OPTI CAL MEMS DEVI CE AND REMOTE SENSI NG SYSTEM UTI LI ZI NG THE SAME BACKGROUND
[ 0002] The invention relates generally to sensing systens and, nore
parti cul avbypi1os3ms optical micro-el ectronechani cal sengomr/ushiabbBlocdevi ce
and a renote sensing systemusing the optical MEMS device. [0003] MENS
devi ces have applications in nmeasurenent of a variety of anbient conditions
such as pressure and tenperature. Mechanical characteristics of sensing
el enents in MEMS devi ces change dependi ng on the anbient conditions that
they are trying to neasure. This change i n mechani cal characteristics
i nfluences the nmechanical resonance of the device and this effect is used
to neasure theof%?éHN%Wd?@YwA@eng 8 Eoi-WENS HeviTd8 for neasuri ng
anbi ent conditions includes dSEfH dr neht i ntegrated with el ectronics.
The sensing elenent is generally a nechanical structure, and the
el ectronics both cause the sensing elenent to vibrate and are used to
measur e t B&H@RHNDS vi brati onal frequency. Changes in the vibrationa
frequency of the sensing el enent are used to neasure anbient conditions, as
it can bedvage pmapehtdn@balrch@s tgiéﬁseup@@d&ﬁi@syst@ﬁmgnmﬁ&aniae@éuiﬁw ess
t ransducti on. %0004 The electronics in su IVEMS devi ces are co-1|ocated
with the §eA%iRYE BifENE! ec*ﬁ’fé‘e‘i’i’é‘i“r‘ia]dF%ﬁa@%EM§)hde§tF€ha‘WE‘fv§‘B8i?i TEY"#s t hat
t ypi cal | ysydaen apag atd spgicalonieMs aanscof the MEMS devices are restricted to
t he operating conditions of the electronics. The sensing elenent itself
can \M t hs lag] g C'{an(%e%aOf t el[Q)l.elgr?SF H’lr l’enea uli‘eess rO Val‘le ramrl)afen%h
condi tion e assocl ated efectroni cs pose "mta

COl’ldlthl’lS such as pressure and temperature. Mechanical character1st1cs of sensing

elements in MEMS devices change depending on the ambient conditions that they are
trying to measure. This change in mechanical characteristics influences the

mechanical resonance of the device and this effect is used to measure the ambient
condition. One type of MEMS device for measuring ambient conditions includes a
sensing element integrated with electronics. The sensing element is generally a
mechanical structure, and the electronics both cause the sensing element to vibrate
and are used to measure the element's vibrational frequency. Changes in the
vibrational frequency of the sensing element are used to measure ambient conditions,
as it can be made proportional to these conditions using mechanical stress

transduction.

[0004] The electronics in such MEMS devices are co-located with the sensing
element. The main drawback with such MEMS devices is that typically the operating

conditions of the MEMS devices are restricted to the operating conditions of the



[0005] 1t would therefore be desirable to provide a MEMS device and a
sensing systemfor renotely sensing pressure, current, tenperature, or
ot her neasonrabls3swmendi tions, elimnating the need for hacirnug@beedseoni cs in
close proximty to the MEMS device. BRI EF DESCRI PTI ON [ 0006] I n accordance
wi th one enbodi nent disclosed herein, a renpte sensing system conprises a
m cr o- el ectronmechani cal sensor (MEMS) device conprising an optical energy
absor bi ng sensing el enent that resonates by thermal expansion induced by
absorption of optical signals, a renotely | ocated optical source for
transmtti dr.i vi opt.ical signals to induce resonation i.n the sensing
ol oot - S Rereh g Heri? Balah ot PEURT A SRE" FulsS” sk Sobr e R
f r equencypshsurfieorogrs haghebadisois, bsi thg asseatierd daitondls pesgialtstider
determning a condition to which the MEVS device is exposed. [0007]In
accor danceyht N gnOLGr w6 OQQ'b%E&L%ir%hé% gfgqu@arﬁhma %i‘é@%& R
system conpri'ses a m cro-el ectronechanic sensor VB devi ce, a renotely
| ocat ed opysteal fosgametely gentinamgaistitd. myrgnt viengpeotiice @ ghgmnelessurablenduce
resonatiopoidlbAE SERSLAL NENBY fortnd SAPLRIY ohREahed oL ERLRE L EURLT Y O
read an original frequency of the sensing elenent using reader optical
signal s f &fEMSt&vidni ng a condition to which the MEMS device i s exposed,
and an optical fiber network enabling transm ssion of the driving, reading
and refl ected optical signals. The MEMS device conprises of an optical
ener gy absorbing sensing elenment that resonates by thermal expansion
i nduced b?Ré]B%B%EFiREJ%T optical signals and doped and un-doped portions to
enabl e optical energy absorption. The reader circuitry conprises of a
reader optaooal soukeerligicet wahsHiet érhbglitnket Heawesd apicircal rahgnalessiagd a
phot odi ode detector. for detecting optical signal flected fromthe MEMS
v oo 0BS0 FT MBS TeReT D TONGD0ESE 1I0us 1R DR e Eu b THE Aot er
enbodi nenbptitias ehagedbdoesieg Renstngr dnmte BENSEAGtes St GEINCORRPIGRS i@duced
m cr o- el egtromec ani ct;al .sensor 1£ I\/EI\/Bn?l devf ce.,a remot
y a : otely

el o
sorption ol optical signals, a re ocated optica sourcye for transmitting
driving optical signals to induce resonation in the sensing element, and a remotely
located reader circuitry to read an original frequency of the sensing element using

reader optical signals for determining a condition to which the MEMS device is

exposed.

[0007] In accordance with another embodiment disclosed herein, a remote sensing
system comprises a micro-electromechanical sensor (MEMS) device, a remotely

located optical source for transmitting driving optical signals to induce resonation in the
sensing element, a remotely located reader circuitry to read an original frequency of the
sensing element using reader optical signals for determining a condition to which
the MEMS device is exposed, and an optical fiber network enabling
transmission of the driving, reading and reflected optical signals. The MEMS device
comprises of an optical energy absorbing sensing element that resonates by thermal
expansion induced by absorption of optical signals and doped and un-doped portions to
enable optical energy absorption. The reader circuitry comprises of a reader optical
source for transmitting the reader optical signals and a photodiode detector for

detecting optical signals reflected from the MEMS device.



| ocat ed optical source for transmtting driving optical signals to induce
resonation in the sensing elenent, a renotely |located reader circuitry to
read an owogonaissfesequency of the sensing el enent usi ngpreamtesioopic2sal
signals for sensing a current to which the MEMS device is exposed, and an
optical fiber network enabling transm ssion of the driving, reading and
refl ected optical signals. The MEMS devi ce conprises an optical energy
absor bi ng sensing el enent that resonates by thermal expansion induced by
absorption of optical signals, doped and un-doped portions to enable
optical ener absor pt i on and a mgne strictive terial a5500|a1ed wth
tﬁe senS|Q% %Yengnfc faC Al m“%W¥CU|tg§n%%ﬁﬁ¥F§e TP ddEM°6ptTe3F sour ce

and a phosy)sdstrmdenﬂmteeamﬁof@ercudeteehmluqagsemecfrl(MEMS) @qucatenmtgmal s. DRAW NGS
[ 0009] Thege, f‘ﬁ oBeéJf%Eurf ee?c%r rra?lg %‘?%ﬁg mﬁ&‘%l ?%I‘é A %Ouce reso Imﬁ”e gnt

i nvention W cone W ng i ed®

descri pti emsing cf@acht,vd 1tehlolt@§ ecroemdeeatdcer tineri@e corpany iongindl ﬁmu@ge:y phithwhi ch
i ke char actsers 1reé)rtes%n rea er e tSIS throu hout th%en{{a NAS ]\%n
[0010] FI & ETTUST ratés “an & od| e déVi‘Ce i W accor dance with

aspects dde\abansedcph&rdemd ap GO L4l fFHeGne@vquk Ieusilmgtteemsmmiolnerf teeridodiiment  of

MEMS devi ce Ln ace anc w .t h. aspect d| d, herein 001 G
i |lustrates arﬁ)fﬂer ﬁ (r)%lcal ngq.ﬁ%\/gr e%%g&?r?egbcgo?(anﬁlgseeswa k?pg%aﬁect S
di scl osedeﬂmegselahsor[n@@ls%]lsﬁg Gledent | thustesates ay ctuemelmexsetsmnngldan@bdyrrent of

VEMS deV|cb in acc o]ﬂaC e with asp ect.s dlsclose heEeln JO 4a1FI

illustrates tlon flgn?ls %%Der earlrltc)ite sepnsﬂﬁOr B3 Oeﬁ%la}bﬁ a cor 3?{(% with

aspects dals@irmt;)ed allrreIaenagnetdﬁ@cmalﬁa@&%&mkdds&@m%ez%ﬂ& clement. The
reader circuitry comprises a reader optical source and a photodiode detector for

detecting reflected optical signals.

DRAWINGS

[0009] These and other features, aspects, and advantages of the present invention
will become better understood when the following detailed description is read with
reference to the accompanying drawings in which like characters represent like parts

throughout the drawings, wherein:

[0010] FIG. 1 illustrates an embodiment of MEMS device in accordance with

aspects disclosed herein.

[0011] FIG. 2 illustrates another embodiment of MEMS device in accordance with

aspects disclosed herein.

[0012] FIG. 3 illustrates another embodiment of MEMS device in accordance with

aspects disclosed herein.

[0013] FIG. 4 illustrates a current sensing embodiment of MEMS device in

accordance with aspects disclosed herein.

[0014] FIG. 5 illustrates an embodiment of the remote sensing system in

accordance with aspects disclosed herein.



[0015]FIG 6 illustrates another enbodi nent of the renpte sensing systemin
accordance with aspects disclosed herein. DETAI LED DESCRI PTI ON

[ 0016] Entwoi2ommniss3edi scl osed herein include an optical | y ppowseed/ozices o-

el ectromechani cal sensor (MEMS) device and renote sensing systemusing the
optically powered MEMS device. The sensing systemis used to neasure
various conditions such as pressure, current, and tenperature to which the
MEMS device is exposed. The MEMS device is placed at or near a |ocation
where information about such conditions is needed. The sensing system

i ncl udes ource to drive a ensi el ement of the MEMS device
o resolHaL ahflsa® AGE dritbir Fr PR B R PR RNEY B ¢ he

sensi ng ehﬁimdfﬁncé@r(ﬂefsﬁédﬁ@ aieclbdrd leadidli tion to which the I\/EIVB device is
exposed. As used herein, singular forms such as "a," "an,"” and "the"
include plural referents unless the context clearly dictates otherw se.

[ 0017] FI GPEIAILERIPEZERY TAANembodi nent of the micro-el ectromechani cal

(MEMS) device 10. The MEMS device 10 includes an optical energy absorbing
and t her m@ddw] exmm&tidiglehe@samaldseg 156881 NgredeaBNdpticdigngowrbraansliasure 14
for the sen %gl t 12. The sensing elenment 12 is a nmechani cal

resonat i n@ F%ﬁniﬂa HERT MENT GRS Pyar ey RSS9 Uit Bfbodi nent ,
the qual i bytitaBt Pewied VB ® det RANTAD QbisiKY s HIOmFiOrusag ol hataguiteasisuement s.
[0018] The sensing el ement 12 thernal |y expands by absorbin opt| cal. energy
del i ver edC?IPﬂlB?R:th“ﬁH BPTTEHIS FrBEh %}/feﬁ“ HEWROPRY O 3t SsIYHE'S 18.

The opti cakp®serpy MEag FHevaB igpnecdabesr ﬂ@at& loERuUsI ﬂgelﬁﬁﬂﬁiﬂiﬁﬂﬁoﬂ Bbddie
sensing elenent 12 via th i’ expansi on. Cgé)ﬁptl cal Q % i s delivered
ina way t% ‘Fod\?‘ftH)élsﬁ%PF% fi 2 PR ST DRI RCBb RSy ‘e RFRAL 12.
The pul si sgstzaqeead\orahe MEH\/ISFHeivEJahntﬁ)I @fdhsiccldhd § r&depEirdley fdaddude
resonant frequenc t he sens| eI enent 12. The erl odi ¢

expanat on'i B PheeoBHarhg Blehishie £ e ari e Fy i hadee s S onat i on
in the seasiidg 1eleeffemc1 l&s ua_é’tEheltﬁlﬂrmﬂQ@ﬂaﬂftblﬂi’ﬂs kGcHag "a,bsahpt av@"the"t hat it
does not abso ‘i gﬁtl c %‘hat are vel ength of the driving
light sigHai™18P a“ie eereg%? ﬁsﬁ Fé:ﬁ‘BFﬁXtc aﬂlé’s §Hed LUShVPRat it absorbs
optical signals at that same wavel ength. Therefore, dependi ng on the

wavel engt Q017he FHG et iilbstofestdnecrserrdmpgt eﬂ elﬁerntcr@ahcﬂo@ndtblpeidal (MEwped
silicon, I Agﬁﬁq (i t. h S|

chosen degévnlg‘i??]g %krl] t he \%ac{\%g‘ll%r%gt au?@gt bctal grzli ré;él%a%og lgg Ed‘%hgi&g in
one enbodexmmtingtrhengtineseneing lebzume 12 sndmdenmsucmlﬁ@pel@ @nislngehntehat |s

t r asm tt I \i &‘he Sé Spnonelgbs isvaelq 1’11C ? rle %Lgt?r{ egengl%n% aenl’l rél ng
element is m 5 con hat 1's absorptive ?DPI | engt h
of light. (qleﬁﬂygi]abwrbhleommmmm, thcheualBVB.cthe s glezat:b@ thamﬁlbade%p dped

( absor pt i Xc,ec)urate measurements.

[0018] The sensing element 12 thermally expands by absorbing optical energy

delivered through an optical fiber 16 in the form of optical signals 18. The optical
energy absorption generates heat, causing movement in the sensing element 12 via
thermal expansion. The optical energy is delivered in a way to provide periodic
thermal expansion in the sensing element 12. The pulsing frequency of the optical
signals 18 is swept around the resonant frequency of the sensing element 12. The
periodic thermal expansion vibrates the sensing element 12 and eventually induces
resonation in the sensing element 12. The outer enclosure is non-absorptive in that it
does not absorb optical signals that are at a wavelength of the driving light signal 18

and the sensing element is designed such that it absorbs optical signals at that same



silicon portion 22 and un-doped (non-absorptive) 20 silicon portions for
optim zing optical absorption. In one enbodi nent, the enclosure 14 is

un- doped woadotis3zensi ng el enent 12 is doped. Optical sipgmaissoid®2aesi vered
through the optical fiber pass through the un-doped enclosure 14 and arrive
at doped sensing elenment 12. The sensing elenent 12 therefore absorbs the
optical signals 18, thermally expands, and vi brates at resonant frequency.

[ 0020] I n anot her enbodi nent 100 as shown in FIG 2, only a portion 102 of

t he sensing el enent 104 is doped and the rest of the MEMS device 100

i ncludi ng_the encl and art 08 of .the sensin | ement 104 is

un doped- “HETBed TEETPIORSRISRS o B ReSEEa bt PO e Gl P ePEept s

t he dr|V|a@n@ptmﬁabesbgﬂahﬁc&$&1dmmdmwnﬁﬁmmenboﬁﬂﬁgntt&ﬂﬁm&%m$ﬁﬁwmein FI G
3, only a cqrtalnaaﬁga ZOZHQJ th sens ngva nt 204 cagzle qgg %
optimize SPEIEAr “ABsor praeh ‘SR T Shal |ng‘§€é€acFer|s?P < SHHE T est of the
MVEVS devi e€ar2f), inneleuchimglimbe, erchosirelR0f anoadet &fern-@@retis;ﬂz@ﬁ ht she
secti ons. ITETRSSEhsR RS Bhon i Sar st ad b ae el S 8F *the
sensi ng edemenilicndhopt asatptiopbf talsaabserpengh of bghtr esonati on for that

speci fic shape. [0021] The MEMS device 10, 100, and 200 is used to neasure
various exjogsnal 1,£QRdidnh A mSHE Ih@SMERM aBAte lioMd-Rdiet Qbop@cﬁ QISUE dﬁlve
t emper at ure, and current. In order to determne an external condition, the
MEMB devi gidicons pertipnsed apd vsiiohed oraii-ehserptivikh @0 MEMBn desviiers fog apéisiigned such

that the I%:i%@a[ Qﬁéoql&%d'lﬁ LA HDARAG:, the eﬁﬁéé%@@'ih i 'hﬁ%ﬁ&%nc@fthet é&%mﬁgf‘s' ng
el enent . exa pressure sensing applications, aphr agm (not

shown) canlepeny }r?clls e ﬂﬁtlﬁﬁélgvavsfﬂ delveess! thipvghb tsl Cé’“é?étfé’teﬁmss pressure to
the sensi A ohalf Whn :Li%pec]' Q%clo@‘untq ?ﬁpénd Eh]gv@)ﬁ QE%?J sa{sﬁﬁzs Qfeﬁle\m. llb %@nge

the resonant frequency of the sensing el enent for tenperature
sensi ng aaﬁhn@aﬂmm@y:H%HE%@bhsaM&ﬂéhéﬁEWWCdaﬂ@b@;a%s%gn@ﬂbt@q@xﬁemménce

stress d“@ﬂ>8e égg&gg&j§qﬂ¥§g ture, leading to change in the resonant
frequency o e sensing e nt 12. This new frequency of the sensing

el ement is conpared to the original resonant frequency of the sensing
el enent t &% er i ARCPHCBRIEPHH 145 Bstire, 1“[%‘6‘2%7 Réi‘ye? PPHE™ P2Fidhes, for

current seasidpdeidpRhi Cod iDASpedt vl MeMBsdewineeMBODs idsviee awbdadiuwidshtha | ayer
of magnetostrictive materjial 302 in the sen5|nggelenent 304. The MEMS

devi ce 306“?%”5&$8§EHPF61%“HU??8%?“@%??9?ﬁdqw n-99B°d- TS deRghet ost ri cti ve
| ayer 302p5ﬁa@ﬁg1eﬁ $EI @S SibkdipliesS pORDA, lifer@eRORElIiGing ioBlichl sTHRIls 110. ITn
current-carrying wire 306 produces. a nagpetlc field, |ndUC|nglstress in the

another embodlment 200 as shown in FIG only a certain’area 202 of the sensing

element 204 can be doped to optimize optical absorption and resonating

characteristics. The rest of the MEMS device 200 including the enclosure 206 and

other parts 208 of the sensing element 204 are un-doped. The location of the doped or

un-doped sections in the sensing element can be selected based on the shape of the

sensing element and optimal optical absorption for resonation for that specific shape.

[0021] The MEMS device 10, 100, and 200 is used to measure various external
conditions such as, but not limited to, pressure, temperature, and current. In order to
determine an external condition, the MEMS device is exposed to such condition. The
MEMS device is designed such that the external conditions change the resonant
frequency of the sensing element. For example, for pressure sensing applications, a
diaphragm (not shown) can be included in the MEMS device to couple external

pressure to the sensing element 12, 104, and 204. The external pressure will change



magnetostrictive | ayer 302. This stress changes the resonant frequency of
the sensing el enment 304. The change in frequency is detected and conpared
to resonawD 2briegsesacy of the sensing el enent 304 to det ecwiuseoiooedeesnt i n
the wire 306. [0023]FIG 5 illustrates an enbodi mnent of the renpote sensing
system 400 that uses the MEMS device described previously in reference to
FIGS. 1-4. The systemincludes a renotely | ocated optical source 402 such
as, for exanple, an LED, |aser, or super-lum nescent LED to generate a
driving optical signal 404. In one enbodi nent, the optical signal resides
in the infrared band. The vel ength of the optical _signal 404 is selected
such ' hat U1 SR AR R Raing: Hoeht sPt iR S ReriE SEPE. "ot her
opti cal sheplahg8o3f theatehgus ciwaval engbh gesigral todixperiatics ishte avelangids, can
al so be used. [0024] The system further includes an optical fiber ngfwork
405. The gern?%e.riﬁ‘g‘reoﬁ%aidbnél “’s‘%sl‘galﬁ%ff R R %S‘%‘ﬁlélgl\i‘éﬁ}ﬁe%fe%'ce 10
via a fir ghisopdw dadquichbe bt 406 sérlvaig eBmdne ia cempgtee- wothe dridigdl @komant
mul ti m)deﬁfei beelgc' c-)rthihs glll II;]al ern40€l ocgentelbrginrgot u'eatele‘lgalag‘esas' lfer equency fo, which
may be sweptEIOund "t RE"TESSITART 1T GTENEY '6F ST RS EASTHG el enent 12, As
descri bed previously, the sensing el ement 12 absorbs the optical signals
404. The #BSér pt Refrrigemer BiCesh hieaturendsqpeogiagelcapent. bt MEMEdyaice é2pansi on
in the sensi:pgd& €EAayLR o M8 RESHAUNE nlnE1Bd2 ﬁ&ﬁ@&%gfag clAE eG4 r esonat i on
in the sensing elenent 12. If the nodul ation frequency fo coincides with
the resondht MERfudndye f, 3QF it kerserddp agueiceremtyin2 withédp.r'Esonance is
I nduced | a%ﬂgto%ﬁ%e[}gygrl 808 Uhardes sErQQgiﬁn]r &S%né%( % £MAA0u:d géfdh%e! ncludes a
renotely |oCated reader circuitry 407 that 1 ncludes & reader optical source
408, an opwiresttcaspling pene 490, peaddees phorodicoteddeddeectngrsigiin e reader
optical saurGe 3R <27, 06 338, FiDsukaS8lme0! 1SYRESHhUILOSSES Yr drER e
generate the reader optical signal 414. 6pt| cal power requirenents for
reader opeicgant sidgnallhg thaggriinttheiudnew isrdytoged eal canparad tdotonay vary.
Dri ving OBl G@leyQMRL stz AERRRIM AP IMMIER IRELOR (he WiRHRRA 10 the
sensing element "12. Therefore, high power is required for renotely | ocated
optical source 402 that generates drjving optical signals 404 to drive the
sensi ng el®méht ¥ ntBUiEdonah ERPOA P A DRI PEW PONErsysGar ¢80 &3 be
used for tLhe theadeMPPEiEAlcSOBES Prddiss LR féenéStNPIGIISEd. The kRs@Rat e t he
sensing el ement . L0026}] The reader optical signal 414 is not nodul ated and
i s oper at &]&h}dﬁs a remotely located optical source 402 such™as, for example, an LED, laser, or

super-luminescent LED to generate a driving optical signal 404. In one embodiment,

the optical signal resides in the infrared band. The wavelength of the optical signal

404 is selected such that it can pass through the un-doped portions of the enclosure.

Other optical signals of various wavelengths, including visible wavelengths, can also

be used.

[0024] The system further includes an optical fiber network 405. The driving
optical signals 404 is transmitted to the MEMS device 10 via a first optical fiber 406
that can be a single-mode fiber or a multimode fiber. This signals 404 can be
modulated at a frequency fo, which may be swept around the resonant frequency of
the sensing element 12. As described previously, the sensing element 12 absorbs the
optical signals 404. The absorption generates heat and provides periodic thermal
expansion in the sensing element 12. The periodic thermal expansion induces

resonation in the sensing element 12. If the modulation frequency fo coincides with



conti nuous power node. The reader optical signal 414 is transmtted to the
MEMS device 10 through a second optical fiber 416, preferably a multinode
optical fwben11/06Bss3r eader optical signal 414 enters thepPWENS2ai0m20mes 10 and
reflects fromthe sensing elenent 12 that is being forced into resonance by
the driving optical signal 404. The reflection of the signal fromthe
novi ng sensing elenent 12 wll cause interference with reflections from

ot her parts of the MEMS device 10 that are not in notion. This interference
can be detected as an AC conponent in the photocurrent of a detector The
refl ected optlcal n ncl udes i nforpatjon about int rfe ce and
basses. ballk ERIBULRe PRI s T b 1T pispen b b KEOHSE ShIgHeHEt Bt or

412. The detsegtdengitgnal 420 is then anal yzed at the receiver 422 to
determ ne original frequency of the sensing elenent 12. The ori gi nal
frequency the . ISt I gsonance
of the seﬁg?%g eTgﬁgﬁ%&%f%bo eté%ﬁ?%%zhﬁﬁgh%fgﬁ%%ggh e??gﬁﬁ?%q§3ﬁ% t he
MEMS devi oelidss expaisedptifaD87id A0 ot dndicalespbtel #htand tahéﬂoeelmer@teetcenent 12
resonant tif%%qsydegagu%@ SOELEGh L i PEROILANPSIRENGh ELLAE, £ LDLbe
reader signal 414 ates t he I'ection of the signal back into
the fi ber genayatehihs eerqrﬁe'dlonegztl sighel ééﬁsp@gcell eneat rduifeméms depireadsnt |y in
the path Qﬁuéah%ghﬁaﬂ%r an%' tﬂ@%hv‘kjg ofiadh &Q@al f4h§q{fe§n9ééyof)ntv&% opteliSifg..el ement
12 coming into and out of the path is determ ne be the resonant

f requencywdt deteaniae hawpt ltnﬂeh g & Sevedt dl the e clemnb - i Theraieredhigh
enhance tBg.3y s RIG.ARHTBE TRAGER1 h&&&&ﬂbﬁ@bﬁ@%uﬂ%ﬂuﬁilﬁﬁteﬁéhuﬁﬁﬂkéhgrs 424
to isolate the sources from back-reflections, optical ters and vari ous
conbi nat i episcappisgpligod wodiercathd sppfing plserent |1%em0 IThapet e VRRtivRY lewin be
integrat ego%lt E‘o@cé\é@ﬂpﬁae QSEh lfetaihgrre§@éfrc%lctdh§t;urb§ 408 &fhckqt  h¥eudeRgof I St
optical source 402. [0029]In this enbodinent, the driving optical signals
enter theWEMBedeysXEing dewRetfirst opti cal fiber 406 and the reader

optical signals enter the MEMS device via the second optical fiber 416.
This al | oy@zbhe FaEBeRrdpRicanayBheNGlh it QobdirascliaindRtdpdthicdiing and
reading w thout the problemof crosstalk or jnterference. Also, this allows
more 1 exPBITTEYS PRYERB P alBrErEchPPYHL stealidt? foatsghedie er¥Epdit to
the dri vedbﬁeeatloaﬂrougﬂa%]cl}mcﬁopﬁcalIﬂuést4ne,t @fefeaﬁmt hefhut et @mﬁtal ﬁit)elta he
renpte sepn system 500 using the opt n which the driving
opt i cal B © Wﬁ“?h@gP@éﬂér%' tﬁﬁﬂwféf%ﬁnggghtﬁVﬁFﬁ s eV "devi ce via a
single Optsércsa{g $leh@ht 12 Mhdichd Beid@SBicel WRtotictdRhENby SR EECINERM RIcBNgERa f Or
interrogation_and readout are. needed to ensure there is no crosstal k or

interfer EﬁB% "B]ée ﬁ%téeﬁtlf)ﬂeo t% silgrn@htfro% ¢ gwving sensing element 12 will cause

interference with reflections from other parts of the MEMS device 10 that are not in
motion. This interference can be detected as an AC component in the photocurrent of
a detector. The reflected optical signal 418 includes information about interference
and passes back through the optical splitter 410 to the photodiode detector 412. The
detected signal 420 is then analyzed at the receiver 422 to determine original

frequency of the sensing element 12. The original frequency of the sensing element
12 is then related to mechanical resonance of the sensing element 12 to determine an

ambient condition to which the MEMS device is exposed.

[0027] In another embodiment, the sensing element 12 resonant frequency can be
detected due to motion perpendicular to the reader signal 414, which modulates the
reflection of the signal back into the fiber. In this embodiment, the sensing element

12 is intermittently in the path of the reader signal 414 and the frequency of the



[ 0031] A nodul ated driver optical signal 502 generated by a renptely | ocated
optical source 504 is transmtted through a first optical fiber 506. The
reader ciwountwos3®sB7 i ncl udes a reader optical source 50871/UBroiopricesl
splitter 510, and a photodi ode detector 512. A reader optical signal 514
generated by the second optical source 508 is transmtted to the splitter
510 through a second optical fiber 516. The driver optical signal 502 on
the first optical fiber 506 and the reader optical signal 514 at the output
of the splitter 510 on a second optical fiber 516 are conbined in a

wavel engt h- di vi | Iexe 21 sh.ngl.e opti er 520 that is
connect ed t0 the NEVS deV|c mﬂ th m% 9€8eng eﬁq% g g™

pr ef er abl yrequandl toif rederutivber . [0032]The nechanlsns for drlve and readout
are identical to that described previously in reference to FIG 5, except
that the rapkected, paf toaoaan§%2m ol Ma%cre%ag eBheahe SLonAl pboRfRALAL ed
fromthe reflected portion ( shown drive optlcaF signal in the
wavel engt nclidiss thgrpsenalt tqppréxgrlatsrﬁ%%ﬂm 1§01Fl@fthEG@@éeszfng?aCEZQﬂchog%nt back
tot he_ Sph%&&aﬁrﬁlélp ah® V%l%@&&qb&qgogggﬁgﬁl%i‘e 1511)%6 a‘ﬁ’ﬂ%@ltl%odesﬁ@é}alrﬁged to
determ ne the resonance frequency of the sensing elenent 12. The detected
si gnal 526cpiyet Aghcainht yertagt wiHea peeri epeillagzgoredbttdp wptetootivgi thal
frequency ef ohheusenst Agr el ement 12. The original frequency of the sensing
element 12 is then related to mechanical resonance of the sensing el ement
12 to determi ne an anbient condition to which the MEMS device is exposed.

In this cd¥8) th& BH%F‘BBP‘BH’(?“H@E%EIEIES‘Pg?P?C?ILﬁI%ﬁ‘éSr el}t‘?fctlhﬁ%@wasndﬁb‘fq Cal

bandpass tel el o241 ﬁ@erems%a the Pab@! ortiont dgianaddi@nné MWk hRvIRE v 1hg
optical signal wavel ength. Al so, an optical isolator 530 can be used to

Dsol ate afSoRBOPREY Troi batks LT ore| BRE st imaRoeH: veg drehth evel

i mpl enent ativ@Hy addk&dHiCARViRRUISEE pYb1B1Bmt becerbadi BB MSriefenbd GRIsoD ugiRd 6, it
is possible to elininate the need to swe tg the nodul ation to search for the
£

sensor re&bP¥RECTFIEFIRINEY ™ the RIATEneU Y the ferdshisiptioBrvitheesget et '6n
phot odi od@riks 1¢u3pbhf 1 ed, phase shifted and then directly fed back to the
nodul ation i nput of the driving optical source Wth enough gain, the

entire sy Wi agaj.n oscill o-detection of t
SRAAC R S e A R P e i IR AT
sen5|ng ehﬁﬁgﬂ&:Qﬁ&abanﬁ&ﬂﬁ,hﬂ“ﬁﬁhﬁhéGﬁ@ﬁ@kﬁnwaLﬁgmﬂh&mﬂﬂk%bﬂ@r@phaﬂa

si gnal need no enPer tﬁmf)rﬁ %&'W(I:hws Caggl?eop ach! feé’edl ”% posi h];ﬁ% i edback.

As the seis$i'hif “@lénéh eate oPopti'ta sorp "on, noves away
from a nesdura¢ wWeesichpon. foﬂ' lmtsrragdtioncliahgedbinearepteedal ta nhensitigre a¢ ndhe

sensi ng. eLeBal o8 RGBS fIRD9G.AeGreases the intensity, the

sensi ng el enen sorbing and~springs back to the neutral
position. Then the cycle of noving away from neutral position and springing
back to né¥8tial posiadutnted dervesopldgel vignah SORisengrpjed bhe thawitely Josated

essenti al Ly;SeLimPOY6S ‘f‘sdtrﬁﬁgmftéd“ﬂ% (%hsa R ohESPHBBL 5dd. ARUGDLN: cﬂ‘Ellﬂ?r? than

havi ng to use a swept source to t he resonant frequenc
shoul d be>fotieduddsat ragen enticad rSPWqCﬁ@OéSr apppiied|sphtadp HY dnd 4 hleotaétwle

detector 512. A reader optical signal 514 generated by the second optical source 508
is transmitted to the splitter 510 through a second optical fiber 516. The driver optical
signal 502 on the first optical fiber 506 and the reader optical signal 514 at the output

of the splitter 510 on a second optical fiber 516 are combined in a wavelength-
division multiplexer 518 onto a single optical fiber 520 that is connected to the

MEMS device 10. This last stretch of fiber 520 is preferably a multimode fiber.

[0032] The mechanisms for drive and readout are identical to that described
previously in reference to FIG. 5, except that the reflected portion 522 of the

read



enbodi ments can replaced with other driving or reading enbodi nents such as

i nduction drive/read, acoustic/drive, radio frequency drive/read, or
acousti c woioe/osewd described in co-owned and co- pendi rgTUS2Ha20s28
Application No. 12/360144 entitled "NMEMS DEVI CES AND REMOTE SENSI NG SYSTEMS
UTI LI ZI NG THE SAME, " filed January 27, 2009, which is herein incorporated
by reference. [0036] The renote sensing systens descri bed above thus provide
a way to renotely drive the MEMS device and renotely acquire frequency of
the sensing el ement to neasure external conditions to which the sensing
RGN A Sl e TR M e

envi ronne EIiTgﬁalV\ilﬁl the v@l\Aemngai diRgpidrh enuga el fr o1 Swmisngaﬂebtaﬂts@fnaeszz ackénte

el ectronicgs access .1 the sen Absence of act |

ol cot r oni Ee e B FER R Re e SuPE For R T apcreatt ri e
pressure &ﬁpkmﬁ&hb@ﬁSqu&h@(ﬁﬁﬂﬁ&&ﬁ&ﬁﬁskﬁ@nsystﬂmiha@ma@pkn@ﬁﬁﬂ@ﬂs&kﬁ har sh
tenperature Croi 5§mdtrm q§§ vwgma%i %m A |stobe
understooan% ¥3eeeessar| VRS R Y TS G O BT SRR B ¥ e r i bed

above nay1beTaehhguedﬁwQuaﬁﬁoﬁdaa@enmmghmanyxpansRMﬂﬂ@mnehdemnmnhaﬂThus
for exanple t hos kill ed |n thrart w || recogplz Ctﬁgg the“%x%h%ns and

nance. ensing elemen 2 to n%ete rm an ambien. n to
technlques €sCri e pereen nmay beé dired” oF “Carti & ut" rh Y fanner t hat
achi eves bﬂﬂﬂskhnkzesaqmexadwaniageAbepgmedpdeﬂeadwaﬁt@g&Swaswha@ghn her ei n
wi thout necess %VEVI t her objects,or advanta as, nay.be taught
or suggestBa Reridhasy JU5E W (e Shrrs Rl FopRayitaud T el e O

have been0p$@ﬂ$uﬂaledvahdgdegdwrb@dnh&ménwknqaﬁy)nmﬂbéhsamn®msmaﬂdnyhanges

will occur to th e1 EI ﬁ q in the art. It is, therefore, to be understood
SOources C ccluons.

that the appen are intended to cover all such nodifications and
changes as fall mﬁthln the true spirit of the invention. CLAI NS
1. A rem)t[%BébnsﬂqqgngS}‘sag émstegbllﬁ)qeil ém@ementation, which can be used with the

embodiments of FIGS. 5 and 6, it is possible to eliminate the need to sweep the
modulation to search for the sensor resonance frequency. In this case, the output of
the detection photodiode is amplified, phase shifted and then directly fed back to the
modulation input of the driving optical source. With enough gain, the entire system

will again oscillate, allowing auto-detection of the resonance frequency.

[0034] In another system-level implementation, the sensing element can be made
to self-resonate, i.e. the driving optical signal need not be modulated. This can be
achieved using positive feedback. As the sensing element gets heated due to optical
absorption, it moves away from a neutral position. This will change the optical
intensity at the sensing element. As long as this change decreases the intensity, the
sensing element will stop absorbing and springs back to the neutral position. Then the
cycle of moving away from neutral position and springing back to neutral position
starts again. In this way, the device is essentially self-powered and finds its own
resonant frequency rather than having to use a swept source to find the resonant

frequency.

[0035] It should be noted that optical driving or optical reading in the above
embodiments can replaced with other driving or reading embodiments such as
induction drive/read, acoustic/drive, radio frequency drive/read, or acoustic

drive/read



a mcro-electronechani cal sensor (MEMS) device conprising: an
optical energy absorbing sensing el enent that resonates by thernal

expansi orwonduassdedy absor ption of optical signals; PCT/US2010ADWwRE| v
| ocat ed optical source for transmitting driving optical signals to induce
resonation in the sensing el enent; and a renotely | ocated reader

circuitry to read an original frequency of the sensing el enent using reader
optical signals for determining a condition to which the MEMS device is
exposed. 2. The systemof claim1, wherein the MEMS device

conprises an absorptive portion and n- absor ptive porti 0 generate
Chermml  oSPAHETOR PHOTRE! Seheh G-t pbng ment AppReass NarHaH R4 E olERe 17
1, wher ei NMHEMSSBPEVIGE $ [ 4NPNREMNOJH SENSIDEGrpY SVEMS A NONZAbSOrMiEVe

portions. E." filedirandhg, 5Vt of .Gl aim 3, wherein the absorptive portion
i nt ercept gﬁlﬁe’drlleﬂjﬁau%rﬁlaéa% ?fﬁvnéff 5. o mcorpg.r&?ﬁ%ysrﬁs r(élFﬁPGOf claim 2,
wherein the MEMS device further conprises a non-absorptive encl osure for

t he sensi KP3el endie. remote sensing, syfhens ylsseirast abdwt thus, puhvédeirnwehdosensi ng

el ement f %&@t@fy ﬁﬁgprtllles R@EI@IS'T&QJ}&; Qn&tréﬂlgaall}y gccﬁm;eeﬁjea’llency of the senZingThe
system of claim®6, wherein the condition conprises current. 8. The

syst em of elemahiriolmegsver ettarnpheonsgindis ttp orhieho hsriegene sleawst fseexpeardpdihat ur e,

gas Conpoﬁ/ifm/lgrhegfce and Q@L&@&%%@st@ﬁ%ﬁ%&fe'remote sensing of pressure, temperature,
current, or other condition in harsh environments while eliminating the need for
wiring, batteries, active electronics, and physical access to the sensor. Absence of
active electronics makes the MEMS device suitable for high temperature and pressure

applications. The remote sensing system has applications in harsh temperature,

pressure, chemical, and noise environments.

[0037] It is to be understood that not necessarily all such objects or advantages
described above may be achieved in accordance with any particular embodiment.
Thus, for example, those skilled in the art will recognize that the systems and
techniques described herein may be embodied or carried out in a manner that achieves
or optimizes one advantage or group of advantages as taught herein without
necessarily achieving other objects or advantages as may be taught or suggested

herein.

[0038] While only certain features of the invention have been illustrated and
described herein, many modifications and changes will occur to those skilled in the
art. It is, therefore, to be understood that the appended claims are intended to cover

all such modifications and changes as fall within the true spirit of the invention.
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WO 2011/ 053363PCT/ US2010/ 020628 9. The systemof claim1, wherein
the driving optical signals are swept for searching resonant frequency of

t he sensiwg 201105838 10. The system of cl ai m PCcTaisesieiozocehe
sensing element finds its resonant frequency. 11. The system of
claim1, further conprises signal-controlling elenments such as a splitter,
a mxer, a circulator, an isolator, or conbinations thereof 12.

The system of claim 1, wherein the reader circuitry conprises a reader
optical source for transmtting the reader optical signals and a photodi ode
detector for ]%%t ecting optical signals reflected fromthe MEMS device.

13. The s@ﬁé of claim12, wherein the optical source and the reader
optical source conprise an LED, |aser, or super-lum nescent LED.

14. The systemlof ckhaempt2ensiieeetem. t¢dmepriseader optical signal is an

unmodul at ed Opghﬁs?mjo—eﬂc%ﬁllechanical sensar (@S)ﬂ%@ic@)ﬁ&%ﬁ%@: claim12, wherein

the systemfurt conprises an optic I'ber net connecting the
optical source and Phertehderrerispetbingsersing RlempEMBaldeyprgges by thermal 16,

The system of Siﬁkﬁbéﬁdu%%é%ib&rﬂ%é}roﬁo%{ialﬁgig{?ﬁl:-i cal signals and the reader
optical signals enter the MS device via a single optical fiber.

17. The syst enpofmeleli locatsd opticat epyrc e tehmiswitiiee dpving airtisdl gigakls tent er t he

MEMS devi gg,Vd @séhalibd StnORLbiGakichipeinand the reader optical signals enter
the MEMS device via a second optical fiber. 18. A renpte sensing system
conpr i si ng: a remotely located reader circuitry to read an original frequency of the sensing

element using reader optical signals for determining a condition to which the MEMS

device is exposed.
2. The system of claim 1, wherein the MEMS device comprises an
absorptive portion and a non-absorptive portion to generate thermal expansion in the

sensing element.

3. The system of claim 1, wherein the sensing element comprises

absorptive and non-absorptive portions.

4. The system of claim 3, wherein the absorptive portion intercepts the

driving optical signals.

5. The system of claim 2, wherein the MEMS device further comprises a

non-absorptive enclosure for the sensing element.

6. The system of claim 1, wherein the sensing element further comprises

a magneto strictive material.

7. The system of claim 6, wherein the condition comprises current.

8. The system of claim 1, wherein the condition comprises pressure,

temperature, gas composition or a combination thereof.

11



a mcro-electronechani cal sensor (MEMS) device conprising: an
optical energy absorbing sensing el enent that resonates by thernal
expansi orwonduass3eBy absorpti on of optical signals; andPCT/US2010/020628
absorptive portion and a non-absorptive portion to generate thermnal

expansion in the sensing el enent; a renotely | ocated optical source
for transmtting driving optical signals to induce resonation in the
sensi ng el enent; a renotely located reader circuitry to read an

original frequency of the sensing elenent using reader optical signals for
determning a condition to which the MEMS device is exposed, wherein the
reader circuitry conprises a reader optical source for transmtting the
reader opti cal 9si gnahssyanrth af Pdiot Dihecken thetdeetnglopficil sigedleaicisngpopt i ca

signals r ?Jr's%cr%}gg% fLom.t Re u%/ﬁ:'\ég?fqgf‘vée%?il and,... an optical fiber

net wor k enab ransm ss e drrving, reading and reflected optica
si gnal s. 19. The system of claim 18, wherein the sensing el enent

conprises the qgsorgﬁévgfggg i on angfthe non-ab%%r t@y ortion.
) : ele

e.p
L 1 th dsht t ,
20. The system of clafF wheler ' THE 'SeRsTh SHentf Gr A&’ conpri ses a

magnet ost fiegichvee material on the sensing el enent. 21. The system
of claim 20, wherein the condition conprises current. 22. The
system of claim 18, wherein the condition conprises pressure, tenperature,
gas conpositionl.or a@heenrnnafdlam . fierleofomprises signal-caBtrolthgelsypsttem of cl ai m

18, “herek&¥&ﬁ%s9ﬁ&¥!QQnQQLi&%Lm§LQQP£&a%R%)SMB LaliQls &§85Chi ng resonant
frequency of the sensing el enent. 2. e systemof claim18,
further conprises signal-controlling elements including a splitter, a

mxer, a cir Cu'l?ﬁt or Thg‘ stke%glota (;[12(91}‘r1’ 1,%he?e?nr@1% Q%[dlerocr}1scu}tr@ecro%1%]crises a reader
optical source for transmitting the reader optical signals and a photodiode detector for

detecting optical signals reflected from the MEMS device.

13. The system of claim 12, wherein the optical source and the reader

optical source comprise an LED, laser, or super-luminescent LED.

14. The system of claim 12, wherein the reader optical signal is an un-

modulated optical signal.
15. The system of claim 12, wherein the system further comprises an
optical fiber network connecting the optical source and the reader circuitry to the

MEMS device.

16. The system of claim 15, wherein the driving optical signals and the

reader optical signals enter the MEMS device via a single optical fiber.
17. The system of claim 15, wherein the driving optical signals enter the
MEMS device via a first optical fiber and the reader optical signals enter the MEMS

device via a second optical fiber.

18. A remote sensing system, comprising:

12



WD 2011/ 053363PCT/ US2010/ 020628 25. The system of claim 18,
wherein the optical source and the reader optical source conprise an LED
| aser, orweupawosBiedi nescent LED. 26. A renote PEMAISRMOHY®REM
conprising: a mcro-el ectronechani cal sensor (MEMS) device conpri sing:
an optical energy absorbing sensing elenent that resonates by thermnal

expansi on i nduced by absorption of optical signals; a doped portion
and an un-doped portion to enable optical energy absorption; and a
magnetostrictive material associated with the sensing el enent; a

remotely | ocated optical source for t ifting driving optical signals to
i nduce resonat?Bﬁmgﬁﬂ?ﬂgnggﬁgﬁﬁﬁmgﬁgﬁ@%ﬁ%ﬁk&vwegmﬁ%ﬁ?@%nteIy | ocat ed reader

circuitry to read annopticgl erglgyfabegruapcynsdig difiecs @ns ragnadseiyghdrmiasi ng r eader

optical signalg for sensing a current.to which the MEMS device is exposed,
. e)ﬂ;)a%lsmn induce 5y absorption af optica 51%na|ls, and .
the reader circuitry conprisSes a reader optital source and a phot odi ode

detector for detect rmgbsogftivepbreidnepd b oat-alsdiognak pprt@ndo generate theaumlopt i cal

fiber network gﬁgggbggj&é@gﬁﬂkﬁggé%%uof the driving, reading and refl ected
optical signals.
a remotely located optical source for transmitting driving optical signals to

induce resonation in the sensing element;

a remotely located reader circuitry to read an original frequency of the sensing
element using reader optical signals for determining a condition to which the MEMS
device is exposed, wherein the reader circuitry comprises a reader optical source for
transmitting the reader optical signals and a photodiode detector for detecting optical
signals reflected from the MEMS device; and

an optical fiber network enabling transmission of the driving, reading and

reflected optical signals.

19. The system of claim 18, wherein the sensing element comprises the

absorptive portion and the non-absorptive portion.

20. The system of claim 18, wherein the sensing element further comprises

a magnetostrictive material on the sensing element.

21. The system of claim 20, wherein the condition comprises current.

22. The system of claim 18, wherein the condition comprises pressure,

temperature, gas composition or a combination thereof.

23. The system of claim 18, wherein the driving optical signals are swept

for searching resonant frequency of the sensing element.

24. The system of claim 18, further comprises signal-controlling elements

including a splitter, a mixer, a circulator, an isolator, or combinations thereof.

13
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25. The system of claim 18, wherein the optical source and the reader

optical source comprise an LED, laser, or super-luminescent LED.

26. A remote sensing system, comprising:
a micro-electromechanical sensor (MEMS) device comprising:

an optical energy absorbing sensing element that resonates by thermal
expansion induced by absorption of optical signals;

a doped portion and an un-doped portion to enable optical energy
absorption; and

a magnetostrictive material associated with the sensing element;

a remotely located optical source for transmitting driving optical signals to
induce resonation in the sensing element;

a remotely located reader circuitry to read an original frequency of the sensing
element using reader optical signals for sensing a current to which the MEMS device is
exposed, the reader circuitry comprises a reader optical source and a photodiode detector
for detecting reflected optical signals; and

an optical fiber network enabling transmission of the driving, reading and

reflected optical signals.
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