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| NTERFEROVETER EMPLOYI NG M NI ATURE BENDS FI ELD OF THE | NVENTI O\~ eM
invention relates to the field of optical fiber Mach Zehnder
interferoneters. Mre specifically, the present invention is di m‘mm\\mmmw
optical fiber Mach Zehnder interferoneter having mniature ben

nore of its interfering arnms. 10 BACKGROUND OF THE | NVENTI ON |t i s ss@be
known to form an unbal anced Mach Zehnder interferoneter with two couplers
across a pair of straight parallel fibers. Figure 1 depicts a

optic Mach Zehnder interferonmeter 10 of the prior art. Int erf m,’&”@f
includes a first and second el ongate optical 15 fiber 12 and 1 I C

optically-coupled at a firgpgedArsFaR MRCHCZEHRDHR €7 22 and 24 % her s
12 and 14 each def ijepate RORIEPER MBI OVIRGMINRTURISBERVe! v, extendi ng

bet wegn coupl ers 2Z-amnd ranged to have
unequal optical |engths by known net hods such as having one of the
i nt erfer FIBLRIOBTHININVENTHONt he ot her, utilizing fibers with different

propagation canstants, or. a conbin f th ches. The nmagnitude
bt 50t he | o MeRTEEn v e s Pt SEH of anisa iy SRR 2RtuER e Blorttifey o

i nterferMige HebFicalRl BePrédes ihRativRisaliensd i anprbﬁbél iffped Madlf ZdHnGer
interferometer. If the two phase-sensitive segnents are perfectly bal anced
in opti cHiterfameterchaying mipiaaise bands in epstor mammefHisdnterfeingarmar 12 coupl es with
fiber,14 at coupler 22 and interferes at coupler 24 so 25 that all of the

| i ght "emerges fromfiber 12 past coupler 24. If the phase-sensitive
segnment s BACKGROUND OF THEANVENTIONhen the light will emerge in various

R e ey R R
l'i ght os Qérbis%tpﬁﬁ 0Ptk NER Batallel ﬁHéPs emgu@@‘d%&&hﬁ'tﬁﬁd’al ABerlobBc NaYRZERGEn | S

i ncreased. The | arger the path-I|eng | ance, the smaller the wavel ength
change whitgfer@aeterd, ftﬂ!P firior atie Interfetemeter B ingladesia fiyktangd mw@n@ngatbepnqab t he

ot her, Q i r
segrré%tsﬁ\r?\frﬁh mﬁlg\%’g}fﬁ agez%Pt’TC?l reﬁ"PEﬁd awﬁs wﬁ%nu dpitl%@rc 'é‘ﬁ%f%g oss or
maki ng tFﬁbeﬁdlZS\hdi m¢‘eacﬁraleﬁﬁdmu&rﬁﬁdgdmf f6 andl 18, rebfceioalprexteadingbemwezer N Fi gur e
1, the resultl ,gstruture of |ntg mster g asflber ener
opposi ng HPIELE g"‘?‘ﬁ%ﬂnga?&’ﬂf’ll ?B&E@“gﬁ o aBeBEeoé‘P lg?éﬁ%b
acco mmdﬁﬁ&wﬁ ﬁ@m@&s&qcr{ &%uﬁlg%e bPtelihtBrérmgAtmPRh Ber S hSlbihEd) Gti BARS BBRIE Nt
packagi ng. is al so known, however, to inpart mniature bends to an
opti cal wnbérffeswt aEopegation derstants; ot avambination afthase appraaches afhe magmisidgiofcl osed
| n t c { t

2 BRI BB B ehel! GRS PRE R itpeifhe e bl E)
10 the tmvamg&sswmmgtommmfbofeﬁmoa‘teran optical fiber may be drawn to a
significantly reduced dianeter. The reduced core may be bent and then
annealed to provide a bend in the optical fiber which exhibits very |ow

optical poweriskisgo plhdalsghdiive BERekEs %xpekf@cufy%lmdh@g?tw fath 8BS theh tHee'ss
W

than 0.5 mllinmeters without high attenuation an ow I nternal stress.
For exarrbgh; launphedtinte bt Bgseuples viilh fibenl4 gssunlgP2nad deenfeseat courlendt son a
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Such 0SS ben ormed 1
and18 are unbalanced, then the light will emerge in various ratios from fibers 12 and 14 past

coupler 24 depending on the wavelength of the light and the magnitude of the path-length
imbalance. Typically the light oscillates between the top and bottom fiber as the wavelength is
increased. The larger the path-length imbalance, the smaller the wavelength change which

30  results in the transfer of the light from one fiber to the other.



mil ti node fibers. The dianmeter reduction is typically achieved bygt A\\fl Eg[]z
the fiber, chemcally renoving sone of the cladding glass, or ac I'nat ron
of these techniques. For a singlenode device, the 20 fiber is processed so
that the fundanental node of the original fiber evolves adiabatically into

t he fundanmental node of the nodified fiber to avoid tight |oss. The bend

may be housed in a variety of packages provided no naterial conmes into
contact with the fiber in the processed region. There is therefore a need
for an optical Mach Zehnder interferometer which incorporates 25 mniature

bends in its_conponent optical fibers so as to mnimze interferoneter
si ze, t her malt S@HGU{L Revrayer, shereatr fibat Seamente irith physiqally different lspgihm@ithoes?
SUMVARY'; (Fe qd e 108V, % [ & ONj inGak: fidoer
Vach Zeldar T8 R T bk B EpRaSad e Dld Bl REOMCEESe e SRR Fichl
fiber, éathhrdsalinggtrectiwe ofintarftremetbmitias dibersguefgingsin capokirgeditaatorsauhatr s

wher ei n e cl addi of said first opti i ber ..i s upl ed t.o the cladding
of ¢ he. LG B4 Biha8 be Rasted o HhtoriRedr e hindFodih o P RbFS Lot e

pr esent dinwestbieglerdt phdkagingl ncl udes a first elongate interfering arm forned
by that portion of the tirst optical fiber extending between the first and
second coupl ers, and a second elongate interfering armconprising the
second opti cql. fii X j : i : v

Add 11 onal 1y 5 1 o By hERRIEE o R BLAIR sl 00 SR FRRC oL MPRIE e
bend f omimchutrhmdias of cufhwurse dcrdikclastdinftbe comymenlyrassigned United Staien PhirdeNa

m ni at ur, formed therein., In oane enbodinent of .the present..invention,
The o abaa BB R e AlnBhrh b BB PG PP fo LE SR P A Seoond
i nt g6 f efHeNBinShiRiveEFRAN®ke oft dMpNBAITiHéLRBHBE drhih € § SieRifRARTy reduckhgiapeRsent
invention may incorporate either pre-packaged m ni ature bends or unpacked

i ni at urlhepediged cornmay he berit and Hign anragleddy pioxide 3 bgahcthe epticat Blbgradhichy g
support | : r W j r f v r i.ng
anpackagaap i eRiod bl et bl nBRa AR e AR ey M BIPL A

| nt er f ethamdtSenillirhettRevithoeslaplt attanvetidn o withylod unteimel stexhiRor examegleickel t her mal
sensitivi by sel ecti tical fibers having, different, fhermal expansion
oo 1| cleEelowaTRug Guoh SR perdsap R dormist a1 & PRokORee g PaliEhefess o

t enper afidhRePeidEe Hliﬁi\‘&%térilto%g SLiBwAbESveRlls HREEIBImMEEAHM sikdlerBhleEnd
DESCRI PTI ON OF THE DRAW NGS Figure 1 shows a schematic diagramof a

st r ai ghmubbeddeZidbarsder I nterferoneter. Figure 2 shows a schematic di agram of
a Mach Zehnder Interferoneter of the present 25 invention having m niature
bends in the interfering arns. Figure 3 shows a schematic di agram of a Mach
Zehnder | nt eThedianeteredwdtioh istypicall pachidvedblstaperingrike Hberf dhemicatlg rdnsoviingy ar ns.
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some 02f the cladding glass, or a combination of these techniques. For a singlemode device, the
20  fiber is processed so that the fundamental mode of the original fiber evolves adiabatically into the
fundamental mode of the modified fiber to avoid light loss. The bend may be housed in a variety

of packages provided no material comes into contact with the fiber in the processed region.

There is therefore a need for an optical Mach Zehnder interferometer which incorporates
25  miniature bends in its component optical fibers so as to minimize interferometer size, thermal

sensitivity, and vibration sensitivity.



Fi'gure 4 provides a graph of the coupled output of an unbal anc th
Zehnder Interferoneter of the present invention having a 3 m™ gi r2002
optical path difference. Figure 5 depicts an alternate enbodi ment of the
Mach Zehnder interferoneter of the present invention enploying 90 miniature
bends in the interfering arns. Figure 6 depicts a folded Mach Zehnder
interferoneter of the present invention enploying prepackaged m niature
bends. 10 Figure 7 depicts an alternate enbodi ment of the Mach Zehnder
interferoneter of the present invention enploying 90 pre-packaged m ni ature
bends i nSUNBMARYCOFTHIE INYENTION gures 8 and 9 depict further enbodi nents

of the Mach hnder i.nterferoneter of .t Les i hvent Lon | oyi ng
unpackaged mzﬁ}eﬁrﬁflét RYEHHEn prpyt F@%P%Ucfgg%ezM%ﬁ?eg#éﬁﬁ%#ﬁ%ez%%’gianent of
t he Machfigefidesondrigpgite bpidat GberPéach Meving 8568 tand ﬂ&l@ﬂdiig%@n@ﬁﬁ't ayd $egortD
mniature bends in the interfering arns. DETAI LED DESCRI PTI ON OF PREFERRED
ENVBODI MESPEPEES Yhezeip thecdaddingnf spid ifiss optiesd fiber if pruplediio tsiciaddingof fiersecond
Mach-Zeh i 1 g : or med
o P e Ao e 6 Rt B e R
short en t¢lhegategnigtihring armhferrhett yr thatrpomixdneof the first epdinagldibehextetidingticeveenfthe he
interfer ter or .to create an unbal anced i.nterferoneter. The ch. Zehnder
|t or f or BITEFE sed AR of aathand SR e e PRPS T AR SRERGnor 1 o
tail or tfigerphigadi@betivaarott fiesk aidi@caid capraneniditionbiy, thelfRstafemmdaie t he
dinmensiopal limtations of a given workspace. In addition, the polarization
dependeniigluges at frastione ariniatugnkend formeddherein. he tsgond nteefaring arprmay ¢lsg | y

adj ugg i n : f j o] r P tﬁﬁ¥°~" j 2

depi ié(% S glﬁﬁlgj@o??{lza i@é@%@@@}ﬁ%ﬁ%dg&?rﬁn gé?uenregtrré%t er islegt 161% ¢ tt og’u%rgesent

i nvent i ominidtwiedendcofthefist inletfering afnp isTested mithinahé secerd iatedfesergamd el ongat e
optical fiber 112 and 114 each having an inner core and an outer cladding.
Fi bers 112 and 114 are joined at couplers 116 and 118. Fiber 112 provides a
first interfevibRever! it M:0h ZXRRIRAINAG fREHNET tiicitideht ifivehiibn afadl idcbhondtel f i ber
114 provides a second interfering arm 122 extendi ng between couplers 116
and 118. cifhgupreipaeiaged minigiune berds g3 gnpacked miratyredendsy Thg iderfering agas may be

centyal | 1Al . 4 L : i ing:a bend
e v ur K SO 5l S i P Bl B o e S el I, 11 24
i s desi raiphgkagebmaghtyre bhnds, amadhesiee geig The Matl? Zeltonder Inierfemimeter o regpreése®. | t

is intended t hroughqut thi. lication t.hat the.termnested relates to one
i nt erfer‘inﬁﬂmg? !‘Hag%‘b'%lef §Xhih%)‘§€f’§g% i‘g?‘gﬁpﬁlﬂpghﬁ?yesebeg%g? CHARERFVEY a second
i nt er f er differeAf thetthaBépahdion coessénts @Chcbount R differdde fothl lehigth dlahgesagstseed does
not specifically dictate that one mniature bends be |located within a

segment GBPFABEE broveaadiyo syprdering asme of wiequalde@8hd ni ni at ure bend.
20

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 shows a schematic diagram of a straight Mach Zehnder Interferometer.

Figure 2 shows a schematic diagram of a Mach Zehnder Interferometer of the present

25  invention having miniature bends in the interfering arms.

Figure 3 shows a schematic diagram of a Mach Zehnder Interferometer with miniature

bends in one of the interfering arms.



The present invention thereby provides an interferometer of si gniréei'@i«%l
reduced 15 di nensi ons by enploying mniature bends in at |least © IQ@OZ
interfering arns. In conventional optical fibers, the |lower re&active index
of the cladding relative to the core establishes nodes that propagate with
negligible | oss down the fiber. Light may be considered to be guided by
total internal reflection at the core/cladding interface. Wth the

m ni ature bend technol ogy, the fiber dianeter is reduced in the bend

region, creating a structure in which the light is primarily guided 20 by

t he surroundi Figurdid'prowidds ahprahl of tidScotplell 3dGuNEE an\thblarlcBe Mok R @Ehrder t he

reduced-di aneter region acting as the core., Because the refractive index of
t he sur r BeREfsrometen %l@f?ﬁé&trmmﬁtlpy hayinga dmfillignetey opdest path difthaeneg. i ndex
difference is approximately 0.46 in the bend region conpared to a
difference of 0.003 in the unnodified fiber. Consequently, the light is
nore tightly Fgumd depictshe ahemakte embhodimeandf thaMachZd¢hmtder intecfbrogizedr b€thebend
radii_ wi thout.coupling.to radiative nodes.. 25 |Ip .spite of the very small
180 tir nl,’refel’?é‘%f)‘ft{?’l,‘ﬂn%i%%@ grniztugs bends (R the Héeﬁ%“ﬁg fMPery | ow across the
entire 1260- to 1650- nanoneter spectral band, e.g. the maximumloss is

| ess than 0.2dB usual|y at the ends of the spectrumband. As a result, the
bend can be uUSgeeokiepalgladolded Mach delandsmintenieramatesof theipnesenigneentibont h 1300 and
1550 nan ; liesina - 8 MAY 2.0~2 plane, it is
pr esumd%gﬁgggregﬁg(%ﬁﬁn |‘r?“er rglé}%aé'ence, but measured pol ari zati on- dependent
| osses are less than 0.003 dB. Figure 3 depicts another optical fiber Mch

Zehnder Interf.eroneter 210, of the esent_ jnvention. Interferonmeter 210 is

For R ¢ 1 ooy iR g 20 alt el AMBRUSTE! Gibd MEM £ehpier e tioms#h S HE ot

havi ng aﬁreéeﬂﬂmermh%g%@ngpg@y ackdgdd eHimGturd el i tRelidtepfRengdrinsar e j oi ned
. Fi ber

at couplers 216 and 12 provides a first interfering arm 220
ext endi ng between coupl ers 216 and 218 and fi ber 214 provi des a second

interfering af: ' I g Iy,
interfering Zél%%%aﬁ%ﬁﬁgdés%ﬁf ?Pﬁ’gf&glﬁﬁ‘yglg@gﬁﬁ %n%ﬁ%a[@ﬂ%’é%éﬁg%}%nd 228
10 f or megteseheiheertion knpladingnmphekags] MidMataatetid8 each provide a curvature of
bendj hg of approximately 120, although other bending angles are clearly
cont | ated to realign the opposed ends of fibers 212 and 214. Interfering
arm 222 is forigge 10 Qedi@ts ay RSdrANE bdbddmeEhtioR i Mach! ZhRdd: eltefRbREterdOneONt rol s
the wavel engt h"response of the MZI by controlling the difference in optical
pat h | ergjesenbinvertiion employingd0f miniptyrehends inghejintesferingaros t he cal cul at ed
spectral response 15 of an interferoneter of the present invention where
the optical path length difference between the two arns i s approximtely 3

mm | ong. DREASL EDDESCRIPTION QR PREFERRED EMBODEMENICh Zehnder

i nterferonet 410 may al.so be cqnstructed_jin th vel configuratio

havitly 90 ni tpﬁ?ss{“bé‘ﬁf&gm? Gﬁcf’gb&af %ﬁ%ﬁ?&‘%&%ﬁ%‘ﬂ%‘"ﬁe@ﬁ@ m%tft?i_éfe’? Be with
| eads en@mgifRebdatit i BehRSoinRdaA et fhattedensitive Iﬁgl%ﬁﬂ%@&f.eirhéwﬂ%m@ udes

optical fibers 412 and 414 nounted to a right-anglée substrate 416. Each
opti cal Yengeganbezsedid shortenithe lengthof the interferomieter; te redneathe diapsterof @418 and a
concentr, ' 4 | st ti ' j '

interf erllk’%gg%?%géﬂg g‘°a°§%‘%§‘c%“§°3‘a§%tdu 1§f§!‘feﬂr§ge?. %Mg‘g{ ?%’géergn%ié%%n § ter of

i nt er f erthegresentind2itionyis emdueny abletwinpeadebighatio afldr the physicat aypltef the22 and 424.
Intsﬁeri ng arm_423 includes a first 90 m.niature_25 bend 430 m dway

bet vilen CBEENEY AT e FrommedaiA ha dipeRsioneh imiinky 854 FiER HRHSPEes Bbond 90

m ni at urIRBAGHE BlaHbR YeRAEURE Bf GRYREREromdr AR cAlBe edalilby pyaeNg 430
is nested within mniature bend 432. In this case, the path-Iéngth

di f f er errsliustieg the @nng ¢fgh¢ intrsfesometercr eat ed by usi ng




‘bends of different radii of curvature for mniature bends 430 and 432.

- 8 MAY 2002 The present invention also contenplates that the fibéiédAQEQOOZ
to fabricate the coupler need not necessarily be fused together as in the
case of a polished block coupler. Additionally, couplers enployed by the
present invention nmay be symmetric or asymetric. The splitting ratio of
couplers of the present invention nay be sonething other than 50% The
splitting ratio and 5 maximumsplitting ratio of the couplers need not
necessarily be the sane, i.e., the splitting ratio of the asymetric

coupl ers mayg: %.: t Lnterferdn r t he esent

i nvention ne%lg‘?rﬁggl eﬁggleéé S gﬁ{a{@{)%eM%% aer?gée .mtﬁgﬂelgff%f ﬂg) Og}{[P%%rFﬁe‘r?’ can be
used t oinvedknwinterf@ngéter DoV Sdrnad fiiehdi 4 fifseatdrsecondieldngaie opidahfibér 112 aed Br agg
gratings, forned adjacent each coupler. However, it iIs further contenpl ated
that fi buteash BRyinasIpResGerefRg apouichrladding dilbrre hi2 g ld4err jomed aiqomelersi n
accor dangeandit R ERER! oA agmﬁnwe&ﬁ%m% BoSkteRdhE 'Bkm@apkamérﬁgrs aarial

nunber 091421, 173, WhI'ChOI s incorporated by reference herein.
i nt ef f et Branddibeni 14 previgesasseenndi inteeftingarmniy? extending betivaer ¢avateet! irandh one or

more photpsensttive.fibers. ver.,,each. [ /,.he conposed of nore
Chan Dol € RRR ARl sh e s A SO 125 %85 ERNEY Sl 00 BB EBRb il o1 o
one or By @ddlétresmettivieBs; Ravisg pbaidamenntirt bVppuxtmitkle 186 dhBifeing drfiel28 ar e
photo-insensitigg. Interferometers, 110 and 210 are_depi cted w t hout having

ei t her 3ndJRiBaEEE Pend lzddsdasyaly nagierdhwithiy erfarng erm 122 pad mapuatpre beedhbferlt ¢ hat
a m ni aslyfendg MlohghoRthi Qﬁﬁlﬁ%{ioxé hﬁ?fhle Y HeSed RER&D0 bite fﬁt&féﬁﬁ%ﬁﬁ@ﬁﬁfd ig

packages provi ded no package material conmes into contact wth the fiber in
t hel(pr otsssuasel migrtens bemrbis dowided by sE¢opd inserderinglaom pnégeassodistedminianre

cont enpf at.e fiber tic Mach.Zehnder Lnterferoneter Q.empl.oyj,n
o 6 packatedmhicm ArtrERiss ol ARIDATs bAL Pl SRR Bl b2 IR QP o
opt i cal seginkrrdefinedl iupdleca®ppovdd @hdydfalsecoddimifidturd bdddr 514 affixed to an

el ongate substrate 516. Each optical fiber 512 and 514 includes an
optically transm ssive core 518 and a concentric cladding 25 520. First

ey e g DT A e
5301 xt dmghsiensiwtempdyyingouiplature bemisandt 824 onerdfliey ingtigring owi decinvehtinges a
z?iggd cggt{cl:glaéb%xr‘s?th%?g“ger?égéacgéé i (ej)lc thhtc)gltagﬁggn retativ® Itoetrhe %gr% es7tablishes$m55és AY
that propagate with negligible loss down the fiber. Light may be considered to be guided by total
internal reflection at the core/cladding interface. With the miniature bend technology, the fiber
diameter is reduced in the bend region, creating a structure in which the light is primarily guided
20 by the surrounding air, which acts as a cladding, with the fiber in the reduced-diameter region
acting as the core. Because the refractive index of the surrounding air is near unity, the effective
core/cladding index difference is approximately 0.46 in the bend region compared to a difference
of 0.003 in the unmodified fiber. Consequently, the light is more tightly bound in the bend
region and can sustain much smaller bend radii without coupling to radiative modes.
25
In spite of the very small 180° turn, the optical losses of a miniature bend are very low
across the entire 1260- to 1650- nanometer spectral band, e.g. the maximum loss is less than

0.2dB usually at the ends of the spectrum band. As a result, the bend can be used throughout the

telecommunications windows at both 1300 and 1550 nanometers. Because the bend lies in a



and 524. M niature bends 532 and 534 are desirably prepackaged in Lgﬁt ﬁ 9
is provided in a fixed pre-bent configuration within a protective h éﬂ §p~002
536 and 538 for assenbly to substrate 516 and for coupling between the

fibers at couplers 522 and 524. Optical fibers S 12 and 514 are optically
coupled at first and second couplers 522 and 524 and affixed to substrate

516 by a first epoxy tack 526 and a second epoxy tack 528 | ocated to either
side of couplers 522 and 524. Epoxy tack 528 desirably does not contact any
portion of mniature bends 530 or 532. Bends 530 and 532 are first

fabricated and then ckaged ip,thegir respective protective housi ngs 536
and 538 P f%@“ﬁﬁ’é&%‘&@ B;?maﬂ 6’%@\%’&3’&“;@? fepsirad nolarizptinaGergadsat ovgs 51 2b
formed X@e foys thite0.0p@si Nng ends of first optical fiber 512. Simlarly)
housi ng 538 provides a pair of fiber |eads 514a and 514b fornmed by the
opposi ng ends of second optical fiber 514. The | eads of the packaged

m ni ature be : e f bR i nd 524.
The phase-sens t?%geégg%n%bgﬁgﬁpﬁt%?‘%%eorret gﬁr% &Fésr Fltgér)iej@lyoq{é@efﬁﬁéaﬁby t he
fi bess emnteatich. nigtebfetometsr 2¢ 0 isformead H@AA adinst af? decoridelangatechptiosltfibet 2 14 4nk

substrate 516, couplers 522 and 524 are. desirahly 1 spended at | east a
fi ber diziﬁréi"’g‘rha&’ﬁ‘&%ﬁ Tiner g, B,y pulerss adding Fiie p%ﬁ&?‘gzﬁ‘gﬁgém%"oﬁaﬁ‘wlgéz are
suspendedewhd Pig) Hib&i2N2 bRVRRS hifYe hﬂ@x‘f&h@%n@@@eﬁ@xﬂih?ﬁtw%ﬁ%o%l@é@% and

I

invention renders any desired physical path-Ilength erence between the
two i nt &lferdieral4 peyidepy serond intesfaring aon 82 extendinghetkesg saupens @46 augd t her
fromth 0 I N1 In
addi 1 one '3t harreRey Aitrenk W 230 RE e 5 SRS KRR SRk el o P8 "
apprloxi rfetngddythéreinhMihiatuasbandsip24 ad 228 each provide & ewrvateteaf bafding oft he pri or

art, when_the C ed.m niature hends .are posjtioned, near the m dpoint of
the’ phadBrodimedy (27T i Shetignd e melr 188 nsaRPralnie e Beob 5140,
and 514kppieRd efislor EBEaNE2 ahdiBl O finfefRringdrRr P22 iORhe] to3R shddntibiesiBigher end
can be packaged close to a wall w thout allowance for the 25 | eads. The use

of packdaiederamaicn L eonfelsdhe wavelangth resnesserafha MAL by caniellingdhe differeneariBnet er
to be c i t a [ i bends
were pl %@g%ﬂ P%B? ﬂlgm p %@%@@n‘gﬁﬁ @ﬁeég f&eAési oI’ o 4 %@?‘?ﬁ%ﬁl }éyp{)dﬁsg?éet{a.l }e%(glgé ring
now 150 feif guiimgerferometenafhisd meeedinkation Zdiaredbe optichlgratielengtie tffer&it® bemyeraths 0 be
8 ~ ~~a, Y ~n~?. cans&bgited in the novel configuration having 90

pr e- pac XG0 F APRIP GRS B {988 applications requiring a short device with
| eads energing at right angles to each other. Interferoneter 610 incl udes
optical fibers 612 and 614 nounted to a right-angle substrate 616. Each

optical fibeReBmngnay ©iFigyrné) adubalancedacdAehyder ingarioremeter Al Oreayealwts and a
"t er 1 T S8 nas 2 RloR bk OO sl y g f Fppao et  shor

i nt @0f erdevige aithnlca@Semerpingdi righthagheemreath othér. dmerfaremeted4 oinpldes opHeal dibers624.
Interfer, 623 includes a first 9 ini ature n 30, m A bet ween
coupl er 4623"@41@ Igouptediq agy E‘Fmgéﬁﬂ‘bﬁ??f%g} éneé]alcﬁﬁtﬂﬁi‘éggﬁq‘égé‘{%g]‘g@%ﬁ Gt ure
bend 632piMYAAnRREIRETDIE PLPIRT2 BAen@ith1ffdthg AY0NFaRttWpAc N EBEr HIUckifesEfrbEed
w thin mniature bend 632. In this case, the path-|length difference 10

bet ween intpieringlgan $23 sndsesendeeptisyl fibst Al dnfinesa ssrony infesiedng a5 exganding
curvat us 1 Qi M ni oang: 634 are
dost £ abiPyioe 6 Bdielii AFREPe 2 e 0. Biteelf B AR PRRCHy Mlfal
con26 gubad 480 midivay betvegrr atupter 92 a4 and fi6864 14ridte 638 iffchudens senid 90°t 0
substrate 616 an f.or couplin et yeen .t .. hers at | ers. 622 and
S50 oL At 4 s e OB LR 2k ML Bhe A B e PG,
respect ipifiaRFPbeRatbY.c NSRS Sh -PingihGid@ererde Wsiween HhaGibelias elMed@bpidistes a
pair of fiber |eads 612a and 612b fornmed by the opposing ends of first

opt i cal berdsef digfepent Riditiof genvgtureformiimigusdgnesr30iaaéd3%a pair of fiber |eads
6l14a and 614b forned by the opposing ends of second optical fiber 614. The
| eads of the packaged miniature bends are then conbined 20 to form coupl ers
622 and 624. The phase-sensitive region of the interferoneter is thereby
defined by the fibers extendi ng betwee couplers 622 and 624. To avoid
contact with substrate 616, couplers 622 and 624 are usually suspended at

| east a fiber diameter above the substrate 616 and m niature bends 630 and
632 are suspended within their respective housings 636 and 638. 25
Referring now to Figures 8-10, the present invention further provides a
means of form ng a physically unbal anced Mach Zehnder interferoneter in a
conpact singl e-sided construction by placing unpackaged mi niature bends in
t he phase-sensitive region. The | eads of the unpackaged m ni ature bends are
then used to formthe phase-sensitive region of the interferoneter by

o " o r o o o .



transmi ssive core 318 and a concentric cladding 320. Optical fibers_ 312 and
314 are optically 10 coupled at first and second coupl ers 322 and‘384 i 2002
affixed to substrate 316 by a first adhesive tack 321 formed of epoxy and a
second adhesive tack 326 formed froma gel which gently holds fibers 312

and 314 in place between couplers 322 and 324. The gel of tack 326

mnimzes the thernmal sensitivity of the interferoneter as fibers 312 and

314 are not as rigidly held there as by the epoxy tack 324. 15 First

optical fiber 312 is nested within second optical fiber 314 between first

and second c r 322 and 324. Fi ber udes, a first interferi arm
555 ot ondi nEMlen R ol s Camsomplates Bhme MR F Abribaie s Teop RCIGRgs o
m ni at Up& needashridBel fusddBEbildr@s i the cdsk BEA plikfied mkawo%slef nﬁh&iﬁ@&l@ﬂ
interferin m 325 extendi ng between coupler 322 and I'ntefferi ng 20
arm 325cqqp%éwr@équ4@wdmeanhmmrarpn meaythe ﬁms@cno amunquherléhmsphmwramr e
bends 3 t
ends 336, rs%%eaﬂr@se{i’ﬁﬁéeﬁlﬂ% }ﬁay'BQ é}ﬂ{ﬁg g&b %.n%(ﬁ/ ?Bg&eﬁlﬂnﬁ%m grf d omet er

310 so as to mnim'ze the nass o eria ure
bends 3f@xiamuch %ﬁu@rr@tmgcbfdhﬂcdupleb@ne‘ed eel necssspilpbé the siney,died thespliting naimr y  of

substrat 316 2 .Wth referen Fi gure resent, j nventjon
alter na? CpuRlers "f“?yt}?frﬁ)g/ f‘eﬁﬁaﬁ 25%%@“&%?@%@r‘lﬂﬁﬂﬁ§? 710
i ncl udi mgeralofl ink&d n® hesReRts Hénialaﬁé‘éd fHdgE, tHelstruatiel a8 BONskaab atiahvavaaig

fiber 714 affixed to an elongate substrate 71b. Each optical fiber 712 and
71 4 i nctiyigios naHtiplgrars sithyr withaut-fibss Brags gratiags7fognedwdjasertmaeleenuples cl addi ng

720. Figh t: 714

bet ween ‘}"?‘%? lgl%g&g{gtgnde ané%te('li gira p@‘z‘{}%q?# éf%fgs El%g Fuf:%g& Ia%c'%elﬂldeé% %éh first

i nt 80 f ecduplgr iaccordanee MK caﬁlﬁﬂm@r asigAdi EnitedrRiaterpaent udicatiom geHisimudar and
724. In@grifé;ng aﬁn1723 |ncI§ a mniature bend 730 forned therein.

Fi ber P2l which frdpcaieeratgd BXEIHENGCEE T or i ng arm 725 ext endi ng bet ween
coupler 722 and 724. Interfering arm 725 |ikew se includes a mniature bend
732 formed therein. Mniature bends 730 and 732 are desirably supported in
spaced r egl skheyntarferometenef the presgnt fnyertioniaay aifo b5 fabripsted ram gner nyse i cal
flbers r p S 722
and 72 Bs P hofy SadBief BuonlcobiPISEPnPlorkis i ofFite BERIRE shOTESE ® 0

t aclks 72&amﬁbaoxy xt3amkiplé2€anite fatoivated ovhpremnk bR meret dfehd fitees slpdstoidnkmwsmiﬂZ and
714. Ce tack.72g S de irably |l.ocated adjacent couplers 722 and 724 but
short of® FMAURS FRerpEs g °t?éﬁse fii¥%32. The gel of tack 728 minimizes the
thermal sensitivity of the interferoneter as conpared to the epoxy tack
726. 10 Interferonmeter 710 further provides a thin shimor pedestal 740 on
substrat e 71sterferemstesipldOtandgdl0 aredlepisier ngthavtrb@vmg githagi@ protectivR dpesitg OfPedest al
740 is

nter & ahg Sttt 6T BhAMAGERE o A end S S Gl Ay PREbysed n
Pedst atarieg®f phckagserovidedtno package hmtelal coends lnﬁo aqnphat adthaﬂhﬁber\methb)prdmeisn@ a

conveni ent e.to 5 apply the adhesi ve. SO th surf.a n between
the " gelreeapkRe5ginatntaull Haprsra gL PP B RGR A P SPHRSTSBESEAT  doce
not Co%ﬁ%ro'&d&rl@ﬂ@&ﬁﬁl%?&l bROp R RS mihidRrdBentist MicPreRANES 520 ifcides £hsst |t i
contenpl at ed that pedes F 740 may be provided for any of the enbodi nents

of Fi guilengas.optical § gruﬁdé@nd sqchad r:lnm&r mcdgﬁb&r it affied te an@éoa:g@tz gubstrate 516.
appl i ca i

Plo. Ehﬁ%gﬁﬁﬁlﬁﬁé ﬁ‘ghﬁﬁ 5Y$fn%ﬂb%é¥ ar%sptggl tr Q Os\@/nge ?ﬁg%‘?k ?x&E%tﬁk Qﬁ&ﬁ%
athS| vdeepoxy on one si de and by the gel, adheS| ve epoxy, or pedestal on
the other side. Referring now to Figure 10, an unbal anced Mach Zehnder
interferometer 810 nmay al so be constructed in the novel configuration

havi ng 90 U'Fﬂ@@déﬁa@ﬂchbgi Ak Hés@edomqﬁ séBhd Bial SiRdr is PN Betiv@bifiFst A secon@or t
device with | eads energing ght angles to each other. Interferoneter

ri
810 25 GoHplFF2sng 524- cEaz Cﬁﬁlﬁemﬂé“®i2 fiass gt eYoRnd 530 extending bejweerpgaypler 522
substr 6

transm aros Suees by BREThoild N thd iR tto 3G BRI L ASKL Db
8l 2 defines a first |nterfer|ng arm 823 and second optical fiber 814
defines a second interfering arm 825 extendi ng between first and second
coupler 822 and 824. Interfering arm 823 includes a first 90 m niature bend
830 m dway between coupl er 822 and 824 and fiber 814 11

er



'~ .8 Mv ?0~2 |ikewi se includes a second 90 niniature bend 832 ni dway

bet ween coupl er 822 and 824. Mniature bend 830 is nested vm'thin&n'MM l?lﬂﬂz
bend 832. In this case, the path-length difference between the fibers is
created by using bends of different radii of curvature for mniature bends
830 and 832. Furthernore, interferoneter 810 provi des adhesive tacks
opposite the phasesensitive region of fibers 812 and 814, thereby obviating
the need to adhesively tack the interfering arms of the phase-sensitive
region at all. As shown in Figures 8-10, the adhesive epoxy tack enpl oyed

510, may i 2d) MR R el S Sl PR e Soh ARt R e

and bendgre-béhttc@hfigirationl withit b eroddt@ixy heUERlgPB6 dnd §38RE RsskhBly G sUibseite 56 1shd BE
m ni ature bends by interferoneter repl aced by a | to gently

510 may be repl e )
hol d t heSPIRe Rty FpnshaldReryfticruRlersisaz %a%% rigptigak fHhersd 2 BAAL e pptigplly
assoCi at ey W bPfikhdSELRE ol s 3 aREMASINY Gerixbh fo ﬂx‘fah&dtés B4 ﬁ,]fapép%x tack
packagi ng neans for the present 1nvention as only the rel at’ively Io%/nass
and |ow $3fendiaskcond epaxy tacdk S2Rdodatddao sithee eide bEcanplers ¥2add 52 nEpgydackl 528 t he
gel with,its.lower 15 chani cal dul | i | t e bondi ng agent. Al so,
the res uﬁslr?s‘ub yg?qsljlg%c‘(?pg%g QYPIER Ogoﬁﬂméh'ﬁ/getngs $ %uo?riaéca’gt e. Furthernore, as the
mat eri al about the mniature bends is Limted, potential thermallyinduced
stresses are significantly reduced. It is still further contenplated to use

a | ow st ress Bodgéibad\sd2 aretfiyat fabripstediand thea packgsedsintheirrespsetivemietestivier to
t he subs ] i i 1 ] i cts.
i thor © Iy g 458, BOlf 36 e IR ALy RS Ter REas TSN A F0b Bl e
t he Tlusehy thoappoeng endschftfing opticul &iberr S 2b Simdidarlyl housimg| 538 gravides hpaic ofiftharr s

directly, o t ds, .however, .the epox c e of, i from
he dev! e S iCI9F R BRI Phowbe S BT s SRR a8 P graga 8P e

al | owl ngpackape®piihiate Heh@ 46 tHed chbRbMe@ R fohh Ebrictingtdoeplend 532 ded 224 etige of the
fi ber. Myreover, the associated structure can be nmade quite conpact,

t her eby H@tc-#aFi{IvVE 1gien of K intaderomsteris tharebysiefingd bysthe fihers prerdingbaiivetrer but
also re I j ke, i I r i and
i i at ar S ¢ ant S T Mol bRl b hitsRate ST BEMHE 2 B A erd B 20
MAY 100 2uspended atlleasttdfgrer tiiaameten abave\thd pubstrai®ict andeninathexbends 53 Gand B2 sire
material _suc s..alr..Xherw se, .co ct . wpth materials of index of

refract iSgﬁpeﬂa%cg‘f“ﬁl?mf}}‘?gﬁesgﬁ%ﬂ}'fﬁ‘f?‘%n n{?%@ﬁﬁgég'an increase in the | oss of the
coupler or mniature bends. An outer package (not shown) may al so be
posi ti oned about the common substrate so as to avoid contact with the

i ni at ure bendk§ PESCH&NVEBtion spdeaeany desingd Rhysirdl @athdergth didiersae Retyeen theoy| d
the fib : i i i i gures
710, LR o o e At e e 00

t her2fal thoothred dfelse mhokaged ntihietutenmends | Ined diting,i thalength ofithe snibrderometer ofithe he

adhesive used and the resultin hysi.cal straip inparted 10.fo.the .fibers.
The: adndstoe nEtfinn 8 Suf ptenmra EYRlEas copbiRb ABEHHS e 1D f S Briphase

i nst abi ldrf, Whed the phckafddahinfit@8BER]s, ar@pusiticBEd far BHRPhidSsInt oF theWhase-sensitive
phase-sensitive portions of the fibers between the couplers in the

h
i nt er f er6sig-eplsgeall afithe ey deadsid Fred B P Lo, #1d0d 4b smpmee fropeangsids of fie | i ght
pr opagat;j i L i I esul t
From & R r e B e B R e P o
| en@Sh deming&houselod pabkaged mineyurebyndsin thisseonstrfctionrelii s the mtarfeadmaterdnges in
the refractive .index of the se nt to.t ot her. The index differences can
b r ef at O e AT RY ltesdpPELaRIR Ftit EHEEE Brads Wb b Petp HeabRlece of ¢ ne
fiber. Agndithe r6gibe65theRidricesinéyr.t he adhesive typically changes with
tenperature, changes in length and re&active index may occur in the fibers.
As a result of this thermal 20 sensitivity, any epoxy or adhesive which
contacts the gl i Ser hid [ g i } nti al
hase. shi 18 o pdh el 2o SRR bRl T E A E 0 ne) i
interferoneters of the present invention may be nmade | ess thernmally
sensitive by selecting fibers for theirg thermal coefficients of expansion
and for their designed | engths between 25 the coupl ers. The unbal anced
construction between the couplers necessarily causes the physically |onger
leg to thermally expand nore than the shorter leg with tenperature.
Typically the expansion of a material such as optical fiber can be
expressed as: 13 - 8 MAY 2002 a) DeltalL=a*L*DeltaT where



DeltaL is the increase in the physical length of the fiber segneg $fetmeen
couplers, ais the thermal expansion coefficient, L is the |engt rﬁnny
segnent between couplers, and DeltaT is the 5 change in tenperature. The
differential expansion gives rise to a change in the wavel ength dependence
of the interferoneter with tenperature. This wavel ength dependence is
determ ned by the phase of the |ight passing through the fiber segnents

bet ween the coupl ers. The phase is given by: 10 b) Phase =2*Pl *n*L/ Lanbda
where Pl is a constant, nis the refractive index of the segnent, L is the

l'engt h ofonbiiRteqH %%vel@@ﬂﬁbﬁ%a‘vﬁlg%e r‘é’fb‘é@ g&gﬁlt}uarﬁr@ bRhAEHT ilikaRRAs t he

wavel engt h dependence of the i nterferorre stant with tenperature, the
phase cheagang ssharedevice stithdeagsemergingsat rizét @ql;alto ¢tagh dtiet. Hotepleesuetartfdfige of

St a1 o dERCh spbs B2 o ST Gdedia SR ERs thalIT SIS BN AT R, o

i nt egr at aa ﬂe%utmlmmﬁmlmmmﬁsivduwe 611 8 a4 edruéxﬁriselaadlhfg 820.YFifsesul ti ng
fromthe varlr{%Fg Ienth and re&actjve mdea W.th erature. The
present REGRHibeD quﬂév st mtarfering agmy O iyandiseeen ﬁB‘é‘faéﬁE%f 1f SeHugs avgeqnd
Zehnder jhptefdLoaEl S%teﬁéﬁg RetwiRA Eirdt BES é@éd&cohﬁ‘l@%@' aInH‘6§4 bﬁxtér?érﬁﬁtahﬂg t he

| engths and retractive indices 25 of the coupler-to-coupler segnents
appr opr i @3énhgludes n fiost @6 nﬁmatuxtet’oenqbﬁ%&mldv@b'éwwps baypler 22 and@24 anddipenéleint of

t enper at .t follows dLl /4T +

a7 ar-HsRie oS o BBah 95 prindature oo $3p AT n& e cosbler 647 i

t enper atMirgaturéibenidbIrie nestéti Withif vieifiatu@bedd 82.d &6 thindaseé} thd WativRinkth différbice

i nterferoneter the refractjve indi.ces and | engths of the fiber

selectln
segnitht etwseg t%éer“@ﬁ@ﬁwa y 48ipg perds pé diffsembradii 9h cyryatirel far munawieeRds.  Thi s
rel ati ongxpi;agesn be sinplified by approximating various terns. By using
equation a) and approximately nl=n2, relationship d) can be approxi nmated
as: e) nl*L1+L1*dnl/dT=n2*alL2+L2*dn2/dT or 10 f)

ni*a*(L1-12) 'Fjﬁma € {)ends IB}Z nc{ éigtTare desirably prepackaged in that each is provided in a fixed

pre-bent configuration within a protective housing 636 and 638 for assembly to substrate 616 and

15  for coupling between the fibers at couplers 622 and 624. Bends 630 and 632 are first fabricated
and then packaged in their respective protective housings 636 and 638. Housing 636 thereby
provides a pair of fiber leads 612a and 612b formed by the opposing ends of first optical fiber
612. Similarly, housing 638 provides a pair of fiber leads 614a and 614b formed by the opposing
ends of second optical fiber 614. The leads of the packaged miniature bends are then combined

20  to form couplers 622 and 624. The phase-sensitive region of the interferometer is thereby
defined by the fibers extending between couplers 622 and 624. To avoid contact with substrate
616, couplers 622 and 624 are usually suspended at least a fiber diameter above the substrate 616
and miniature bends 630 and 632 are suspended within their respective housings 636 and 638.

25 Referring now to Figures 8-10, the present invention further provides a means of forming
a physically unbalanced Mach Zehnder interferometer in a compact single-sided construction by
placing unpackaged miniature bends in the phase-sensitive region. The leads of the unpackaged
miniature bends are then used to form the phase-sensitive region of the interferometer by

fabricating two couplers across the four leads. In this construction the couplers are an integral



By using different fibers, it is possible to select fibers which obey these
rel ati onships, giving rise to enhanced thermal stability. In gene 2682
one of the |l egs nust necessarily be nade | onger than the other to prOV|d

the desired phase m smatch, this longer leg will have a | arger phase 15
change due to the physical elongation of this segnent. Therefore, optinum
mat ching i s achieved by fabricating the shorter leg with an index of
refraction which has a |larger thermal dependence. Then tenperature

i nsensitivity is achieved by having t he high index thermal dependence of

Segmont o 1 QE B BE s e e LTy S Sarons DUk

coupl ertendfli AB tHeQAdividaaltBinfdneeitehdPdtt hﬁpécﬁa%ehethta B%@ﬁied%gep@ﬂ@ﬁ%e of the
phase, because this is the region_ in whi IS propagatin bot h

fi ber s, SSRHEYS PorHen phthe mterfqremememw ‘ﬁﬁ\éb reﬂu@ér Subgratece iPR$ cul ar
enbodi | E}nﬁ? it will
be obv[m(;igj%thtglf(l)b% E\gesogé s é’?iQ% ar §enﬁﬁﬁ}¥ﬁ%§§‘iebsr andsqgég{"rtpcat i ons may

be ade without 25 departl ng fromthe teachings of the invention. The

matter set f ore descript.ion and acco nyi-n rawi ngs is
of fered by vﬁi}f‘ﬁéﬁq‘ﬁl}g?{’ tlh8§f’§§°'§ e%?n B® °FF%%fr2%)H%(‘fryM %ng ugl
scope Jhtetfeonieit3NDi luﬁ:ﬂhdxﬁg a ﬂiseeﬂagat& Bptbﬁtl ﬁBéﬂ 319Gnd eeaob@ elonkhte vhtidhl ﬁb&lm
when viewed in their proper perspective based on the prior art, 15 - 8 M

AY 200 0 pR elongtR/BYhs e3Aﬁ &peh entical figes 3 13/a0d,3 Meimalydes mxﬁwﬂ& omet er
conpri s, 99?1 | nd a
cl ggdi ng; |sr§g% b%‘% gg@)ﬁg&&%ﬁ%er S g’rz gpppgxg?(ﬁ H‘&’{}ﬁ{lﬁg 32 sal E:?llyflst
optl0calcotiplbeat first andispdond ctmpl&ssaiz cind B24|anchaffizéd mauusmbrﬁjbmﬁrsc adheSivback a

ext and PRy NHEIeRaL AP 10 e B brars e oty el Bhirtiiepty Rilfg fers
i nt er f g1 AAd 3141l glidebeieed cHhplER 3YS %mbmi mrgaref&bxem MiiniAitshs theSBeraial

el ongate interfering armconprising said second optical fiber extending
bet weesensifivitiof the intsrferpmeteras Shers3djpnd 64 arg noaserigigiyihelsd theretss by titecspoxy
Zehnde kr}tzgrferometer of claim1, wherein said first interfering arm
i ncl udes nore than one mniature bend forned therein.

15

First optical fiber 312 is nested within second optical fiber 314 between first and second
coupler 322 and 324. Fiber 312 includes a first interfering arm 323 extending between coupler
322 and 324. Interfering arm 323 includes a miniature bend 330 formed therein. Fiber 314
likewise includes an interfering arm 325 extending between coupler 322 and 324. Interfering

20  arm 325 likewise includes a miniature bend 332 formed therein. Miniature bends 330 and 332

are desirably unpackaged prior to forming interferometer 310 so as to minimize the mass of
material about the fibers. Miniature bends 330 and 332 are shown to be freely supported beyond
the boundary of substrate 316.

25 With reference to Figure 9, the present invention alternatively provides a fiber optic Mach
Zehnder Interferometer 710 including a first elongate optical fiber 712 and second elongate optical
fiber 714 affixed to an elongate substrate 716. Each optical fiber 712 and 714 includes an optically
transmissive core 718 and a concentric cladding 720. First optical fiber 712 is nested within second
optical fiber 714 between first and second coupler 722 and 724. Fiber 712 includes a first interfering

10



15°3. The optical fiber Mach Zehnder Interferoneter of claiml. re*&
said second interfering armincludes a mniature bend fornmed th A 002
The optical fiber Mach Zehnder Interferoneter of claim3, wherein said

m ni ature bend of said first interfering armis nested wthin said

m ni ature bend of said second interfering arm 20 The optical fiber Mach
Zehnder Interferoneter of claim4, wherein said mniature bends of said
first and second optical fiber are prepackaged m ni ature bends wherein each
said mniature bend is supported within a protective housing such that said

opposed f r ot e m. sai d ive.housi,n and
wher eby aﬁﬁgijﬁ)g’éﬁf&%ﬁ% éeng’lo qF’ p?t fgg é%tgﬁ B ?"édteﬁﬁ?’ pauLs etfeggt
by the |700dirined iteedin. SFiBer 1a0ikeaissartludes iadeddad Hitet@singfarh 0§ e)ftbridiﬂig WediueCOﬂd

pr epackaged ni a bends. 6. The optical fiber, Mach Zehnder
Interfef %frgrﬂa?lé g?”allmeifenwﬂm?% @@weﬁeflmlgqesaﬁan@%%mddagif%medﬁh%%ms are

mount ed NiRliaalle 648986 SndS18aSEE &és?rf 1}§up6poneamcsp§aéd TORGryabovd e gg&a&a&e 7160 6F

Mach Zehnder Interfe_roneter of aim wherein saidfirst secon ends
of sé&i d stbstrate 74H.dOpticad filero 712 ard 714 dye pptically eorvgpled\ag firsp arel senchdafouplarsd22 and

oner ei n 2Rt ke PBNaR o by SSipisabr 6K Tt g e bR AN ERGYy @t B s

opti cal Iddatedproxdaste t}&mrrretmams@é y1218 HegGeetack 928 1§'|ﬂ@sn@Blty|16@EedfaU}h€ént Mach
Zehnder Interferorreter of claim6, wherein sajd first ends of said first

and secSPRPIEHYIZad 724 but shogof shipialipe bendp &30 52- araﬁ aelgﬁb@kﬂ% ainifzes thed
second ERabnddi chheineBiotheldras Lol PRARNLoRPIIE 3be T DET S ext end over

a second edge of sai strate, sal I rst sal d substrat e being
nond8pposed to said second edge of sai d substrate 10. The optical fiber

Mach Zehnd f d f d
Firot opti cal PSRt ardidtsd B MaSr Hefald St ST R ely 90
degr ees supbbrtink. intétferin@piring a3 AndoEIS théredh. Zedaad£lr740 i dxkikabtpIoeited adjdcesd t8i M 6,

wherein said mniature bend of said first ogti_cal fiber bends said first
opt i cal 8FhIR 72858 8t tosuppashingsriering pes BF g/ %trtﬁpéccéﬁamstgfaqbavwwﬁta%taﬂsﬁ bend

f d ' I
of Sal J RRERNGa0Rh (lesth BB todflod e afRadBI RR bkhiEh MIRRAERRARE,

Interferoneter o erein sa irst and
adhé§i vepply dfefadkestvet dlsethel swfﬂos tenaitoe betiween thegak mdn728mnd pedestad 24Wmhy hedp and

second coupl.er nsitive.re nd .wherein . said fj
opt 1 oa T PRAEE e dsEER R R aBh Fich it Pesresred xblind of PR vt REHERBAT BLdoublefs o
and secdnid comembRted that pedestal 740 may be provided for any of the embodiments of Figures 5-10

to support the interfering arms and to localize the application of the adhesive epoxy or gel. In the
embodiments of Figures 8-10, the couplers may simply be suspended above the substrate by the

20  adhesive epoxy on one side and by the gel, adhesive epoxy, or pedestal on the other side.

Referring now to Figure 10, an unbalanced Mach Zehnder interferometer 810 may also be
constructed in the novel configuration having 90° unpackaged miniature bends for applications
requiring a short device with leads emerging at right angles to each other. Interferometer 810

25  includes optical fibers 812 and 814 mounted to a right-angle substrate 816. Each optical fiber
812 and 814 includes an optically transmissive core 818 and a concentric cladding 820. First
optical fiber 812 defines a first interfering arm 823 and second optical fiber 814 defines a second
interfering arm 825 extending between first and second coupler 822 and 824. Interfering arm

823 includes a first 90° miniature bend 830 midway between coupler 822 and 824 and fiber 814

11



25 13." The optical fiber Mach Zehnder Interferoneter of claimé, \ emfxg
said first and second optical fibers are adhesively affixed to sal - 7002
substrate at a location along said phase-sensitive region by an adhesive

gel . 17 - 0 ~Y1 AY 2002 14. The optical fiber Mach Zehnder Interferoneter
of claim®6, wherein at |east one fiber within said phase-sensitive region
extends over an edge of said substrate. 1S. An optical fiber Mach Zehnder
Interferometer of claiml, wherein said first elongate optical fiber

exhibits a first thermal expansion coefficient; said second el ongate

opt i cal |jfdurglin@¥dts Riskon 9@%9{?&&*5%5&@%2}]@5&%9%%%&9& [ 8aPa Al d i rst

thermal coefficient of expansion bel ng n sa second t her mal
coef f i cManatusfbend R hisinested withinaniniagae blerfdi8321 Iopitis caat, the pmthi-lengthriferentewi t hi n

than sajd second fiber between said first 10 and second. coupler. 16. An
opt 1 ca YRR BT FRPE DR Brerb B p A oGRAPEH belf 11 s
and secga0und 852 .CRirtHetrére SinfA@ronibhé? 816 brovilled hdHesiot BicRLdgpaiRdhs Phag.cor dance
with the equation 1S nl _*dLI/dT + L1 *dnl/dT=n2*dL2/dT + L2*dn2/dT where

d/ dP desatibee regian @b fibera 813/ andf 1dhthershy ebvstingdhe peed tojedhesiealy tagk thendex of
refraCtiﬁufH’feﬁﬁ%éﬂls%ftﬂerpﬁhzei-sghﬁ{iirﬁekipﬁ 225n L1 denotes the length of said
e n

first inter I ng arm enot es e I ndex of refraction of said second
interfering arm and L2 denotes the length of said second interfering 20

arm. 17. An, optical _fiber h hnder Interfero er of .claim 15, wherein
said first a‘}ﬂﬁ’g‘lé'%%ﬁ‘glaﬁ ?t@fﬁ’f"iaﬁg‘?séveéﬂﬂ"ﬁqﬁ‘ﬁ‘eﬂpé?ifgﬁée%‘feﬁ% g cQuRES 3t oq | 1
accor dage einhtute Belds, QsstinORtiRtderaidtdr 51 b Zhay b dindnaldd Bebawhs lof hE swfaprei n n

1 aﬁgroxi mat es the re&active index for both said first and second fibers, a
apptbxi mawes thememainag fiber adbands. oMtesensively cthe eroxgemplayed betweersthe caupless t he

0011 ATl T ELRCCPSI) a0l bk B 1l B fuapone
in place without introducing a thermal sensitivity associated with the stress from an adhesive.
The gel is a suitable packaging means for the present invention as only the relatively low mass
and low inertial forces of the fibers need be countered. Consequently, the gel with its lower
15  mechanical moduli is a suitable bonding agent. Also, the resulting structure is small and easy to

fabricate.

Furthermore, as the material about the miniature bends is limited, potential thermally-

induced stresses are significantly reduced. It is still further contemplated to use a low-stress

20  adhesive rather than the gel so as to attach the fiber to the substrate without introducing
anomalous thermal or mechanical effects. Either the gel or epoxy may be applied to the fiber in
the region between the fused couplers and the miniature bends. If applied to the couplers directly
or to the bends, however, the epoxy may cause loss of light from the device, because the fibers
have been modified in these regions, allowing the optical fields to be significant at the outside

25  edge of the fiber.

Moreover, the associated structure can be made quite compact, thereby not only
improving the thermal stability of the interferometer but also reducing its size. In this structure,

the actual coupler regions and miniature-bend regions should generally not be contacted by any
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'~.SAY' 2002 wth tenperature, n | denotes the index of refraction
first interfering arm and n2 denotes the index of refraction of” gLR&SNdZUUZ
second interfering arm 18. The optical fiber Mach Zehnder Interferoneter of
claim1l1, wherein said first and second 5 couplers are asymetric. 19. The
optical fiber Mach Zehnder Interferoneter of claiml, wherein said first

and second couplers are symmetric. 10 20. The optical fiber Mach Zehnder
Interferometer of claiml1, further including a third optical fiber, wherein
at | east one of said first, second, and third optical fibers is

phot Oserﬂétkﬁél‘éﬁxe f than amﬁ/ ?é&%li\éi 4"??’[5 %MISQ 1&%3&‘?&&1 .l,l{lhi %?réﬂﬁ}&* of claim

20, whereln at sal secon and opt| Cal fibers is
phot oi n®atesi witlvmatefisls 3Pind&hef reﬁhdtioalgréa’tdnﬁtanlvhmh IBeha}ctfansel antiecreasegmthieer of
n said first coupler exhi iftin tio,.of

appr ox AL e comp By miplhitg hEeD St quiR packae ot Ruel e et Pepdiibed o

cl ai m IghoutiRe @drii!rn&ﬁibtﬂﬁstfrzlté%aﬁ@%ﬂblﬁrco&@ct%ﬂi thé mni@uMehdsisond td fovide@f up to
4. 24. The optl cal fiber Mach Zehnder Interferoneter of claiml, wherein

sai & f i single traferamectsrdaekagpl er s exhi bit unequal splitting ratios. 25 25. The
optical fiber Mach Zehnder Interferoneter of claiml1l, wherein said first
and second interfering arns are not bal anced. 26. The optical fiber Mach
Zehnder | nt Shbeldohefiters of adhbsively a.ﬁﬁx'édlfotd\mtmhmwsﬁang agisHomean FRiuessd-o), at i ng

adj ace of sai.d first and secon | er.s
. AU AL fg?m%?fﬁf © DASSRRANRY AGAN Ma% Sen%‘%@ﬂ?é‘“ﬂ{%‘”ﬁ%%ﬁém (¢ghe
Ur | zup ktfléi{n\ﬂ &dihsied &ﬁt@ﬁﬂbsﬁdteaﬂ tﬁ@la&l?e]sﬁz@h@e”d] ﬁél&%]:&mlrfg?hgﬁ]:ﬂ cadisahparedical ca]

ca] ca U c”a]ca]calc”a U c”al cal ca] cRa] c&a] ca Oadpg~#v
zupjle" [WOThefjeess claleedhgsivglichpe apetanticdd pewtee]t baee%\qx‘aaq@é]pbaqeaaattb@afyca] calc
al ca U Iﬁaﬁ}.\ﬁ%eg&]n&@!], &%?c‘%@laﬁﬁieﬁ% ﬁl%]pﬁgsle-sensulx\% p%ﬁlo%g\loﬁ/ e Iﬁfb}:ﬂs)o%tween the

* % % b++_ _
couplers in the interferometer can introduce differential phase shifts between the light

propagating in the two segments. The differential phase shifts can result from a physical
alteration of the differential path length resulting from a length change or bend, or they may

15  result from differential changes in the refractive index of the segment to the other.

The index differences can be related to the applied stress through the stress-optic
properties of the fiber. As the stress applied by the adhesive typically changes with temperature,
changes in length and refractive index may occur in the fibers. As a result of this thermal

20  sensitivity, any epoxy or adhesive which contacts the fiber in the phase-sensitive region may

introduce differential phase shifts in the light transmitted through the fiber.

The interferometers of the present invention may be made less thermally sensitive by
selecting fibers for their thermal coefficients of expansion and for their designed lengths between
25  the couplers. The unbalanced construction between the couplers necessarily causes the
physically longer leg to thermally expand more than the shorter leg with temperature. Typically

the expansion of a material such as optical fiber can be expressed as:
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c) Phase 1 = Phase 2.

In general this phase stability is not met for an integrated interferometer. Therefore, such
20 integrated devices may show some residual temperature sensitivity resulting from the variation of

length and refractive index with temperature.

The present invention provides that the integrated unbalanced folded Mach Zehnder
interferometer can be made thermally insensitive by selecting the lengths and refractive indices
25  of the coupler-to-coupler segments appropriately. In order for the phase relationship c) to be

independent of temperature, it follows that:
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d). This relationship can be simplified by approximating various terms. By using equation a)

and approximately nl1=n2, relationship d) can be approximated as:

e) nl*L1+L1*dnl/dT=n2*al.2+L2*dn2/dT or
10 9 ni*a*(L1-L2)=L2*dn2/dT-L1*dn1/dT

By using different fibers, it is possible to select fibers which obey these relationships, giving rise
to enhanced thermal stability. In general, since one of the legs must necessarily be made longer
than the other to provide the desired phase mismatch, this longer leg will have a larger phase

15  change due to the physical elongation of this segment. Therefore, optimum matching is achieved
by fabricating the shorter leg with an index of refraction which has a larger thermal dependence.
Then temperature insensitivity is achieved by having the high index thermal dependence of the
shorter leg offset by the larger elongation phase shift of the longer segment. It should be noted
that it is only the segments between the couplers which contribute significantly to the thermal

20 dependence of the phase, because this is the region in which light is propagating in both fibers,

resulting in interference in the second fiber.

While the particular embodiment of the present invention has been shown and described,
it will be obvious to those skilled in the art that changes and modifications may be made without
25  departing from the teachings of the invention. The matter set forth in the foregoing description
and accompanying drawings is offered by way of illustration only and not as a limitation. The
actual scope of the invention is intended to be defined in the following claims when viewed in

their proper perspective based on the prior art.

15



11 10%& () - s$10%& ()- 9" 10%& () - Ss109%&' () -1 10%& ()-: $10%& () - &9} 99!
. 4<dEYNC é MAY 2002
11, 2109 ()-9/ 109%& ()- @ $10%& ()-L' @L0%& ()- & $109& ()- @YL0%& () - 4<<<<<<<
=: ?bC 1! &s$10%@& ()- YA0%@& ()-F 10 10
108s109& () - y5#10%&' () - yY4#10%& () -: ??AdBCDEWU3bC
111 s$$10%& () - 9! Ns$$L09%& () - 9! Xs$$109xx & () - 9! 6FUL0WVE () - !;

FOA0% 4{ 4& ()- ! DFYd0% ()- E7FOF: F; F<FIFQ ~\:
1111 6BLFYA0%& ()-! DLFA0%& ()-!$10%: & ()- 10@ 10@ 10@ 8s10%@& () -5

10%@& (Mimﬂuxmms '

S/ Z9YA0%& () - F! NY9A fV(iO%I'b&' ()- 1\ YOROYE ()-!aYydou& ()-! 6LFYA0%& ()-O
00oPr @t AQORx $2 OpHe g ifd%%*% Tyshfaromepter FOrMRASING ) - T#10% & () - 9%4.0% & () -

e 18%139(F*)F*R§§ﬁg§fa§xondum%§e owcfmb@ habfiif ot ar@atiding; () - & 10% & () -
1' ! y 10% & fiyst Mdﬂﬁmﬂdtf&ulelyrszwmr@w@clec)\dmg &f'saigofirgt qpyicalifibenieanlyd 1@, #10% &

100 olosedt R BRI B SRE ) \\] E b
a first elongate interfering arm comprising said first optical fiber extending between said
first and second couplers, wherein said first interfering arm includes a miniature bend formed
therein; and
a second elongate interfering arm comprising said second optical fiber extending between

10  said first and second couplers.

2. The optical fiber Mach Zehnder Interferometer of claim 1, wherein said first interfering

arm includes more than one miniature bend formed therein.

15 3. The optical fiber Mach Zehnder Interferometer of claim 1, wherein said second

interfering arm includes a miniature bend formed therein.

4. The optical fiber Mach Zehnder Interferometer of claim 3, wherein said miniature bend of
said first interfering arm is nested within said miniature bend of said second interfering arm.

20
5. The optical fiber Mach Zehnder Interferometer of claim 4, wherein said miniature bends
of said first and second optical fiber are prepackaged miniature bends wherein each said
miniature bend is supported within a protective housing such that said opposed ends of each said
fiber protrude from said protective housing, and whereby the position of said first and second

25  couplers may be selected by the longitudinal spacing between said housings of said first and

second prepackaged miniature bends.

6. The optical fiber Mach Zehnder Interferometer of claim 1, wherein said first and second

optical fibers are mounted to an elongate substrate.
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10, 8350 %KSI. 0- |"I(17ilejouigai }iﬁg"ﬁac@Zehnder Interferometer of claim 4, wherein said miniature bend of
said first optical fiber bends said first optical fiber about approximately 180 degrees.

9, The optical fiber Mach Zehnder Interferometer of claim 6, wherein said first ends of said
first and second optical fibers extend over one end of said substrate and said second ends of said
10  of said first and second optical fibers extend over a second edge of said substrate, said first edge

of said substrate being non-opposed to said second edge of said substrate.

10.  The optical fiber Mach Zehnder Interferometer of claim 4, wherein said miniature bend of
said first optical fiber bends said first optical fiber about approximately 90 degrees.

15
11. The optical fiber Mach Zehnder Interferometer of claim 6, wherein said miniature bend of
said first optical fiber bends said first optical fiber about a greater radius of curvature than said

miniature bend of said second optical fiber.

20 12.  The optical fiber Mach Zehnder Interferometer of claim 6, wherein said first and second
optical fibers are adhesively affixed to said substrate at a location opposite said first and second
couplers from said phase-sensitive region and wherein said first optical fiber is nested within

than said second fiber between said first and second coupler.

25 13.  The optical fiber Mach Zehnder Interferometer of claim 6, wherein said first and second
optical fibers are adhesively affixed to said substrate at a location along said phase-sensitive

region by an adhesive gel.
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5 said first elongate optical fiber exhibits a first thermal expansion coefficient;
said second elongate optical fiber exhibits a second thermal expansion coefficient, said
first thermal coefficient of expansion being higher than said second thermal coefficient of
expansion;
wherein said first optical fiber is nested within than said second fiber between said first

10  and second coupler.

16. An optical fiber Mach Zehnder Interferometer of claim 15, wherein said first and second

optical fibers and interfering arms are selected in accordance with the equation
15 nl*dL1/dT + L1*dnl/dT=n2*dL2/dT + L2*dn2/dT

where d/dT denotes the derivative with temperature, nl denotes the index of refraction of said
first interfering arm, L1 denotes the length of said first interfering arm, n2 denotes the index of
refraction of said second interfering arm, and L2 denotes the length of said second interfering

20 arm..

17. An optical fiber Mach Zehnder Interferometer of claim 15, wherein said first and second

optical fibers and interfering arms are selected in accordance with the equation
25 nl*a*(L1-L2)=L2*dn2/dT-L1*dnl/dT

wherein nl approximates the refractive index for both said first and second fibers, a
approximates the thermal expansion coefficient of said fibers, L1 is the length of said first

interfering arm, and L2 is the length of said second interfering arm, d/dT denotes the derivative
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19. The optical fiber Mach Zehnder Interferometer of claim 1, wherein said first and second

couplers are symmetric.

10 20. The optical fiber Mach Zehnder Interferometer of claim 1, further including a third

optical fiber, wherein at least one of said first, second, and third optical fibers is photosensitive.

21. The optical fiber Mach Zehnder Interferometer of claim 20, wherein at least one of said
first, second, and third optical fibers is photoinsensitive.

15
22.  The optical fiber Mach Zehnder Interferometer of claim 1, wherein said first coupler

exhibits a splitting ratio of approximately .5.

23. The optical fiber Mach Zehnder Interferometer of claim 1, wherein said first coupler
20  exhibits a splitting ratio of up to .4.

24, The optical fiber Mach Zehnder Interferometer of claim 1, wherein said first and second

couplers exhibit unequal splitting ratios.

25 25.  The optical fiber Mach Zehnder Interferometer of claim 1, wherein said first and second

interfering arms are not balanced.

26.  The optical fiber Mach Zehnder Interferometer of claim 1, further including a fiber Bragg

grating adjacent each of said first and second couplers.
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