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BOURCf COUPLIHG, SPLICfB ANO COHHECTORS 

INTRODUCTION 

The proper dealgn of 1n optlcll communtc1tlon ayatam 

ualng opttc11 flbere 11 th1 tr•namlaelon mediu• requlrea 1 

knowledge of tha tr•na•taaton -chlrlctertetlca of the optlcll 

! . eourcea, flbera, 1nd tntarconnectton davtcea <connectora 1nd 
. . i 

~PIIcea) uaed to - Jotn lengtha of flbera togetht~. Tht purpoee of 

thla lectura la to lnveetlglte the - ~oupllng of an1rg~ froa an 

optlcll eource lnto flbara, and the effecta of lntrtnatc 1nd 

utrlnatc apl lce-loail Plrlmetera on tht trtnemt aa I on 

Chlrlcterlatlca of an optlcll flber I lnk. In lddltlon, ax•mptea 

of dlfferant typea of optlcll flber connectora 1nd apttcee 1r1 

gtven 1nd the tr•nemteeton toea of tha lntarconnectton devtcee 

Ira dI acuaaed, 

SOURCf COUPLING INTO AN OPTICAL fiBER. 

Tha couptlng of power from an optlcal eourca lnto 1 

fi bar la deflned by the coupt tng efflctency 

(1) 

where · P la . the power lnlected lnto the flber core 1nd P la tne 
f s 

output power of tha aource. The factore affectlng 11 can be 

bro1dly dlvldld lnto two c1tevorlee. The flrat c1tevory, tose due 

to unlntercepted 1 llumlnetlon, can ba caueed by tha eourca'e 
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111111ttlng erea belng largar than - tiie- f lber a core 1rea. 

crntortunately, the brlghtneea of 1n lmage on the flber core 

c1nnot exceed that of the eource 1nd ao 1n lntermedlata Iene 

cannot focua 111 the llgth lnto tha core. Even lf tha aourca la 

am111er than tha cora, rou can etlll hava problema wlth 

un•l ntercapted 111 um I n1tl on I f eapar1tl on and mleall gnment o f the 

aource 1nd flber 1xea 111ow e~ltted I lght to mlaa the cora 1nd 

ba eome loat. Coupllng loaa dua to unlntercepted I llumlnltlon can 

be ellmlnlted, howewer, lf the aource-emlttlng 1re1 1nd the 

flber-core 1re1 are properlr ~•tched 1nd lllgned. The aecond 

c1tegorr of coupllng loee thlt lffecta the efflclencr of aource­

coupllng lnto 1 flber 11 du1 to mlamatchea between tha tourca 

, be1m 1nd flber numerlc11 1perturee. For flber optlc communlcltlon 

eyatema two trpea of llght aourcea, llght-emlttlng dlodaa (LEOa) 

.1nd lnJectlon 11aer dlodea (ILDa) 1re trplclllr uaed. To Cllcullta 

tha coupllng loaa dua to nu~erlc11 1pertura ~lam1tch, we muat 

flrat daacrlba tha rldlltlon Ch1r1ctarlatlca of LED1 1nd ILDI • 
.... 

Tha radlatlon Plttarn obtalnad from 1n edga-emlttlng 

LED la elllptiCII In c roas eactl on wlth hllf-powar blllll 
o 

± 
o 

dl vergenca 1ngl1111 of 1pproxlm1talr ± BD 1nd 30 The 

r1dl1tlon pa:t11rn obtllnad from 1 double haterolunctlon luar 

dlod11 111 11110 elllptlcll In croaa aactlon but n1rrower In baem 

wldtn than 1n LED. l'or lxample, the trplcal half-power beam 

dlvergenca O f 1n ILD ere 25\ 1nd 5\ perpend 1 cu lar 1nd 
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parellel to the Junctlon plena, reapectlvel~ (eee flg. 1). 

TH~ORY . 

COUPLINO ~ffiCI~NCY USINO A CONICIL L~NS 

We eaaume a alngle-~ode leeer emlttlng an el llptlcel 

Geuaelen beem havlng epot elzee 1 end b. The leeer le located at 

z • O ea eeen In Flg. 2 • A elngle-mode flber wlth 1 apot-elze 

c end 1 thln conlcel Iene bullt on lta end recelve the Jlght. 

The Iene helgth la h end the core dlameter la 2W. la eeen In Flg. 

2 the tlp of the conlcal Iene le loceted 1t z • H. We eleo 

eaeume 1 known relatlonahlp between W and c. 

Let ue celculate the evolutlon of tha fleld radlated 

from the laser ae lt·travele through the alr, trevereee the Iene, 

and le coupled to the fundemental moda of the flber. 

The fleld lntenelt~ of the fundamental mode radlated br 

the laeer lnto free epaca 11, eccordlng to claeelcal Gauealan 

optlce theor~ 

where 

E = f • g z z z 
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f • (1 + i Az )- 1/2 
z na2 

2 2 
exp { _ !.__ ( l+iujna ] } 

a 2 1+ Pz/na2) 

• 

end A la the free-epece wavelength. The expreeelon for g la 
1 

obtalned from (3) aubetltutlng x and a wlth ~ and b. 

Ualng the thln-lena approxlmatlon, tha conlcel Iene la 

aaeumed to act aa a phaae ahlfter. 
2 2 1/2 

through tha Iene ( JC +y ) < W 
2 2 1/2 

the I e na ( x + r ) > W are 

• exp {i 

T2 • exp (- i 2 ~h 

The tranamlealon coefflclanta 

and through the alr outalde 

-
where n la the core lndex of refractlon. The fleld arrlvlng at 

the flber la then 

(5) 

Slnce tha fleld of the fundamental moda In the flber In tha 

Gaueelan approxlmatlon la 

c • exp ( - (6) 
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(a) 

SCHEMATJC REPRESENTATION OF FAR-FIELD 
RADIATION PATTERN OF INJECTION LASER DIODE (ILD) 

(b) 
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a,b 
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SINGLE MODE 
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LASER 

-
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-c 

SINGLE MOOE 
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Z•H 
SINGLE MODE 

FIBER 

FIG. 2 - Sche~atlca of laser to flber coupllng ehowlng epatlal 

parameters for (a) conlcal Iene, and (b) hemlepherlcal 

Iene. 
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the coupl lng efflclency between the laser and the flber la glwen 

br the followlng normellzed overlep Integreis:_ 

. W v:;c:;r CIO DO . 

I L dy J E ~HT1dx J :Ylz~vzEHT2 2 
+ dx J 

~r= o (7) 

J CD J~~ 
CIO a;, 

dxdy J .. f:l dxdy .. o 

The theoretlcel coupllng efflclency for the generel 

case of In erbltre~r leaer-flber comblnetlon hae been calculeted 

lncludlng In optlmlzetlon of the Iene geometry (h/W) end the 

leser-flber eeperatlon (H/W). 

The resulte for 1 srmmetrlcel beam are ahown In Flg. 3. 

The optlmu~ coupl lng efflclencr compared wlth butt coupllng ee 

well ea the requlred h/W and H/W ere ehown for the case of e/c • 

b/c renglng between O and I. In Flg. 3 , c/W • 0.98 whlch la 

ciosa to the value used In the experimente deecrlbed latsr. 

The con1c11 Iene, belng circular ermmetrlc, cennot 

corrsct for the el I lptlclty of 1 noneymmetrlcal beam. In such 1 

case, the Iene can 1t best match the flber spot slze to the 

geometrlcal mean of the laser spot elze. For nonsymmetrlcal baams, 

then, coupllng efflclencr la a product of two factors. Tha flret 
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c e n b e f ou n d f r om t h e "'\ c o n I c ai I e n se a I n F I g • 3 b y r e p I a c I n g 
112 

a/c • b/c by (ab) /c Optlmum Iene geometry, la well 11 the 

leaer-flber aeparatlon era elao determlned from Flg. 3 The -aecond factor takea lnto account the alllptlclty of the beem end 

la 

H • 
4ab 

(8) 

lt la plotted In Flg. 1 for 11 I lptlclt~ retloa e/b renglng from o 

to 1. We note thet for elllptlclt~ retloa ebove 0.53, " la hlgher 

then 0.9. 

COUPLING ~~~ICIENCY USING A H~"ISPH~RICAL LEftS WHOS~ WIOTH ~OUALS 

' TH~ fiB~R COR~ DIAHET~R 

Such 1 lena ma~ ba obtalnad In principie b~ tire 

pol lahlng or are maltlng the atchad cone. The calculetlon la 
• 

almllar to tha ona preaentad above. The conlcal Iene la raplecad 

by 1 thln hemlapharlcel lena whoae radlua of curvatura la r 11 
L 

aeem In flg, 2b Tha calculatad coupllng efflclancy, la wall 11 

the optlmum Iene geomatry r /W 
L 

H/W, era ahown In Flg. 5 

and tha leaer-flbar aaparltlon 

tor 1 aymmatrlcal beam whera c/W • 

0.9B. To examine the lncreeae In efflclency achleved by thla 

-a-
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'1. FOR INFINITELY WIDE HEMISPHERICAL LENS 

"1. FOR CONICAL LENS 
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FIG. 3- Coupllng efflclency ualng 1 conlcal lana 111 • functlon of 

laaar-to-flber apot alza ratlo for 1 aymmatrlcal beam. 

Optlmum valuee for h/W and H/W are ahown In the figura. 

Butt coupl lng la ehown for comparlaon C/W • O.BB. 
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FIG. q - Butt coupllng efflclencr fector "ea 1 functlon of 

elllptlcltr ratlo. The geometrtcat mean beam apot 1111 

equala the flber apot alta. 
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hemlepherlcal Iene over the conlcal Iene we compare figa. 3 and 

8 We note that the epherlcal Iene le more efflclent, but 

that the lncrease In coupllng efflclency le no more then 10\ for 

111 veluee of a/c • b/c. 

The efflclencles preeented above are dlfferent lf the 

ratlo c/W le changed •. For emell veluee of c/W the Iene ls 

effectlvel~ wlde and we approach tha condltlon of an lnflnltelr 

wlde Iene. lf c/W le larga, we approach the condltlon of butt 

coupllng. Haxlmum efflclenc~ under both theee extreme condltlone 

le ehown In Flg. 5 

LENS HANUfACTURIHO 

The Iene le menufactured br 1 selectlve chemlcal etch of 

the flber. tt ls conlcal In ehape and ma~ be flre pollahlld orare 

meltad lnto 1 hemiiiPhllrlcal ehape. ltll base alware equale the 

flb11r core dlameter. Thle Iene hae two maJor edventagee: (l)lt la 

aaer to manufacture end le r11produclbl11: lt aleo allowe batch 

proc11utng: (2) lt la automatlcall~ allgn11d wlth the flber core u 

ee11n In Ftg. o? 

EXPERIMENTAL RESULTS 

A I .3 um FuJiteu double channel planar burllld 

hat11roetructure lail"ar wae ue11d In thl 11xper lln11nte. The lnfered 

bum spot 1111111 w11re I • 0.03 um and b• 0.9 um. Hence, a/ b • 0.7 
1/2 

and <ab) /c • 0.17. lccordlng to flg. 3. the calculated coupl lng 
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fjG. 6 - Coupl lng efflclency uelng a epherlcal Iene ae 1 functlcin 

of laeer-to-flbar apot elza ratlo for 1 aymmetrlcal 

' beem. Optlmum valuee for h/W and H/W are ahown. C/W • 
·, . 

0.98. 
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I 
lfflclenc~ le epproxlmetell~ 67\, rrom flg. 1, the elllptlclt~ 

ficto r la H • O. 97, wh I c h reduce• the coup ll .n11 . 1ff I c lency to B5'1i. 

Hlnlmum fre1nel lo1111 would drop thle number to the levei of B2'1i. 

The experimental resulte for thl coupllng efflclenc~ era ehown In 

flg. 7 ee 1 functlon of etchlng time. One can observe froa the 

figure thet the maxlmum coupllng efflclency 11 around B2'1i. lt 11 

lmportant to notlce that mexlmum coupllng wae obeerved uelng 1 

cone-trunceted Iene. ftchlng tlmee longer then 2.5 haure leed to 

totell~ conlcel Iene hevlng coupl lng efflclenclll of 55'1i. The•e 

re1ult1 ere predlcted b~ the preeent model. Cone-truncatad 1en1 

cloeely · reeemblee. tha epherlcel ehepe, whlch accordlng to the 

model provldee better coupllng to the flber. 

The celculeted butt-coupl lng efflclency la 28\, whlch 

egreea, wlthln thl experlmenetal errar, to the meaeurad value. 

Accordlng to flg.3, the requlred Iene ehould have h/W • 0.88 whlch 

la cloee to the value ueed In the experlment (h/W • 0.8>. In 

optlmum worklng velue of h/W • 1.3 wee eet for maxlmuM coupl lng 

whlch meete to the predlcted retlo. The experimentei c/W ratlo wae 

eround 1.1, eomewhat ebove the value ueed In the celculetlona (c/W 

• O.BB), 

'j. CDNCLUSIONS 
I 
1 lt la pruentad 1 theoretlcel deelgn of both conlcal and 

hlmlapharlcal mlcrolanlll, whole wldthl coincidi wlth the cor• 

-13-
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fiG. B .- ChemlcaiiJ etched conlcel leneee on 1 elngle-mode flber. 

h/W • O.B. 
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fiG. 7 - Coupl lng efflclencles 1s 1 functlon of etchlng time for 

(e) e slngle mode flber, 1nd (b) 1 gr1du11 multlmode 

flber coupled to 1 ILD. The coupllng efflclency obeerved 

between 1 HH flber 1nd 1 LED le ehown b1 curve (c). 
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. dlemeter. HaKimum coupllng efflclanc~ ea wall ea tha optlmum Iene 

geometr~ end laeer-flber eeparatlon have been calculated for a 

wlde range of laeer beem end flber epot elzea. Optlmum eeparatlon 

• between flber and laeer le alwa~a flnlte eo that the uee of theee 

leneea avolda tha nead to brlng the two lnto cloae ph~alcal 

· proKI~It~. We conclude that the use of theae elmple lenaea 

l~provea the couplln; efflclencr In prectlcal caaaa b~ larga 

•~ounta. The aKperl~ental reeulta preeented aupport thla 

conclualon. 
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SPLJCfS ANO CONNfCTORS 

INTROOUCTION 

The functlone of epllcee end connectore are to 

lnterconnect the tranamlealon media and to connect the Mtdla ta 

optlcal devlcee. SpiJcea ara Jntended to atar permanantlr 

connect~d. Connectore, on the other hend, are deelgned tar 

trequent eeperetJon end reJolnlng. The moet operetlonellr 

elgnlflcent eretem pere•eter of theee componente 11 optlcal loaa. 

Tha Joae la dependent on aJJgnment of the flbera. the end 

condltlona of the flbera. and tha flber-cora paremetera Cprl•erllr 

core dlemeter and peek lndex dlfferenca In •ultlmode flbera, end 

~ode-fleld dlemeter In elngle-•ode flbera). Theee flber-cora 

pere~etere era not under contrai of the epllce or connector 

deelgn. 

The technologr of llghtweve erate• hee ehlfted fro• the 

greded-lndex ~ultlmode CMM) flber to elngle-mode CSM) flber thet 

opereta• et 1310 nm end/or 1550 nm In eeeentlel Ir 11 I eretema. Thl 

amei ler · core alze of SM media mekee epllclng end connectlng •uch 

mora dlfflcult. Moat SM coree are ebout 8 u• In dlemeter compered 

to 60 or 82.6 um for MM coree. 

The optlcel Jose of 1 apllce ar 1 connector la dlrectlr 

releted to the eccurecr of the ellgnment, end for 1 glven proceea, 

the coat lncreeaee wlth eccurecr of allgnment. The cores of SM 

flbere muat be ellgned to wlthln I um In e connector, wlth ao 

-17-



~reenel reflectlon loae, to obtaln 1 loee of a few tenthe of a dB. 

Hlatl lgnment cen be up to 3 um lf 1 loae of 2 dB le tllowed. The 

coat of the connectore tende to dlffer lnvereelr br tbout the eeme 

r.ttlo. 

Optlctl-loee requlremente tre not thl etme for 11 I 

~ppllcttlone. Low-loea co~ponente 1r1 neaded for long-htul 

lntercltr trunka to get mtxlmum epaclng between regeneratore. An 

overvlew of the designe and performance of epllce and connectora 

le preaented. 

SPLICING 

The two fundamental approachee to epllclng optlcal 

flbtrt are fuelon weldlng and mechanlcal Jolnlng. Both ~ethoda 

raqulrt three baelc eteper 

1. ~lber tnd preperetlon 

2. AI lgnment of the flbere 

3. Retentlon of the flbere In the 11 lgned poe1tlon. 

Are fuelon I e uaed br manr for epl lclng optlctl flbere. 

In thla me\hod, the flber anda ere cleaved end allgned, tnd the 

ende ere melted and fueed to retaln the allgnment. In elngle-mode 

fuelon, the flbera 1r1 allgned wlth x-, mlcropoeltlonera that 1r1 

drlven wlth 1 feedback elgnal to peak the tranemlaelon of the 

epllce. Oeaplte automated allgnment and fuelon proceeeee In the 

newer machlnee, the qualltr of the epllcee le etlll eenaltlve to 

-18-
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emtll Vtrlttlone In the executlon of the three beelc etepa tnd to 

unfevoreble envlronmental condltlone. Averege fleld-epllclng tl~e• 

nrr grutly from 15 to -40 mlnutee per epllce,· due moetly to 

envlronmentel effecte. 

To tchleve tvertge aplica loeeee of 0.1 to 0.25 dB wlth 

fuelon In the fleld, reepllclng le frequentlr requlred to 

el lmlntte hlgh-loee epllcee. fuelon epllcee 1re phyelctllr the 

emtlleet 1nd when properlr m1de h1ve extremelr atlble loee over 1 

wlde te~per1ture r1nge. fuelon epllce le currentlr the moet wldelr 

ueed ~ethod. 

figure B le 1 echem1tlc dlegrem ehowlng how flbere 1re 

welded together uelng 1n 11ectrlc 1rc. Obeteclee 1eeocl•ted wlth 

fuelon epllclng 1re rel1ted to the l~perfect prep1r1tlon of flber 

ande, tha dlfflcultlee aeeocllted wlth prttllgnlng the flbert to 

be IPIIced, 1nd the tenelle etrength of . the fueed flber. 

lmplementlng the fuelon proceee wlth flbere thlt 

ande Ceurfece roughneee, angle, or llpe) can 

h1ve lllperfect 

reeult In 1 

dletortlon of the core 1nd formatlon of emaiL alr 

IVOid theee problama, IUtomtted fuelon teet eete 

developed wlth the followlng fetturee: 

bubbles. · To 

h lVI been 

- tn optlcal vlewl .ng 1rr1ngement to elmpllfr flber preallgnment, 

- a prefuelon proceee uelng 1 low-energr 1rc dlechtrge to round 

the flber ande 1nd 1vold bubble for~atlon, 

- 1 contrai led lnward 11ovement of the flbere durlng fualon to 

prevtnt necklng 1t the fueed Jolnt. 

-19-
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~IG. B- Schem•tlc ehowlng fuelon epl lclng uelng •n electrlc erc. 
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Completed tueed epllcea ehould be lncorporated In a 

protectlva packaga and atorad wlth llttla or no . ~anal la loadlng to 

awold machanlcal problema In the vlclnlt~ of the aplica. Oeaplta 

eome of tha dlfflcultlaa aaaoclatad wlth tuelon apllclng lt 11 one 

of tha moet promlalng tachnlquaa currentl~ avallebla for 

parmanantl~ Jolnlng IndiVIdual flbara. 

In machanlcal epl Ieee, the ground and pollahad anda are 

ellgned and buttad togethar wlth a matchlng gal ar adhaalve 

between the anda. Allgnmant la malntalnad mechanlcell~. So•• 

daalgna combina end almpllf~ tha thraa bealc oparetlone of end 

preparatlon, allgnmant, and retantlon to achlave lncreaeee In 

performance and productlwlt~. Raflactlone fro• tha flbar and facae 

can ba meda ••ali anough thet tha~ do not Interfere wlth thl •o•t 

eophlatlcatad tranamlaalon a~atema b~ ualng propar lndax •atchlnt 

gala or adhaalvaa. Tha remalnlng amall raflectlona are an ald I• 

anal~tlng faulte along a flbar routa wlth an optlcal time domaln 

raflactomatar. 

INTRINBIC ANO fXTRINSIC LOSB PARA"fTfRS 

Tha loaaaa lntroducad b~ machanlcal apiiCII and 

connectora ara an lmportant factor to ba conalderad In the dealgn 

of a flbar optlc a~ate• alnca tha~ can be a elgnltlcant part of 

tha loaa budget of a multi-ti lomater communtcatlon llnk. Loeaea of 

apl Ieee and connactora can ba groupad lnto two categorlaa 11 ahown 
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.. 
. In f'lg, B. The flret categorr of loeeee te retated to the · 

tachntque ueed to Joln flbera and la caueed by extrlnelc Cto the 

flber) parametere euch ae traneveree offeet between the flber 

«<: oree, end uperatton, axial tllt, and flber end quatttr. The 

aecond categorJ of loeeee te ralated to the propertlee of the 

flbere Jotned end la referred to ee lntrlnelc <to the flbere> 

epllce loee. lntrlnalc perametere lnclude varlattone · In flber 

dlameter (both cora and cleddtng), lndex proflle C a and 6 

mlamatch), end ai llpttclty end concentrlcltr of the flber cores. 

EXTRINSIC SPLICE LOSS FACTORS 

e TRANSVUSE OFFSET 

e LONGITUDINAL OFFSET 

e AXIAL TILT 

e FIBEit END QUALITY 

INTRINSIC SPLICE LOSS F~CTOR.S 

e FIBEit DIAMETEl VARIATION 

e a MISMATCH 

e t1 MISMATCH 

e ULIPTICITY AND CONCENTRICITY 
OF FIBER CORE 

FIGURE B - lntrlnelc and Extrlnelc Spl lce-Loae Factore 

l number of anetytlcet modele have been developed to 
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determine the effect the 

peremetere heve on epllce loee. 

verloue lntrlnelc and 

flg. 10 compares the 

extrlnelc 

reletlve 

lnfluence on epl Ice loee of tht maior extrlnelc -peremetere ot 

transversa offeut, end eeperetlon, and exlel ti lt, for ~ultlmodt 

greded-lndex flbere. Spllce loee le elgnlflcentlr ~ore eeneltlve 

to treneveree offeet end exlel ti lt then lt I e to longltudlnel 

offeet. for exemple, 1 tranaverea offeet of 0.11 core redil or en 

exlel tllt of degree (for 1 flber wlth en NA • 0.20) wlll 

produce 1 apl Ice loee of 0.25 dB. A longltudlnel offaet of one 

cora redlua wl li produce 1 loee of oniJ 0.11 dB. 

A metchlng meterlel wlth 1 refrectlve 

epproxlmeteiJ the aeme •• thet of the core la ueed to reduce 

lndea 

tht 

freanal reflectlon loee ceueed br the gleee-alr lnterfecea between 

tht coupled flbere of 1 Jolnt. 

Tht ~lematch of lntrlnelc ~ultlmode greded-lndea flber 

peremetera cen eleo elgnlflcentiJ effect the loee of 1 epllce. 

flg. li li luetretee how epllce loee I e lffected bJ core radlue 

or A mlematch end flg. 12 ehowe how lt le lffected bJ a 

~lemetch. The~e curves were obtelned uelng 1 model In whlch 1 

gaueelen dletrlbutlon of the power wlthln the eolld engle deflned 

br the loctl numerlcel eperture tt eny polnt on the flber core ••• 

eeeumed. Seneltlvltr of apl Ice loee to ~lematch le therefore 

aubetentlel Ir Ieee than thet for ~ or core-redlue mlemetch. 

Although general Ir Ieee algnlflcent, other lntrlnelc mlemetch 

parametere, auch ee core el I lptlcltr end concentrlclty, do 

contrlbute to the total loee of 1 epllce. 
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In eummary, the moet lmport1nt extrlnelc paremetere that 

cause loee are transversa offeet 1nd IKIII . tllt. One ~uet 

Clrefully deelgn both connectore and epl Ieee to very tlght 

tolerancea to minimize theae extrlnalc par1metera. The ~oat 

1enaltlve lntrlnalc fectora that cause aplica loaa are tha 6 1nd 

cora-radlua mlematch of tha flbera belng Jolned. To mlnl•lze the 

tlght affact lntrlnelc perametere have on epl Ice loea, 

manufacturlng tolerancea on tha flbera uaed In 1 low-loae 

communlcatlon eratem ~uet be malntalned. 

The offeet loae of alngll-mode flbere dependa on the 

form of the propagatlng moda. In both SI and parabollc-lndex 

flbera, the beame are nearly Gauae11n. The loea between ldentlcal 

flbera la 

L •- lO log (exp- (d/W) 2 ) (9) 

where w la the apot alze. For SI flbera oparatlng cloae to 1 

norm111zed frequency V of 2.105 the epot alta la about 1.1 tlmea 

the core rldlua. The elngle-~ode IKIII dleplacament loaa la 

plotted In Flg. 13. Becauae the epot alta la only 1 few ~lcrona, 

we realize that efflclent coupllng of elngle-moda flbera raqulree 

1 very hlgh degree of mechanlcal preclalon. For 1 loae of I dB, 

[q. g ylelda d/w • 0.18. lf tha epot elze la 1 fm, the 

ai lowable mleal lgnment la only I .9 u~. 
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fiG. 13- Lateral ~leallgn~ent loee for elngle-~ode flbere whoee 

mo dai 1 p o t si 11 I e W. 
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for alngle-~ode flbere the angular ~leallgnment loee la 

(10) 

whara e la the r1dlane, w 11 the G1uee11n 1pot 111a, 1nd n 11 
2 

the rafractlve lndex of the claddlng.Tha loaa · la plottad In flg.l~ 

for two dlfferent SI flbera, both havlng 1 norMallted frequancr of 

2.~ and 1 claddlng lndax of I.~B. Aa wlth the multl~ade ca1e, tha 

loea lncreaeea ~ore qulcklr for the flber wlth the amaller 

nu~erlcal aperture. 

The gap loaa for alngle-mode flber1 11 

4 (4z 2 + 1) L • - 1 O log ---:-!....:..::;..__,:..-..::...~_~ 

(4z 2 + 2) 2 + 4z 

(11) 

Thla reault 11 plotted In flg. 15 for 

1 flber havlng NA • 0.12. for thle example, 1 gap of lO tlmea tha 

cora radlua producea a loaa 1111 than o.~ dB. We conclude that tha 

gap la not too criticai. la wlth multlmade flbere, axial 

~leal lgnmant la potentlallr the moet eerloue problem. 

INDIVIDUAL-PIBfR SPLICfS 

lndlvldual-flber epllcea can uae glaea capllarr tubel to 

provida robusta, eaer-to-handle termlnatlona for Individual flbera 

In much the aame war aa ai I lcon chlpa do for multi pie flbera. 
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lccuraclaa and tolerancea of gtaaa tubas comblnad wlth 

careful mechanlcal daalgn allow MM and SM flbera to be apllced 

wlth avarage aplica loaeea of 0,30 dB wlthout uelng any teat . 

equlpment. Actlve allgnmenta allow tunlng of rotary SM apllcea to 

Ieee than 0.05 dB evan when epl lclng la dona In the fleld. 

The MM •achanlcal apl lca waa tha flrat glaaa tuba 

aplica. HM flbara ara ter•lnatad In glaaa-tuba aeaembllaa ualng 

ultravlolat-curabla camant, and the anda ara ground and pollahad, 

Each farrula la lnaarted In oppoalta anda of a cyllndrlcal 

allgnmant ateava and lndax •atchad wlth tha aame gal uaed wlth 

afllcon chlp errara. Spllca loaa avarage 0.2 dB wlth no tunlng or 

can ba tunad to balow 0.1 dB by actlva allgnment. Loaaea are 

acceptable for MM flbara but not for SH flbara • 

To achlava SH epl Ice loaaea of 0.05 dB requlraa cora 

allgnmant to wlthln 0.1 fFn• The rotary machanlcal aplica 

conalatantly achlavaa auch allgnmant wlth n~raclalon poaltlonera 

; of any klnd. 

Tha principie of operatlon for tha rotary machanlcal 

• aplica la ahown In flg, IB Each flber la mountad allghtly off . 
cantar In 1 glaaa farrule, and the two ferrulea are offaet 

relativa to each other ao that two poaltlona of perfact ai lgnment 

are aval labia when the ferrulee are rotated. The rotary machanlcal 

aplica la manually adlueted to one of theee poeltlone wlthout 

eophlatlcated poeltlonera. 
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fiG. 18 - Rotar~ aplica and tha allgnment eleeve for rotlrf 

11achan I c a I ap 11 c e. 
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Flg. 18 ehowe the allgnment eleeve for the rotery 

~echanlcal apllce. Thll eleeve la dealgned to obteln extremely 

stabla epllce loee (0.02 dB varlatlon) over 1 wlde temperatura 
o o 

range <-~o f to + 170 f) wlth no residual loee. Productlvlty la 
· ~ 

tJplcaiiJ 10 mlnutee per aplica lncludlng termlnatlon, tunlng, 

teetlng, and aplica etorage • 

An enhenced, eecond-generetlon roterr aplica - called 

the preal lgned roterr (PAR) s" aplica- echlevee low loee (0.20 

dB) wlthout tunlng. Spllclng proceduree and toterencee of the 

gleee tubee heve optl~lzed to achleve theee resulte: however, the 

epllce can be optlonaiiJ tuned to valuee below 0.05 dB wlth actlve 

allgnment. The three largeet offeet-produclng effecte In gleee-

tuba s" apl Ieee era: 

- Eccentrlcltlee In the bore of the gleee tubee 

- Dverelze dleMeter of the bore 

- Eccentrlcltlee In the core of the flber. 

A eecond exe~ple of a per~enent aplica thet utllltea en -ai lgnment ~ember 11 cel led 1 Sprlngroove epl Ice end 11 ehown In 

Flg. 17 . • Thla aplica ueee 1 bractet contalnlng two crllndrlcal 

plne 11 the ellgn~ent ele~ent Cgroóve) for the flber anda belnt 

epllced. The dle~eter of the cyllndrlcel plne la eelected to 

eneure thet the upper rim of the flbere ateye ebove the 

cri lndere, 11 ahown In Flg. 17b • An eleetlc element Ca aprlng) la 

ueed to keep eech flber end preeeed In the groove and 1 drop of 

commerclel optlcal epoxr la edded to complete the apl Ice. A 
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(a) EXPANDED VIEW OF SPRINGROOVE® SPLICE 

(bJ SCHEMATIC OF CROSS SECTION OF SPLICE 
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NUMBEA OF SAMPLU: 9• 

MEAN ATTENUATION: 0.046 dB 

I 
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(c) HISTOGRAM OF LABORATORY SPLICE LOSS DATA 
FIG. 17- Sprlngroove spllce. 
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~latogram of loaa data raaultlng from laborator~ testa performed 

utllltlng Sprlngroove aplicas le ahown In Flg. 17c • The avuage 

J oae for theae laborator~ testa ualng ldentlcal multlmoda graded-

J ndeK flbera waa O.O~B dB. 

LOCAL INJECTION DETECTION 

Both fualon 1nd ~ech1nlc11 apllcea oftan ua1 1ctlv1 

111gnment to mlnlmlta offaete. Although flr-end tr1namlee1on 
l 

monltorlng haa been uaed In the fleld, lt la 1 cumberaome 

tachnlque comp1red to the convenlence of local llght detectlon. 

Local detectlon can ba dona b~ aanelng the llght trenemltted 

through tha aplica or aanalng the llght loat 1t the aplica. lhe 

aanaltlvlt~ of local loaa datactlon la 200 tlmea graater than the 

aenaltlvlt~ of local trenamlaalon. Becauaa 1oc11 loaa datactlon 

. equlpment can ba na li~ cal I bretad, 1ccur1te epllce-loea 

• 

meaaurementa can alao be eccompllahed wlth thla technlque. -There ere two fundamantal proceaaea ueed · to lnJact or 
. . 

couple I lght l~to tha core . of 1 elngle-mode flber: . m~croben~lng 

1nd macrobvndlng • . Theee banda couple llght from the ·fund1mantal 

LPOI moda to tha LPII l"a 'ak~ 111ode and vice-verse. Conventlonall ~. 

I lght from 1 O.B-to · o. e- 1m LEO aourca la tocuaed on ~o 1 

· relatlvel~ · emall r1dlua (to I to 5 mm) m1crobend to lnJ~ct 

tiplcall~ -50 dBm or Ieee llght lnto the flber. Although thli 

technlque wlll .work eatlaflctorll~ wlth tranemlaelon datactlon,. 
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~oet flbere era not elngle-mode et O.B to 0.9 fm. Horeover, 1 

lerge portlon of the -50 dBm la eo~etlmee In the cleddlng: end 

flber-to-flber verletlon le ueuell~ hlgh. Theee factora co•blne to 

~leld poor epl Ice ellgnment end glve no lndlcetlon of epl Ice loee. 

Local llght lnJectlon uelng ehort-perlod, emall-

amplitude mlcrobenda hee eeverel edventegee: 

1. The moduleted 1.3- pm leaer eource excltae the tlngle-mode 

flber properl~. 

2. Greeter than -35 dBm cen be lnJected elmoet toteltr In the 

cora. 

3. Bendlng etreaaee are Ieee then 50 kpal. 

1. flber-to-flber verletlon •• low. 

A echemetlc of the mlcrobendlng regton lteelf appeere In 

flg. 18 • 

RAPtO RIBBON SPLICING 

In the repld rlbbon apl lclng, 111 21 flbere of 1 apllce 

are ground end pol lahad almulteneoual~. Then 1 portlon of the 

rlbbon la removed, end the bare flbere era pleced lnto 1 grooved 

eubetrate wlth the ande butted. Tha contlnuoue groovea of tha 

. eubttrata ~llgn the flbera, end 1 metchlng get le pleced betwean 

the flbar ande to reduce the aplica toea end reflectlon. A molded 

cavar la pleced over the flbare end aecured wlth aprlng feetenera 

to reteln tha 11 lgnment. Onl~ elmpla hand toole, 1 vecuu• pump, 
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To rotary apllce ~ 

' 

From local 
lnjectl on m~t 

fiG. 18 - Schemetlc of lacei lnJectlon b~ mlcrobende, 
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and 1 flxture wlth a low-power mlcroecope are requlred to mate the 

IPI Ice, 

Averege epl Ice loaa la 1bout 0.35 dB wlth 1 at1nd1rd 

devlltlon of 1bout 0.3 d8. Tha apllcea era vary atlble: ldded loaa 

ovar 1 temperatura cycla from -10 ~ to 170 ~ la Ieee than 0.05 dB 

wlth no residual loaa after cycllng, 

CONNfCTORS 

Optlcal flbar connectora are uaad to coupla llght from 1 

aource to flber, from one flber to 1nother, and from flber to 1 

detector. The flrat and thlrd are apec111 appllcatlona and wlll 

not ba dlacuaaed hera. 

By far the moat popular conflguratlon for optlcal flber 

connectora la the preclalon-al lgned butt Jolnt wlth ground and 

pollahed enda. Tha flbera are poaltloned and held In eupportlng 

ferrulea ae the enda are ground and pol lahed. The,~ ferrulea, 

whlch are uaually cyllndrlcal or conlcal, are than allgned In 

aleewe coupl lnga (flg. 19 ), Good allgnment of the flber cores 

requlre precise dlameter and 

cyl lndrlcal ferrule and eleeve, 

concentrlclty contrai of 

and precise tapar langth 

concantrlclty contrai of the conlc1l parta. 

the 

1nd 

Some connectora uaa an expanded-beam Iene, aa ahown In 

Flg.l9c Thla connector haa relaxed concantrlclty requlrementa 

but thla la offaat by mora atrlngant angular requlramenta. 8ecauee 

the anda cen be ae1led wtth gtaaa dlaka, the connector la Ieee 

-39-



.. 

• 

The molded blconlcel ptug connector ahown In flg, 20 lt 

wtdal~ ueed ee pert of 1 Jumper ceble for 1 verlet~ of centrei 

offlce IPPIIcetlone In the Bell e~etem. lhe hllrt of thll 

connector I e t blconlcel eleeve whlch tccepte two pluge tnd ai lgne 

the exee of the flber ende that are centrallr loceted In theee 

ptuge. An lnherent adventage of the conlcel allgnment 

conflguratlon le thet vlrtuell~ no abraelve wear occure wlth 

repeated engegement of the ptug and tllgnment eleeve. No contact 

occure between the mettng parte untll the ptug te futlr aeated 

wlthln the btcontcet allgnment eleeve. eoth the pluga and the 

tllgnment eleevee are tranefer-molded uelng a fllled thermoeettlng 

epox~ to enhance dl~enelonal accuracr and etabllltr. Each plug la 

molded dlrecttr onto a flber. careful prepoeltlonlng In the 

tranefer mold eneuree that the flber core lt concentrlc wlthln a 

few mlcrometere to the tepered end eurfact of the ptug. After 

~oldlng, the end of the flber la ground and pol tehed. To complete 

• a connectlon the two ptuge are lneerted' lnto tht blconlcal 

attgnmnet eleeve ae ehown In Ftg. 20. The loweet average meeeured 

lneertlon Joee obtelned wlth ldentlcel 60 pm/125 pm graded-lndex 

flbere (NA • 0.23) for thle connector wee 0.11 de end 0.2 0.1 

dB for elngle-mode flbere. Freenel reflectlon loet cen be 

vlrtuell~ allmlnated In thle connector br allowtng phrelcel 

contact o f the carefu 11 ~ po 11 ehed f 1 bar end faces. 

The next connector deelgn that we wlll dlecuee ueee a 
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Biconic alionment slteve 

~+-------- 4·6cm -------" ..._-----3·6cm-----

FIG. 20- Expanded vlew of 1 blconlcal connector. 
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three-bell ellgnment conflguretlon to center 1 flber In 1 ferrule 

errengement ahown In flg. 211. The flber la loceted In 1 groove 

for~ed b~ two belle end held In plece b~ 1 thlrd blll. To eneure 

correct locetlon of the two flber ande the~ ere loceted wlth 1 

•lcroecope end receeeed wlth reepect to the end plane of the three 

bel la. The flbere ere then permenentl~ 1tt1ched wlth 1n edheelve. 

The geometrlcel chlrlcterletlce reletlng the flber end receee and 

bell redlue ere ehown In flg. 21b. B~ preeelng together the two 

eete af three belle, eutometlc ellgnment of the two flbere 11 

brought ebout. lt ehould be noted thet the onlr hlgh-preclelon 

componente In thle connector era the tungeten cerblde belle thet 

era lnexpenelve end eeellr ~•nuflctured wlth tolerencee af ± I ~m. 

Averege lneertlon loeeee of 0.5 to 1.0 dB heve been reported uelng 

1 50-pm core-greded-lndex flber. A •odlflcltlon of the three-blll 

connector uelng flber beed ter•lnltlone le ehown In flg 21c. lhe 

beede, whoee epherlcel fleme-pollehed eurfecee reduce coupllng 

loeeee due to lmperfect flber clelvlng, ire produced uelng In 

electrlc erc dlecherge. An lnexpenelve molded pl1etlc connector 

. uelng 1 three-bell lneert end flber-beed termlnetlone hed an 

everege loee of 0.8 dB. 
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81DIR~CTIONIL COUPlfRS 

INTRODUCTION 

To perform eome of the baste functtone requlred In enr 

optlcel eretem, eeweral ln-ltne optlcal flber componente were 

dewlloped, . euch ae polerltatlon controllere, modulltore, power 

dlvldere, p1ee1we flltere, and flber ampllflere. One of the 

lmportant functlone that waa flret coneldered wae the tranefer of 

elgnal powar between two optlcal flbere, whlch la tha prarequlalte 

for manr lntereatlng appllcatlone. Vartoue epproechee were 

1nv11tlgated br dlffarent authora, uelng elther multlmode or 

elngle 1110d1 flbere, · whlch led to eueral coupler geometrlee. So111e 

of theae epproechee retr on evaneecent wave coupllng, whlch 

raqulree that the flber cores be brought cloee enough to each 

other to make poeelble thl lnteractton of the evaneecent flalde . 
whtch extend Juet outelde of the corea. However, and eepeclatlr In 

tht case of elngle modt flbtrl, thl flber core le rather emall and 

burlld lnelde a 100 Fa dlam1t1r claddlng, eo that aceee to tha 

gulded 111ode le)generally dlfflcult. 

Three maJor techntquee of fabrlcatlon of flber-to-flber 

couplera have been publlehed to date. "ultlport flber couplera 

were fabrlcated uelng a tualon method. Slgnlflcant coupl lng ratloa 

(up to 50 percent> 1nd ralatlvalr low 1011 (0.2 dB> were reported 

wlth euch couplere uelng multlmode flbere. In etchlng method haa 

1110 been publ lehed In whlch two elngle mode flbere are chemlcel Ir 
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etched untll moet of the flber cleddlng la removed. fl~all~, 

~echanlcal pollehlng hae been ueed to demonetrate eftlclent 

coupllng, 

We preeent In thle lecture 1n overvlew of the baslc 

• principies on whlch pollehed end tueed bldlrectlonal cou~lera 

operate. Detalle of the febrlcatlon ere glven end the experimental 

• resulte 1re dlecuaeed b1eed on al~ple theoretlcel conelder•tlone. 

~ 

POLISHED COUPLER 

A echemetlc ot the flber · coupler la ehown In flg. 22 · . · A 

length of optlcel flber 11 bonded lnto 1 elot In a qu1rtt block 

wlth parei lei, pollehed f1caa. To provida 1ddltlon11 mech1nlc11 

ltlblll·ty durlng pollehlng, end to contrai the length ot 

lnterlctlon In the finei devlce, the botto~ of the elot 11 glvan 1 

canvex curveture wlth a epeclfled redlua • . The eurfeca of the 

eubatrata la flret ground, then pollehad untll the dealred 

proxlmlty . to the flber core la obtalned. ~he dletence from the 

• eubetrete top eurf~c~ la ~••aured elth~r wlth a low . de~th of (leld 

~lcroacope; wlth e _mechenlcel tnetrument or by ~ee~ur\ng the axla 

dl~enelone·~f the oval ·pettern at the lnteraactlon of the cl~ddlng 

and the eubetre~e~ ~han anough e~betrata hle baen removad; two · 

. auch eubetretee era ~eted to form 1 coupler, ae enown In flg.22c • 

Obearvatlon of tha lnterferance pettern produced wlthln the thl~ 

leyer of 11r between · the two · aubatratee ylelde lmportant 
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(a) 

( b) 

. fiG. 22- Geometry of the curved-flber optlcal coupler ehowtng ta) 

the poeltlon of the flber In lta quartz eubatrate: (b) 1 

longitudinal and tranaveraa croaa-aectlon of the 

aaaembted coupter. 
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~lnfor•etlone on the qualltr ot tht pollthtd eurfacee. 

Ourlnt prell~lnerr teata end routlne operetlone, the 

cov9~1r lt placed In a holder prorlded wlth ~lcro•etrlc ecrewe to 

adtuet the poeltlon of the top eubetrate wlth reepect to tht 

b~tto• eube~rete (flg. 23 ). The purpoee of theee poeltlonere 11 

twotold: flrat, to allgn the flbtrl paralltl and auperpoeed, Whlch 

ca~ bt chected by lootlnt at the oblong claddlnt patterne of the 

tlbera through the top eubetrete wlth e ~lcroecope: aecond, to 

otteet the top flbar wlth reepect to the botto• flbar br eny 

••ount. 

THeORETICIL "ODÉL .. 
In the el~ple ceee of a elngle flber, tht were equatlon 

.~ubtectad to en epproprlete eet of boundery condltlona cen ba 

eolrtd exect ly, lttdlng to e good ~athe•etlcel deecrlptlon of 111 

t~e flbtr Modee. When two flber core• ere neerby, ee In 1 flber 

coupler, lt 11 ~ore dlfflcult to derive en er.ct enalytlcel for• 

of• the algenmodee of the ereta~. melnlr beceuee of the ernmetrr 

breekdown lntroduced br the preeence of 1 eecond wawegulde. 

In .order to eolve the theoretlcel proble,. of 1 two-

wawegu ld e eyete•, en alternete epproxlmete method ••• developed 

whlch ueee e perturbetlon tormelle•. When two lllltlectrlc 

weweguldee ere plec"d elongelde eech other, tha lntroductlon of 

the eecond gulde dletorte the fleld dletrlbutlon of the guldtd 

Mode of tne flret gulde. Tht epproxlmetlon conelete In eeeu•lnt 

-se- •, 
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fiG. 23- Generel wlew of 1 flber coupler In lt1 holder. 
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• 
· that eech wevegulde moda dletrlbutlon remalna unperturbed, and In 

axpraeelng the fleld of the two-wavegulde a~atem ae a linear 

comblnatlon of the unperturbed fleld of each wavegulda In whlch 

the fleld coefflclente depend on the poeltlon 1 along the 

dlrectlon of propagatlon. Thle z-dependence, whlch accounte for 

the tranefer of alactro~agnatlc energ~ batween the IXCited 

waveguldee, hae been expllcltlr calculated b~ eeveral euthore. The 

• power dletrlbutlon after a dletance of lnteractlon 1 lnaldl a 
l 

loeeleee coupler conaletlng of two parai lei waveguldee 11 glven br 

P3 • Pl cos
2 (CZ) 

P4 • P1 sin2 (CZ) 
(12) 

where P 11 the power launched In wevegulda 1 at 1 • o, and c 11 
I 

the coupllng coefflclent for the two couplera ~odea under 

conelderatlon. Tha gulded energ~ la perlodlcel Ir traneftrred back 

and forth between the weveguldee wlth a apetlal perlod called the 

coupllng length, equal to L • '11/êc. The cii'llplng coefflclent 11 
c 

elmplr glven b~ the apetlal overlap of the two lnteractlng 
• 
wtvegulde modee 

dxdy (13) 
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whare n(x,~) la the refrtctlve lndex proflle of the w• veguldea, n 
2 

11 the refrtctlve lndex of the aurroundlng ~•ter111 Ccleddlng or 

eubetrtte), P la tha tot11 power carrled 11~ the waveguldea, w 
I 

11 the tngultr frequenc~ of thl optlctl elgn11 end E tnd E 
2 

tre the electrlc fleld dletrlbutlone of the lnterectlng •odee. for 

thl curr1nt IPPIIcttlon, the e•tll nu~erlctl eperturee of thl 

optlctl flbere ueed In our couplere tllowed ua to teeu•e A n/n • 
I 

Cn - n )/n « I ao thlt Eq. 13 c1n be aolvad end 
I 2 I 

Whlrl l 

cleddlng 

c • 
K

0
[v(h/al) 

K12 (v) 

11 the elsn•l w•velength, n tnd n 

(14) 

1re tha core tnd 
2 I 

rtfrtctlvl lndex of the filiar, reepectlvely, I 11 thl 

filiar cor• rtdlue, h_ la the dllttnce lletween flller ule tnd K tra 
I 

the •odlflld Beeeel functlone of tht eecond klnd tnd of arder 1. 

The p1rtmeter1 u tnd ' 1re the treneverea ~ode ptrt~etere tnd 
2 2 2 

utlef, u + ' • v where V 11 the normellzed frequenc' 

(15) 

In 1 re11 flber coupler the flber s•om•try deperte tro• 

the tbove condltlone beceuee the tlbere ere lloth curved elong 1 

rtdlue ot curveture R, end ere 1110 ellowed to 111 treneleted wlth 

reepect to etch other In 1 pertllel <or nonperellel) ~•nner. Ae 1 
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flret coneequence the apeclng h between the lnterectlng flbere, 

end therefore the coupllng coefflclent c(h), te 1 functlon of the 

poeltl·on z elong the coupt tng regton. Thle proble~ of dletrlbuted 

coupt tng wee recenttr eotved followlng elmller epproechee. lt cen 

be eeetlr ehown br dlrect lntegratlon of the coupted power atong 

the z-exle thet the aotutlon of the new coupled-wewe equatlone la 

11 nn br 

·~era 

C L • o 

cos2 
(C L) 

o 

r· C(Z) dz .. 
Hera we define the Integral 11 the product C L 

o 

(16) 

(17) 

where c (0) 

te the vetue of the coupttng coefflclent et the center of the 

coupllng regton (z • 0) where the apacl~ 'batwaen flbera te 

~lnl~um (flg. 21) and L la the effecttve lnteractton tength of tht 

coupler. 

Nlth the geometrr of thla flber couptar, the apactng 

h(z) between flber •••• la 1 functlon of both the redlue of 

curvatura R of the flber and the lateral flber offaet r. 
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FIBER CORE 
#I 

FIBER CORE 
#2 

FIG. 21 - Relatlve poeltlon of the flber cores In tha coupllng 

reglon of a curved-flber dlractlonal coupler. Note 

that an addltlonal offlllt <r>. perpendicular to thl 

plane of the figure, la aleo poaalble. 
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where 1 p1r1bollc 1pprox1m1tlon w1e ueed elnce 1 << R. 

PRIHCIPLf O' WAVflfHGTH HULTIPLfXIHG 

The coupllng coefflclent between two optlcll 

depende on the llectrtc-fleld dletrlbutlona of the two 

Wlveguldee 

w1vegutde 

~odes lnvotved In the proceea. Bec1uee of w1vegutde dleperelon, 

theee dletrlbutlone depend on the wevelength of thl optiCII 

elgn11. la - 1 reeult, the coupl lng coefflclent of 1 Wlvegulde 

coupler le expected to ehow eome dependence on the w1velength of 

th lnJected elgn11. Thle effect c1n be qutte elgnlflclnt In 

llngle-mode flber couplere elnce the HEII ~odel dlatrlbutlon 

lnvolved depende rather etrongl~ on the elgnel wevelength. 

Thle dependence I e li luetreted In flg. 25 1 where we 

have plotted the coupllng coefflclent ve elgnel wevelength for 

dlfferent v11uee of the ~~nlmum flber epeclng. figure 25b ehowe 

the dependence of the coupl lng retlo on the .-velength. 

Slnca the coupled power In 1 etngte-mode flber coupter 

ehowe 1 etrong dependence on elgnal w1ve1ength, 1n lntereetlng 

IPPIIcatton of dlrectlonel couplera la w1ve1ength multlplexlng. In 

1 glven flber coupler wlth properl~ choeen geometrlcll perametera, 

one stgnal w1vetength c1n be totell~ coupled whtle 1nother rem11ns 

uncoupted. a~ feedlng the two etgnale lnto eepar1te lnput porte of 

the coupler, the algnele c1n be ~lxed end both come out o1 the 

11m1 output port. for 1 glven flber epectng, the coupllng lengthe 
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riG. 25 1- Theorethlcal dependenca of the coupllng coefflclent of 

alngle-mode flber couplere on elgnal wavelength for 

varloue flber core epaclnge. 
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,,G. c5 - caupiiRI r1tla VI elgnll w1ve1ength In 1 curved-flblr 

I!Uitlpleur (R • cOOCin, Ó
0

• D)'m). An lncruu In thl 

flber core affaet resulta In 1 ehlft af thl caupter 

reepanae elang the frequency r1nge. 
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for a glven pelr of elgnel wevelength ere flxed ao thet the 

ebl I ltv of • flber coupler to ~IX two elgnele efflclentl1 depende 

cruclellr on the nelleble length of lnterar.tlon. 

~XP~RIHfNTAL R~SULTS 

Ourlng tne febrlcetlon of 1 coupler, one of the ~•In · 

pere~etera of lntereet la the emount of claddlng re~elnlng on each 

eubetrete. Beceuee the poaltlon of the optlcel flber In the 

aubetreta groove verlee ellghtlr froa ona aubetrete to tha next 

end cennot be eeellr meeeured, the absoluta velue of n cen ontr 
o 

be eetlmeted. However, the verletlon of n between eucceealve 
o 

pollehlng operettone cen ba eccuretetr obtelned bJ meeeurtng the · 

urlatlon of the total thlcknaee of the aubstreta wlth • 

mlcroecopa or bJ mechenlcel meene. Figura 28 ehowe tha extlnctlon 

retlo ea e functlon of remetnlng cleddlng for a core-lndea-metched 

coupler. 

The couplere ueed for theee experimenta were pol lshed to 

dlffarent degreee ao that tner exhlblt ratner dletlnct benavlore • 
) 

lf the flber epeclng la mede emell enough, lt la eleo poeelble to 

reellte a coupler for whlcn the lnterectlon lengthe 11 longer than 

tha coupllng length, meklng overcoupllng poeelble. 

Abeolute power loee meaeure~ente In curved-flber 

couplera were dona In two etepe. In e flret etep a relativa power 

loee curve wae obtalned bJ meeeurlng the total power trenemltted 
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b~ the couplar (dlrect plu8 coupted power> 18 a functlon of the 

flber off8et. In a eecond etep the power launched tnto the coupter 

wae ~eaeured In e etandard manner b~ cuttlng the lnput flber near 

lte end. Thle te8t wae found to provias a qutck, eaer, and 

accureta maena of vertfrtng the qual lt~ of 1 coupter aurtng, ea 

wel I 11 eftar, fabrlcatlon. 

Tha epectral tosa curve of 1 trplcll curve ta ehown In 

Flg. 27. In thle particular exemple, the mlnlmu~ power toes waa 

1bout 0.3 dB 1nd the coupl lng ratlo waa sround o.a • · 0.1. For 

fi bar offaata largar than 20 Jm, the loseee aomewhst ~ncres8ed 

becauae of the decreealng dletanca between each flbar core end the 

hlghar lndex outar core of tha oppoelte flber. 

Although tha above exampla I I lu8tratea the t~plcal power 

loaa of ovarcouplare, lt was found that couplare wtth larga flber 

apactnga hava towar 1088 leveta. In particular, 3 dB couFiara ma~ 

axhlblt 108888 a8 low 18 0.15 dB. Final 1~. coupl8r dlrecttvttr I e 

m8a8ured aa the ratto of the coupted output to the etgnal 

back8cattered In the 8econd output flber. for the purpoee of theee 

· msa8urem8nts, the ande of the output flbar8 have to be etther cut 

1t 1n angle or tapered and dlpped In an lndex-matched I lquld to 

a~l~lnete spurloue reflectlone: Coupl tng dlrectlvlty In exceaa of 

50 dB have been reported eo fer. 

CONCLUSION 

The SH pol lahlng couplera ai low low-loea, queet-complate 
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power transfer as well as operatlon e In an overcoupl Jng re gime a t 

dlfferent elgnal wavelengtha In the vlelble and nea~-Jnfrared 

range. ay contrai I lng the flber core eeperatlon by means of 

mlcroposltlonera, 1 fine, emooth edJustment of the coupler 

epllttlng ratlo cen be obtelned. 
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fUSED COUPLERS 

INTRDOUCTION 

A multlpllclt~ of coupllng devlce conflguratlona have 

been propoaed, conatructed and teated. from a aurve~ of the 

li ter1ture lt would eeem thet optlcal couplere hiVI been 

conatructed ualng 1ny concelvable meane for proceaelng flber 

<cuttlng, pollahlng, etchlng, taperlng, apl lclng and fualng) In 

comblnatlon wlth 1 v1rlety of optlcal compone~ta (nlcrolena, 

reflectora, gratlngs, grldad-lndex lansas, holograma 1nd thln fllm 

wlveguldes). However, only 1 few of theae m1ny optlcll-

coupter concepta hlve proven practlcll and been commerc111 lzed. 

The principal flbrlcltlon technlque, aa atteated by the larga 

number of manufacturera who now employ lt, la the fuae-putl-lnd-

t1per mehod flrat demonstrated e1rly In 1977 1t the Communlcatlons 

Research Centre o f Canada. Such couplers In four-port 

. conflguratlon are usually called fused-twln-!1-lconlcll-taper (fBT) 

couptere to denote tha fect that the geometry of the reaultlnt 

• devlce derives from a fualon of two flber blcone tapera to form 

the coupllng reglon. lhe attrlbutes that h1ve led to the 

promlnence of fBT technologJ are:the hlgh performance (low loss, 

hlgh laolatlon) ot the optlcal coupler devlces mede thereby; the 

fact that devlces can be fabrlcated from 11 wlde varlety of flber 

types (multlmode, alngle moda, polarlzat~on Preservlng); the 
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lnherent natural compatlbl I lty of the optlcal coupl lng devlcee 

Wlth the optlcal flbere formlng the functlonal varletl of fCT 

coupler devlce conflguratlone that are feaelble and have been 

demonetrated. Hletorlcally, the flret fBT couplere were fabrlcated 

from ~ultimada flber. llthough 1 qual ltatlva deecrlptlon of tha 

operatlon of the coupler la glven hera, a co~prehanelve, datai led 

theoretlcal model for the multl~ode fBT coupler haa yet to be 

developed. Referrlng to flg.2B a, llght anterlng port 1 of tha fBT 

coupler propagatea lnto the tapar down-reglon (decreaelng 

tranaveree devlce dlmenalon) cauelng the hlgher order bound •odee 

to radlate out of the core and be gulded aa claddlng ~odea. la tha 

walat of the fBT etructure, llght croeaea the boundary between the 

two fuaed .blcone tapera. The llght then paaeea lnto the ·up-tapper 

reglon where the claddlng ~odea of the atructure are recaptured la 

proportlon to the local claddlng moda power by eech of the cores 

of the two output flber arme of the coupler. Thle qualitativa 

IKplanatlon of fBT coupler operatlon In ter~• of the flber modea 

mav hava led to 1 falae conclualon that the fuae-pul 1-and-taper 

technlqua could not be appl led to the fabrlcatlon of devlcea ~ade 

from 

O f 

~ode 

alngle-mode flber, thereby delavlng the flret demonetratlon 

fBT elngle-mode couplera untll · 1981 . fven though,the elngle­

fBT couplere are fabrlcated In· a very alml l1r WIY 11 the 

~ultlmode fBT 

IKPIIIn the 

couplere,a dlfferent model hae been proposed 

mechanlsm for power tranefer between porta In 

alngle-moda coupler. 
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TH~ORY ~OR SINGL~-HOO~ F8T 

The theory o f eveneecent f I 11 I d coup li ng, wh 1 c h can 

adequately deecrlbe the behavlor of the etched or pollehed 

coupler, hee been found to be lnapproprtate when applled to the 

fueed tepered coupler. 

The problem wlth the elngte-mode tapered coupler la thet 

1t eome potnt elong the tapar, the prop~gatlng fleid becomea 

deteched from the core of the flber ao thet In the neck eectlon of 

the tapar the fleld la guldad .bY tha boundery between the cleddlng 

end the externei mediUM (l.e. elr or eome eultable pottlng 

~ater lei) whl la the cores ere reduced to euch 1n extent that they 

cen bl naglected. 

Couptlng takea placa through the lnteractlon, of the 

~odee of the compoalte wavegulde formed et the neck eectlon of the 

coupler by the fuelon of the two flbere. Such 1 ~odel te eeeenttat 

lf we Ire to optlmtee coupler febrlcatlon 1nd perhape ~ore 

lmportentty lf we are explolt futtr the modutatlng end awltchlng 

capabl I ltlea of the fuaed teperad coupler. 

The fuaed tapered couplera have 1 atructure a~ml lar to 

that of Flg. 28 b .The outer tapar angle llee In the range 0.1 
o 

- 0.3 The neck aactton betwean the two tapera te approxlmately 

parai tal wtth a tangth up to 2cm. ln LPOI moda on an lnput arm of 

the coupler la lnlttatly gutded by the flber core. On entertng tha 

tapar eectlon tt eeea a cora of gradual IY reduclng radlua. lt any 

potnt on the flber the moda can be decompoeed tocally lnto plane 

-67-



• 

• • 

wavee. Thle local pl ane wa ve decompoaltlon ca n accur ate l 1, 
deecrlbe the propagatlon of the LPOI mode, even for low V-valuee. 

The mode wl I I be gulded by the core untl I I te local angle of 

lncldence at the core-claddlng boundary equale the criticai angle. 

At thle polnt the LPOI ~ode wl li refract out of the core and ~uet 

be coneldered 1 fleld of the entlre croea-eectlon of the coupler. 

lt I e poetulated that the maln coupl lng actlon la due to 

Interferente between the two loweet-order modee of the eectlon 

between the tapera, the entlre croee-eectlon of whlch la now 

conaldered 11 1 wavegulde of refractlve lndex n In e medlum n 
2 3 

At euch larga valuee of V the propagatlon constante end flelda of 

the two loweet-order ~odes are lneeneltlve to the detal led ehapa 

of the croee-aectlon whlch can be coneldered ee rectangular 

dlalectrlc wavegulde, •• ehown In Flg. 28 c • 

We conelderlng lnterference between the loweet-order 

even and odd modee of the rectanguler gutde. lt la atralghtforward 

to derive eccurate analytlc expreeelone 'tor the propagatlon 

constante of theee ~odes • 

lf the power of the output porte la deecrlbed by Eq. IB 

then lt cen be ehown that 

1 (18) 
(1 + 1/V) 2 

where V la glven by Eq. 15. 
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In derlvlng Eq. 18 lt le aaaumed only two moda& In the 

coup li ng reg I on. I f 11ore than two modea we re preaent we wou 1 d 

expect to eee aeveral perlode In the A dependence. 

A more reflned ~nal~ale for coupl lng lnvolvee 

lntagratlng Eq. 18 wlth reapect to z .a long the tapar. A turther 

refI ne11ent wlll be to I nc I ude polar I a ti on affecta 1 n the coup 1 ar. 

The two orthogonal polarlzatlona hava allghtly dlfferent baat 

lengthe and In ver~ long couplera thla resulta In 1 modulatlon of 

the wavelength dependence. Thle analyala 111 preaented In the next 

lecture • 

. P'UIRICUION 

To prepare to make the coupler, two flbera are atrlpped 

of thelr protactlve Jacketa for eeveral centlmetera. Tha~ 1re then 

flxed aecurel~ lnto two oppoelng tranelatlng etagee. The tuelon 

proceea. 

tenalon 

atagea 

reached. 

conmencea wlth the almultaneoua appllcatlon of heat and 

to the flbera. The heat 11 removed and the tranalatlng 

are atopped when the deelred epllttlng ratlo la 

Both lnput and output flber anda are ~tode-atrlpped to 

allow preclaa meaauremanta to be 111d11. Optlmal resulta requlre 

thl coupllng procaaa to be mo~ltorad durlng the tualon and 

taparlng procedure. A dlagram of the eeaentlal equlp~tent la ahown 

In Flg. 29 • The particular laeer aourca uaad 11 dependent on thl 

da11red wavalength of the couplar. 833 n11 He-Na laaera, lnlactlon 
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PORT 1 MICROPOSITIONER 

~ 9 • I/ TYPE" 

/l OUASI·MONOMODE 
/ FIBER 

MUTTERS 

I'ORT 2 

· . /' OUASI·MONOMOOE 
· FIBER 

(" 

IETCHED FIBERI 

' SECTION ' 
SPUTTER FABRICAnON 

JIQ 

CLAMP CLAMP 

FIG. 29 - Schematlc wtew of a llg for fabrlcatlon of fuaad 

blconlcal tapare. 

• 
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laser dlodee of BDO nm and 1300 nm have been eucceeafuiiJ 

emplored. 

for e SH coupler to be low loee, flber eelectlon la 

criticai. Efflclent coupllng requlrea that the refractlve lndea 

profl I e of the flber not contaln 1 depreeeed cleddlng reglon; 

flbere wlth depreaeed claddlng reglon prohlblt adequate 

traneference of tha eveneacant fleld from the lnput flber core to 

the edJacent flber core. 

A meeeurement of the coupllng proceee wae ~ade by 

recordlng the optlcal power of both output porte of 1 coupler ae 1 

functlon of the length of coupler taper durlng fabrlcatlon. An 

experimental plot of thl~ data for 1 particular SH coupler la 

ahown In flg. 30 The optlcal power can be eeen to trenefer 

totiiiY from ona flber to the othar over 1 dletance, L, commonly 

tnown u tha coupllng length. Coupllng ratloe between o and almoet 

IDO~ can be obtalned by atopplng the tapar at anr polnt along the 

curve. T~e 1ccumulated frequency of the fTB-Ioee data la preeented 

In flg, 31. Thaee couplere were fabrlcated at CPqO/Talebree 

BRAZ I L. 

PACKAGIHG 

Tha envlronmental performance of fueed blconlc taper 

optlcel couplere, la atronglr 1 functlon of the peckaglng 

technologr ueed to laolate the glaea taper reglon from mechenlcel 
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" fabrlcatlon ee 1 functlon of taper elongetlon. 
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SINGLE MODE COUPLERS 
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FIG. 31 Accumulated frequency loea data for fused blconlcal 

tapere fabrlcated by CPqO - Telebr6s - BRAZIL. 
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atrasa and contamlnatlon. Low thermal ekpanslon metala and glaeses 

have been uaed succeaafull, ae substretes In peckaglng FBT 

coupler11. 

leoletlng the tapar reglon from mechenlcal stressla of 

lmportance. The mlnlmum taper dlameter for larga 

tranemlealon atar couplers la on the arder of IDO ym. Thla 

dlamater can meaaura aa amai I 11 12-IB pm for 3 port apllttera and · 

combinara ualng 50/125 pm flber. The d~namlc breaklng atrength of 

the tapar varies wldal, becauee of the handllng requlred to 

prepare and placa the flbera and the heat aource uaed to fuaa the 

flbera. T~plcall,, the dynamlc braaklng atrangth la Ieee than 0.5 

Newtona (0,1 dB) for IDO pm mlnlmum tapar dlametera and la 

correapondlngl~ lower for apllttera and combinare. Packaglng the 

tapar under zero atrasa at amblent temperatura la accompl lahed br 

atreaa rellevlng the glaaa and attachlng the flbera to a 

eupportlng subatrate. To minimize the at~ea upon tha tapar at 

temperaturas othar than amblent, the coefflclent of thermal 

e•panalon (CTE) of the substrate must cloael, match the CTE oftha 

g laea. 

The packaga conflguratlon la daslgned to facl lltate the 

msnufscturlng of couplere. Bacause tha flbar tapar reglon cannot 

be dlaturbad, the praferred deelgn waa an open ended trough that 

coutd be moved lnto poaltlon around the tapar for bondlng wlth 
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adheelve. ln obllque vlew of the package baee and llt 

commerclallad by Phalo/DCC 111 ahown In flg. 32 a. Flg. 32'b ehowa 

1 top plan vlew of en eaaembled coupler wlth tne I ld removed. 

Shown la the placement of adhealve (l) to aecure the flbera end 

edheelve (8) whlch eecurea the protectlve PVC Jacketa <Cl end 

seara the package enda. The PVC Jecketa provlde bendlng etraln 

rei lef for the flbera as they exlt the peckage. The package 

provldea protectlon agalnat tenalla pull out for loeda up to 0.5 

ltg. 
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F f G. 32 - Package atructure of a fuaed blcontcat tapar 

commercfalfzad bV PHALO. 
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All ~IBfR TUHABlf LIGHT SPLITTERS ANO ATTfHUATDRS 

INTRDDUCTIDH 

The rapldl~ developlng appl lcatlonl of alngle ~ode 

flbere . In coMmunlcatlone heve begun to produce tanglble demanda 

for couplere and related devlcee auch ae tunable bea~ eptlttere 

and multlpteaere. Theee devlcee ma~ be bul lt fro• dlecrete optlcal 

componantee euch 11 mlcroleneee, prleme, bea• epllttere beeldee 

man~ othere. Unfortunetel~, devlcee mede from dlecrete componente 

In general preeent low mechanlcal etablllt~ and therefore .are not 

rei labia. Any technlque of manufecturtng rellable devlcee ehould 

dlecart dlecrete componente, and ehould retr onl~ on the flbere 

and thelr requtred packaglng etructuree. 

Davlcee formed uelng the fuaed blcontcel technlque flnd 

a larga varlat~ ~f uaee. The moat obvloua and elmplaat eaample 11 

tne flaed-ratlo power epl ltter or dlrecttonal coupter. Such 

devlcea are fabrlceted ae a matter of routlne wlth eaceee loeeee 

of Ieee tnan 0.1 dB and ma~ be of anr deelred epllttlng ratlo. A 

1econd wldely reported appl lcatlon of fueed blconlcel tapar 

couptere te ae wevelength~dlvlalon multlpleaere or de~ultlpleaere 

wherebr the wavelength dependence of the coupllng retlo of euch 

devlcee I e utl I leed to mia or eeparate atgnale carrled et 

dlfferent wavelengthe. Verleble epl lttlng-ratlo couplere have, 

untll recentlv, been moat often of the mechanlcally tunable 

pol lehed type. Theee couplere are In general bulkV and thelr 
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manufacture requlrea hlgh preclelon and la therefore time 

• coneuml ng and expenal v e. 

Electrlcally controlled ali-fibra ewltchea can be 

• fabrlcated ualng elther of two methoda deecrlbed hera. such 

' devtcea lncorporatea the atablllty, compactneaa and low coat of 

blconlcal fuaed couplara. Swltchlng hla heen achleved utl I lalng 

"both the thermo-optlc effect, In whlch 11 temperatura change over 1 

length of fibra lntroducea bulk refractlve lndex and dlmenelonal 

changee, and the atreea-optlc effect, In whlch tha coupler ltaelf 

la elaetlcallr atretched. 

MACH-ZEHNDER INTERfEROMETERS 

AI I fibra Mach-Zehndar lntarferometera for oparatlon at 

.· 1 apeclflc wnelength ara conventlonall' flbrlcatad by apllclng 

two discreta couplera In eerlea. The reaultlng devlcea euffer from 

lntenatty lnatablllty lntroduced br envtronmentally lnduced 

dlfferentlal phaee changea batween the uma .... 

Recently, lt haa been ahowed by ShiPIIIY that the 

~ onaecutlve fabrlcatlon of 3 dB couplera on two contlnuoua alngle-. 
moda .flbree resulta In 111-flbre MZI whlch exhlblta 1 atable 

output lntenalt' even wlth varylng envtronmental condltlona. 

The flrat coupler can ba fabrlcated aa 1 matter of 

routlne ualng the fuaed blconlcal method and by ualng power 

monltorlng faedback to contrai the procaaa and achleve 1 apl lttlng 
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r atl o o f I: I. On tha oth e r hend, power monItor I ng 1eedback 

becomea troubleeome durlng the fabrlc e tlon of the eecond coupler. 

To overcome thle, en eutomated coupler productlon Jlg can be ueed 

to reproduce exactly the f1brlc1tlon condltlona experlenced by 

tha 

then 

flret couplar. 

bondad wlth 

The completed Hech-Zehnder lnterfarometer la 

uv-curlng epoxy to 1 alllcl eubetrate that 

rei Jef and mechlnlcal atablllty to tha fueed pro v I dea 

reglon. 

atraln 

-.. 

The usa of ali-fibra HZia 1a alectrlcllly actlv1tad 

tunlble couplare or awltchea requlrea the addltlon of an alament 

to convert an alactrlcal elgnal lnto 1n optlcal phaee ehlft In the 

fibra. l method of IChlevlng auch electrlcally contrai led optlcal 

phaaa ehlft can be baaed on the thermo-optlc affact. 

TH~RHO-OPTIC PHAS~ SHIFTtR 

l tharmo-optlc phaae ahlfter can ba creetad by coatlng 

e1ch 1rm of an lntarfarometar wlth 1 realetlve lnk <Fig.33). Wlre 

alectrodaa connectad to tha ande of the coated reglón of one arm 

provida the llnk to tha externei power eource. Wlth the 

appl lcatlon of 1 voltage 1croee the reeletlva material the 

temperatura of the fibra arm la ralaed owlng to ohmlc heatlng. 

The refractlve lndex and dlmenelonal changaa hence lnduced In the 

fibra reeult In 1 dlffarent phaaa ahlft In the I lght propagatlng 

In the two arma. 

The dlfferentlel phaae ahlft d~fLdT per unit length 
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fiG. 33- Schemltlc dlegrem of an 111 flber llght splltter beued 

on the thermo-optlc effect. 
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lnduced by temperatura change le glven by 

d~ k ( n dL dn) 
LdT - L dT + dT (19) 

w~ere n 11 the refractlve lndex of the flbre core, L 11 the 

length of t~e reeletlvely coated reglon and k la the frae-apace 

propagatlon conetlnt of the llght , for pura alllca at 1.3 ;a 
o 

wavelength, d;/LdT • 10 rad/ c.m. for tha mlcroneater reported by 

Shlplay, a phaae ahlft of ~ radlana wae predlcted for a 
o 

temperatura changa of ~pproxlmataly 5 C. 

Tha output power fro111 one arm of tha 1'1ZI le ehown In 

flg, 31 11 the appllad voltage to the thermo-optlc phaea ehlfter 

11 varled. A good approxlmatlon to thle experimental curve 11 

obtalned by flttlng tha followlng aquatlon to the resulte 

where P 
o 

and P la 
2 

P • V /R , 

reeletance. 

0.35 ohms. 

and p are the output and lnput 
I 

the electrlc power raqulred for 1 

v I e the IPPII ed voltage and 

For thla particular davlcs, p 
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power, reepect I ve I y, 

phiiS ehlft of 'I 

R la the heater 

li 25 mW and R • 
'I 
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FIG. 3~ - Opttcel power output from one erm of the thermo-opttc 

ll ght ep llt ter . 
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STR~TCHEO TAP~R AS A TUNABL~ LIGHT BPLITTER 

The devlce deecrlbed hereln wae fabrlceted In a manner 

almllar to the fueed alngle-mode couplera whlch nave bee~ reported 

aleewhere. In revlew, fuaed couplera ara conetructed by brlnglng 

togetner end fuelng and taperlng a central aectlon of a flber 

palr. &e the coupler la fabrlcated, the output lntaneltlae P ano 
3 

P are monltored.The proceea of taperlng le lntarrupted wnen the 
... 

dealred coupllng ratlo r • P /(P +P l la obtalned. &e taperlng 
3 ... 3 

proceee continues, tne output power la obeerved to awltch 

ai nueol dally from ona output power to tne otner 111 enown In F1g.35 

The coupler la eald to heve been pulled tnrougn one coupllng 

lengtn when the coupled power hae ewltched fro~ the ~••l~u~ 

tranemltted by one -output flber to the maxlmu~ trenemltted by the 

other. 

The fueed flber pelr conetltute 1 tapered wavegulde 

whlcn dlffere In two fundamental waye from the ~onomode waveguldea 

leadlng lnto and awaJ from lt. Flratly, tne fuelon and taperlng of 

two monomoda flbera produce e hlghly multlmode wavegulde owlng to 

tne effectlve elllmlnatlon of the original cores, and to the fact 
) 

that the wave flelde are bound by the vaetly largar lndel 

dlecontlnulty between the gleee and the alr eurroundlng the 

c ou p I e r • Se c o n d 1 y , t h e o r 1 g 1 na 1 c y I I n d r I c ai 1 ymme tr' I e redu c a d b' 

the neceeelty to dletlnguleh the treneveree dlrectlon In the plane 

of the fueed pelr from the perpendicular dlractlon. lt la thi 

eecond eepect o f the coup 11 ng reg 1 on whlch permita an 
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TAPER ·ELONGATION <. nm) 

F I G • 35 Behaw•or· of the output powere P and P durlng the 
3 <I 

taperlng proceea. final dlmenelone are L • 2Bmm and 

~ • D.<l5mm •• deflned In text. The total lneertlon 

loae la approxt~etaly 0.1 dB. 
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underatandlng of the obaerved behevlor of the apatlal awltch. 

In the coupllng reglon the trevellng wave conflgur~tlon 

la the euperpoeltlon of equal amounte of aynmetrlc and 

entla~mmetrlc modea, each wlth 1 co~ponant polarlaed In the plane 

of tha fi bar pai r and another perpendicular to lt. A amai 1 

dlffarence between the propagatlon veloclt~ of tha a~ametrlc and 

thet of the entla~mmetrlc ~odee cauaee conetructlve lnterterence 

to recur elternatel~ on one elde and the other along the 

wevagulde, 11 ehown eche•atlcallr In flg, 3Ba , lhue, one of tha 

downetrea~ ~onomode flbere wlll trane~lt a fractlon of the 

normallzed lnput power belng lte co~ple=ent trenemltted b~ the 

other. lhe treneltlona between the lnput and output flbere to and 

fro~ the fueed-claddlng coepoelte wavegulde occur approal~etel~ In 

reglona where the nor•al lzed frequencr of the tapered flbere 

approach the unlt. lhla defines the length L of the coupllng 

reglon. lhe traneltlon flber ~ co=poelte wevegulde ~flber are eo 

gradual that llttle power le redlated, and 10, the devlce le low 

loee. 

In addltlon, an even emal ler dlfference batween the 

· propagatlon velocltr of the x-wevee porarlzed In the Plane of the 

.fLber pai r ' and that of the ~-wavee polarlzad In the perpendicular 

dlrectlon glvea rlee In long tapera to a elow amplitude ~odulatlon 

of · the hlgh epetlal fraquencr mode beatlng varletlone ahown In 

Pl~. 35 PotentlaiiV, there are ~anr appllcatlone whlch cen 
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FIG. 38 - Plctorlal vlew of the blconlcal structure. (a) Wlthout 

load the lnteractlon length L, and the beetlng length 

are deflned ; (b) the etructure ls etreeeed In euch a 

WIIJ that L = t /2. 
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aKplalt theee propertlea of long fueed couplers. The~ lnclude 

polarlzatlon beam spllttara, epectral flltera, modulatore and 

ewltchlng, tha laet balng tha theme of thla papar. 

For ahort tapera euch that the lntaractlon length L la 

onl~ 1 few times the coupllng langth t the coupllng ratlo r • 

P /(P + P ) le almply glven by 
"' 4 3 

2 r .. sin (CL) (21) 

where C la the eoupllng eoefflclent. On the other hand, lf the 

tapar la long, lt becomee neceaaary to tata lnto account the amai 1 

dapendence of the coupl lng coefflclent on the polerlzatlon 

dlrectlon. For L >> 1 , the coupll ng ratl o I e gl ven by 

r .. 1 (sin2 c L 2 X 
+ sin2 C L) 

y (22.) 

where C and C ara tha coupllng coefflclanta In tha •- and y-. ' dlractlona raapactlvely. 

Thua, r can ba modlflad by IKially atraaelng the tapar In auch 1 

wey that ~L/L • S/Y whera Y la tha Young ~odulus . for elllca, end 

S tha epplled atrasa. The affact of an applled streea on tlle 

output powara la achematlzad In Flg. 38 b for L • t/2 • Flg. 37 

ahowa the verlatlon of the coupllng ratlo wlth the applled force F 

for three dlfferent wawelengthe. lta alnuaoldal dapendence on F le 
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explelned b~ the beetlng model preeented ebove, eeeu~lng eleetlc 

deformetlone of the taper etructure. One obeervee In flg. 38 thet 

the verletlon In the coupllng ratlo r la llmlted to approximetel~ 

65\, not reachlng complete power traneferlng 11 would be dealred. 

Thla occure beceuee the t~perlng proceee wae lnterrupted before 

reechlng the flrat complete dephealng of C L end C L • Contlnulng 
X r 

the teperlng proceaa be~ond thle polnt, the output powera recower 

the fui I alnoaoldal amplitude ae predlctad br fq. 22 and 

demonetrated experimental!~ • 

. In arder to quantlfr the h~potheele that eleatlc 

daformatlone lnduce optlcal beetlng, •• eatlmeted tha elongetlon 

neceeaer~ to crcle. the coupled power through one CDIIPIItl 

elnueoldal OICIIIatlon, comper I ng I t to thet IIIIIUrld 

experlmentellr durlng the finei teperlng. Accordlng to flg. 

37, 7.0± 0.6 gf crclee the coupled power through one crcle, Whlch 

from Hooke Law glvee 6 L/L • 0.013 :!: 0.001 for Y(SI02) • (lo± I) 
11 2 

x 10 drneelcm • on the other hend, one observes In flg. 35 that 

the final teper etructure hae 1 normellzed coupllng langth tiL • 

0.018 + 0.003 In egreement wlth the eetlmeted etreln obtelned 

from the elaetlc eeaumptlon. 

In conclualon, we preaentad In thll lecture two almple 

mecha~lama to lnduce tunebla optlcal d.c. awltch, et low loeeee, 

on ali .flber devlcae. The conceptuel almpllclt~ of theee devlcee 

meke them ettrectlve for operatlon In alngle-mode flber networke. 
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