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B80URCE COUPLING, SPLIGCES AND CONNECTORS

{NTRODUCTION

The proper design of an optical communication system

using optical fibers as the tranemisslion medlum requirss a

knowledge of the trlnsnlsslon-chlrlctarﬁstfcs of the optical

sourcss, flibers, and Interconnection devices (connectors and

epilces) used to Join lengths of fibers together. The purposs of

this lecture I8 to Investigate the coupling of ensrgy from an

optical sourcs into fibers, end the effects of Intrineic and

extrinsic spilce-ioee parametere on the transmisesion
characteristice of an optical fiber link. 1in addition, examplae
of different types of opticel fiber connectors and splices are
givan and the transmieeion lose of the Interconnaectlion devices

are dlscussed,

SOURCE COUPLING INTO AN OPTICAL FIBER
The coupiing of power from an opticai scurce Into a

flber |6 defined by the coupling efficiency

n - PF / PS (1)

' where: P le.the power Injected Intc the fiber core and P 18 the

_ F ]
output power of the source. The factors affecting n can be

broadiy divided Into two categories., Tha first category, loss due

to wunintercepted |llumination, can be caused by the sourcs’s
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a

emitting ares being largar than the fiber s core area,

Unfortunately, the brightness of an Image on the fiber cors

csnnot sxceed that of the source and so an (ntermediste (ens

cannot focus al! the Iigth Into ths core. Even If the eource |s

emallesr than the core, you can eotlil! have prodblems with

unintercepted Iliumination (f ssparation and mieallgnment of the

source and flber axee allow emitted (lIght to miss the core and

become loet. GCoupiing locee due to unintercepted lilumination can

be s!iminated, however, |f the eource-emltting ares end the

fiber~core area sre properiy matched and allgned. The second

category of coupliing loee that affects the efficlency of source-

couplling ttnto a fiber |s due to mismatchee bstween the source

beam and fiber numerical aperturee. For fiber optic communicaticn
systems two types of light sources, Jight-emitting diodes (LEDs)
.and injection laser diodes (ILDs) ars typically uveed. To catculate
ths coupling loss due to numsrical aperture mismetch, we must
firet deecribe the radlation characteristics of LEDs end {LDs.

The radiation pattern obtained from an sdge-emitting

LED Is sillptical iIn cross section with hai{f-power beam

divergence angies of approximateiy . ano andg % 30o . Ths

radlaflon pattern obtained from & double heterolunction laser

dlode 1is aiso sliipticeal In cross section but narrower Iin beam

width than an LED, For exempie, the typical helf-power bdeam

divergence of an LD are ¢E5% and B% perpendicuiar and
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parallel to the Junction plane, respectively (eee Fig, ).

THEORY..
COUPLING EFFICIENCY USING A CONICAL LENS

We asesume a single-mode laser emitting an elliptical
Gaueeian beam having epot elzee a and b. The l[aeer I8 located at
2 = 0 ae seen In Fig. 2 . A single-mode fiber with a epot-sizs
¢ end a thin conical lens bullt on its end receive the Llight.
The lens heigth le h and the core diameter ie 2W. Ae esen In Fig.
e , the tip of the conicsa!l lens Is located at 2 = H, We also
assums & known relationehip between W and c.

Let wus calculate the evolution of the flsld‘ radlated
from the leser as I(t-travels through the alr, traversee the lens,
and Is coupled to the fundamantal mode of the flber.

The fleid Intensity of the fundamental mode radlated by
the f{aser Into free spece Is, according to ctaselical Gaussian

optics theory

E_.=f .g (2)

where
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£,= (141 lEE ) 172 exp (- 55[ l+irz/na } (3)
na : a?' 1+ (Az/nad)

and A Is the free-space wavalength. The expression for g |8
i

obtainsd from (3) substituting x and & with y and b.
Using thes thin—-liens approximation, the conical lens |8

assumed to act as a phase shifter., The transmission coefficlents
e e /2
through the lens (x +y ) <W and through the alr ouytside

e e t/e
the lens (x + y ) > W are

= exp {1 3%3 [ Eil (x2 + yz)-l/%-n]} for ()¢2+y2)]'/2 <W

(4)

172

T, = exp (-1 w for (x2 + yz) > W

where n {8 the core Indsx of refraction. The flsid arriving at

the fiber |8 then
E = E, T (5)
Since the fleld of ths fundamental modes (n the flibsr In the

Gaussian spproximation |s

2 2
c-exp(-"_'z*_L_} (6)
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FiG. 2@ = Schematics of lassr to flber coupling showing spatial

parameters for (a) conical Isns, and (b) hemispherical



the coupiing efficiency betwean the laser and the fiber Is glven

by the following normallzed overiap Integrais:_

A ve o © ,°0 : )
|I dy; € E,T,dx + jdy! € _ET, dxl
- ° o Vwi-v (7)
@ 0 .o
2 2
S on dxdy J IC dxdy
-]

Q

The theoretical coupling efficiency for the general
case of an arbitrery laser~fiber combination hee been csiculated
fnciuding anrn optimization of the lene geometry (h/W) and the
laser~fiber eeparation (H/W).

The reeulte for a eymmetrical beem are ehown in Fig. 3.
The optimum coupling efficiency compared with butt coupiing ae
well as the required h/W and H/W sre shown for the case of a/c =
b/c ranging between O and I|. In Fig. 3 , ¢/W = 0.88 which le
closs to the veiue ueed In the experimente deecrlibed latsr.

The conical |(ens, being clrcufar eymmetric, cannot
correct for the eltipticity of a nonsymmetrical beam. In such a
cese, the 1{ene can st best match the fiber epot eize to the
geometrical mean of the |esser spot sizs. For nonsymmetrical beame,

then, coupling efficiency |e a product of two fectore. The firet



‘can be found from the a\ conicat lenses Iin Fig., 3 by replacing
a/c = db/c by (ab)'lalc . Optimum lens geometry, as woil as ths
claaar-flber separation are also dstermined from Fl9g. 3 . The
sacond factor takes Into account the elllpticity of the belmv and

4ab

M=
(a+b)2

(8)

It le plotted In Fig. 4 for elllpticlity ratioe a/b ranging from O
to I, We nots that for ellipticity ratioe abovs 0.53, M is highsr

then 0.8.

COUPLING EFFICIENCY USING A HEMISPHERICAL LEWS WHOSE WIDTH EQUALS
* THE FIBER CORE DIAMETER

Such a lsne may be obtained In principie by fire
‘poltening or arc melting the stched cone. The calculation e
similar to the ans pressnted above. The conical (ene e repiacsd
by a thin hemispherical {ens whose radlus of curvature s r (1)
seem in Fig. @b . The calculated coupiing efflclency, as we%l (1]
the optimum lens geometry r /W and the {seer~flber separation
H/W, ars ehown In Flg. 5 ) for a symmetrical beam where c/W =

0.88. To sxamine the Increaee In efficiency achieved by thie
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L FOR INFINITELY WIDE HEMISPHERICAL LENS
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FIG. 3 - Coupling effliclency using 8 conical tens as a function of
iaser~to-fiber spot size ratlo for » symmetrical beam.
Gptimum vajues for h/W and H/W are shown In the figure.

Butt coupling ls shown for comparison C/W = 0.88.
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Fi1G. 4 - Butt coupiing efficiency factor M as & function of

ellipticity ratio. The geametrical msan beam spot size

equais the fiber spot silze.
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hemispherical Isne over the conical lens we compare Flge. 3 and
] » We note that tﬁe ephericai lens |8 more efficient, but
that the increaee In coupling efficiency fe no.more than 0% for
ail valuee of a/c = b/c.

The efflcienciee preeented above are different {f the
ratio c/W 1le changed. For emall veluee of c/W the 1lens I8
effectively wide and we approach the condition of sn infinitely
wids lens. (f c/W le large, we approach ths condition of butt
coupling. Maximum efficlency under both thess extreme conditions

le ehown In Fig. 5 . .

LENS MANUFAGTURING

The lene e menufactured by a selsctive chemical etch of

the fibsr. 1t I8 conical In shape and mey be firs pollshsd or arc’

meited [nto a hemiepherical shepe. {ts base elways equals the
fiber core diemeter. This lens has two malor advantagee: (I)it is
aasy to manufecture and le reproducible: It also ailows batch
proceesing: (2) It Is automatically elligned with the fiber core ae

esen In Fig. B

EXPERIMENTAL RESULTS

A 1.3 um Fuliteu doubls chennel planar burted
heterostructure lessr was used in the sxperiments, The Infsred
beam spot slzes were a = 0.63 um and b= 0.9 um. Hence, a/b s 0.7

/e
and (ab) /c = 0.17. According to Fig. 3, the calculated couplilng
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FIG.

YLFOR AN INFINITELY WIDE HEMISPHERICAL LENS

“FOR BUTT
coupLING [H.

7 FOR SPHERICAL LEN

6 - Coupling efficlency using a 6pherical lens se & function .
of laser-to-fiber epot size ratio for o ayminatrlcal
'bum.. Optimum values faor h/W and H/W are shown, C/W =
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efficlency lo aspproximatelly B7%, From Fig. 4, the elllpticity
factor |le M = 0.87, which reduces the coupiing efficlency to B5%.
Minimum Fresnel {oeees would drop thie numbsr to the toevel of 62%.
The expsrimental reeuits for the coupling efficiency ars shown iIn
Fig. 7 as a function of etching time. One can obesrve from the
figure that the maximum coupling efficiency le sround 62%. It 1ia
Important to notics that maximum coupling was obeerved wueing &8
cone-truncated (ene. Etching times longer then 2.5 houre iead to
toteily conical lens having coupling efficlenciea of §55%. Thess.
results ere predicted by the present model. Cone-truncated lens
cioesly 'resembise. the spherical shape, which according to tha
mode| providee better coupling to thes fiber.

The <cslculated butt-coupiing efficlency le 28%, which
sgrees, within the axperimensatal srror, to the messeurad valus.
According to Fig.3, the required lene ehould have h/W = 0.88 which
e cloee to the value used in the expertment (nh/W = 0.8). An

optimum working vaiue of h/W o 1.3 wae sot for maximum coupling

'hlﬂh mests to the predicted ratio. The experimentsl ¢/W ratio wae

" _around .|, eomewhat above the vsiue used In the caiculations (c/W

* 0.98).

" CONCLUS!ONS

It Is presented 8 theorstical deeign of both conicaf end

hemisphsrical microlenses, whoee widths colncide with the core

-13-
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FiG. B .- Chemically etched conical lenses on a singie-mode f)ber,

h/W = 0.8,

-14- .



70 '.\. .

,l” \‘ (b,
oof  fa_ o .
-~ ! n""‘&-"o\
ES 50 T ! o~ - \\
(a) ! \ (¢c)
> ! \
o 40 4 Y
< ]
W !
™ !
L /
w 20 T+ a
.Y
'O S

0 I 2 3 4 5 6
ETCHING TIME { HOURS)

FIG. 7 - Coupling efficiencies as & function of etching times for
(a) a singie mode fiber, and (b) a gradual multimode
fiber couplied to a 1LD. The couplling efficiency observed

between & MM flber and a LED Is shown by curve (c).
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.dismeter. HMaximum caupling efficiancy ae weil as the optimum lens
geometry and lasear-flber separation have been calculated for o
wide range of laser beam and flber spot sizes, Optimum separation

“between fibsr and laser lo aiwaye finite 60 that the uee of these
lenees avoide the need to bring the two JInto close phyesical
proximity. We conclude that the use of theee simpies |enseo
improves the coupling efflciency in practicel caees by farge

amounte. The experimental reeuite pressnted support this

concliusfon. ¢

BIBLIOGRAPHY
- Alten H.Cherin, "An Introduction to Optics! Flbers", McGraw

HIilIt, (883,
- 6.Eleenstein and D.Vitello, Appiled Optice 21, 3470 (1882).

- F.F. lidefonso and F.R.Barbosa, Private Communicatlon.

-16-



SPLICES AND CONNEGTORS

INTHODQGTION . R

The functions of weplices eond connectore are to
Interconnect the trenemisesion medla and to connect the media to
opticel devicee. Splicesa ars Intended to etey permanently
connected. Connectors, on the other hend, ere designed for
frequent eeparstion sand reloining., The most operetionsily
signiflicent system paremaster of thess components Is opticel |loess.
The loes s dependent on eilgnment of the ¢{libere, the oend
conditione of the fibsre, and the flber-core perameters (primerily
core diemetar oengd pesk |ndex difference In mujtimode fibere, snd
mode-flald diemeter In single-mode fibere). These flber~core
perematers are not wunder contro! of the splice or connector
design., '

The technology of lightwave syetem hes shifted from the
greded-index multimode (MM) flber to elingle-mode (SM) fiber thet
operetes ot 1310 nm end/or 1550 nm In seeontielly oll eysteme. The
smailser core eize af SM medie mekse eplicing and connecting much
more difficult. Moet SM cores ers sbout 8 um In diameter compered
to 60 or B2.5 um for MM cores.

The optical lose of @ eplice or @ connector le directly
releted to the eccurecy of the ellgnment, end for o given procees,
ths coet Increseses with eccurecy of elignment. The cores of SM

fibers muet be allgned to within | um In & connector, with no
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Freens! reflection (oss, to obtain a loes of a few tenths of s dB.
élalllgnment cen be up to 3 um If a loss of 2 dB s aliowed, The
cost of the connectore tends to differ Invereeily by about the same
getlo.

Optical-ioss requirements are not the sesams for all
appllicatlions. Low-loes components are needed for long—haul
intercity trunks to get maximum epacing between regsnsrators. An
overview of the designs and performance of splice and connectors

le presented.

8PLICING

The two fundamental approaches to sepllicing optical
tfibers ares fusion welding and machanical }oining, BHoth methods
require three basic steps:
I. Fiber end preparation
2. Allgnment of ths fibers
3. Retentlon of the fibsrs In the allgned po;TtIon.

Arc fuslon e ussd by many for epiicing optical flbers.
In this method, the fibar ends are cleaved and aligned, and the
ends are mefted and fused to retaln the allgnment. {n single-mode
fusion, ¢the flibers ere aligned with x-y micropoeitioners that are
driven with a feedback sfgnel to pesak the transmission of the
epliice. Despite automatsad ailgnment snd fusion processes (n the

newer machines, the quality of the spliices Is stil| sensitiva to
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emell veristions In the exscutfon of ths three basic eteps and to
unfavorable environmental conditions. Averags fletd-eplicing times
vary greatiy {from |5 to 40 minutes per epllice, due mostiy to
environmentatl effectse.

To achleve average spiice losses of 0./ t0O 0.256 dB with
fusion In the fleld, reepilcing Is frequently required to
eliminate high-ioees epilces. Fusion spilces are physicaily the
emellest and when properi{y made have extremely stebie loee over @
wide temperature rangs. Fuslon spilce Is currentiy the most widsiy
used method.

Flgure 8 !e & schematic dlagram showing how fibers are
welded togethsr using an alectric sarc. Obsteciss associsted with
fusion spticing are refated to the Imperfect preparation of fiber
ande, the difficuitiss essocliated with prealigning the fibera to
be apliced, and the tensile aetrength of. the fuesd fiber.
Impiementing ths fuelon procsse with flbere that have |[Imperfect
ends (surfsce roughness, 4 angles, or 1ips) can vrseuit In @
distortion of the core and formation of emall alr Dbubbles. -To
avold theese probliesms, automated fusion tsst ssts have bheen
developed with the following features:
= an optical viewing arrangsmsnt to simplify flber prealignment,

- a prefusion procses using & low-energy arc discharge to round
the fiber ends and avold bubbie formation,
- 8 controlied Inward movement of the fibers during fusion to

prevent necking st the fueed joint.
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FIG. 8 - Schematic showing fusion spilcing ueing an slsctric arc.
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Completed fused spiices should be Incorporsted In @
protective package and stored with little or no tensilie loading to
avoid mechanical problems in the vicinity of the a;llca. Despi ts
some of the difflculties assoclated with fusion epiicing It is one
of the most promising techniques currentiy availedle for
psrmanentiy Joining Individuel flibers.

' In mechanical spiices, the ground and poillshed ends ars
aligned and butted togethsr with a matching gel or adhssive
bstween btne ends, Allgnment Is maintained mechanically. Some
designe combine and simpiify the thres basic oparntlohe of end
preparation, alignment, end retention to achleve (Increases 1In
performance and productivity. Refiections from the fiber end facse
can be mads small snough that they do not interfere with thes most
sophlaticated transmiesion eystems by using proper Index matching
gale or adhesivee. The remaining smail refiections are an aid la

analyzing faulte along 8 flber routs with an opticel time domain

reflectomstsr.

INTRINSIC AND EXTRINSIC LOSS PARAMETERS

The losses |Introduced by mschanical splices and
connectors are an Important factor to be considered In the designm
of s fiber optic eystem sincs they can bs s significent part of
ths lose budget of a muiti-kiiometer communication |ink. Losses of

epllces and connectors can be grouped Into two categories as shown
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An Fig., 8. The first category of loeees I8 related to the
technique wused to join flbere and I8 caueed by extrinelc (to the
{fiber) paramoters such as transveree offset between the {I|ber
<ores, ond ecparation, axial tilt, and fiber end quaiity, The
second cstegory of joesee s reiated to the propertiee of the
fibers Jolned end s resferrsd to as Intrinsic (to the fibers)
spilce 1{oss. Intrinsic parameters Include vartations " in {lber
dtameter (both cora and cladding), Index profile ( g and A

mismstch), and elllipticity and concsntricity of the fIbsr cores.

EXTRINSIC SPLICE LOSS FACTORS

@ TRANSVERSE OFFSETY

@ LONGITUDINAL OFFSET
@ AXIAL TILT

@ FIBER END QUALITY

’ INTRINSIC SPLICE LOSS FACTORS

@ FIBER DIAMETER VARIATION
@ a MISMATCH
® A MISMATCH

@ ELLIPTICITY AND CONCENTRICITY
OF FIBER CORE

FIGURE 8 = intrinsic and Extrinsic Spiice-Loee Factors

A number of anetytical modeie have baen daveloped to

22~



»

determine the effect the varloue (ntrinsic and sxtrineic
parameters have on eplice losae. Fig. 10 campares the relative
Influence on eplice lose of the major extrinsic -parametare of
transverese offeyt, and ssparation, and axiasl tiit, for multimode
graded-index fibers. Splfice loss (e aignificantiy more eensitive
to transverse offsat and exial tilt than (t le to flonglitudinal
offeet. For example, a traneverse offset of 0.149 core radil or an
sxial tlit of | daegree (for a fiber with an NA s 0.20) witl
producs a epliica loss of 0.256 dB. A long{tudinal offset of one
core radius wll! produce a loss of only 0.149 dB.

A metching material with [] refractive {ndex
approximately the same as that of the core is usesd to reduce tha
Fresne{ raflection ioss caussd by the glass-air Interfaces between
the coupled fibsre of 8 Joint.

The mismatch of intrinsic multimode graded-index flibder
parameters can aiso significantly affect ths loss of a sepllics.
Fig. 11 ({tustrates how eplice loss Is affected by core radius
or A miemetch and Flg., 12 shows how (t |es affected Oy
miematch. These curves wers obtained using & model In which a
gaussian distribution of the power within the eolid angle defined
by the local numerical aperturs at any point on the fiber core was
sssymed. Sensitivity of eplice loss to miematch |s thersfore
subetantiaify fess than thet for A or cors-radlus mismstch.
Although ganeraily less significant, other (ntrinsic mismatch
plrumutere,' such ae cors oelllpticity and concentriclity, do

contributs to ths total loss of & splics.

-23-



SPLICE LOSS, &8
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10 - Spiice loss due to extrinsic paramaters. :
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SPLICE LOSS, dB
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in summary, the most Important extrinsic parameters that
cause lose are transverse offset and axisl titt. One must
carefully design both connectors and seplices t; vary tight
tolerancee to minimize these extrineic parsmeters. The moet
soneitiva intrineic factore that cauee spiice loee are the 4 and
core~radius mliematch of the fibers being Joined. To minimize the
sffect Intrinsic parameters have on spilce loss, tight
manufecturing tolerances on thes fibers used I(n & low-losse

communication system muet be maintained,

8INGLE-MODE BPLICES

The offeet 1Joes of eingie-mode fibers depende on the
form of the propagating mode. {(n both S| and parsbolic-index

fibers, the beams are nearly Gauseian. The loes betwesn lIdentical

fibers I8

L = - 10 log (exp -~ (d/W)?) (9)

whers w e the spot elze., For S1 fibere operating close to @
normsllzed frequency V of 2.405 the spot size (e about 1.1 times
the core redlus. The eingis-mode sxial displacement 1loss e
plotted In Fig. 3. Becauss ths spot slze |e oniy & few microne,
we rsalize that sefficisnt coupling of singie-mode fibers requires
a very high dsgree of mechanical precision. For a loss of | dBg,
Eq. 8  ylalde d/w = 0.48. If the spot size ls 4 um, tne

allowsbls misalignment Is oniy |.8 um.
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For eingie-mode fibers the anguiar miselignment loss I8

L = - 10 log {exp - (unzwelx)z Co (10)

where © (e the radisns, w Is the Gauselan spot slzs, and o is
the rafrective Index of the clsdding.The (ocss I8 piotted in F?g.lq
for two different SI fibars, both having & normsiized frequency of
2.9 and a cledding Index of (,498. A8 with the muitimode case, the
foss Increases Amora quickly for the <{lber with the smailer
numerical aperture.

The gep lose for single-mode fibsre lo

’ 2
L =- 10 log ;“’ tl) (11)
(4z° + 2)° + 4z

whers Z » xx/2wn2w2 » This result |s plotted in Fig. 16 for
a flber having NA = D.12. For thie exsmple, 8 gap of |10 timee the
cors radiue produces s loss lese than 0.4 dB. We conclude thet ths
gep |8 not too critical. As with multimode fibers, exiai

miselilgnmsnt Ie potantisily the most serious probiem.

INDIVIDUAL-FIBER SPLICES
individual-flber spllices can use gless cepilary tubss to
provids robusts, sesy-to-handie terminstions for indlviduai fibers

in much the eame way as siiicon chipe do for multiple fibers.
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-

FiG. 19 - Angutlar misellgnment loss for single-mode S! fibers,

¥ = 2.9, We s 1,1, n s 1,498, and As 0.8 pm.
2
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LOSS (d8)
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FRACTIONAL END SEPARATION
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FiG. 18 - End separation loss for a eingie-mode SI flber.

Ve2.4, Wa a 1.1, n = 1.485, n = |.48,
| 2
NA s D.12, Ne 0.8 pm.
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Accuracies and tolerences of gliaes tubes combined wlfh
carsful mechanical design silow MM and SM flibere to be aplléad
yltn average oplice loeses of 0.30 dB8 without wusing aay <test.
squipment, Active atignments allow tuning of rotary SM spliicss to
lese than 0.05 d8 even when apllicing la done In the fleld.

The MM mechanical seplics was the firet glass tube
eplice. MM fibers are terminated in glase-tube aeeembliliees wusing
ultreviolet-curabls cement, and the ende ars ground and poilshed,
Each ferrule |e (Inssrted In oppoeits ends of & cyllindrical
allgnment sleevs and Index matchsd with the eame gel used with
sillcon chip arraye. Splice ioes average D.2 dB with no tuning or
can be tuned to beiow 0.1 dB by active alignment. Loeees are
acceptable for MM fibers but not for SM fibere.

To achieve SM splics loesee of 0.056 dB requirss core
allgnment to within 0.4 ﬂlh Ths rotary mechanical splice
consistently schievee such allgnment with noyprecieion positioners
of any kind.

The principle of operation for the rotary mechanical
epiice e .anovn In Fig., I8 . Each fiber |le mounted slightly off
center (n a gleses ferruie, and the two ferrulies are offest
relative to sach other 60 that two poeitions of perfact alignment
are avalleble when the ferruiee are rotated., The rotary mechanical
eplice 1e manuaily adjusted to one of these positions without

sophisticated positioneare.
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Glass ferruies

FIG. 18 ~- Botlry spllice and the alignment slessve for rotary

mechanical splice.
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‘ 'Flg. {8 shows the alignment elesve {for the rotary
mechanical splice. This sieeve |8 designed to obtain extremely
stable spilce loss (0.02 dB varistion) over a wide temperature
renge (- 400 F to + I7U°F) with no resldus! loss. Productivity Is
fiplcllly 10 minutes per splice (ncluding termination, tuning,
teeting, and spiice storage.

An enhanced, second-gsneratlion rotary spllice = called
the preatigned rotary (PAR) SM epilice - achisves low Iloss <(0.20
d8) without tuning. Spllicing procedures and tolerancee of the
gliass tubes have optimized to achlsve theee resuits: however, the
nbllcn cen bs optionetly tuned to values befow 0.05 dB with actlive
aiignment. The <thres largsst offsst-producing sffects In glass-
tube SM splices are:

- Eccentricities in the bore of the glass tubes
= Oversize diameter of the bors
= Eccentricities In the cors of the flber.

A second exampies of a psrmanent g:llce that uttlilzes an
allgnment member Is caflled a Springroove splice and (s shown In
"Filg. 17 s Thie splice uses o brackst containing two cylindrical
pins as ths allgnment element (groove) for the fibsr ends bsing
spliced. The diamater of ths cyllindrical pins I8 seseltected to
ensure that the upper rim of ¢the flbers stays above the
cylinders, ss shown in Fig, 17b , An sisstic element C(a spring) ls
used to keep sach flber end presssd In the groove and a drop oOf

commercial opticel epoxy |8 added to compists the spilce. A
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(a) EXPANDED VIEW OF SPRINGROOVE'® SPLICE

o0

(b) SCHEMATIC OF CROSS SECTION OF SPLICE

0
NUMBER OF SAMPLLS: 94
w0 MEAN ATTENUATION: 0.046 dB
2
v
£ of
W
6
T 20}
-]
:
10
o |
000 oo 0.08 012 0.16 0.20

SPLICES ATTENUATION, d8

(¢} HISTOGRAM OF LABORATORY SPLICE LOSS DATA
FIG. 17 - Springroove spillice.
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histogram of loes dats resulting from (aboratory tests performed
utiilzing Springroove splices |s shown in Flg, I17c . The average
Joss for these |aboratory tests using identical multimode graded-

index flbere wes 0.048 dAa,

LOCAL INJECTION OETECTION

Both fuslion and mschanical eplicee often ues active
slignment to minimize offeete. Although far-end transmieeion
monitoring hae been wvueed |In the fleld, It fo & cumbersome
technique compared to the convenience of local 1{1ight detection.
Loc;l detection can be done by sensing the [ight tranemitted
through the splice or ssnsing the Iight loet at the spilce. The
lonpltlvltﬁ of focal iose detection ie 200 timee greater than the

eeneitivity of local tranemiesion. Because local loee detection

.equipment can be easlly callibrated, accurate eplice—~{oss

measurements can aleo be sccompilehed with thie technique. -

. Thers are two fundamental proces:;o used ‘to inlect or
coupie Ilght Into the c;rezof a single-mode flber:-_mlcrobendlng
and ‘mecrobgnding. These bende coupis 1ight from the fundemental
LPUI‘mode to the LPiI loiﬁv mode end vice-versa. convéntlonnllv.
Iight f;om [ d.B~t6 a.8- pm LED source Ie focused on ‘to ;t
‘relatively  emall radlue (to |} to 5 mm) mscrobend to lﬁléct
typlcally - 50 d¢Bm or less Ilght Into the fiber. Although thlb N

technliqus will work satisfactorily with tranemiesion dutlcflon.
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most flbers are not single-mode at D.8 to 0.8 PLE Moreover, @
largs portion of the ~50 dBm (s sometimes In the cladding: and
tiber-to-fiber variation {e usualfy high. These factore combine to
yleld poor spilcs alignment and glve no Indication of spilce loss.
Locat light Injection wusing short-pariod, smali-
amplituda microbends haa several advantages:
{. The modulated |.3- um laser sourcs axcitea tha singie-mode
fibar properiy.
€. Greatar than <-35 dBm can be (njectsd aimost totaily In the
cora.
3. Bending etressss ara |sse then 5D kpei.
4. Fiber-to-fiber variation Is low,
A achematic of thes microbending region Itseif appears In

Flg. 1B .

RAPID RIBBON SPLICING
in the rapid ribbon spilicing, atl 24 flbers of a spilca
ars ground and polished simuitansousiy. Then a portion of tha

ribbon la rsmoved, and the bare flbers are piaced into a grooved

- aubatrntn'rwlth the ende buttsd. The continuous grooves of the
.substrate align the fibere, and a matching gel (s placed between
the fiber snde to reduce the eplice (oee and reflection. A molded

‘cover le placed over the fibers and secured with spring fastenasrs

to retain the allgnment. Oniy aimple hand toois, a vacuum pump,
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Lightquide cable

From local

Ip]cctlon mod\ulc

To rotary splice w4

FIG., 18 - Schematic of locai inlection by microbends,
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and a fixture with a low-power microscope are required to make the
spiilce,

Average splice (oes is about 0.35 dB8 with a estandsrd
deviation of about 0.3 dB. The epilces are very stabis: added losse
over a temperature cycle from =40 F to |70 F le lees than 0.05 dB

with no residual loses after cycling.

CONNECTORS

Optical fiber connectors are used to coupie Iight from a
source to flber, from one fiber to another, and froq fiber to o
detector. The first and third are special aspplications and will
not be dlecuseed here.

By far the most poputar confliguration for optical fiber
connectors Ie the precision-aligned butt Joint with ground and
polished ends. The flbers sre positioned and held In supporting
ferrules as the ende are ground snd pollghod. These fercrules,
which aere usually cylindrical or conlicel, are then allgned |(n
sleevs couplinge (Flg. 18 ). Good atlignment of the fibsr coree
require precise dliameter and concentricity control of the
cyliindrical fsrrule and elesve, and preciees tapsr Ilsngth and
concentriclty control of the conical parte.

Some connectors uee an expanded—-beam !sns, as shown In
Fig.19¢ . This connector has relaxed concentricity requirsments
but this is offsst by more etringsnt anguiar requiremsnts. Becsuee

the ende can be sealed with glass disks, the connector (e less
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The moided blconical plug connector shown In Flg, 20 e
widely ueed ae part of a jumper cable for a variety of central
office applications In the Bell eystem. The heart of thie
connector je @ biconical sleeve which accepts two pluge and ellgne
the axes of the fiber ends that are centrally located In thesa
plugs. An Inherent advantage of the cenical siignment
confliguration (e thet virtusily no abraesive wear occurs wlith
repeated engagement of the plug and alignment slieeve., No contact
occure between the mating perte unti) the plug le fully eeated
within the blconlice! aiignment eleeve, Both the plugs and the
ll]gnment eleeves are tranefer-moided using o fillled thermoestting
epoxy to enhance dimensional sccuracy and etabllity. Each piug Ieo
moided direct!y onto @& tiber. Careful prepositioning In tha
transfer mold ensures that the flber core is concentric within @
few micrometsre to the tapsred end eurface of the plug. After
molding, the end of the flber I8 ground and poilehed. To complete
' & connection ths two plugs are Insarted™ Into ths blcanical
slignmnet sleeve 68 shown In FIg, 20, The lowest average messurad
" Insertion Joss obtained with Idsnticel 60 ym/las gm graded-index
fibers (NA = D.23) for thie connector was 0./ dH and 0.2 0.1
dB for eingls-mode flbere. Frssnel resflection 1{oss can ba
virtusily etliminated (n this connsctor by allowing physicel
contact of the carefully polished fibsr end faces,

Ths nsxt connsctor design that we will discuse uses a
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Connector house

Retaining ring

Bicanic alignment sieave Pedestal
-\ P T S 1.3cm

) | — -
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= |
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compressian
spring

4-6¢cm < 36cm

FIG. 20 - Expanded view of a bdlconical connector.
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three-bail ailgnment configuration to center a fiber in a ferruie
arrangemant shown in Flg, 2la. Ths fiber le located in a groove
formed Dby two balis and huldAln piace by a third bail. T; eneure
correct location of the two fiber ands they are located with a
microecope ln& recesesad with reepsct to the end pliane of the thres
balie. The fibers are then permanentiy attached with an adhesive.
The geometrical characteriatice relating the fiber end recesce and
batt radiue are shown in Filg., &ib. By preseing togethsr the two.
seta of three baile, automatic aiignment of the two flbars |»
brought about. |t eshould be noted that the only high-precision
components In thie ponnactor are the tungsten cesrbide balls that
are Inexpensive and easl!y manufactured with tolerances of | ﬁu.
Average Insertion (osees of 0.5 to {.0 dB have been reported using
a 60-pm core-graded-index fiber. A modification of the three-baill
connector wueing fiber bead terminations 1e ehown In Fig 2ic. The
beads, whose spherical fiame-pollished surfacee reduce coupilng
fosses dus to Imperfect fiber cleaving, ;70 produced using an
electric arc discharge. An Inexpensive molded plaetic connector
using e three-ball I!nesrt snd fiber-bssd terminatione had &en

sverage (ose of 0.8 d8.
818LI0GRAPHY

- J.M.Anderson, D.A.Frey end C.M.Miller, ATAT Technlicel J., B8

(1), 456 (i1887).
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{a) FIBER LOCATED IN GROGVE FORMED BY
THREE CONTACTING BALLS '

{b) TWO INTERLOCKING, SELF-ALIGNING
SETS OF THREE BALLS

e

f Al
\ /‘““' cARRiER

FIRER BEAD LOCATID
IN BALNL CLUSIER

L

(<) THREE-BALL FIBER-BEAD CONNECIOR

FIG. 21 - Single-fiber three-ball connector.
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- A.H.Cherin, °"An introduction tu Optical Fibers®, Mc Graw HIiI
int, London ¢1883),
T = "psMP QDesigners Guide to Fiber Optics®™, Ed. AMP Inc, Harrisburg,
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BIDIRECTIONAL COUPLERS

INTRODUCTION

To perform some of the besic functions required In any
opttcal eyetem, eoveral In~ilne optical flber components were
developed, euch ae poiarization controilere, modulators, power
dividere, passive flitere, and fider smpiifiesre. One of the
important functiones that wae firet coneidered was the transfer of
glgnal power between two opticail fibere, which le the prerequisite
for meny interesting applications, Verloue spproaches were
fnveatigated by different suthore, wuaing oelther mdltlmode ar
single mode fibere, " which led to severai coupler geometries. Some
of these approaches rely on aevaneecent wave coupiing, which
requires that the fiber coree be brought close enough to sach
other to meke poseible the interaction of the evenescent {ielde
which extend Juet outside of the cares. Nowever,-cnd sepecially In
the ceee of singie mode fibars, the fiber core (e rether small and
burfed (nside a (00 um diemster ciadding, e0 thet acess to tha
guided mode 18’ generally difficult.

Three major techniquss of fabrication of ¢fiber-to-flbder
couplers have been publishsd to dete. Multlport fiber coupisre
were fabricated ueing @ fusion method. Significant coupling ratios
(up to 60 percsnt) and rsistively low joes (0.2 dB) ware reportsd
with auch couplere using multimade fibers. An etching method hes

sieo bsen pudiished In which two singls mode fibers are chemically
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etched until! most of the fiber cladding Is removed. Finsily,
mechanical pollshing has been used to demanstrate efficient
coupling.

We present In this fecture an overview of the basic
principies on which poliehed and {fueed bidirectional couplét;-
operats, estalls of the fabrication are given and the cx)grlmantll

reecuits are diecuesed bassd on eimpie theorstical COﬂGldOflthﬂ...

POL1SHED COUPLER

A schematlic of the fiber coupler le shown In fFlg, 22 . A
length of optical fiber Is bonded into a sliot In a quartz block
vith psrallel, pollshed faces. To provide additional mechanical
stability during poilehing, and to control the |length of
fnteraction In the final device, the bottom of the siot Is given &
convex curvaturs with a specified radius. The eurface of the
eubetrate (s first ground, then poliished wuntii the deslired
proximity - to the fiber cofe |s obtained. The dietance from the

eubefrute top !UfflCl_li measured elther with a IDN»ﬂOﬁth Of tisld

microscope, with n_méchanfclf [natfumaqt or by measuring the sxis -

dimenalones0f the oval-pdttarn at the [ntareactlon of the cladding

snd the subetrate. When enaugh subatrate hss bsen removed; twa'

.such substratee are mated to form & coupler, as shown In Flg.22¢ .

Obessrvation of thi interfsrance pattern pProduced within the fhrn

laysr = of llf. pbetwesn - the two aubstratss yisids |h90ftlﬂt
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FiG 22 - Geomstry of the curved~ fiber optical coupler aNwang (a)
the position of the flber In Its quartz substrate: (b) a

Jongitudinal and transyerss Cross- ssction of the

assembled coupier.
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“Informations on the quality of the polished surfsces.

] During preliminary tests and routins operstions, the
coupler s pltaced In & holder provided with micrometric screws to
sgiuet the position of the top eudbetrate with respect to the
pbottom substrate (Flg. 23 ). The purpose of theee pasitioners f{e
twofold: firet, to silgn the flibere perailel and superpoeed, which
cen bs chacked by focking st the obiong cledding patterne of the
fibers through the top eubetrete with & microecops: eescond, to

offest the top flber with reepect to ths bottom fiber Dby oeny

smount,

THEORET ICAL MODEL

) in the eimple cese of 8 single fiber, the wave equstion
sublected to aen aeppropriete set of doundary caonditions can Dbs
soived exectly, 1leading to e goaod mathemetice! description of el!
the fiber modes. When two flber coree are nearby, s (n s flber
couplfer, t e more difficult to derfive en eXact ensiyticel form
of' the sigenmodes of the syetem, meiniy beceues of the symmetry
breekdown Introduced by the presencs of s second wavegulde.

' In .order to solve the theoretice! problem of a two-
wavegulde eyetem, an siternate spproximete method wee developed
which uses 8 parturbetion formsllsm. When two dlslsctric
wiveguides are pliaced elongeide each other, the (ntroduction of
the second guide distorts the fleid dietribution of the guided

mode of the firet gquide. Ths spproximstion consiets In essuming






o

that each waveguide mode distribution remains unperturbed, and In
expressing the field of the two-wavegulde syetem as & {inear
combination of the unperturbed fleld of sach waveguide In which
the fleld coefflicients depend on the position T along the
direction of propsgation. This 2-dependence, which accounts for
the trensfer ot elactromagnetic ensrgy between the excltad
waveguldee, hae been expilclitiy calcuiated by eeversl authors. The
power distribution after a distance of Interaction 2 Ineide &

¢
Jjoealess coupler coneleting af two parallel weveguides |3 given by

P, = P cos2 {C2)

il (12)

P, = Pl sin2 (cz)

4
where P Is the power launched In waveguide { at 2z = 0, and c |s
the co:pllns coefflicient for the two couplers modee under
considsration. The guided energy is periodiceiiy transferred back
and forth between the waveguides with a epatial period called the

“coupling length, wequal to L e T/2¢c. The cTuping coefficlent is
simply 9iven by the spatI:I overitap of the two i{nteracting

(ilveguldu modee

*

c=- -%gi 1 1Zw3-nd) By . E, axdy 13

2
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whers n(x,y) Is the refractive index profile of the waveguides, n
. 4
ls the refractive index of the surrounding material (cladding or
substrate), P is the total power carriad by the waveguides, ]
. .

fas the anguiar frequency of the optical aesignal end E and €
| e
sre the electric fletd distributions of the Intareacting modes. For

the current aeppiicetion, the smail numerical spertures of tha

optical fibere used In our couplers sliowed us to essume An/n =
: i
(n = n )¥/n << | B0 that Eq. 13 can be solved and
) 2 )

\ w2 Kk [v(h/a}] )
c= 73 (14)
2w a‘v K42 (v)

whers A ile the signal wavelength, n end n are the core snd
cladding refrective Index of the 1lo|:, raspeftlvelv, s is the
fiber cors redius, g_la the distance batween flber axis end K eors
the modifled Beseel funrctione of the eacond kind and of oruer‘ i.

The perameters  end v are tha transveree mode parameters and
e

e
satlefy «u + v s ¥ where V (e the normalized frequency
2Ma
v =-—= V nlz n, (15)

In a real flber coupiar the fiber gecometry deperts from
the abova condltlone becausa the fibsres are both curved along @
radius of curvature R, and are aisc sifowed to bs transisted with

respect to each other in a parallel (or nonparaiisi) manner. As @
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firet consequence the spacing h between the Interacting fibdere,
snd therefore the coupling coefficlent c(h), le a function of the
position 2 along the coupiing reglon. Thie probtem of distributed
" coupling was recently soltved following similar spproeches. 1t can
" b; oaelly ehown by direct integration of the coupied power along

the z2-axis that the solution of the new coupied-wave equations ls

given by

p. =P cos2 (c_L) )

3 1 (]
(16)
2

P‘ - Pl gin (COL)
where

CL= [ Cl2)dz an

Here we define the integral as the product C L wherea C (D)
Is the vetue of the coupiing coefficient .: the center of the
coupiing region (2 s 0) where the spacing between flbere |Ie
< minimum (Flg. 24) and L s the effective Interaction |ength of the
coupler,
With the geometry of this fiber coupler, the spacing
h(2) bdetween {fibar axie le @ function of both the radiue of
curvature R of the fiber end the leteral fiber offset y,
2 2

he fing + 27 447 |

1/2
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where 8 parabollc approximation was used eince z << f.

PRINCIPLE OF WAVELENGTH MULTIPLEXING

The coupling coefficient betwsen two optical waveguides
depsnde onh the sisctric-fieid distributions of the two wavegulids
modes Involved In the procees., Becauees of waveguids dleparsion,
theee dietributione depend on the weveiength of the optical
signat. Ae. a reeuit, the coupiing cosfficient of 8 waveguide
coupler |6 enpected to eshow some dependence on the wavefength of
th Injected stgnei. This effsct can be quite elgnificant |in
single-mode f{fiber couplere seince the HE!Il modal distribution
invoived depende rather strongly on the signal wevelength.

Thie depaendence is |llustrated In Flg, 25 & , where we
have pilotted the coupling cosfficient ve eignal wavelength for
difterent walues of the minimum tiber epacing, Figure 250 ehowe
the dependsance of the coupling ratlo on the wavelsngth,

Since the coupled power In a single-mode flber coupler

ehows 8 strong dependencs on esignal waveisngth, an Intesrssting

* epplication of directional couplere ie waveiength multipiexing., In

e given fiber coupier with properiy chosen geometrical parameters,
one eignal wavelength can be totaily coupied while snother remaline
uncoupied, By feeding the two eignesis into ssparate input porte of
the coupler, the signals can be mixed and both coms out of the

same output port. For s given fiber spacing, the coupliing lengths
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FiG. 285 8 - Theorsthicsi dependencs of the coupiing cosfficient of

single-made flber coupters on elgnal wavelength for

varitous flber core spacings.
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COUPLING RATIO

FiG.

0.4 0.5 0.6 or - 08 - 09
SIGNAL WAVELENGTH (MICRON)

4] ~ Couplling ratio va signal wevelength in 8 curved-?iber
multiplexer (R = 200cm, éL- Olym). An increass in ths
tipar cors offsst resuits (n a shift of tha coupler

responae atong the {frequency range.
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for o given patr of signa! wavelangth are fixed 8a that ths
abllity of & fiber couplar to mix two signatls efflclenilj dependa

crucially on the avei{i{abis {ength of lnterantion.

EXPERIMENTAL RESULTS

During the fabricstion of a coupler, ons of the main-
paramaters of intersst ls the emount of cladding remaining on each
subatrats. Becauss ths position of ths optical flber In tha
sybstrate groove varies siightiy from one substrats to the naxt
and cannot bs easliy measursd, ths absofute value of n  can onty
bs estimated. Howsyer, the vartation of n batwaeno aucceeal‘n
polishing oparltloni can bs accurataly obtl?nad by mesasuring the -
varlation of the total thicknsss of ths substrats with a
microscops or by mechanical means. Filgure €8 ehows the sxtlinction
retio as a function of remaining cladding for 8 cors-indax-matched
couptler,

The couplers ussd for these experiments wers polished to
differant dogra%s 80 thet thsy sxhibit rather distinct behsviore,.
tf the fibsr spacing Is mada emall enough, {t le aiso passible to
realize a coupler for which tqa intersction lengths is longer than
ths coupiing langth, making overcoupling poseibla.

Abeciute powar loee msassurements In curved-fiber

coupters were done in two stepe. In & flret etep & reiative power

{oss curve was obtalned by messuring the taotal power transmittsd
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coupler as a function of removed tisdding matqual;

-6 -



by the couplar (direct plus coupied power) as a function of the
fiber offeet. {n a eecond step the power launched Into the coupler
was measured In a standard manner by cutting the Input flber near
ite end. Thie test was found to provide a quick, eaey, and
accurate means of verlifying the quaiity of s coupier during, as
weil as after, fabrication.

The spectrai loes curve of a typical curve I8 ehown |n
Flg. 27. 1{in this particuiar exempis, the minimum power |o8e was
sbout 0.3 dB and the coupling ratio was around 0.8 * 0.l. For
fiber offsets iargsr than Eu‘ym, the loeees eomewhat Jncreased
becauee of the decreaqlng dietance betwean each flber core and the
higher index outer core of the opposite fiber.

Although the above example |lluetrates the typical power
loss of overcoupiers, |t was found that couplers with farge flber
spacings have jowsr joee levele. In particuiar, 3 dB couplere may
exhibit losees as low as 0.!5 dB. Finally, coupler directivity 1Is
measured as the ratio of the coupled output to the signal
backecattered In the eecond output fibar., For the purpose of thess

‘"measurements, the ende of the output fibere have to be elther cut
.'nf an angle or tapersd and dipped In an Index-metched IJiquid to
. atiminate spurious reflections. Coupling directivity In excese of

Sﬁ dB have been reported so far.

GONGLUS | ON

The SM pollehing couplers allow low-iloss, quasi-compiote
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power transfer as well as operstions (n an overcoupling regims at
different signal waveliengths In the visible and near-tnfraced
range, By controiling the flber cors esparation by means of
micropositioners, 8 fine, emooth adlustment of the coupler

spliitting ratio can bs obtainad.
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FUSED COUPLERS

INTRODUCTION
-

N A multipiticity of coupling device configurations have
'been proposad, <constructed and tssted. From a osurvey of the

|iterature It woulid eeam that optical coupiers have been
.conotructed ualing any concelveble means for procsesing ffbar
(cutting, pollshing, etching, tapering, spilcing and fusing) In
combination with 8 varlety of optical componeats (microlens,
raflectors, gratings, graded—index |ensee, hotcgrams and thin fiim
waveguides). Howeaver, only a few of these many optical-
coupler concepts have proven practical and been commercliallzed.
The principal fabrication technique, ae attested by tha Jargs
number of manufecturers who now smpioy It, Is the fuse-puil-and-
taper mehod first demonstrated early Iin 1877 at the Communications
Research Centre of Canada. Such couplsers in four-port
cconfiguration ares usuatly callisd fused—-twin-tconicai-tapesr (FBT)
ucouplare to denots the fact that ths geometry of the resultant
~device derives from a fusion of two flber bicons tapers to form

the couplI;g region. The attributes that have |ed to the

prumlhence of FBT technology are:the high performance (low (o8s,

high ieolatton) of the opticat coupler devicee made thsreby: the

fact that devices can be fabricated from 8 wide variety of fiber

typee (muitimode, eingle mode, polarizathon preserving): the
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Inherent natural compatibility of the optical coupiing devices
with the optical flbere forming the functional varliety of FBT
coupler device conflgurations that are feaslbie and have bsen
demonetrated. Historicafly, the firet FAT couplers were fabricated
from multimode fiber. Ailthough a qunlttltlvq description of the
oparation of the coupler is given here, a comprehensivs, datailed
theoretical modsl for the multimode FBT coupier hae yet to be
developed. Referring to Fig.28 s, Iight entering port | of ths FBT
coupler propagates into the taper down-region (dacreasing
tranavarse device dimsnelon) causing the higher ordar béunﬂ modes
to radiate out of the core and be guided as cladding modess. As the
waist of the FBT etructure, |lght croeses the boundary betwsen the
two fueed bicone tapere. The Iight then pacees Into the up-tapper
region where the ciadding modee of the etructura are recaptured (a
proportion to the local cladding mode power by 8sch of the cores
of the two output fiber arms of the coupier, Thie qualltative
expianation of FBT coupier operation tn terme of the fiber modse
may have Jled to a falee concluelon that the fuse-pull-snd-taper
technique couid not be applied to the fabrication of devicee made
from eingle~-mode fiber, tharsby delaying the flret demonetration
of FBT eingle-maode couplers untlil- I88t1. Even though,thes eingle-
mode FBT couplere are fabricated In a very eimilar way @as the
muitimode FBT couplers,a different model has besen proposed to
explain tne' mechaniem for power transfer betwesn ports iIn the

single-mods coupier.
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(a)

(b)

(c)

h]

FIG. 28 = Fused Dbiconical taper. (a) The Inpyt power P K]
epiltted |Into the outputs as P and P ;o (b))
schemat|ic visw of the biconicatl rzglon. Lq ls tha
interaction Isngth: (ec) crose ssction at the taper

waist,
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THEORY FOR BINGLE-MODE FAT

The theory of evenescent fieid coupling, whlch can
adequatef{y describe the behavior of the etched or poilshed
coupler, has bsen found to be Inappropriate when sppiied to the
fused tapered coupler.

The probliem with the singie-mode tapered coupler is that
at seome point along the taper, the propagating fleid becomee
deteched from the core of the fiber eo that In the neck eectlion of
the taper the fleid Je gulded by the boundary between thg cladding
and the external medium (l.e. alr or eome euitable potting
material) while the coree are reduced to such an extent that they
can be neglected.

Coupling takee piace through the interaction of the
modee of the composite waveguide formed at the neck section of the
coupler dby the fusion of the two flbere. Such @& model le eesesential
if we are to optimiese coupier febrication and perhape more
Importantiy {f we are explolt fuily the modulating and ewltching
capabiliities of the fused tapered coupler,

The fused tepered couplere have & structure eimiler to
thet of Fig. 28 b .The outer taper angie |lee In the range O.|
- 0.3o . The neck sectlion between.the two tapers |e approximately
paraiiel with a tength up to 2¢m. An LPOI mode on an input arm of
the couptler lq Initially guidaed by the flber core. On entering the
taper section It eees a core of gradualiy reducing radlus. At any

point on the fiber the mode can be decomposed locally Into plane
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waves. This local ptane wave decomposition can accuratelly
deecribe the propegation of the LPOI mode, even for low V-values,
The mode witi be guided by the core unt!l its Jocal angls of
lncidence at the core-ciadding boundary equais the critdicsl angle,
At this point the LPO! mode will refract out of the core and must
be considered a flaid of the entire croes—-section of the couplier.

It is poetuiatsd that the main coupiing sction is dus to
interference between the two lowest-order modes of the section
beatween the tapers, the entire croee-sectlion of which |e now
considered s @& wavegulde of refractive Index n In 8 medium n .
At such lterge veiues of ¥V the propagation conainnts end fleldz of
the two lowest-order modes ars Insensitive to the dstalled shape
6f the cross-saction which can be considered ae ractangular
dietectric waveguide, as shown In Fig. 28 ¢ .

We coneidering lnt;r(;renca betwesan the Ilowest-order
even and odd modee of the rectanguiar guide, |t |s straighttorward
to derive accurats analytic expreseiaone for the propagation
constants of these modes.

If the powsr of the output porte |e described by Eq. (8

then It can be shown that

Inma 1 (18)

Cw=
32 n.al {14 1/)°%

2

where V Is given by Eq. I8.
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In derlving Eq. 18 It e aesumed only two modes in the
coupliing region. {f more than two modee wers prseent we would
expect to oee eeverai periods In the X dependenca.

A more refined anaiysis for coupiing Iinvolveeo
integrating Eq. (8 with respect to z .along the taper, A further
refinement wil) be to Include polarization effects In the coupler.
The two orthogonal polarizations have siightly different best
lengthe and In very long couplare this resuite In a modulation of
the wavelength dependencs, This analyeis le prsesnted In the next

lscture.

FABRICATION

To prepars to mske the couplsr, two fibers are stripped
of their protective Jackets for several centimeters. They are then
}Illd securely into two opposing traneiating stages. Ths fusion
process commences with the eimultaneous application of heat and
tension to the fibers. The heat |s removed and the transiating
stages are etopped when the desired splitting ratlo i
reachsd. Both Input and output fiber endes are mode-stripped to
sllow precisa measursments to be made. Optimsl resuits requirse
the coupling process to be monltored during the fusion and
teapering procedure., A diagram of the sssantial equipment le shown
In Fig, @8 , The particular lassr ﬁourca ueed Is dependent on the

desired wavsiangth of the coupier. B33 nm Hs-Ns lasers, I(njectlion
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lsser diodes of 800 nm and 1300 nm have been successfully
‘employed. ’

for & SM coupler to be low loss, fiber seiection |le
critical. Efficlent coupling requires that the refractive Iindax
profliise of the (fiber not contain a depresesad cladding region;
Fibere with depresead cladding reglon prohibit adequate
tranefarence of the evanescsnt fleld from the Input flber core to
the adjacent fiber core.

A measurement of the coupiing proceee wae mads by
recording the optical powar of both output ports of a coﬁplar as a
function of the length of coupler taper during fabricatlion. An
experimental plot of this data for a particular SM coupler s
shown .ln fFilg. 30 . The optical powar can be seen to trensfer
totaltly from one fiber to the other over a distance, L, commoniy
known as the couplling length, Coupling ratios between O and aimoet
I100% can be obtained by stopping the taper at any point along the
curve. The accumulated frequency of the FTB-loss data |s presented

in Fig, 3i. These couplers were fabricatsd st CPqD/Telebras -

BRAZIL.

PACKAGING

The senvironmental parformance of fused biconic taper
optical coupiers, Ils strongly a functlon of the packaglng

technology ueed to Isolsts the glase taper rsglon from mechsnical
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OUTPUT POWERS( norm)

FIG. 30 - Output powers P and P measured during taper
3 9 -
""fabricatton 8s a functlon of taper eiongatlion.
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stress and contaminstion. Low thermal expansion metais and glasssas
have been used succsssfulily @aes eubstrates In packaging FBT
gpuplers.

Isolating the taper region from mechanijcat stressis of
primery Importance. The minimum taper diametsr for farge
transmission etar couplers |8 on the arder of 100 pm.  This
diameter can messure as smai{l as {E2-18 pm for 3 port sptitters and
combiners ueing 50/125 pm flber., The dynamic bresking strength of
the teper veries widely becauee of the handling raquired to
prepare and pliace the fibers and the hest source used to fuse the
fibers. Typicaily, the dynamic breakling strength le lees than 0.5
Newtons (0.1 dB) for 100 um minimum taper dlameters and e
correspondingly lowar for eplittere end combinsra. Packaging tha
tapsr under 2ero etrees at amblent temperature (8 sccompiished by
etress rellsving the glaee and attaching the flbers to ]
supporting oeubstrate. To minimize the etreee upoh the taper gt
temperatures other than oamblient, the coeffliclent of thermal
expansion (CTE) of the esubetrate must clossiy match the CTE ofthe
glase. .
The psckags configuration le designed to facifiitats the
manufscturing of coupiers., Becaues ths fibsr taper region cannot

be dieturbsd, the praferred design wee snh open ended trough that

couid be moved into pasitiaon araund the teper for bonding with
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adhesive. An obllique view of the packags bass and e
commercialized by Phalo/DCC Is ahown in Flg. 32 8. Flg, 32 b shows
¢ top plan view of an assambled coupier with the (fid removed.
Shown (s the placement of sdhesive (A) to secure the fibsrs and
sdheeive (B) which secures the protective PVGC Jackets (G) and
seais the package ends, The PVG Jackets provide bending strain
rellef for the flbers as they exit the package. The peckage
provides protectlion against tensile pul! out for foads up to 0.5

kg.
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ALL FIBER TUNABLE LIGHT SPLITTERS AND ATTENUATORS

{NTRODUCTION
The rapidiy deveitoping appilications of seingle mode
fibers - In communications have begun to produce tangiblie demands
for couplers and refatsd devices such as tunable beam splitters
and muitipiexers. These devices may be built from discrete optical
componentes sesuch ae microienees, prisme, beam spiittere beeides
many othere. Unfortunately, dasvices made from discrete components
In gensral present fow mechanical etablilty and therefors sre not
reltlable, Any techniqus of manufacturing rellable devices eshouid
dlecart dliscrete compbnnnts, and shouid refy only on the fibere
and thelr required packaging structuree.
. Devices formed ueing the fused biconical technique find
s large vnrlaty}‘f uees. The most obvioue and simpieet axample Is
the fixed-ratio power eplitter or dlrectional coupler. Such
devliaa are fabricated as a mettsr of routine with excees |ossee
of Ises then O0.! dB and may be of any deelred spilitting ratio. A
second widaly reported appilication of fueed bliconical taper
coupiers is as waveiength-divielon multipitexers or demuitipiexers
whareby the wavelength dependence of the coupilng ratio of such
devicee {e utllleed to mix or esparste seignalie carried at
dlffqrant wavelengths. Vvariabla epilitting-ratio couplere have,
unt!) recently, been mast often of the mechsnically tunable

poflehed type. These coupiers are in general bulky and their
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manufacture requires high precision and is therefore time
- consuming and expensive.
Efectrically controllied all-fibre switches can be
* fabricatsd wueing elther of two methode deecribed here, Such
‘devicee Incorporates the etablility, compactnees and low coet of
biconical fused coupters. Switching has heen achleved wutitising
‘both the thermo-opt!ic effect, In which a temperature change over a
fength of fibrs Introduces buik refractive Index and dimenelonal
changes, and the stress-gptic effect, In which the coupisr |tself

is stasticaity etretched.

MACH~ZEHNDER INTERFEROMETERS
All fibrs Mach-Zehndsr |nterfsrometers for operation at
a8 epecliflc weveiength are conventionally fabricated by aplicing
two dlecrete couplers [(n series. The resuiting devices suffer from
“intenaity Instabiiity Introduced by wenvironmentaily Induced
differential phese changes batwsen the arms.

Recentliy, it hes been eshowed by Shipley that the
Lconsecutive fabrication of 3 dB couplers on two continuous singie-
mode .fibrss resuits In ail~flbre MZ! which exhibitse a stable
output (ntensity even with yarying environmental conditions,

The ¢flret coupler can be fabricated as a matter of
routine wueing the fused biconice{ method end by wueing power

monttoring feadback toe control the process and achieve a splitting
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ratlo of {:1. On the other hand, powsr monitoring f{eadback
becomes troublesome during the fabrication of the secocnd coupier,
To overcoma thie, an automated coupter production fIg cen ﬁe ueed
to reproduce exactly the fabricatlon conditione experienced by
the flirst coupler, The complietad Mach-Zehnder interferomster |a
then Dbonded wlfh UV-curing epoxy to a sillcs substrate that
providee etrain rellsf and mechanical stebllity to the fuesd
reglon.

The wuse of sli-?ibre MZis s8e electrically aectivated
tunable coupiere or switchee requires the addition of an element
to convert an electrical signal (nto an optical phaes ehift (n the
fibre. A msthod of achlsving euch electrically controiled opticeal

phase shift can be based on the thermo-optic effect.

THERMO-OPTIC PHASE SHIFTER

A thermo-optic phaee shifter can bs creeted by coating
sach arm of an Interferomater with & reslative Ink (Flg.33). Wire
electrodes connscted to the ends of ths costsd ragion of one arm
provide the !ink to the external powar source. With the
appllication of a voltaga acrosa ths resietive material the
temperaturs of the flibre arm |s ralaed owing to ohmic Hhesting.
The retrectivs Index and dimanelonal changes hence Inducad in the
fibre result In a different phsee ehift In ths |lght propagating
In the two arme,

The ditfersntial phass shift d@/LdT per unit length



\ phase shift
i\ i}

¢ coupler 2
|
i
1

coupler |

- (T mm ——e ~— 7 mm —

2

0Mm e

F16., 33 -~ Schematic dieqgram of an all tiber light spiltter baased

on the tﬁarmo-optlc effect.

-80-



Induced by temperature change (s given by

ag_ . n dL , dn
tar = K ! (19)

where n s the refractive index of the fibrs care, L I8 the
fength of the resletively coated region and k |8 the frese-epacse
propagation conetant of the {ight . For pure silica at 1.3 L
wavelength, dﬂ/LdT = 40 rnd/oc.m. For the microheater reported by
Shiptey, @ phase ehift of 9 radlans wae predicted for a
temperature change of approximately 60 c.

The output power from one arm of the MZ| |e ehown In
Flg., 39 as the applled volitage to the thermo-optic phaea ehlfter
Is varled, A good approximation to thle experimental curve |8

obtained by fitting the following equation to the results
) (20)

where P and P are the output and input power, reepectively,
[} I
and P Is the electric power required for s phase shift of =
2
PsyY /R, V le the applled voltage and A Ils the heater

reeistance. For this particular device, P' Is 25 mW and R =

0.35 ohms.
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FIG. 34 ~ Optical power output from one srm of the thermo-optic

lfght spiftter.
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STRETCHED TAPER AS A TUNABLE L{GHT SPLITTER

The device described herein was fabricatsd in a8 manner
simiter to the fused singie-mode coupiers which have been reported
elsewhere. In review, fused couplers are constructed by bringing
together and fusing and tapering @ centrsl section of & fiber
pair. As the coupier is fabricated, the output Intensities P ang
P are monjtored.The process of tapering !s Interrupted wha: the
d:ulred coupling ratio r = P /(P +P ) I8 obtained. As taspering
process continues, the out:ut 4povaur Is observed to switch
sinusoidatiy from one output powar to the other as shown [n Fig.35
The coupler I8 sasid to have been pulled through ons coupiling
length when the coupled power hae switched from th; maximum
transmitted by one -output {Iber to the maximum transmitted by the
other.

The {fused fiber palr constitute a tapered waveguide
which differs In two fundamental ways from the monomode waveguides
feading Into and away from It. Firstly, the fusion and tapering of
two monomode fibers produce a highly multimode wavequide owing to
the effective siiimination of the original cores, and to the fect
that the wav; fielids are bound by ths vastly larger 1indsx
discontinuity between the giess and the air surrounding the
coupisr. Secondiy, the original cylilindrical symmetry Is reduced by
the necessity to distinguish the transverse dlrsction In ths plane

of the fussd psir from the perpsndicutar dlirection. It Is the

sscaond aspect of the coupling region which psrmits an

4
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understanding of the observed behavior of the spatlial switch.

in the coupling region the travellng wave conflgurstion
is the supsrposition of equat amounts of symmeteic and
antisymmetric modes, each with a component polarised In the plane
of the fibsr pair and another perpendiculer to Iit. A smaill

differance obetween the propagation velocity of the symmetric and

that of the antisymmetric modes causes constructive Interfcrenca.

to recur aiternateliy on one side and the other ajlong the
waveguide, as ehown schematicelly In Fig. 38Ba . Thus, ﬁna of the
downstream monomode fibere wiil transmit a fraction .of tha
normeiized Input power DbDeing its complement transmitted Dby the
othar. The trlnoltloal between the input and output fidbers to and
from the fused-cledding compoeite waveguide occur approximately In
reglons where the normatized frequency of the tapered flbers
approach the wunit, This defines the iength L of the coupling
region., The transition flber —» composite wavegulde —> fiber are sc
gradual that little power |8 rediated, and so, the device Is |ow
lose.

In addlition, an even smaller difference betwesn the

‘propagation velocity of the x-waves pofarized In the piane of the

fiLdber pair and that of the y-waves polarized In the psrpendicuiar

direction gives rise In long tapers to & siow empiltude modufation
of-'the high spatisl frsquency mods bsating variations shown In

Fig. 35 . Potentially, there ars many applications which can
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FiG.

38 - Plctortial view of the biconicai structurs, (a) Without

load the intsraction tength L, and the beating length
are dsfined: (b) the structure Is strsssed In such a

way thet L = /2.
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expioit these properties of long fused couplers. They Inciude
polartization beam eplitters, sepectral fiiters, moduiators and
switching, the laet being the theme of this paper, )

For ehort teapers such that the intersctlion length L 1Is
onty 8 few times the coupiing tength ¢ the coupling ratio r =

P /(P + P ) ils simply given by
4 4 3

r = sin? (CL) {21)

where C Is the coupling coefficltent. @n the other hand, {f ths
taper Is long, |t becomes necessary to take into account the emall
dependence of the <coupiing coefficlent on the polsrization

dirsction. For L >> ¢ , the coupiing ratio is gliven by

1"31

2 2
2 (sin c L + sin CyL) (22)

where C and C are the coupliing coefflcients in the x- snd y-
dlrect|;ne respa:tlvelv.

Thus, r csn be modified by axially streesing the taper In such a
way that AL/L = 5/Y where Y is the Young Modulus far siilca, and
S ths appllisd stress. The effect of an spptlied stress on the
output pawsrs |8 schematized In Fig. 38 b for L = t/2 ., Flg. 37

shows the variation of the coupling ratio with the apptied force F

for three differant wavaiengths. its sinusoldat dependencs on F I8
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