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SOURCE COUPLING, SPLICES AND CONNECTORS

INTRODUCTION

The proper design of en opticel communication system
using opticel fibers as ths transmission medium requires g
knowledgs of the transmission cheracteristics of the opticel
sources, flharl,. and Interconnection devices <(connsctors and
splices) used to JoIn Jengtns of fibers together. The purpose of
this flecturs s to Investigats the coupling of energy from an
optical wsource into fibers, and the effects aof Intrineic asnd
sxtrinsic splice—loas parametars on the transmission
characterlietics of an optical fiber link. In addition, axamples
of differsnt types of optical fiber connectors and splices ars
given and the transmission loss of the Interconnaction devices

are discussed.

SBOURCE COUPLING INTG AN OPTICAL FIBER

The coupling af power from an optical eource Into a

fiber 18 defined by the coupling efficlency

n = Pp /P {1

" where P Is the power inlacted into the fiber core and P (s the
: ' F ]

output power of the source. The factars affscting n can be

broadiy dividad Into two categoriss. The first category, loss due

te unintercepted Jllumination, can be ceused by the scurce’s



emitting ares being larger than the fiber o core arsa,
Unfortunstely, the brightness of an image on the fiber core
cannot exceed that of the sgurce and so an intermediate lens
cennot focus all the !igth Into the care. Even If the source s
smaller than tha caore, you can stiil have oprodieme with
uninterceptad Iltumination If separstion and misallgnment of the
source end flber axes wijow omitted Iight toc miss tha core andg
bacome lost. Coaupling ftoss due to unintercepted Iitumination can
be eliminated, hawever, |If the source-emitting ares and the
tiber-core ares are property matched snd wslligned. The second
category of coupling loss that affects the efficlency of source-
coupling Inte » flber le due to mismatches betwsen ths source
beam and fibor numericati apertures. For fiber optic communication
systems two types of 1)1ght sources, |Ilght-emitting diodes (LEDs)
and Inlection lassr diodes (ILDs) are typically used. To calculate
the coupling loss due to numericel aperture mismatch, ws must
firat describe the radlation characteristics aof LEDs and (LDs.

The raciation pattern cbtained from an edge-smitting
LED is efllptical In cross section with half-power beam
divergence oengles of appronimately . Bnn ang ¥ anu . The
rldlaflnn pattern obtsined from a double hetero)unction Ilaser
diode 8 also elliptical In croses section but narrower (n beam
wigth than sn LED. For enample, the typica! half-power besm

divergence of an |ILD sre 25% and 5% perpendicuiasr and

paraliel to the Junction plane, respectively (see Fig. 1).

THEORY
COUPLING EFFICIENCY USING & CONIGAL LENS

We assume 8 singie-mode laser emitting an elliptical
Gausslan beem having apot sizee a and b. The laser Is located at
T =0 as seen In Flg, 2 « A singte-mode fiber with a spot-slze
¢ and 4 thin conicat lens dullt on (ts end recelve the |tght,
The lens helgth is h and the core diameter (s 2W. As seen In Fig.
2 . the tip of tha conical lene I8 Jocated at 2 = H, We elso
assuma & known relationship batween W and c.

Let wus calcutate the svolution of the fleld radiated
from the laser as it travels through the atr, travearses the lanes,
end Is coupled to the fundemants! mode pf the flber.

The fisld Intensity of the fundamenta! mode radisted by
the iaser inte free space I8, according to clasesical Gaussian

aptice theory

E,=f, .9, (2)

whers
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and X is the free-spsce wavalength. The enpression for g I8
4

obtained from (3) substituting n and a with y and b,
Using the thin-leas approximation, ths conical lans Is

assumad to act as & phase shifter. The transmisslion cosfficlents
2 21/
through the lans (x +y ) <W and through the ajr outside
e 2 /e
the lens (x + y ) > W are

T, =exp (4 3%2 f Eil (xz + yz)-lfg-n]} for (x2+Y2)1/2 <W
(4)
T, =exp {-1 3%2 }  for (xz + y2)1/2 > W

where n le the core index of refraction. The field srriving at

tha fiber Is then
E= B“ T {5}

Since the fleld of the fundamental mode In the fiber In the

Gausslan spproximation Is

2 2
e-gxp{—x_g_L} {6)
c
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showing spatis)

the coupting efficlency betwaen the Isser and the fiber Is glven

by the following normallzed overlap Integrals:_

w V22

‘ v © 0 : 2
| I dy j € E, Tydx + del € E,T, dxl
= ° o o Vw -y (7)
N‘ «w .o )
S J Eg dxdy I IC‘ dxdy
< ° o

-]

The theoreticel coupling efficlency for the general
case of an srbitrary lasar-fider combination has been celculated
Including an optimization of tha lens geometry (h/W) and the
leser—-fiber ssparation (H/W).

The results for a symmetrical beam ara ehown In Filg. 3.
The optimym coupiting efficlency compared with butt coupiling as
well as the required h/W and H/W ere shown for the cass of a/c =
/¢ rasnging batwesn O and |. In Fig. 3 , ¢/W = D.88 which Is
close to the value used In the expariments described later,

The conical lens, being clircular symmetric, cannot
carrect for the elllpticity of a nonsymmetrical beam. In such &
case, the lens can at best match the fiber spot size to the
goometrical mean of the laser spot aize. For nonsymmetrical beams,

than, coupling efficlency is & product of two factors, The flrst



can bs found from the 1 conicel lsnsas In Fig, 3 by repiating
a/c = b/c by (nh)’,elc . Optimum lens geometry, as well as the
laser-fiber ssparation are also determined from Fig. 3 . The
sscond factor takes Into account the elilpticity af the beam and

4ab

M=
(a+b)?

(8)

It Is plotted Ja Fig. 4 for ellipticity ratios a/b ranging from 0
to 1. We note that for ellipticity ratios sdove 0.53, M (s higher
than 0.8,

COUPLING EFFIGIENCY USING A HEMISPHERICAL LENS WHOSE WIDTH EQUALS
THE FIBER CORE DIAMETER
Such a lens may be pbtalned In principle by fire
Palishing or arc melting the etched cone. The calculation I
simiisr to the one prasented above. The conical jene |s teplaced
by & thin hemisphericat lens whose radiys of curvature Is r ae

. L
seem in Flg, 8% . The calculated coupliing efficiency, as woll ss

the optimum le&ns geometry r /W and the lassr~fiber separation
L

H/W, are shown In Fig. § for » symmetrical beam whars c¢/W =

0.88. To examine the increase in efficiency achlieved by this

" "L _FOR INFINITELY WIDE HEMISPHERICAL LENS

% [

"L FOR CONICAL LENS

TLFOR BUTT
COUPLING

2 0

Sab
€ ¢

T I

‘FlG. 3 - Coupling efficlency using & conicel jane as & tunction of

lasar-to-flber spot size ratio for a symmetricel

Optimum values for h/W snd H/W are shown In tha

8utt coupling Is shown for comparison C/W = 0.88.

flgure.
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efficlency factor M as
ellipticity ratio. The geometrical mean beam spot site

saquals the fliber spot size.

hemisphericel iens over the conical lens we compare Flgs. 3 gand
. « We note that the epherical lens Is more efficient, but
that the increass In coupling efficlency s no.mure than (0% for
a1l values of a/c = b/c,

The efficlencles prosanted above sre different It the
ratio e¢/W -le chenged. For small values of c¢/W the lens Is
effectively wide and we approach the conditicn of an Infinitely
wide lens. If c/W is Isrge, we approsch the condition ef Dutt
coupling. Meximum efficlancy under both thess extrems conditions

Is shown In Fig. §

LENS MANUFACTURING

The lens |e manutactured by a seiective chemical stch of
the fiber. It Is conlcal In shape and may be fire polished or arc
melted Into a hemispherical shape. Its base aiways equals the
flber core diamater. This lens has two malor advantages: ()it |s
oney to manufacture and le reproductble: It also allows batch
processing: (2) it Is automatically allgned with the fiber core as

seen in Fig. 8.

EXPERIMENTAL RESULTS

A I.3 um Fylitsu doubla channel planar burled
hoterostructure I|aser was used in the expariments. The Infered
beam spot sizes were o = 0.63 um and be 0.8 um, Hence, a/b = 0.7

172 .
and (ap) /¢ = 0,17, According to Fig. 3, the calculated coupling

-11~
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FiG. 5 - Coupling efficiency using a spherical lens as a function

of lsser-to-flbes spot size ratio for » symmetricasl

‘beam. Dptimum values for h/W and H/W are shown. G/W s

-12~- [

efficloncy (s spproximatelly B7%. From Filg. 4, the ellipticity

‘fictor'll M = 0.87, which reducss ths coupllhg,nfilb]an:y to 85%.

Minimum Fresnel losees would drop this number to the level of 82%.

‘The experimental reoulte for ths coupling effliclency ars shown in

Fig. 7 wee a tunction of stching tima, ono'cqn observe from the

figure that the maximum coupilang efficiency Is arcund 82%. It Is
Important to notice that maximum cnup]lﬁg was nbj:r]nﬁ' using a
cans-truncated fens. Etching times longer than 2.6 hours lead to
totally conlcal tens having eoubltnh cfflcl.nclos of 55%. These.
;..“lt.' sre predicted by the present mode) . Cons~truncated Ilene
Closaly resembles the spherical shape, which sccording tn. the
wode| provides batter coupling to the fiber.

The calculsted butt-coupiing efficiency Js 2B%, which
agrees, within the saperimenetal errar, to the measured valug.
According to Fl1g.3, the required lens should have h/W = D.BB which
Is close to the value used In the experiment (h/W = [0.8). 4An
optimum working vslue of h/W = ;.3 was set for maximum coupling

which meets to the predicted ratiao. The exparimantal c¢/W ratio was

L oroﬁnd 1.1, somewhat sbove the velue used In the calculations (c/W

= 0.88).

EONCLUSIONS

It is presented & theoretical design of both conicel and

hemispherical wmicrolansss, whose widths coincide with the cora

~13-
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dliamatar. Maximum coupling efficlency as well as thas optimum lens
goometry and laser-fiber saparation have been calcuiated for 3
wide range of laser beam and fibar spot slzes. Optimum separation
betwean fiber and laser le aiwaye finite so that the use of these
fenses avolde tha need to bring the two (Into closs physicsel
proximity, We conclude that the use of these simpies Jenses
Improves the coupling efficlency In prectical casss By large

amounts. The eaporimental resutts presented support this

conclusiaon. .
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SPLICES AND CONNECTORS

INTRODUCTION -

The functions of splices and connsctors are to
Interconnect the tranomiesion medle and to connsct the wmwedia to
optical devicas. Splices are |ntended to stay parmanestily
tonnescted., Coanectors, on the other hand, ars designed for
frequent separation and rejolning. Tha most oparationsily
signiflcant systom paramater of thess componsnts Js optical ioss,
The lose Is dapendent on slignment of the fibsrs, the end
conditions of the fibers, and the fiber~core parametars (primeriiy
core diameter and psak index difference Jn multimode flbers, sad
mode-fisld diameter In weingle-mode flbers), Thasa fiber-core
paramstars ars anot under controi of thes splice of connactor
deslign.

The technology of lightwave system has shifted from the
graded-indax multimode (MM) fiber to singlie-mode (SM) fibar that
operatas at 1310 nw and/or 1550 nm In essentially all systems. The
smalisr core size of SM moedia makes spllicing and connacting much
more difficuit. Most S5M cores are shout B8 um In dismater comparsd
to S50 or 62.5 um for MM cores.

The opticet loss of a splice or » connector I1es directly
related to the sccuracy of the sllignment, and for & glven process,
the cost Increases with sccuracy of ailgnment, The cores of SM

fibars must Dbe aligned to within | um in & connector, with no

-17-



Fresnel reflection loss, te obtain a loss of & few tenths ot & 8.
Mioalignment can be up to 3 um If a foes of 2 dB Is wllowed. The
cost of the connectors tende to differ Inversely by sbout the same
retlo,

Optical-toss requirements are not the same for sl
applicationes,. Low-loas componants are needed for long—haul
Intercity trunks to get maximum epacing betwesn regenerators. An
overview of the desligns and performance of splice and connectors

is presanted.

SPLICING

The two fundemental approaches to splicing optical
fibers are fusion welding and mechanical lolning., Bath methods
require thres basic steps:

1. Fiber end preparation
2. Allgnment of the fiders
3. Retention of the tibers In the aligned position.

Arc fusion ls used by many for splicing optical fibere.
in this method, the fiber ends are cleaved and allgned, and the
and§ are melted and fused to rstain the elignment. In single-mode
fusion, the fibers sre sligned with x-y micropositioners that ars
driver with & fesdback signal to pesak the transmission of the
splice. Despites automated alignment and fusion processes In the

newer meachines, the quallity of the splices 18 atill sensitive to

-18~-

small veriattons In the exscution of the three basic steps and to
unfavorable environmental canditions. Avarage fleld-spiicing times
vary greatiy from (5 to 40 minutes per splice, gue mostly to
environmental effects,

To achleve sversge splice iosses of G.! tD D.25 dB with
fusion In the field, respiicing is frequantliy required to
efIiminate high-loss eplices. Fusion splices are physicaitly the
emallost and when properiy made have extremely stable loss over &
wide tomperaturs range. Fuslon splice Is currentiy the maost widely
used mathod.

Figure B Is a schematic dlagram showing how flbers are
welded together using an electric arc. Obstecles assocliated with
tfusion splicing are rejated to the Imperfect preparation of fibdar
ends, ths ceifficulties assoclated with pranllgning the fibars to
be spiiced, end the tensile streangth of the fused #iber.
implementing the fuston procees with fibers that have (mperfect
ende (esurface roughness, angle, or |Ipsa) can resuit In &8
distortion aof the core and formation of small alr bubbles. - To
avold these problems, automsted fusion test sets have bSaen
devefoped with the following festursas:
= &n opticsl viewing arrangement to simplify fibar preallgament,

- & prefusion process using m low-energy arc discharge to round
the fiber ends and avold¢ bubble formation,
- & controlled |Inward mocvement of the flbers during fusion to

prevent necking at the fused Joint.

-19-
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FIG. 8 - Schematic showing fusion splicing using an electric arc.

=20~ [

Compieted fused spiices shovuld be intorporated In a
protectiva packsge snd stored with little or no tensile (oading to
avoid mechanical problems In the vicinity of the Q;Iice. Desplts
soms of the difficuitiss essociated with fusion splicing it Je ans
of the most promising techninues currentiy availabie for
permanantiy loining individuasl flibers.

‘ In mechanical splices, the ground and polished ends ars
allgned and butted togethar with a matching gel or adhenive
betwean ths ends. Allgnment le meintalned mechanically. Some
designe combine and simpilify the three basic operations of end
praparation, allignment, and retention to achieve Increases In
performancs and productivity. Reflections from the fiber end faces
can be made emall enough that they do not interfers with tha mast
eophisticated transmiseion systems by using proper Index matching
gels or adhesives. The remalning small refiections ars an sld In
analyzing faults along a fiber route with an aopticsl time domaln

rafisctomatsr.

INTRINSIC AND EXTRINSIC LOSS PARAMETERS

The lossees introduced by wmechanlica) splices and
connectors are an Important factor to be considered In the design
of a fiber optic system since they can be & significent part of
the loss budget of & multi-kllometer communication Iink. Losses of

splices ard connectors can he grouped Into two cstegories as shown

-21-



In Fig, 8.

technique

The

fiber) parameters

cores, ond

second category
fibers Jolined
splice loos,

diameter (both

mismatch), and elilpttcity and concentricity of the fiber coraes.

first category of losees Is related to

used to Join fibare and Is caused by axtrinsic (to

separstion, axlal tilt, and fiber end quallty.

and Is referred to as Intrinsic (to the flbere)
Intrineic parsmeters incliude varlations In filber
cors and ciadding), Inden prafile ¢ o

of fosnes is related to the propsrtias of

EXTRINSIC SPLICE LOSS FACTORS

@ TRANSVERSE OFFSET
©® 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 B ~ iIntrinsic and Extrinsic Spilice-Loss Factore

number

of analytica!l models have been

-22-

the
the
such as transverss offset between the flber
The

the

to

determine the effect the varlous intrinsic and enxtrinsic
parameteres have on spiice loss. Flg. 1D compares the relative
Influence on aplice loss of the malor extrineic -parameters of
transverse offeet, end separstion, end axial tiit, for multimode
graded-index fibers. Splice 1088 I8 significantiy more sensitive
to transverse offset and axlial) tiit than It is to longltudinel
offset. For example, @& transverse offset of D.!4 core radil or an
axlal tilit of ) degree (for & fiber with an NA = 0.20) will
produce & apllice Inpss of 0.26 dB, A {angltudinal offset of opne
core redius will produce a loses of only 0.14 dB.

A matching materisi with [ refrective Inden
approximately the apms as that of the core |8 used to reduce the
fresnal reftection toss ceussd by the glass-alr Interfaces betwoon
the coupled fibers of & joint.

The mismatch of Intrinsic multimode graded-Index fiber
parsmeters can siso signiflicantly affect the loss of a splice.
Fig. 1l 1flustrates how splice loses Is affected by core radlus
or A& mismatch and Flg., 12 shows how It |Is affected by
mismatch. These curves were obtained using a model In which a
gaussian distribution of the power within the sollid angle defined
by the tocal numerical aparture at any point on the fiber core was
assumagd, Sensitivity of splice loss teo mismatch |s therefore
substantiatly less than that for A or core-radius mismatch.
Although generally less significant, other intrinsic mismatch
parameters, such as core ellipticity an¢ concentricity, do

cuntflbutc to the total loss of » splice.

23w



SPLICE LOSS, &8
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SPLICE LOSS, d8
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in summary, the most Important extrineic parameters that
causs Joss are trensverss offset and axisl tilt., Ones must
carefully design both connectors end splices th very tight
talerances to minimize these extrinsic parametdare. The most
sensitive Intrinaic factors that cause splice loss are the & and
core-radius mismatch of the fliders being Joined. To minimize the
sffect intrinsic Parameters have on splice loss, tight
manufacturing tolerences on the fibers wused In » low-loss

communication system must be maintained.

SINGLE-MODE SPLICES
The offset loss of single-mode fibears depends on ths
form of the propagating mode. In both §I and parabolic~Index

fibers, the besms are nearly Gaussfan., The Joss between identical

fibers is

L = - 10 log {exp - {(d/W]%} (9)

where w I8 the spot sl2s. For S| fibers pparating closs to @
normallzed frequency ¥ of 2.405 the spot size Is about 1.1 times
the core radius. The single-moce axlsl displacement Joss |8
plotted In Fig. 13. Because the spat size I8 onliy e few microns,
we reeilize that efficlent coupliing of singla-mode fibers requires
& very high degres of mechanical precielion. For s loss of | a9,
tq. B ylelde ¢/w = 0.48. If ths spot slze )s 4 aum, the

eflowable m!sslignmant Is only 1.3 um.

-27-
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whose

Far singia~mode flbars the anguisr misallgnment loss Je

L = - 10 log {exp = (mn,We/x)? T (10)

where © is the radlans, w Is the Gaussian spot slze, and n Is
the refractive Index of the cladding.The jose s plotted in F?g.lﬂ
for two odlfferent Si f1bers, both having & normallized frequancy of
2.9 and a cladding Index of [.96. As with the multimode case, the
loss Increases more quickiy for the flbsr with ths smaller
numerical aperture.

The gap (oss for singlie-mode fibers is

L = - 10 log 44z v 1) {11)
(422 + 2)% + 4z
whare Z » x;/zwn2w2 . This result le plotted In Flg. (5 for

a fiber having NA = D.t2. For this exampie, a gap of |0 times tha
core radius produces a loss less than 0.4 dB. We conclude that the
gap is not too criticel. As with wmultimode fibore, anlal

misalignment is potentially the maet serious probiem.

INDIVIODUAL-FIBER SPLICES
Individual-fiber splicos can use glass capliary tubes to
provide robuste, casy-to-handle terminations for Individual fibars

In much the ssme way as slllcon chips do for multiple fibers.

-20=



LOSS (dB)

FIG.

ANGULAR MISALIGNMENT (DEGREES)

149 - Angular missitgnment loss for single-mode S| fibers.

V2.4, Wues1.9,n = 1,48, and A= 6.8 pm.
2
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FRACTIONAL END SEPARATION
x/c

FIG. 16 - End separation loss for s singfe-mode S1 fiber.
V¥ =2.49, W/a = .1, n =2 (.485, n = | .98,

]
NA = 0,12, A- 0.8 pm, §
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Accuracies and tolerances of glass tubes combined with
carefui mechanical design allow MM and SM flbers to Dbe aplléod
with average splice iosaes of 0.30 48 without wusing any test
equipment. Active allgnments allow tuning of rotary SM spiices to
less than 0.05 dB sven when splicing le done In the fleld.

The MM mechanicat esplice was the firat glass tuds
spllice. MM fibers are terminated In glase-tube assemblies wusing
uitraviglet-curabie cement, and the ende are ground and pollshed.
Each ferruile (s Iinserted in opposite ends of a cytindricat
slignment eleeve and index matched with the ssme gel wused with
silicon chip arraye. Spiice loss average D.2 dB with no tuming or
can be tuned to below O.1 dB by active alignment., Losses ars
acceptable for MM fibers but not for SM fldere.

To achisve SM eplice lossss of 0.056 di reguires core
alignment to within 0.9 pm. The rotary mechanicasl spiice
consistently achleves such allignment with no preclislan positioners
of any kind.

The vprinciple of operation for the rotary mechanical
eplice Is shawn In Fig. 18 . Each flber |8 mounted silghtiy off
center In a giass ferrule, and ths twos foerrules are offsat
relative to sach other s¢ that twe positions of perfect sllgnment
are avallabie when the farrules are rotated. The rotary mechanicsl
spliice s manually adlusted ta one of these positions without

sophisticated positionars.
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Flg. 18 shows the altignment sleave for the rotary

mechanical splice. This sleove s designed to obtala extremely

stable splices (oss (D.02 dB variation) over a wide temparature
[ [
range (- 40 F to + 170 F) with no residusl loss. Productivity Is

typlcelly 10 minutes per spilce Including terminaticn, tuning,
tasting, and splice storage. {a) EXPANDED VIEW OF SPRlNGROOVE® SPLICE
An enhenced, second-generation rotary spilice - called
the prealigned rotary (PAR) SM splice ~ achlsves low t(oss (0.20
d8) without tuning. Splicing procedures end tolersnces of the
glnss tubes hesve optimized to sachleve these results: however, the
epilcea can be optionally tuned to values below D.05 dB with active (b) SCHEMATIC OF CROSS SECTION O'F SPLICE
alignment. Tha three Iargest offset-producing effscts In gtlass-

tube SM eplices are:

- Eccentricities In the bore of the giass tubes e
- Dvarslize diameter of the bDore " wl ::::E:rf:nr:‘:;:::;‘s de
- Eccentricities In the core of the fibar. b

A sacand exampie of a permanent splice that utilizes an 5”"
allgnment member Is catied a Springroove splice and Is shown in gzo-
Fig., 17 . This splice uses & brackst contsining two cytindrical 3
pine as the alignment siemant (groove) for the fiber ends being °r
aplléud. The diemeter of the cylindrical pins s selectad to [ I

n.00 0.04 .08 012 0.le v.zn

aneure that the upper rim of the f)ders stayse above thes
SPLICES ATTENUATION, dB

{c) HISTOGRAM OF LABORATORY SPLICE LOSS DATA

used to keep each #iber end pressed In the groove and & drop of FIG. 17 - Springroove splice.

cylinders, as shown in Fig. 17b . An elastic elament (a spring) Is

commerclial optical epoxy |8 sdded to ccmplete the splice. A

-3~
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histogram of loss date resulting from laboratory tests performed
utiltizing Springraove spiices is shown ia Fig, (7¢ . The aversge
loss for these laboratary tests using ldentical multimode graded-

Index fibers was D.D498 dB.

LOGAL INJECTION DETECTION

Both fusion and mechanical splices often use active
atigament to minimize offsets. Although far-end transmliesion

monitoring has been used a the fletd, It Ie @& cumbersome

technique compared to the convenlence of local 1{lght detectlion.
Local detection can bs dons by sensing the Illight transmltted
through the epiice or sensing the Ilght lost at the splice. The
lonpltlvlty of local loss datection is 200 times greatar than the
sensitivity of locail transmission. Bacsuse f(ocal losa detection
squipmant can be easlly callbratad, accurate splice—~lose
measurements can also be accomplished with this technique,

There are two fundamentai processes used to Inlect aor
coupin Ilght lntq'thc core of & single-mode fiber: microbending
and ‘macrobending. These bends coupie tight from the tundamentsl

LPOI mode to the LPI) leaky mode end vice-varsa. Conventicnally,

ltght from s 0.8-to D.8- ym LED source )s focused on to &
‘rejatively smali radius (to | to 5 mm) macrobend to Inléct

typlcally - 50 dBm or lees Iight Into the fiber. AlIthough this

technique will work esatiefactoriiy with <transmission detsction,
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most flbers are not single-made at 0.8 to 0.8 pm.  Moreover, &
large portion of the -50 dBm Is sometimes In the ciadding: and
tfiber=-to-fiber variation Is ususily high. These factors comdine to
vlojd'ponr lpllccllylgnlcnt end give po Indication of splice loss.

Local  1ight Inlectien wusing short-pariod, small-

ampl i tude microbends has several sdvantages:

. F. Ths modulated .3- pm lasar source sacites the singls-mode

fiber properly. _
2. Grester than -35 dBm can be Injected plinpi totally in the
cors. ' 7 S -
3. Bending stresses are less than 50 kpsl,
4, Flber~to-fiber variation is low.
A schemstic of the microbending reglon Itssif appears Ia

Filg. 18 .

RAPID RIBOON SPLICINS
In ths rapld ribbon splicing, all 249 fibsrs of a splice
ars ground and polished simultansousiy. Then a portion of the

ribbon (8 removed, and the bare fibers are placed Into a grooved

. lubatrltt' with the ands butted. The contlnuous grooves of tha

.auhltrptc ‘siign the fibers, and a matching g9¢! Is placed Dbetwean

the fiber ends to reduce the splice iooses and reflection. A molded

‘cover |s plsced over the fibers and sacured with spring fastsnere

to retsin the allgnment. Only simple hanc tools, & vacuum pump,
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Lightguide cable

From local

injection mq{o

To rolory splice \L_y

e

FiG,

18 - Schematic of local

~3B-

inJection by microbends.

and a finture with a low-power microscope are required to make the
splice,

Average splice loss |s about D.35 dB with a standard
deviation of sbout 0.3 dB. The splices are very stable; added loss
over & temperature cycle from -40 % to 170 % Is less than D.05 98

with no reslidual tose after cycling.

CONNECTORS

Gptical fiber connectors ars used to coupis light from a
source to fiber, from one fiber to another, and from fiber to a
detector. The first and third are speclal applications and will
not be discussed here.

By far ths most popular configuration for opticat! fiber
connectors I8 the precision-aligned butt joint with groynd and
pollished ends, The fibers are positioned and held In supporting
ferrules as the ends are ground and polished. Theses ferrules,
which are wvusually cylindricei or conical, are then alligned 1In
sleeve couplings (Fig, 19 ). Good silgnment of the fider cores
require precise dlameter and concentricity control of the
cylindrical ferrule and slieeve, and precise taper length and
concentricity control of the conical parts.

Some connectors use an enpended-beem lens, as shown In
Fig.18c . This connsctor has relaxad concentriclty requlremants
but this le offset by more stringent anguiar requirements, Because

the ends can be sealed with glass disks, the connsctor is loss
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FIG.

19

chndrlcul slosve

S E —
‘ j A S |
vllndricul_/
ferrules

ferrvies

Cylindricol slesave

L____J‘yl.___J

Lenses

- Three of the most used types of connectors. Top

botton: cylindrical ferrule, conicel

expanded beam lens.
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susceptiblie to damage during wmultiple reconnects, and Its
performance is less sensitive to debris.

Connectors genarally have greater lass than splices
because they are not uned, and matching geis are not ordinarily
usad. Furthermore, connector performsnce can suffer from woar and
ond-faces damage. The fiber end faces must be fiat, perpendicular
to the slignment-surface anls, and In contact to get the lowest
loss in & dry, butt-joint connection. WIth coatecting end faces,
the loss of high-perfaormance MM and SM connectors Is typically 0.3
to 0.5 dB. These fligures wilti Increass by sdout 0.3 dB from
Frasnel reflections if there I an 8lr gap betwsen the fiber ends.

Other cnnnactnr. contributions to loss that may be
discussed without specifying the shape of allignment surfaces ore:
1. Eccentriclities between core and silgnment-surfacs anas,

2. Diametral clearance bstwesn ths lsrgest core and smallest
flber.

3. Angular misallignment between core and alignament-surface axes.
Typical iimits for high-performance MM connectors are 5 aum for
Itams (1) and (2), and lo for item (3). Approximats limits for
simitar—~quality SM connectors are | f' for (4), @2 pm for (2) and
IIEa for (3).

Thare are o wide varlety of fiber connsctors wussd to
interconnect both Individual fibere and aptical fiber cables. Two

of the most commonly wused ars the bliconical and threball

connectore.

gl



The molded blconical plug connector shown In Fig. 20 s
widely used as part of » Jumper ceble for a varliety oaof ceantral
office applications In the Hell eystem. The heart of this
connector Is a biconlical sleeve which accepts two plugs and allgns
the axes of the fiber ends that are centrelly tocated in these
plugs. An inharent advantage et the conical slignment
conflguration |Is thet virtually no abrasive wear occure with
repeated engagement of the plug and slignment sieeve. No cantact
occurs bstween the mating parts untll the plug Is fully seated
within the biconical ailgnment sieeve, Both the plugs and the
allgnment sieeves are transfer~molded using a filied thermosetting
opoxy to enhance dimensjonal accuracy and stabliity. €Each plug Is
molded directty onto a fiber, Careful prepositioning In the
trsnstfer mold snsures that the fiber cora Is concentric within &
few micrometers to the tapered end surface of ths plug. After
moiding, the end of the flber is ground and polished. To complate
a connsctlion the two plugs are Insertad into the biconical
slignmnet sjeeve as shown In Fig., ¢20. The lowest average messured
Insertion 108s obtalned with Identicet 6O pmllas pm  graded-index
fibers (NA = D.23) for this connector was 0.1t dB and 0.2 g.t
db for single-mode flibers. Fresnel raflection I(08s can be
virtually eliminated 1in this connector by af{loewing physical
contact of the caretully polished fibesr end faces.

The next connector design that we wili discuss uses «a
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FIG. 20 - Expanded view of & biconlical
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three-ball allgnment configuratian to center & flbar In & ferrule
arrangement shown in Flg. 2Ia. The fiber Is located In & groove
formed by two balls and held In place by a third ball, To snsure
correct tocation of the two fiber ands they sre iocated with a
microscops and recessed with respect to the end plane of the thres
balle. The fibars are then permenentiy attached with an adhasive,
The goeometrical charscteristics relating the fiber end recess and
ball radius are shown In Fig. 2Ib, By pressing together the two
sets of three balle, automatic ailgnment of the two fibers s
brought about. It wehould be notesd that the oniy high-precision
components In this connector are the tungsten carblide balis that
Sre Inexpensive end easily manufactured with tolerences of 1 | Am.
Averaga Insertion losses of D.5 to 1.0 dB have besn reported using
a 50-um core-graded-index fiber. A modification of the three-ball
connector wusing flber bsad terminations le shown in Fig 2ic. The
beads, whose spharical fiames-polished surfaces reduce coupling
fosses due to Imperfect flber cleaving, are prqducld uaing aen
eloctric arc dischargs. An Inexpensive moided plastic connsctor
using 8 three-ball insert and fiber-bead terminations had an

average |oss of 0.8 dB.
8I1BLIOGRAPHY

- J.M.Andesrson, D.R.Frey and C.M.MiIller, ATAT Technical J., B8
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(e} FIBER LOCATED IN GROOVE FORMED BY
THREE CONTACTING BALLS '

(b} TWO INTERLOCKING, SELF-ALIGNING
SETS OF THREE BALLS

= >
\ fsteave :A:lun

—_ HOER BIAD LOCATID
IN BALL CLUSIR

{c} THREE-BALL FIBER-BEAD CONNECTOR

FIG. 21 - SIngle-fiber three-ball connector.
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BIDIARECTIONAL COUPLERS

INTRODUCTION

Te perform some of the basic functions required In any
optical eystem, severat In-(Ine optical fibsr components wers
developed, nsuch as polarization controlliers, moduiators, pawar
dividers, opasssive fliters, and flber ampliflers. Ona of the
Impertant functions that was first considered was the transfer of
signal power between twa optical fibars, which is the prarequisite
for many Interesting applications. varlous approaches were
Investigated by different authare, using either multimode or
single mods fibers, which led to several coupler gsometries., Some
of these approaches roly an evanescent wave couplling, which
requires that the <fiber coras be brought cloee enough to each
other to make possible the Interaction of the evanescent flslds
which axtend Just outside of the cores. Houauer,.lnd especiatly In
the case of single mode flbers, the fibar cors is rather small and
burted Inside a 100D pym diamster cladding, sc that acsss to the
guided mode Is’ ganerally difficult,

Three malor techniques of fabrication of fliber-to-flber
cocuplars have Dbeen published to date. Multiport fiber couplers
were fadricated using a fuslion method. Significant coupling ratlios
(up to 60 percent) and relatively 1aw loss (0.2 dB) were reported
with such coupifers using multimode fibers., An etching method has

aleo been published In which twa singla mode fibers are chamically
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etched wuatil most of the fiber cliadding Ie removed. Finalty,
mechanical pollshing has been wused to demonstrate efficient
coupling,

We present in this lscturs an overview of the basic
erinciples on which polished snd fused Didirections! couplers
operate. Detalles of the fabrication are given and the exparimental
results are diascussad bassd on simple theorstical cansidsrations.
POLISHED COUPLER ¢

A schematic of the flber coupler )s shown In Fig. 22 . A
length of aptical fiber Is bonded Into & slot In » quartz block
with parallst, polished faces. To provide sdditions) machanical
stadility during polishing, snd  to control the Jength of
Intersction In the final devics, the bottam of the slot Is given a
convex curvature with a specified radlius. The surfesce of the
substrate s first ground, thepn pollshed wuntii the deslired
Proximity - to ths fiber tore is obtained. The distance from the
luh;frlte top surfice‘li.mellﬁrld el ther with a low .depth of‘fiaid

microscopes, with a mueh.nlcal'lnstrUM|nt or by meliurlng the wuxis

liucnslnna of the oval plttoru lt the interscctlon of the cladding
and the substrate. Whan cnnugh substrate has been resmoved; twa'
.Such substrates sre moteﬂ to form a couplar, as shown In Fis EEc .

Dbservation of tno lntlrforence pattern producau within ths tprn

Inyer - of llf- bntueon the two  substrates ylelds Impoftint
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Informations on the quality of the polished surfacas.

During pretiminary tests and routine operations, the
coupler Is placed in a hoidsr provided with micrometric screws to
adlust ths position of ths top substrats with respect to the
bottom substrate (Fig. 23 ), The purposs of thess pesitionsrs Is
twofoid: first, ta allign the fibers parailel end supsrposed, which
€an  ba checked by looking at the oblang cladding patterns of the
tibers tnrough the top substrate with s microscope: eecond, to
offast the top filber with rsepect to the bottom flber by [ L1}

amount,

THEGRETICAL MODEL

in the stmple cese of & single tfiber, the wave squation
sublected to an appropriste set of boundary conditions can be
solved exactiy, ieading to & good mathematical dascription of all
the fiber modes. When two fiber cores ars nearby, es Ina flbar
coupler, It Is more difficuit to dorive an exsct analytical form
of the sigenmodes of the system, mainly because of ths symmetry
breakdown Introduced by ths presence of s eecond wavegulde,

In order to solve the theoretice! problem of o two-
wavegulde System, an alternate approximate method was developed
which uses o perturdstion formslism. When two dietectric
wavegquides are placod alongside asch ather, the introduction of
the second guids distorts the fielg distribution of the guided

made of the first guide. The approximation conststs In sssuming

FiG. 23 - Genaral

view of a fibar coupler In 1ts holder.
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that each wavegulde mode distribution remains unparturbed, and In
sxpressing the fleld of the two-waveguide oystem 4as » |inear
combination of the unperturbed fleld of each waveguide In which
the fleld coefficlients depend on the position T along the
dirsction of propagation. This 2-dependance, which accounts for
the transfer of elsctromagnetic energy between the excltad
waveguldes, has been explicitiy calculated by several authors. The
power distribution after a distance of Intersction z Inside a

3
tosslass coupler consisting of two parallel wavegulides Is glven by

P, = P, cos? (cz)

il (12)

= P, sin® (cz}

Pg=F

whera P is the power Jaunched in waveguide | at 2 » 0, and ¢ Is
|
the coupling coefficient for the two couplers modes under

conslderation., The guided energy Is perladicsliy tranefarred back
and forth between the waveoguides with a spatisl period called the
coupling tength, equal to L = %/2c. The couping coefficlient Is
simply gtven Dby the apltl:I averlsp of the two interacting

Cc=- Y I:(nz-ng) E; . E, dxdy 13}

4P1 2-

-5 ]

where nix,y) Is the refractive Index profliie of the wavaguides, n
2
I8 the refractive index of the surrounding matarial (cledding or

substrate}, P Is the totsl! power carried by the wavoguldes, W
!
Is the angquliar frequency of the optical signal and E and E
1 2
sre the electric fleid distributions of the Intarscting modas, For

the current appilceation, the small numerical apertures of the
pptical flbars used in our couplers allowed us to wssume An/p =

1
tn = n )/n << | s0 that Eq. 13 can be solved and

I e I
A o2 K {vin/a))
c= 53 (14)
2 1h1 a‘ v K12 {v)
wherse ) Is the signatl wavelength, n and n are the cors AR
1 2

cladding refractive Index of the fiber, respsctiveiy, & (s the

fiber core radius, h Is the distancs betwaen fiber axis end X are
|

the wmodified Besse) functions of the sscond kind and of order |.

The parametars u snd v arg the transverse mode paramsters and
2

2 e
satiesfy + v sy whare V I8 the normallited frequency
2na ‘r z_
Vs - ny n2 (15)

In & reaal flber couplar the flber geometry departe from
the above conditions bacause the fibers are both curved along a
radlus of curvatura R, and are waiso allowed to be transisted with

respect to esch othar In & parsllel Cor nonparalial) manper. As @
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firet consequence the spacing h between the Intaracting {ibars,
snd therefare ths coupling cosfficlent c{h), is a function aof the
position 2 stong the coupling reglon. THk!s problem of distributed
coupiing was recently solved following simllar approsches. It can
be oasily shown by direct Integration of the coupled power along

the 2-sxls that the solution of the new couplisd-wave equations |8

gfven by

P, =P cos2 {c L)

3 1 (6]
(16)
2

P4 - P sin (CDL)
where

CL= [ Cl3) dz (n

Hers we define the integral as the product G L where C (0)
Is the vslues of the coupling coeffigclant 02 the center of the
coupling reglon (2 = D) where the spacing 'betwsan flbers |le
minimum (Flg. 29) and L Is the effective Intersction length of ths
coupler,

With the geomstry of this flber coupler, the spacing
h{z) betwsen fiber axis Is a function of both tha radius of

curvature R of the fiber and the latsral fiber offset ¥,

2 1/2
z- 2 2
h-[(h°+—n—) +yv" ]
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- Relative position of the fliber cares In the couplling

8 curved-fibar directional coupler. Note
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an additionet! affset (y), perpendicular to the

plane of the figure, Is aiso possiblae.
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whers & parsbolic approximation was ussd since << R.

PRINCIPLE OF WAVELENGTH MULTIPLEXING

The coupling cosfficiant between two opticei waveguldes
deapends on the electric-fleld distribdutions of the twoa wavegulds
modes involved In the process. Because of wavagulde dispersian,
these distributicons depend on the wavelangth of thes optical
signal. As @& result, the coupling coefficient of s waveguide
coupisr |Is expected to show scme dependence on the wavelength of
th inlected elgnal. This effect can be quite significant ¢n
singla-mode fiber couplers since the HEI| modal distribution
Involvad depands rather strongiy on the signsl wavelsngth.

This dependence Is jllustrated In Fig, 25 8 , where we
have plotted the coupling coefficient ve slignal wavelesngth for
gifferent vaiuoo of the minimum flber spacing. Fligurs 25b shows
the dependenca of the coupling ratio on thes wavelength.

Since the coupiad powser In a single-moda fiber couplar
shows a otrong dependence on signal wavelangth, an Interesting
spplication of directional couplers |o wavalength multipiexing. In
a glvin fiber coupler with properiy chosen geametrical paramsters,
one signal wavelsngth can be totally coupled while anether rsmalns
uncoupied. By fesding the two signals Into separate input ports of
the coupier, the wslignals can be mixed snd both come out of the

same output port, For s given fiber specing, the coupling lengths

=56~ []
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Fi8. 25 » - Theorethical dependence of the coupling coefficlent of

single-mode fiber couplers on sighal waveisngth

various tiber core spacings.
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~ Coupling ratio ve slgnsl wavelength In a curved-fiber
multipltexer (R = 200cm, éLs 0 sm). An Incresse In the
fiber core offset results In g shift af the coupler

responed atong the frequency rangs.
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for & glven pair of stgnal wavelength are flxed 80 that the
abllity of & fiter coupler to mix two signals efflclenfly doepends

¢rucially on the avallisbie length of Interaction,

EXPERIMENTAL RESULTS

Quring the fabrication of a coupler, ons of the maln:
Paremstars of Intersst Is the amount of cladding remalning on sach
substrate. Bscauss ths position of the optical fiber In the
subatrate groove varles slightiy from one substrate to the next
and cannot bo easily measured, the absolute vatue of n can only
be estimated. However, the vsriation of n hotueeno succauslbe
polishing operstions can be accurataly ontlrncd by memeuring the
variation of the total thickness of the substrats with &
microscope or by mechanicel means. Figure 28 shows the extinctiaon
retio as & function of remsining cladding for » core-Index-matched

caupler,

The couplers used for these experiments were pollshed to
different dcgreﬁe 30 that they exhibit rather distinct beheviors.
If the fiber spacing Is made small enough, It Is siso peesidie to
reslize » coupler for which the interactiaon lengthe Is longar then
tha coupting length, making overcoupling possibile.

"Absolute power loss measurements In curved-fiber
couplers wore done In two steps. In & first step & relative power

loss curve was abtalned by measuring the total power transmitted
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by the coupler (direct plus couplad power) as 8 function of the
flber otfaet. !n -2 second step the power lesunched Into the coupler

was measured in a standard manner by cutting the Input fiver near

_Ite end. Thie test waa found to provide & quick, ossy, and

iccurltg means of qurlfrinn the quallty of ulcnuplir during, as
wall as after, fabrication,

The spectral lass curve of @ typlcal curve is shown In :
Flg.' €7. In this particular sxample, the minimum power foss ui.
about 0.3 d8 and the coupling ratio was around 0.8 X 0.1. For
flber offtntn' Iarger than En‘pm. tnd foisil somawhat Increased
baceauss of the decreasing dlltlﬁcc betwesn each flber cors and the
higher index outar core of the opposita fiber.

Although the asbove example lllustrates the typical powsr
Ioss of overcouplere, 1+t was found that couplers with large fiber
spacings have lower loss lavels. In particular, 3 dB couplers may
exhiblt iosces as low as D.I5 dB. Finaliy, coupler diractivity |s
measured as "the ratlio of the couplied output to the signal

backscatterad in the secand ocutput flibar. For the purpase of these

"measurements, the ends of the output fibers have to bas sither cut
‘st - an angle or tepered and dipped In an Index-matched Jiquid to

sllminate spurlous reflactions. GCoupling directivity In excess of

Ed dB have been reported sc far.

DOﬁGLUSIDN

Tha SM pollishing coupliers allow low-loss, quasi-compiste
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FIG. 27 - Typleal spectrel l1oss of e polished SM coupler, The peak
centere¢ at ),.2 pm I8 causad by the cutoff of the LPI!}
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Power transfer es well as operations In an overcoupliing regime at

different signal wavalengths In the visible and nesr-infrared

rangs. By controlling the {fibar cors separation by means of

micropoesitionars, a fine, emooth adjustment of the coupler

sptitting ratio can be obtalned.
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FUSED COUPLERS

INTRQDUCTICON

A multiplicity of coupling device configurations have
bessn proposed, constructed and tested. From a esurvey of the
literaturse It would sesm that optical couplers have been
constructed wusing any conceivable means for processing f1ver
tcutting, pollishing, etching, <tapering, splicing and fusing) In
combination with a vasrioty of optical componeats <{microlsns,
reflectors, gratings, graded—-Index lansas, holograms and thin flim
waveguldes). Howsver, only & few of thess many optical-
coupler concepts have proven practical snd been commarciasilzed.
The principal fabrication technique, as attested by the large
number of manutacturers who now amploy It, I|e the fuse-pulli-and-
taper mahod first demanstrated aarly in 1877 at the Communicetions
Research Centre af Canada. Such couplsers in four-port
configuration sre usualiy called fusad-twin-biconicai-taper (FBT)}
coupiers to dsnote the fact that the geomestry of the resultant
dovice derlves from a fusion of two flber bicone tapers to form
the coupling reglon. The attributes that have Jed to the
prnnlhlnc: of FBT technojagy are:the high performance (Jow loss,
high isolation) af the optical coupler devices made thoreby: the
fact that devices cen be fabricated from a wide variety of {iber

types (multimode, single mode, polarization preserving): the
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Inherent natural compatiblility of the opticel coupling devices
with the opticel fibere forming the functionasl varisty, of FAY
coupler davice configurations that are feasibls and have basn
demonstrated. Historically, the first FBT couplere were fabricated
from muitimode fiber., Aithough a qualttative description of the
operation af the coupler is glven hera, a comprshensive, detalled
thaoretical mode) for the multimode FBT coupler has yet to be
daveloped. Referring to Fig.28 &, 11ght entering port | of the FBT
couplar propagates inte the taper dawn-region (decreoassing
transverse device dimension) causing the higher order bound modes
to radiate out of the core and be guided as cladding modes. As the
waist of the FBT atructure, light crosses the boundary betwesn the
two fused bicone tapers. Tha 1ight then passes Into the up-tapper
region where the cladding modes of the structure are recaptured in
proportion to the local cladding mode power by sach of the cores
of the two output fider arme of the coupier. This qusiitative
explanstion of FBT coupler aperation in terms of the fiber modas
may have led to a false conclusion that the fuse-pulli-and-taper
techniqus could not be appiied to the fabrication of devices made
from singls-mode fliber, <thereby delaying the first demonstration
of FOT single-mode couplers unti) 188]. Even though,the single-
mode FHBT couplers are fabricated In & very similar way as the
multimode FBT couplers,a different modst has been propossd to
expiain the mechaniem for power transfer bstween porte In the

singls-mode coupler,
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(a)
(b)
o~ “,-'.- o n
!,xzf'
| A (c)

FIG. 28 - Fused biconlcal taper. (&) The Input powsr P I8
splitted Into the outputs as P and P ;o (b))

3 q
schematic view of the biconica) reglon. L Is the

tnteraction length: {(c) cross section at the taper

walst,
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THEORY FOR SINGLE~MODE FoT

The thaory of evanescent flelg coupling, whlch can
adeguatsly describe the dehavior of the etched or polished
coupler, has beesn found to be lnlpprogrlnte when applied to the
fused tepered coupler.

The problem with the single-mode taperead coupler Is that
ot some point along the taper, the Propagating tield beccmes
detachad from the core of the fibsr so that In the neck section of
the taper the fleld Is gulded by the boundery between the cladding
and the external medium (i.e. air or some suitable potting
materisl) while the corse are reduced to such an extent that they
can be negiected.

Coupiling takes place through the Intersction, of the
modes of the composite waveguide formed st the neck ssction of the
coupier by ths fusion of the two fibers. Such a model Is essential
It we are to optimise coupler fabrication and perhaps more
Importantiy If we are sxplalt fully the moduvlating and switching
copabltities of the fused tapered coupler.

The fused tapered couplers have s structure simitar to
that of Flg, 28 b .The outer taper angle Jlles in the range 0.1
- 0.3u «+ The neck section betwaan-ths two tepers Is approximataty
paralle! with a tength vp to 2cm. An LPOL mode on an Input arm of
the coupler Is Initially guided by the fiber core. On antering the
tapar section It sees @ core of gradusl|y reducing redlius. At any

potnt an the fiber the mode can be decomposed locally into plane
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wavoes, This local plane wave dscomposition cen accurstslly
describe the propagation of the LPO) mode, even for low V-values.
Tha wmode will be gulded by the cors until Its Jocal sngls of
Incidence st the core-cladding boundary equals the criticsl angie.
At this point the LPDI mode will refract out of the core and must
be considered a fieid of tha entire cross-section of the coupler.

It is postulated that the main coupling action is due to
Intarference between the two lowest-order wodes of the asection
between the tapers, the entire cross—-section of which is now
corslidered ss & wavegulde of refractive index n ia & medium n .
At such lesrge values of V the propagation consiantl and floldz of
thea two lowsst-order modes are inssnsitive to the detaliod shape
of the cross—section which can ©be cunlldarnd‘ as rectangular
dislectric waveguide, aes shown in Fig. 28 ¢ .

We conasidering Int;rf;rancn between the |owest-order
eveR and odd mocdes of the rectangular gulde. It is straightforward
te derive accurate analytic snpressions {for the prapagation
constants of these modes.

If the power of the output ports Is described by Eg. I8

then It can be shown that

3N 1 {18)
1+ I/V)z

where V (s glven by Eq. 15.
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In deriving Eq. 18 It |s sassumed oniy two modes In the
coupling reglon. |f more than two modes wore present we would
sxpect to see sovaral periods In the ) dapandence,

A more refined aenalysis tfor coupting invalves
Integrating Eq., I8 with respect to z .along the tapoer. A further
refinement will be to Inclucde polarization affects in the coupler,
The two orthogonal polarizaticns have siightly different boat
lengths and In very long couplers this results in & modulation of
the wavelength dependence, This analysle I8 presented In the next

lecture.

FABRICATION

To prepare to maka the coupler, two fibers are stripped
of thelr protective Jackets for sevaral centimeters, They are then
}llld securely into two opposing transieting stages. The fusion
procsss commences with the simultansaue application of heat and
tenslion to the fibers. The heat Is removed and the transiating
stages are atopped when the desired splitting ratio I8
reached. Both Input and output fiber ends are mode-stripped to
sliow precise measurements to be mada. Optims! rasults requirs
the coupling process to be mon) tored during the fusion and
taporing procedure. A diagram of the essentiasl equipment is shown
In Fig. 29 . The particular laser iourc. used I8 depandent on the

desired wavelangth of the coupler. 633 am He-Ne iasars, Injection
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FIG. 29 - Schematic v¥isw aof a Itg for fabricetion of fused

biconicsl tapers.
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laser diodes of BUO om and 1300 nm have been successfuily

‘employed.

For a SM coupler to be Jow loss, fiber selection |s

critical. Efficient coupling requires that the refractive indan

profile of the fibar not contain a deprossed cledding region.

Flbare with depressed cladding raglion pProhibit adequate

transfarence of the svanescant field from the Input fiber cora to

the mdlacent fiber core.

A measurement of the coupling process was made by

racerding the optical power of both output ports of s coupier as a
fabrication. An

tunction of the length of coupler taper during

axperimental piot of this data for 8 particutar SM coupler Is
shown In Fig. 30D . The optical power can be seen to transfer
totatly from one flber to the other over 8 distance, L, commonly

known as the coupling tength, Goupling ratigs betwasn O and almost
t00% 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. 31I. Thesu couplers wers fabricated at CPqD/Talebras -
BRAZIL.
PACKAGING

The environmenta! performance of fussad blconlc taper
optical couplers, Is otrong!y a function of the pachaging

technolaogy used to isolate the glass taper reglion from mechanicasl
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stress and contamination. Low thermal expasnelon matais and giansses
have basn used successfully as esubstrates |n packaging FarT
couplers.

isotating the taper raglon from mechanical stressls of
Primary Importence. The minimum taper diasmeter for targe
transmission star couplers Is on the order of 10D Jym. This
dismeter can measurs as small es I12-18 pm for 3 port splitters and
combiners using 650/125 pm fiber. The dynamic breaking strength of
the taper varles widely becsuse of the handling requirsd to
prepara and place the fibers and the heat source used to fuse the
tiberes. Typlically, the dynamic breaking strsngth (s less than 0.5
Newtons (D.1 dB) for (0D um minimum taper dismetars anc |Is
correspondingly lowar for eplitters and combiners. Packaging the
taper wundar zero stress at ambient tempsarature Is eccomplished by
stress relleving the glass and attaching tha fibers to ]
supporting substrate. To minimize the strees upon the tapesr at
temperatures other than ambiaent, the coefficlent of thermal
expansion (CTE) of the substrete must closely match the CTE ofthe
glass,

The packags confliguration Is designed to factlitate the
manufscturing of coupiars, Becsuse the fiber taper reglion cannat
te disturbed, the preferred design was an open encded trough thet

could be moved into pocsltion sround the taper for bonding with
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adhesive. An obliique view of the package base and e
commerclalized by Phalo/DCC Is shown in Fig. 32 a. Fig. 32° b shows
& top plen view of an assemdlied coupler with the I(id removed.
Shown s the placement of adhesive (A) to securs the flibars and
adhesive (B) which secures the protectiva PVC Jackets (C) and
sgals the package ends, The PVC Jackets provide bending satrsin
retiet for the fibers as they exlt the packsge. The package
provides protection against tensile puil out for fomds up to 0.5
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FIG.

32 ~ Package structure of a fused biconicel tapsr

commerclialized by PHALO.
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ALL FIBER TUNABLE LIGHT SPLITTERS AND ATTENUATORS

INTROOUGT | ON

The rapldly develvping appilcations af single mode
fibers In communications have begun to produce tangible demands
for couploers and rejated devices such as tunable besam spllitters
and multiplexers, Those devices may ba bullt from discrete pptical
componentes asuch as microlenses, prisms, beam splitters besicdes
many others. Unfortunately, devices made from discrete components
in general present |ow mechanical astabllity and therefore are not
reliable, Any technique of manufacturing reliable devices should
discart dlscrete componsnts, and should redy only on the fibars
and thalr ragquired packaging structures,

Devices formed using the fused biconical technique find
s largs Ulrl.t”Jf usss. The most obvious and simplest axample s
the fixed-ratio power eplitter or dlirectional coupler. Such
devices are fabricated se & matter of routine with excess lasses
of less then 0.1 dB and may be of any desired splitting ratio. A
sscond widely reported application of fused biconical <taper
coupiers |s as waveiesngth-divieion multiplexers or demultiplaxers
whereby the wavelength dependence of the coupling ratio of such
devices (s vutilised to mix or eeparate signals carrisd at
difterent wavelengths. Varlabls splitting-ratio coupiers hsve,
untii recently, bean most often of the mechanically tunabls

polished type. These couplers are In ganoral duiky and their
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manufacture requires high oprecliesion and |1es therefore time
consuming and expensive,

Electrically controlled oti-fibre switches can be
fabricated wusing elthsr of two methods odescribed hers. Such
devices ijncorporates the stability, compactness and low cost of
biconical fused couplars, Switching has heen achiavead utilising
both the thermo-aptic sffect, In which a tempersture change over &
length of fibre Introduces bulk refractive index and dimenalonat
changes, and the stress-optic effect, In which the coupler itself

Is elastically stretched.

MACH-ZEWNDER INTERFEROMEYERS

Atl flbre Mach-Zohnder Intarferometers for operation at
& specific wavelength are conventionaliy fabriceated by splicing
two dlecrete couplers (n serlas, The resuiting devices suffar from
Intenslty Instablitty introduced by environmente!ly induced
differential phase changes batwasan the arms.

Recenttiy, It has been showed by Shipiey that the
consecutive febrication of 3 o8 couplers an two continuous single-
mode .fibres results In all-fibre MZ! which exhibits a stable
output Intensity even with varying environmental conditions.

The firat coupler can be fabricated s a matter of
rovtinae using the fused blconical method and by using power

monitoring feedback tu control the process and achlieve a splltflng
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ratio of (:1. On the other hend, power monitoring feedback
becomes troublesome during the fabricatien of the second couplar.
To overcoms this, an sutomated coupier praduction Jig can ﬁu used
to reproduce exactly the fabrication conditions sxperienced by
the first coupler. The completed Mach-Zahnder Interferometer Is
then bended wlfh UV-curing epoxy to = silica substrate that
provides straln reitlef and mechanical stahility to the fused
reglon.

The uss of ali-flbre MZis as electricaslly actlvated
tunable couplers or switches requires the addition of sn element
to convert an electrical signel Into an optical phase shift In the
fibre. A method of achleving such electrically controlled optical

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

THERMO-QPTIC PHASE SHIFTER

A thermo-optic phase shifter can be created by coating
exch arm of an Interferometer with a resistive Ink (Fig.33). Wire
electrodes connscted to the ands of the coatsd reglon of one arm
provide the 11ink to the oxternal power source. With the
spplication of & voltege across the reaistive materisl the
temperature of the tfibre arm Is ralsed owinyg to ohmic heating.
The refractive Index and dimensiconal changes hence Induced In tha
fibre result In a difterent phase shift In the {ight propagating
in the two arms.

The differential phase shift AF/LAT per unit length
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FiG. 33 - Schematic diagram of an all fiber (ight splitter beased

on the thlrnn-optlc affect,
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Induced by tamperature change Is glven by

-k (D, dn 119)

whers n is the refractive Index of the fibre core, L Is the
fength of the resistively coated reglon and X Is tha fres-space
propagation constant of the light . For pure silica at 1.3 .
wavelength, df/LdT = 4D rldloc.m. For the microhsater reported by
Shiptey, a phase ehift of < redlians was predicted for a
tempersture change of appronimately 50 G.

The output power from one arm of the MZi Je shown (n
Flg. 39 as the appiied voltage to the thermo-optic phase shifter
ie variad. A good spproximation to this axperimental curve (s

obtained by fitting the following squation to the results

2

P, = P, cos (—% ) (20)

£
?‘l

wharsa P and P are the output and Input powar, respectively,
[ ] |
and P le the electric power required for & phase shift of = .
H
P=V¥ /R, VN is the applied voitage end A is the heatesr

resistancs. For this particular device, P' ie 25 oW and R =

0.35 ohms.
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FIG. 34 - gptical power output from one arm of the thermo-aptic

light sptitter.
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STRETCHED TAPER A4S A TUNABLE LIGMT BPLITTER

The device deacribed herein was fabricated in a manner
simllar to the fused singie-mode Couplers which have been reported
slsewhers. In review, fused couplers are constructed by Bringling
together and +fusing snd tapering o centrel section of s fiber
Palr. As the coupler Is fabricated, the output Intensities P and
P are monltored.The process of tapering |s interruptag whe: the
d:slrad caupiing ratlo r » P /(P P ) s obtained. As tapering
process contlinues, the outgnt qpuaer Is observed to switch
elnusoidally from one output Power to the other as shown In Fig.35
The coupler Is sald to have besn pulled through one coupling
tength when the couplisd pawer has switched from the max | mum
transmitted dy one ocutput fiber to the maximum tranamitted by the
other,

The fused fiber palr constituts a tapered waveguide
which differs In two fundamental ways from the monomode wavegul/des
leading Into and away from It. Firatly, the fusion and tepering ot
two monomode fibers produce a highiy multimoda wavegulde owing to
the effoctive ollimination of the eriginal cores, and to the fact
that the wnu; fleids are Bound by the vastiy larger Inden
diecontinuity obetween the glass and the alr saurrounding the
coupler. Secondly, the original c¢ylindrical symmetsy s reduced by
the neceesity to distinguleh the transverss dirsction In the ptane

of the fused palir from the perpendicular dirsction. It is the

secaond aspect of the coupling ragion which permits an
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understending of the pbserved behavior of the spatial switeh.

' In the coupling reglon the travaiing weve configuration
¥} the supearposition of nqﬁll amounte - of lymhutrlc and
antllynﬁltr;c modes, - olch-with & component pollfllld In the pllho

of the: fiber pair and snother perpendicular to t. A amall

differance between the propagation velocity of ths symmstric and

that of the antisymmetric modes causes constructive Interference

to recur ‘alternataly on- one sldes &nd fhou other alang the
weveguide, as shawa schematicalty In Flg., 38a . Thus, one of fnc
downatream monomode fibers will transmit s fraction of the
normallzed Input power being Ite colplcmant trlnamltted' by the
other. The transitions betwosn the Ianput and output fibers to and
from the fusad-ctiadding compos|te waveguide occur approximately Jn
regionhs where the normallized frequency of the tapersd fibers
spproach the wunit. This defines the length L of the coupllag
reglon, Tha transition fiber = composite waveguide ~> fibar are so
gradual that little powser Is radiated, and so, the device is low
loss.

In addition, an oven emaller difference between the

‘propegation veloclty of the x-waves polarized In the plane of the

f1lbar pa!r"und that of the y-waves poisrized In tha perpendicular

direction glives rise In long tapers to a siow ampl|tude modulation
Of-‘thc Righ spatial frequency mode baating varliations shown |In

Fig. 35 . Potantiaslly, there ares many applicstions which can
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38 - Plctorlal view af the biconical structure. (a) Without
load the Intsraction length L, and the beating length
are defined: (b) the structure is stressed in such a

way that L = /2.
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explolt these oproperties of iong fussd coupiers, They Include

Potarization beam splitters, s#pectral fliters, moduletors and

switching, the last being the theme of this paper,

For short tapers such that the Interaction length L s

anly & few times the coupling length t the coupling ratio r =
P /(P 4+ P ) Is simply qiven by
49 4 3 :

r= sin2 {(CL} (21)

where C Is the coupling coefficlent. On the other hand, (¥ the

taper s fong, It becomes necassary to take Into account the smait

dependance of ths coupiing coefficlent on the polarization

direction. For L >> t » the coupling ratio is given by

2 2

1
r=3 {sin c.L + s8in CyL) €22)

whare G and G are the coupling cosfficients In the x~ and y-
X

y
dirsctions respectively.

Thus, r cen be modified by axlatly stressing the taper In such s
way that 4L/L s S/Y where Y e the Young Modulus for silica, snd
S ths oapplied stress. The effect of an applied stress on the

output powers Is schemotized In Fig. 38 b far L = L/2 . Fig. 37

shows the varlation of the coupling ratio with the appttad force F

for three different wavelengths. (ts sinusoldal dapandence on F |s
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axplained Dby the basating model presented above, assuming elestic
deformations of the taper structure. Oné obsarves In Fig. 38 that
the varlation In the coupling ratio r I8 limited to approximately
55%, not reaching complete power transfering as would be desired.
This occurs because the tapering process was Interrupted before
reaaching the first complete dophasing of C L and C L . Continuing
the tapering process beyond thils point, t:l uutpu: powers rscover
the full sénosoidat amplitude as predicted by Eq, 22 and
demonstrated experimentally.

-in order to quentify the hypothesis that alastic
deformations induce opticel beating, we estimated the elongation
necessary to cycle the <coupled power through one compliets
sinusoidel oscillation, comparing it teo that measurad
sxparimentally during the {inal tapering. According to Fig.
37, 7.0% 0.5 gf cycles the coupled power through one cycle, which
from Hooks Law gives A L/L = 0.013 ¥ 0.004 for Y(S102) = (10E )
x lull dvnca/cme. On the other hand, one obsesrves in Flg. 35 thet
the final taper structure has & normallzed coupiing fength ¢ /L =
0.018 X 0.003 In agreement with the estimated straln obtalned
from the etastic sssumption.

In conclusion, we presentad In this Jlecture two simpie
mechanisms to Induce tunable optical d.c. ewltch, at Low losses,

an all fiber devicea, The concesptual simplicity of these devices

maka them attractive for operation In single-mode fiber neatworks.

-39~



FIG.

o

20T

g \[‘ " r ~ f-. I

AV

: '/\ ./ A )( AN M

g / '\J\V/ \,,- " \J \/ \_f 7

b 7gf

8 o o.'a 019 |.I0
WAVELENGTH ( mlicrons )

wavelangth

for the unloaded tapsr and for

submi tted to 7 gf.

Y. T,

the taper

BIBLIOGRAPHY

- §.P.Shipley,

Georglou and A.C.Boucouvalass, (EE Proc.; vol,

134, pt. J., ni 3, 203 (1i887).

- §.Celeschi, J.T.Jesus and F.M.Smolka, Proc. CLED/{980.

-9]-






