control
current to the proof mass coil structure, which control current supply means
includes a pre-amplifier for recéiving from the proof mass coil structure a
difference signal between the two capacitor plates at Alternating Current (AC)
modulation frequency resulting from imbalance of the capacitor plates under
acceleration, an AC demodulator for synchronously demodulating the output signal
from the pre-amplifier, an integrator for integrating the output signal from the
demodulator, a loop filter for ensuring stability of the output signal received from
the integrator and a current driver for receiving the output signal from the loop filter

and for feeding a control current to the proof mass coil structure.

Preferably the drive means includes means for supplying a single
modulation Alternating Current (AC) to the proof mass, which gives rise to an

output signal from each of the capacitor plates.



fromthe two pre-anplifiers and for differencing the pre-anplifier output

signals to give an output signal corresponding to the net di spji@c ﬁ%@
the proof nmass, and an AC denodul ator for receiving the output @ rom

the differential anplifier and for synfhronously denodul at i ng t he out put
signal fromthe differential anplifier

produce a Direct rr nt%éﬁDC)
out put signal Aliarnativeiydee saeans for $‘dﬂP|V'BQr'=? eaptrel,cymrenttothe Prf%’g
structure_t. urn f h nul |
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oo amnt | aotbbrist theurmraonar BENRLR HiRtanaLAmITet O Foeamng the dufaud sighal® o
accor di nge Lo HRG R 63 g%}heh@éfg%dofbr d:ﬁéﬂéﬁéinélthé ple-sphsifer ioutgiltaigndiews f rom

above of a convention ting beam accél eroneter not according to the
present i giveran onfpuisignal riespangingntosthennet displasemensfofpthet propf s,

accel erorret ac a first .enbo

show ng pﬁ't‘ '?re(g‘g g?'&‘??ﬂ%‘%’“? 8 recaiving %e”%ﬂgmgl 3%“ gfo?\?ft@%n gﬁféve 0 part
of an acCgplifdPAy fo"r‘%?ﬁém'oﬂgué@ detnGRASNIG m@bﬂﬂpﬂmgnﬂffrdrheha diffeserttial

I nvention show ng a coil configuration, Figure 5is a plan view fro ?bout

of a furtbmphfberrto prodube aaaueptec@nr@ntem@i oumtglﬁigﬁad fanBaRIRPCARAGFRITTO

assenbly, 20 i

accel er onﬁ't"g?mpﬁlr {he 8§qﬂ§ gélg‘&l %tﬂuﬁﬁe?ﬁ?@@h @)?pq)'%?f :ﬁ"‘%%gr g{)gi{s?/%s'sl ew of
t he accel gfrgm“@‘rdfagimqﬁ;s&mﬁ\, F| gure 8 is an assenbl ed perspective view
of the accelerometer of Figure 7, Figure 9 is an end view of the

accel eroneter of Figure 8, Figure 10 is a front view of the accel eroneter
of Figure 8, Figure 11 is a plan view of the accel eroneter of Figure 8,

Figure 12 is apg} lCHbtterdLAGERMANG of B pRéschitlifRstitionUand Yo BhORs hbwrthehe
same may be carried into effect, reference will now be made, by way of example,

to the accompanying drawings in which;

Figure 1 is a schematic side view of a conventional pendulum silicon

accelerometer not according to the present invention,

Figure 2 is a schematic plan view from above of a conventional vibrating

beam accelerometer not according to the present invention,

Figure 3 is a plan view from above of part of an accelerometer according to

a first embodiment of the present invention showing parts made from silicon,

Figure 4 is a plan view from above of part of an accelerometer according to

a second embodiment of the present invention showing a coil configuration,

Figure 5 is a plan view from about of a further part of the accelerometer of

Figure 4 showing a magnet assembly,



accel eroneter according to the present invention, Figure 13 is a circuit
di agram of a further control current supply neans for use with the
accel erometer of the present invention. An accel eroneter accordl BdGTo20%he

present invention as illustrated in thg3 acconpanying drawings is
i npl emented as a silicon m cro-nmachi né® "~ accel eroneter. An accel eroneter
according to a first enbodi nent of the present inventionis illustrated in

Figure 3. An accel eroneter according to a second enbodinent of the present
invention is iFijwet6 & ®<chemBtigsidesview df thmaceelerometengad @ikiguse for m and in
nore conplete formin Figures 7 to 11. The only difference between the
enbodi nents of Figure 3 and of Figures 4 to 11 is the nunber of flexible
nmounting legs 8. In the Figure 3 enbodi ment there are twelve nounting |egs

8 in four gr OLFﬂguﬂaf 7 idaR explfliedpdrsetiveadewd the bctelgronestert of Biglitesi 8- O CT
2003 -9- there are eight nounting legs in four groups of twos. However,

accordingto the present invention there will be four or nore such | egs 8
present. Thus all the features fromFigure 3 with the exception of the
nunber of mounting legs 8 and all the features fromFigures 4 to 11 again

wi th the exception of the nunbers of nounting |egs 8 are interchangeable

bet ween the tweigard8ds arnrissembledspeispectiter viewnfdheaceelgraraeter ok Figys® icabl e
to Figures 4 to 11 and vice versa. The control current supply neans shown
in Figures 12 and 13 are equally applicable to an accel eronmeter according
to the present invention of any one of Figures 3 to 11 whatever the nunber

of mounting '99§ufe Br®¥heH VibRiofthe abesTBRIméter bbFiguss 8nore.  In all the
drawings 3 to 1 I ke features will be given |ike reference nunerals and if

described in detail with respect to one enbodi nent will not be further
described in detail with respect to another enbodi ment. An accel eroneter

according to tﬁmé ﬁﬁq%sft&gwﬁp}ﬂﬁéléah?tﬂﬁ ﬁgmé 8,pl anar plate-like

proof mass 9 s gure of th acconpanyi ng
drawi ngs. The proof mass 9 is illustrated in nore sketchy detail in Figure
4. A substantially planar pl ate-1i ke support 10 is provided as shown in

Figure 11 is a plan view of the accelerometer of Figure 8,

Figure 12 is a circuit diagram of a control current supply means for the

accelerometer according to the present invention,

Figure 13 is a circuit diagram of a further control current supply means for

use with the accelerometer of the present invention.

An accelerometer according to the present invention as illustrated in the
accompanying drawings is implemented as a silicon micro-machined
accelerometer. An accelerometer according to a first embodiment of the present
invention is illustrated in Figure 3. An accelerometer according to a second
embodiment of the present invention is illustrated in Figures 4, 5 and 6 in
diagrammatic form and in more complete form in Figures 7 to 11. The only
difference between the embodiments of Figure 3 and of Figures 4 to 11 is the
number of flexible mounting legs 8. in the Figure 3 embodiment there are twelve
mounting legs 8 in four groups of three and in the embodiment of Figures 4 to 11



Figures 3, 4 and 5 which is fixedly nmounted relative to the proof nmass 9
and co- planar therewith as will be described later in nore def@id w
proof mass 9 is connected to the support 10 by four or nore fl° cJI
mounting legs 8 with each nounting | eg 8 being connected at one end to the
proof mass 9 and connected at anat her “el
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capacitor plates 11 are forned b (gr etching froma single plate of

si | con viigtahwith respestitaangther Q{“%‘i '?[{e"&r [100] crystal plane. The

co- planar construction should be contrasted with the sandw ch construction
of the Figure 1 conventional accel eroneter which requires all the
conmponents to be joined together. Preferably the dry etching is carried out
in a deep trefohaceetstometer aceardinghta the rmsesentsinvaatiomihast § supstantially

m cro-machi ne_a , coppl ex shape. Thi s, is done_ta. high. precksi { N L, npl e
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Figure 4. A substantially planar plate-like support 10 is provided as shown in
Figures 3, 4 and 5 which is fixedly mounted relative to the proof mass 9 and co-
planar therewith as will be described later in more detail. The proof mass 9is
connected to the support 10 by four or more flexible mounting legs 8 with each
mounting leg 8 being connected at one end to the proof mass 9 and connected at
another end to the support 10 so that the proof mass 9 is mounted for linear
movement in a sensing direction C in the plane containing the proof mass 9,
mounting legs 8 and support 10 to sense acceleration change applied to the
accelerometer. The sensing direction C is illustrated in Figure 3. The mounting

legs 8 extend substantially perpendicularly to this sensing direction C.

The accelerometer also includes at least two spaced apart substantially
planar capacitor plates 11 shown most clearly in Figures 3, 12 and 13 and omitted
for clarity from Figures 4 to 11. These capacitor plates 11 are each co-planar with
the proof mass 9, mounting legs 8 and support 10 and are operative to sense

linear movement of the proof mass in the sensing direction C. Additionally forming



narrow features such as the nmounting legs 8 within a deep silicon
structure. Conputer control is used alternatively to passivat eﬂbhﬁ f%ace
of the silicon plate with polyner such as polytetra, fluoroethyle %

i sotropically etch the silicon. A typical thickness of silicon is from 200
mcrons to 400 mcrons with a feature‘W'dth of 10 to 20 m cyons which
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narrow features such as the mounting legs 8 within a deep silicon structure.
Computer control is used alternatively to passivate the surface of the silicon plate
with polymer such as polytetra, fluoroethylene and isotropically etch the silicon. A
typical thickness of silicon is from 200 microns to 400 microns with a feature width
of 10 to 20 microns which implies at least a 10:1 depth to width ratio.

The use of [111] silicon is preferred as it has an isotropic elastic constant
compared to the [100] plane. This has benefits in terms of alignment. Whilst [111]
silicon has a slower etch rate than [100] silicon the benefits of isotropy of the
elastic constant can be more important than the etching speed. Further benefits of
the use of silicon are small size and low cost due to use of wafer scale processes

where many devices can be made at one time.

Alternatively the use of [100] plane silicon is possible as the motion of the
proof mass 9 is rectilinear in a single plane.' As long as the crystalline axis is
aligned to the plane of motion then [100] plane silicon is satisfactory. The use of



supported by the nmounting legs 8 which are 2mm | ong, 20 m crons w de and

150- 200 mcrons in thickness which is the thickness of the si I-t@Wr
schematically illustrated at 13 in Figure 7, from which the proof 9,
support 10, nounting legs 8 and corrpagiitor plates 11 are fornmed. The
mounting | egs 8 have a high conpliante'in the sensing direction C and |ow
conpl i andd00hsilicereis beneficiabinstesms afintegsatinn wWithder CBIP RIBGERRIGE WED A%
significantl i.gher resonance frequency. As aforesaid Figure 3 shows

twel ve rrorﬂrﬁtélrﬂélhf%éﬁs whil st Figures 4 and 5 show the use of eight nounting

| egs 8. The m ni mum nunber of nmounting legs feasible is four which are
| ocated one at each corner of the proof mass 9. The proof mass 9 supported

by the flexible nounting |egs,8 preferably has a respnange_fre cy-.in
the range of fFhfnpianas natyrg, of H?épé‘? brms{%ﬁ??umm &Qéi ﬁgs‘ﬂFﬂP&O’ﬁﬁM’?‘* of
mount i ng céﬁ‘&ﬁﬁﬁ Pfa?#% r¢$ ehSumsdithapf apafdatifedntdfnghé eactolelsmeteduaas. I n
practice a  nunber 0 I

mounting |legs 8 higher than forty eight inplies a
t hi nner wnanbfacturedgat the sszme time Hberehye giving riarhigh flevejueh @FCWRC¥ handh t ur n
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mounting [ egs 8 extend substantia per pendi cul ar | %O .}.he sensi ng
di r ect i onpiates 1h aad thedseveahle peeaidbass: 91t be attaiped. $ilIGon 15 AWER '™Qppor t

10 defining.the i I 2 and a facing first outer wall 15 of the
pr oof mas§ ‘%{ﬁ}ﬁb&ﬁ%ﬁ“iﬁ@“ﬁ&?‘?‘?% bet ween the opposing second inner wall

16 of the support 10 defining the inner open area 12 and the facing second
outer wall 17 of the proof nmass 9. The rectangular form of the proof nass 9

| ds to i d de- i f t | t ) h t
horke doun To Bhe spron Tdhaga supsTanEy TepRgurt Hig e b RE ShBMATH, o |
sensi ti veri{rédyg dygtes,gg Wgaa;y 62708 by cloniheeReri ldirﬁ@ﬁﬁonEmﬂmtﬁmdnﬂsl ude

mounting strarn I Xi ng nmeans and thermal gradients across the
silicon. Ebumemupert atcae!Dtypidallysf Sramiy Gmemdinegnsiors tegivedwall WidhRindi ng

support 18mrrﬁ c#cIJJrC fhe étﬂ?pos& r18' nTﬁeh%Foo?zmagsoﬁr%ﬂ 9s id&tdd #Pthe open area 12
has a substantially rectangular shape and is typically 2mm by 2mm in size being
supported by the mounting legs 8 which are 2mm long, 20 microns wide and 150-
200 microns in thickness which is the thickness of the silicon wafer schematically
illustrated at 13 in Figure 7, from which the proof mass 9, support 10, mounting
legs 8 and compacitor plates 11 are formed. The mounting legs 8 have a high
compliance in the sensing direction C and low compliance in other directions so
that other modes of movement have a signiﬁcantiy higher resonance frequency.
As aforesaid Figure 3 shows twelve mounting legs whilst Figures 4 and 5 show the
use of eight mounting legs 8. The minimum number of mounting legs feasible is
four which are located one at each comner of the proof mass 9. The proof mass 9
supported by the flexible mounting legs 8 preferably has a resonance frequency in
the range of from 1 to 2 kHz, preferably 1kHz. increasing the number of mounting
legs 8 requires the width of each mounting leg to be reduced. In practice a
number of mounting legs 8 higher than forty eight implies a thinner width of leg to
achieve the same resonance frequency which in turn defines the sensitivity of the
accelerometer, which thinner width is then difficult to control.



mass 9 and thereby inproves the bias accuracy of the accel eroneter. The
accel eronmeter of the present invention also includes a support shgeicT 283
made of non-conductive material on which is fixedly nmounted the support 10
and capacitor plates 11. Preferably the support sheet 18 is nmade of gl ass
to which the support 10 and capacitor 1Bl'at es 11 are fixedly nounted by
anodi ¢ bondi ngAsvishownt ineFigones Bnand dgthespeoad massoHP and MAINEBgigIs fad from

th t sheet 18. The undersi the sili f ' h
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shown) Wi fiRiep walhybrdfdthBaglprast 10! definir thie invesrneperc atday 12eanddhe faciogi s
way the accel eroneter can be provided with a netal sealing can which is
usef ul t osegans outepwallily efdhedreefgnasti®9t o all ow for el ectrical connections.
100072003 -13- The restoring neans of the accel eroneter according to the
present invention is electromagnetic. To this end the proof nmass 9 carries
athinfilm electrically conductive coil structure made up of turns 19 as
shown in Fi gur #hé.recBoguiariormiof thee ptaaf roass 9deads: tauineproved sletepupling ot
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at 20 whi enasss9 andithereby imRiovesdhe Piashaceigpy P CeRPrPMA'Ches at 21 which
is the end bond pad on the

The accelerometer of the present invention also includes a support sheet
18, made of non-conductive material on which is fixedly mounted the support 10
and capacitor plates 11. Preferably the support sheet 18 is made of glass to which
the support 10 and capacitor plates 11 are fixedly mounted by anodic bonding with
the mounting legs 8 and proof mass 9 being spaced from the support sheet 18.
The underside of the silicon wafer 13 forming the proof mass 9, mounting legs 7 is
undercut by typically 10 to 15 microns again by deep trench etching. Suitable
glasses for the support sheet 18 are PYREX ™ which is a Corning type 7740
glass or HOYA ™ SD-2. These glasses substantially match the expansion rate of
the silicon and thus avoid differential strain between the silicon wafer 13 and the
support sheet 18. The support sheet 18 may be bonded to a ceramic substrate
(not shown) within a hybrid package which can be hermetically sealed. In this way
the accelerometer can be provided with a metal sealing can which is useful to give

magnetic screening and to allow for electrical connections.



support 10. The bond pads 20, 21 are shown sketchily in figures 7 and 11 in
a slightly different position. The coil structure convenientl y-.i' ﬁ d‘cq-rw
froma thin filmof nmetal which is deposited directly onto the sflico

waf er 13 over an area thereof which forpgs the proof mass 9. Typically the
siliconis coated with a thin filmof-&krde for insul ation. The netal is
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Pr ef er abl glightly difl@eentRO%tIPR. used for the netal deposition and for the deep
trench etching which defines the | egs 8.

The coil structure conveniently is formed from a thin film of metal which is
deposited directly ohto the silicon wafer 13 over an area thereof which forms the
proof mass 9. Typically the silicon is coated with a thin film of oxide for insulation.
The metal is then patterned by photolithography and deposited onto the oxide.
Typically a three micron thickness of aluminium alloy is used to give a low
resistance. If a total of forty eight mounting legs 8 are provided in four groups of
twelve then the mounting legs are approximately 15 microns wide with the metal
tracking forming the coil turn 19 deposited on each leg being about ten microns
wide. On the support 10 and on the proof mass 9 the width of the metal forming
the coil turn 19 is increased to 100 microns to reduce the overall coil resistance.
For a coil structure having twelve turns 19 as would be the case with the
accelerometer illustrated in Figure 3 which has twelve mounting legs 8 having a
coil structure with an overall dimension of 11mm by 7mm on the support 10 and
mounting legs 8 of 2mm length the resistance is less than 200 ohms. This means
that for typical accelerometers operating over a small 20g range the scale factor is
mAJ/g giving a maximum current requirement of 40mA leading to the requirement



In the accel eroneter according to the present invention the capacitor
plates 11 are located in the inner open area 12 of the support 18 one_ an
one side of the proof nass 9 and the other on the opposite side o0 Q6L 2003
proof mass 9 and extend substantially transverse to the sensing direction
C. For convenience the capacitor platé4-11 have been shown in Figure 3,
sket chi | yofi 1 v6itg of suply autireint withga rdissigationaoi8Q Bnitlimattsoundes a Bteady¥liani ng
Figures 4 to 9 and 11. The two capacitor plates 11 are made at the sane
time wtHo8%e same process and fromthe sane silicon. This gives a good
chance of achieving a very high accuracy of balancing of the two capacitor
pl ate values which is inportant to elimnate vibration rectification. This

| atter effect causes a DC accel eroneter output in the presence of an i’n
pl ane vi br at i Tive avedali eoikturnilfaer @aghdnounting: ige & ispamauntad ahtheecenire.o
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rel ation teshniguponThis hasdba Advaptagecthat f4hetg isA yeE'FPBrPréo%zeri"ﬁc POgR.
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mat ched. |'ane notion is at least a factor of ten smaller than
the in plane notion along the sensing direction C and with bal anci ng of
the two capacitor values to within 1%the out of plane sensitivity is |ess

The. accel er omelbine AR omeE! Fedirtingifs e Freseh RnoR I FRaBACRARRR. <
i nner opeR{afr83odatetdiin fhe iftier pencarbatigeehthehsippdrtat@ ohecapane side ¢f thee 11
and the adjacent third inner wall 23 or fourth_inner v¥al I ss?% é)r];d %Q’(%nd
support 1@repffmass§ and the other on the opposite side of the proof ma
substantially transverse to the sensing direction C. For convenience the capacitor
plates 11 have been shown in Figure 3, sketchily in Figure 10 and in Figures 12
and 13 but not in the remaining Figures 4 to 9 and 11. The two capacitor plates 11
are made at the same time with the same process and from the same silicon. This
gives a good chance of achieving a very high accuracy of balancing of the two
capacitor plate values which is important to eliminate vibration rectification. This
latter effect causes a DC accelerometer output in the presence of an in plane
vibration and is eliminated when the two capacitor values are accurately matched.
The balance of the capacitance values achievable can be better than 1% which is
important to reduce vibration rectification. The use of a support 10 with the
mounting legs roughly located at the four corner areas of the proof mass 9 means
that the proof mass is very stiff in relation to motion orthogonal to the sensing
direction C and in plane. This additionally leads to very low cross axis sensitivity

in the sensing direction C.

Cross axis sensitivity is additionally kept low by the use of the thick
(typically 150 microns) silicon wafer 13 compared to the relatively thin mounting



the inner open area 12 as can be seen fromFigure 3. The earth screens 22
are operable to shield the capacitor plates 11 fromthe support.l(%@. Tm
this end each earth screen 22 may have a turned over end 25 to c gﬂ'

free ends of the capacitor plates 11. The capacitor plates 11 are
electrically insulated fromthe earth!®treens 22 with the earth screens 22
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conprising a first array 27 of laterally spaced fingers extending

substantially perpendicularly to the sensing direction C fromthe first and
second inner walls 14 and 16 of the support 10 towards the adjacent first
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operation the_ _seco r 8 Qf fi.n S i t mass
o move v RESEToRt M devhls dymbl B pllf 2 bbfe e be T bE e TR50,
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the proofg imsst fo ohGhithdh8y ke M¥untdd'3Eb8nd HaR_PE Shown in Figure 3 and in
Figures 7, 8 and 11. As can be seen from Figure 3 there is a gap, preferably of 10
microns, surrounding each earth screen 22 so that the capacitor plates are
electrically insulated from the earth and the earth is electrically insulated from the
remaining silicon of the wafer 13. The use of such earth screens 22 means that
the high voltage on the capacitor plates 11 does not reach the rest of the silicon of

the support 10.

The accelerometer of the present invention also includes a plurality of inter-
digitated fingers in air comprising a first array 27 of laterally spaced fingers
extending substantially perpendicularly to the sensing direction C from the first and
second inner walls 14 and 16 of the support 10 towards the adjacent first and
second outer walls 15, 17 of the proof mass 9 and a second array 28 of laterally
spaced fingers extending substantially perpendicularly to the sensing direction C
from the first and second outer walls 15, 17 of the proof mass 9 towards the
adjacent first and second inner walls 14, 16 of the support 10. The first arrays 27
of fingers are inter-digitated with the adjacent second arrays 28 of fingers as can



the arrays 27, 28 preferably is 10 mcrons and the gap between the fingers
in the null position of the proof mass 9 is about 10 microns. The air
between the interdigitated fingers may be at atnospheric presshdir 2083
any other reduced or elevated pressure.. In a vacuumthe proof nmass 9 wll
have a resonant frequency (usually set 16lfetween_l and 2 kHz) wwth a high
qual ity fbeseenQomiFiguresd topravide ais sauegae damming farimowemest ebtheorrooThe
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screens 2Z. rohal I'y 't nter-digitated fingers of the two arraxs 27,
28 are spaakgdsitimn t of the. ppooft masecd is about Khevierons. FiTherais betwgen ithgn
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on the sidpvaled possGrpport sheet 18 renote fromthe support 10 and
attached to the support sheet 18 in any conveni ent manner such 1 0 O CT
2003 -17- as being bonded together using an epoxy adhesive with a thin bond
line such as Epotek 360 Tmwith a high glass transition tenperature. The
restoring neang, Qf ot 2N ,{trfyéﬁpén@ uBgamdest a
magnet 31 whi cﬁn %r%#%@é@mgkgéégr@é%%% ll(‘;%\{)é;. ﬁérgraganet. hi _sprr(agne'!&d:%l i's
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deleterious effect on performance of the accelerometer and may cause the

accelerometer to break under shock conditions even when switched off. By
having atmospheric pressure between the inter-digitated fingers and a suitable
number of fingers on both sides of the proof mass 9 with respect to the sensing
direction C it is possible critically to damp the resonance so that the Q factor is
less than 1. This implies that under shock conditions damage is unlikely to occur.
The fingers of the two arrays 27, 28 preferably are formed by dry etching, such as
using the deep trench etching technique, from the silicon wafer 13 so that they are
co-planar with the mounting legs 8, proof mass 9, support 10 and, capacitor plates
11 and earth screens 22. Additionally the inter-digitated fingers of the two arrays
27, 28 are spaced from the support sheet 18.

As shown in Figures 7 to 11 an accelerometer according to the present
invention preferably includes an apertured glass frame 29, having an aperture 30.
The frame 29 is located on the side of the support sheet 18 remote from the

support 10 and attached to the support sheet 18 in any convenient manner such



Al so form ng part of the restoring means are two bar pol e pieces 34 |ocated

in the glass frame aperture 30 with the pole pieces 34 being sp, fﬁ({hdqaﬁmrt
at opposite ends of the nagnet 31 in register with the coil

turns 19 carried on the proof mass 9. A current flow ng through t hese
turns 19 gives rise to a restoring foﬂe opposi ng the direction of
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tenperature and good long termstability. The adjacent surface 35 of the
support sheet 18 is recessed at 36 to receive part of the bar pole pieces
34 as shown particularly in Figures 7, 8 and 10. A link piece
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remnance, high Curie temperature and good long term stability.

The adjacent surface 35 of the support sheet 18 is recessed at 36 to
receive part of the bar pole pieces 34 as shown particularly in Figures 7, 8 and 10.
A link piece 37 is provided located on the support side of the support sheet 18 to
extend between and in registry with the two bar pole pieces 34. These bar pole
pieces 34 at the ends of the magnet 31 and the link piece 37 give a strong
magnetic field normal to the plane of the silicon wafer 13 in a gap which is typically
400 microns. The recesses 36 in the support sheet 18 which at least partially
house the bar pole pieces 34 assist the achieving of this 400 microns gap. The
coil structure turns 19 on the proof mass 9 contribute to the overall deflection as
the magnetic field is in opposition from the one end to the other of the proof mass
9 and the sense of the current in the coil turns 19 as shown by the arrows 38 in
figure 4 is also opposed, so that the Lorentz force isA in the same direction for the
two sides of the coil turns 19 on the proof mass 9. This improves the scale factor
(mA/g).



service |life of the acceleronmeter. Preferably the link pole piece 37 is
glued to the gl ass housing 40, which gives good nechanical th rdggb
stability. The glass housing 40 is attached to the glass fra mh in
turn is attached to the gl ass base 39. | these parts are glued together
usi ng an epoxy adhesive with a thin boﬂu “such as Epotek 360 TM_wi th a high
gl ass transit iQonvesienlyaheraccel@rometercinchides & sheet-likecglass ibass Ihmade; 3

her ef d h 1 i ' |
Lner mal | P SrNasBEnent ASTACsth AsFYRER T aidfi/teyas ooy e

connect i C’cﬁ? s tHerer réafbte front e SipporsheetptBoid retéinahe Magmed 33 laridbart he
two ends of the coil structure turns 19. Al

| ded th ! t 10
are the cpole piansscBAwiinbe olass FameARGyiushED. ARSONALY 3,9ia5s hpystiy 40

connected to a.bo h u It t t cia4ofg pl at e
11 is con'ﬁeef%’é&%dgquag%%&hkzﬂgg Pﬁ% ?%%u?t%r II@.UQTﬂ? p"r1§)%1l‘%iI _rl?ass 9is
connect edefgapguleed! imaslags which preveniparty Paiticlgsr beingeatiracteth e tif ththeor
t he out put signal fromthe proof mass 9. In the enbodinments of Figures 3 to
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the silicon support 10 at 20 and 21 for the two ends of the coil structure turns 19.
Also provided on the support 10 are the earth bond pads 26. Additionally one
capacitor plate 11 is connected to a bond pad 41 on the support 10 and the other
capacitor plate 11 is connected to a bond pad 42 on the conductor 10. The proof
mass 9 is connected to a bond pad 43 on the support 9 to provide a connection for

the output signal from the proof mass 9.

In the embodiments of Figures 3 to 11 the coil structures turns 19 one the
proof mass 9 carry a feedback current as previously described. The magnetic field
formed between the bar pole pieces 34 and the link pole pieces 37 provide a
lateral force to counter the acceleration of force along the sensing direction C
when a current flows through the coil structure 19 as shown by the arrows 38 in
Figure 4. The current flowing through the coil structure turns 19 is proportional to
the acceleration when the electromagnetic force equals the applied acceleration

and the proof mass 9 is returned to its equilibrium or null position.



the proof mass 9 is slightly conducting. The pick up fromthe proof nmass 9
Is taken off at the bond pad 43. The silicon fromthe support 118 (ﬁrm

mass 9 and capacitor plates 11 is electrically isolated by vir Eunr i ng
nounted on the highly insulating glass of the support sheet 18. Means are
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plates 11 so that it is possible accyrately to set up a precision ratio of
t he val ueinsyfating@lassofdhe seppert shest ig 11. Thus the use of anti-phase
signals on the two capacitor plates 11 neans that there is only a single
signal energing fromthe proof mass 9 which can be anplified to act as the
error signal for the closed |oop operation. To this end the AC nodul ation
applied to t heMeanscarpaprovisiedploatseipplying @ eonitshcorent tg theoieefuMase £o8y an
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acceleration in the sensing direction C causes linear movement of the proof mass
9 which in turn causes an imbalance of the two capacitor plates 11. This
imbalance is sensed as an error signal which is the differential signal. To cancel
the fixed offset of the capacitor plates in the absence of acceleration a fixed
differential drive level is applied. As the offset of the capacitor plates may vary
from device to device calibration may be necessary. Thus the closed loop has no
input error so there is no need for an electrical offset for the closed loop with a
consequent drifts of electrical offset that may arise. Resister chains may be used
to set the relative levels of drive of the two capacitor piates 11 so that it is possible

accurately to set up a precision ratio of the values of the two capacitor plates 11.

Thus the use of anti-phase signals on the two capacitor plates 11 means
that there is only a single signal emerging from the proof mass 9 which can be
amplified to act as the error signal for the closed loop operation. To this end the
AC modulation applied to the two capacitor plates 11 is synchronously
demodulated by an AC demodulator 46 which demodulates the output signal from



| oop filter 48 and for feeding a control current to the proof mass coil

structure turns 19. In the control current supply neans of Fi gtﬁ e
AC drives to the two capacitor plates 11 fromthe drive voltag p
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Alternatively to the control current supply nmeans of Figure 12 control
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are minimised as the differential voltages give rise to a low voltage on the proof
mass 9. As there is a single pick off pre-amplifier 45 there is no problem of

relative stability as could be the case if two pre-amplifiers were used.

Alternatively to the control current supply means of Figure 12 control
current supply means as shown in Figure 13 may be employed. In the
arrangement of Figure 13 a single modulation to the proof mass 9 is employed
which gives rise to two signals from the two capacitor plates 11 which are then
differenced to give the net displacement. The single modulation alternating
current is supplied to the proof mass 9 from an AC current supply 50. The output
signals from the capacitor plates 11 are supplied one to one pre-amplifier 51 and
the other to a second pre-amplifier 52. The output signal from the two pre-
amplifiers 51, 52 are passed to a differential amplifier 53 which operates to
difference the pre-amplifier output signals to give an output signal corresponding
to the net displacement of the proof mass 9. The output signal from the differential
amplifier 53 is passed to a AC demodulator 54 which synchronously demodulates



turns 19. As the capacitor plates 11 are anodically bonded to the gl ass
support sheet 18 the capacitor plates are well electrically isolated with
respect to ground in operation. The square wave vol tages applidd PRT 2003
anti-phase to the two capacitor plates are large, typically + or - 10
volts at an arbitrary frequency which-Bleferably is 14,000 Hz. Thus any
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glass to the silicon gives the lowest stray capacitance production.

The planar construction of the accelerator of the present invention provides
high accuracy of fabrication which makes it possible accurately to match the
values of the two capacitor plates. Although these are operated as a differential
pair in anti-phase it is still important that they are carefully matched in value to
reduce the bias of the accelerometer. The matching of the value of the capacitor
plates assists in minimising vibration rectification errors. In the accelerometer of
the present invention the acceleration of the proof mass 9 is linear under
acceleration. This ensures that there is fundamentally no vibro-pendulous error as
the centre of mass and the centre of suspension of the proof mass reside at the
same point so that the open loop movement is linear rather than arcuate as is the
case with pendulous construction accelerometers such as that described and
illustrated in respect of Figure 1 of the accompanying drawings. In order to reduce
sensitivity of the accelerometer of the present invention to static accelerations and

strains, it is desirable to de-couple the proof mass 9 and capacitor plates 11 as



much as possible fromstrain which is best acconplished by matching the
expansi on coefficients of the silicon fromwhich the proof mass 9, support
10 and nmounting legs 8 are made and the gl ass from which the ubPET i2MBheet
18 is made. The use of electro-magnetic forcing gives a highly linear
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proof mass, tour or nore exi bl e mounting | egs each co-planar with the
proof mass, a substantially planar, ring-1like support; in which the proof
mass is novably nounted, which support is fixedly nounted relative to the

The use of anodic bonding between the capacitor plates 11, support 10 and
support sheet 18 which are made of glass gives good electrical isolation of the
capacitor plates with respect to earth. The use of glass for the support sheet 18
with an expansion coefficient close to that of silicon ensures that differential
temperatures do not effect the differential capacitance across the silicon of the
proof mass 9, capacitor plates 11 and support 10. Additionally the capacitor plates
11 act to provide an air squeeze film which also acts in part to damp the
resonance of the sprung proof mass 9. This protects the accelerometer from
shock when it is not under power and working. As it is possible resistively to
couple the capacitor plates 11 to earth there are not static charges built up which

could also give rise to errors.



proof mass and co-planar therewith, with each nmounting | eg being connected

at one end to the proof mass and connected at another end to[ige Qaﬁrt
so that the proof nass is mounted for |inear novenent in a se i%@y
direction in the plane containing the proof mass, nounting |egs and
support, in response to acceleration-BEange applied to the accel eroneter,
and withcpagmsounting | egs extendi ng substantially perpendicularly to the
sensing dirtectron, at |least two spaced apart substantially planar capacitor
plates, nounted in the ring-like support substantially transverse to the
sensing direction with the proof mass | ocated between the capacitor plates

and with fach Rﬁ%gﬁélb%mgﬂe?h?vil?@i ng co-planar with the proof nass,
nmounti ng |'egs an support, for “sensing |linear novenent of the proof nass

in the sensing diregt] | e |gistated fingers in air,
conpri sing fi?st arééggﬁgpﬁ?lgééﬁﬁ é/lﬁtsé)ﬁké Fo%?%éﬁs, ) ! !

ﬁace fingers extending

substantially perpendi cul arl . I.n i W] A Mi SHRBer t

t owards t he proof n@é’é o&n@og%gggwﬁé;ﬁ@;ﬁgﬁ\gf %Iggt ée?‘g‘t :cgrblésl?)aceghplﬁﬁggr S

ext endi ng subst antigaky, perpendicularly to the sensing direction fromthe
proof mass towards the support, with the first arrays of fingers being

i nterdigitated withgth@samtiafeMarfetCARG-IRETUpportdfin WHiGE tise tpogfr maisslds ai r
squeeze danpi ng for nmovenent of the proof mass in the sensing direction

relative to the supmovablywnobntede whighisuppagss fixedi maynted, selativg $othe
capacitor plates and interdiqi ' are formed froma single plate
OBl Ahd L linefsRgihe o

of silicon, and O ( ng freans’ for returning the proof nass
according o 4 af m With pRs Mstniag eBepeiRl et 2h gy B eSHRTRE
capaci tor plates angdsatfdésHriedted at bRSMEP eAtiaofthe Fafpbit sb that the proof
mass is mounted for linear movement in a sensing direction in the
plane containing the proof mass, mounting legs and support, in
response to acceleration change applied to the accelerometer, and
with the mounting legs extending substantially perpendicularly to the

sensing direction,

at least two spaced apart substantially planar capacitor plates,
mounted in the ring-like support substantially transverse to the
sensing direction with the proof mass located between the capacitor
plates and with each capacitor plate being co-planar with the proof
mass, mounting legs and support, for sensing linear movement of
the proof mass in the sensing direction, a plurality of interdigitated
fingers in air, comprising first arrays of laterally spaced fingers
extending substantially perpendicularly to the sensing direction from
the sdpport towards the proof mass and second arrays of laterally
spaced fingers extending substantially perpendicularly to the sensing
direction from the proof mass towards the support, with the first
arrays of fingers being interdigitated with the adjacent second arrays
of fingers to provide air squeeze damping for movement of the proof
mass in the sensing direction relative to the support, with the proof
mass, mounting legs, support capacitor plates and interdigitated
fingers are formed from a single plate of silicon, and



etching froma plate of silicon which is oriented in [111] or [100] crystal
pl ane. 3. An accel eronmeter according to Claim1 or Claim2, wherein the
support has a substantially rectangular ring-1ike shape surrduh8Ciig08n
inner open area in which is |located the proof mass which has a
substantially rectangul ar shape, and-Wderein the nounting | egs extend
substantial l'y per pep@tarifi@ierns tfor idternirenthengrodt nmeastiinthé senpiageatireatiory,
with at | east two between the first inner wall of the support defining the
i nner open area andtowvarde@iplfRasiforouter wall of the proof mass and with
at | east two between the opposing second inner wall of the support
defining the inner open area and the facing second outer wall of the proof
mass. 4. An accel eroneter according to Claim3, wherein the nounting |egs
have hi gh. conphi sdveterometéreacoandinggodtlatti, ovheseid thevproohplasanswuningt her
directions. 5. An accel eroneter according to.Claimd4a, includi ort
sheet of non- BSSdSEPPYR GRREEIG P!E aﬂgg'ﬂtef@g'ﬁat?g]cﬂrggeﬁ%%ﬁ%g%ﬂﬁ%ébgﬁgort
and capaci tor ' | (Wi i gfinnpgg] ard100] crystal
interdigitat edeﬁhﬁﬁgif?rﬁgglt Elgatt@?g;gg‘e f?@#ﬁrtﬁ%\zogﬁgtgort rT[salhe]et . C[6. !Anry

accel eroneter ptaeding to Claim5, wherein the support sheet is nade of
glass to which the support and capacitor plates are fixedly nounted by

anodic bonding. 1 0 O CT 2003 -25 7. An accel eroneter according to Claim 6,
wherein the restoring nmeans is electro-nmagnetic. 8. An accel eroneter

accordi ng 3t 0 O Hchlerdhit&i fcddigingrte ClaimdSorc@lalirh @ whereini thefsupport has
electrically conductive coil. structure, with each noynting.le carrlyi ng at

| east part of @ s@s’aaraiialwects;ﬁgul%'trmgzﬁkﬁ ghape SUFOHBEIBNEA"S M ORI B1di ng
;?eg g:c mt ﬁe \Qﬂg@ﬁrﬂcﬁ RE | SAREE 'th8 prBbAhEssehRich! RESEEEubtahily FERRANGURAN
shape, and wherein the mounting legs extend substantially perpendicularly
to the sensing direction in spaced array, with at least two between the first
inner wall of the support defining the inner open area and a facing first outer
wall of the proof mass and with at least two between the opposing second
inner wall of the support defining the inner open area and the facing second

outer wall of the proof mass.

4. An accelerometer according to Claim 3, wherein the mounting legs have
high compliance in the sensing direction and low compliance in other

directions.

5. An accelerometer according to Claim 4, including a support sheet of non-
conductive material on which is fixedly mounted the support and capacitor
plates, with the mounting legs, proof mass and interdigitated fingers being

spaced from the support sheet.

6. An accelerometer according to Claim 5, wherein the support sheet is made
of glass to which the support and capacitor plates are fixedly mounted by

anodic bonding.



10. An accel eronmeter according to Caim8 and Caim9, including an
apertured glass frane |located on the side of the support sheet renote from
the support and attached to the support sheet, and wherein thd ¢ 8§Tchg
means i ncludes a nmagnet and two bar pole pieces | ocated in the glass frane
aperture with the pol e pieces being sp2bed apart at opposite ends of the
magnet in register with the coil structure turns carried on the proof

mass. 11. An accel eronmeter according to Caim 10, wherein the adjacent
surface of thgn sa&a@rén@t@eécctcﬁdrngceﬁwim 8, eReivetheardstofing reeds iol e
pieces and including a |link pole piece |l ocated on the support side of the
support sheet eleetre-magngtiset ween and in registry with the two bar pole

pi eces. 12. An accel eroneter according to Claim1l, including a sheet-1like
gl ass base attached to the glass franme on the side thereof renote fromthe
support sheet to retain the magnet and bar pole pieces within the glass

frame apgrturan mdleaombmsadwuﬁhggof@mm e wherkirpthleepmo geass pawies)ECT
2003 - 26 13. An accel eroneter ac

m 12,.. wh t
poled in the HEndil rﬁlge&ﬁqt@,qllyoﬁon Wt'vﬂngaic%f@‘brﬁet‘%\th a%?e;‘&f%ﬂ r@mé%gl m |3
wherein first @5 a? ea'gﬁé&ﬂ%‘f%yturr-?%‘é%d(ll'%%ﬂﬁee” end substanti all y

perpendi cul arly t he senSing direction fromsaid first and second i nner
wal I s of the support towards the adjacent first and second outer walls of
the proof nass and the second arrays of l|aterally spaced fingers extend

substantially pe i cul rI to.the. s n t and
second outer \/\gp gc(e? ? Bcf rﬂﬁ‘@stq g;nvéﬁﬂdg “&ﬁéﬁﬁ&rgcer{{a%?b?ﬁﬂeé r%econd
inner walls of Iobﬁféosl'ﬁﬁﬁ@rﬁnerlﬁen&‘reé%f@h@é@pﬁ’drﬂ according to daim 3,
including at |l east two earth screens |located within the inner open area

each between the adjacent capacitor plate and the adjacent third or fourth
inner wall of the support defining the inner open area, and operable to

shiel d the,capagi L bidbRetst 48Rk %o Claim 8 and Claim 9, including an apertured
glass frame located on the side of the support sheet remote from the

support and attached to the support sheet, and wherein the restoring
means includes a magnet and two bar pole pieces located in the glass
frame aperture with the pole pieces being spaced apart at opposite ends of
the magnet in register with the coil structure turns carried on the proof

mass.

11.  An accelerometer according to Claim 10, wherein the adjacent surface of
the support sheet is recessed to receive part of the bar pole pieces and
including a link pole piece located on the support side of the support sheet

to extend between and in registry with the two bar pole pieces.

12.  An accelerometer according to Claim 11, including a sheet-like glass base
attached to the glass frame on the side thereof remote from the support
sheet to retain the magnet and bar pole pieces within the glass frame

aperture, and a glass housing for the link pole piece.



support, with the capacitor plates being electrically insulated fromthe
earth screens and with the earth screens being electrically insulated from
the support on which said earth screens are nounted. 16. An ac¢ql gcpomBer
according to any one of Clainms | to 15, including neans for supplying a
square wave drive voltage to the two capacitor plates in anti- phase.. 17.
An accel eroneter according to Claim8 i m{:é udi ng neans for supplyi ng a
control currept to the proof mass coil ich co troI ent
Supply  meanddi nchuaBIEoR R Ead B T4 el e et s B s s
coil structure agdhsidoedirRten.si gnal between the two capacitor pI ates at
Alternating. Current (AC) nodul ation frequency resulting frominbal ance of
the capacitor plates under acceleration, an AC denodul ator for
synchronously denodul ating the output signal fromthe pre-anplifier, an

i ntegrator fag, th%Hcétek&ﬁetbh%c@MﬂWQH&C[ﬁﬁ'BfWﬁéﬂeimﬁrsd@m‘sisﬂcﬂtI@t@rau? | oop
filter for ensuring 10 OCT2003 -27- ity of the ou put S{]Qq received
from the integrat spaced dingees axtend SLH?SFWP"YP epdiearly foqt Fﬁ@"ﬂ Blﬁc ®fgnal

fromthe loop filém sHidfifs®and %@%rﬂglrﬁie?w&lé of thecéﬂpfp%ﬂttoWQrd%hﬁe Bﬂj@@éntmass
coil structure. 18. An accel eroneter according to any one of O ai s

15, wherein the dfifstand fiegard puter walls ofthapr rmg%ﬁpﬂf“}/lt% sgcandnjrays °f
modul ation Al terngd ggjcﬁﬁlfe?qh%;e%heﬁd)sﬁ%arﬁfaﬁ?ée%’ﬁ@rcui@/ﬂy%‘ttﬂ! $BRin p' se to

an output signal to e capaci tor An accel er onme
according to d ai direstionfeanygpidd f&fe%liﬂssq!@ndﬁ!{ﬁ?ﬂ wallsgofathe poeafraassclgwaest t o

e D00l e, colte SHAMGH HSPand bhehaSRlLlle H HoGippaP Y means ne udes

two pre-anplifiers, recervin out put si from one of the
capacitor plates and the other for receiving the output signal from the
ot her of the capacitor plates, a differential anplifier for receiving the

out put signalsg fr ﬁﬁ‘éc@@le?d’iﬁetéf Sccardihg td €lafm A theluRingHitiét 8RS barth Sdigerr e-
anplifier output S|gna S_to give an output signal corresponding to the net
located within the inner open area each between the adjacent capacitor
plate and the adjacent third or fourth inner wall of the support defining the
inner open area, and operable to shield the capacitor plates from the
support, with the capacitor plates being electrically insulated from the earth
screens and with the earth screens being electrically insulated from-the

support on which said earth screens are mounted.

16. An accelerom_éter according to any one of Claims 1 to 15, including means

for supplying a square wave drive voltage to the two capacitor plates in anti-
phase..

17.  An accelerometer according to Claim 8 including means for supplying a
control current to the proof mass-coil structure, which control current supply
means includes a pre-amplifier for receiving from the proof mass coil
structure a difference S|gnal between the two capacntor plates at Alternating
Current (AC) modulation frequency resultmg from imbalance of the
capacitor plates under acceleration, an AC demodulator for synchronously
demodulating the output ssgnal from the pre-ampilifier, an integrator for
integrating the output signal from the demodulator, a loop filter for ensuring



di spl acenent of the proof mass, and an AC denodul ator for receiving the

out put si gnal
dermodul ating the output signal fromthe differential anmplifiery b

Direct Current (DC) output signal for passage as a control currentﬁ{foti#
proof mass coil

direction

fromthe differential anplifier and for synchronously

structure to return the proof mass in the 'sensing

towards a null position.

18.

19.

.27 -
stability of the output signal received from the integrator and a current driver

for receiving the output signal from the loop filter and for feeding a control
current to the proof mass coil structure.

'An accelerometer according to any one of Claims 1 to 15, wherein the drive

means includes means for supplying a single modulation Alternating
Current (AC) to the proof mass, which gives rise to an output signal to each
of the capacitor plates.

An accelerometer according to Claim 8, including means for supplying a
control current to the proof mass coil structure, which control current supply
means includes two pre-ampliﬁers, one for receiving the output signal from
one of the capacitor plates and the other for feceiving the output signal from
the other of the capacitor plates, a differential amplifier for receiving the
output signals from the two pre-amplifiers and for differencing the pre-
amplifier output signals to give an output signal corresponding to the net
displacement of the proof mass, and an AC demodulator for receiving the
output signal from the differential amplifier and for synchronously
demodulating the output signal from the differential amplifier to produce a
Direct Current (DC) output-signal for passage as a control current to the

proof mass coil structure to return the proof mass in the 'sensing direction-

towards a null position.
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