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ABSTRACT

The performance and integrity of optical fiber lhskevices and systems are often critically dependerthe optical
coupling between interconnected fibers. In thipggawe discuss the optical characteristics ofittterconnected joint
when two dissimilar fibers are fusion-spliced tdggt and compare different approaches to estirhateyitical coupling
loss. We treat the total optical splice loss ambination of the mode-field (MF) mismatch losgl ahe transition
taper loss. We describe the spectral characterisfienode-field mismatch loss and the taper loseden an erbium-
doped fiber (EDF) and SMF28 fiber both experimdptaind analytically. In addition, we outline somdvanced
techniques for fusion-splicing of large mode arel®lA) fibers and microstructured fibers. Finally, veempare two
types of splicers using arc-discharge fusion alagnént fusion technologies, and describe an authsgtlicing system
with some examples.

Keywords: Fusion splicing, specialty fiber, large mode afibar, microstructured fiber, EDF, wavelength-degent
loss, splice loss, splice transition, splice autbama optimization, simulation

1. INTRODUCTION

Fusion-splicing has been widely used to intercondéterent optical fibers and devices. The spliciquality plays an
important role on the performance and reliabilifyfiber devices and components in various fiberligpgions: ) @
For erbium doped fiber amplifiers, a good opticaligling efficiency between fibers ensures highcédficy, flat gain
spectrum, and low noise figure operation of therfiamplifiers. In addition, the consistent and etgble splicing leads
to better manufacturing yield, thus lowers the picihn cost and improves throughput. Furthermohe high
mechanical strength at the splice joint is crititmlensure the excellent long-term fiber devicealglity, which is
essential for applications of undersea opticaldnasinsion and gyroscopes. Moreover, recent emegpegialty fibers,
such as large mode area fibers and microstrucfivets pose a new challenge to the fusion-splitguiinology because
of their distinct fiber properties. New splicingctmiques are required and more in-depth understgndi optical
characteristics at the splice joints is requiregcébsary splicing hardware needs to be developetiett these
challenges,

In this paper, we present some advanced topicsesthiques on fusion splicing of specialty fibdfsst, we describe
fundamental optics at the fusion-spliced fiber j@nd summarize different analytical approachesstimate the light
coupling at the splice. Second, we discuss, boprementally and analytically, the spectral chaggstics of the splice
loss and the effect of the splice transition tagrethe splice loss for dissimilar fibers. Third, watline some advanced
techniques for the optimal splicing of large modeaafibers and microstructured. Finally, we deseritow fusion
splicing technologies and hardware can evolve tetrifee splicing challenges. We compare the ardidige fusion and
filament fusion technologies and discuss the fipicing automation.

2. FUNDAMENTAL OPTICSAT SPLICE JOINT

When two dissimilar fibers are fusion spliced tdget a longitudinally varying transition region the splice joint is
created. For a given fiber pair, the efficient tiglhupling between these two fibers depends ormptbper optimization



of the splice joint. The waveguide transition & #iplice joint leads to the optical field changeewithe light propagates
through the splice. As a result, an optical trassioin loss occurs at the splice joint.

A full quantitative description of the field propagn from one fiber to the other fiber through #mice transition
region and the transmission loss estimation regsileing the Maxwell’'s equations associated withiresponding
boundary conditions based on the actual waveguidpepties of two dissimilar fibers and the charasties of splice
transition. One approach is to use finite beam g@gagion method (BPM), which numerically solves Maxwell's
equation based on waveguide property in the vigioiithe splice.

It is convenient to decompose the total splice &gbe splice joint to two different parts, thedeefield (MF) mismatch
loss and the transition taper loss. As shown scthieafig in Fig. 1, the taper loss occurs in thensidion taper zone
when the optical field of the propagating beam g¢esnbefore it reaches to the other interconnedbent. fGenerally,
both interconnected fibers experience the tramsitbgs during the splice depending on the fiberegaide and doping
properties. On the other hand, the mode-field mismébss occurs at the interface between two filbesause of the
waveguide property difference at the vicinity ostimterface. An example of the MF mismatch atspkce interface is
also shown in Fig. 1. In addition to these two é&3sdosses due to light scattering and reflectmupat the splice joint.
But these losses are generally significantly smalle

The loss model outlined above offers a simplisppraach to estimate the light transmission at fiEes joint. Both
taper loss and mode-field mismatch loss can benestd by using the beam propagation method (BPMhef
waveguide properties of interconnected fibers &edsplice transition zone are known.
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Fig. 1 Schematic of a splice joint formed by fusgplicing of two dissimilar fibers

If the taper loss is neglected, the mode-field naigiin loss can be estimated based on the overkegraitof optical field
amplitudes of the guided modes in the interconmkfibers using the following equation,

Loss (dB) = ~10l0g,, [ 4.(r.6) b, (r, 6) drde)]|” @)

where ¢4(r,8 and gAr,6 are normalized field amplitudes of the guided nsofte two fibers #1 and #2. If the fiber is
single-mode and radially symmetric and has a stelex core radius ofd” and refractive index ofNA, the field
amplitude of the fundamental mode theffis
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whereV is the fiber V parameter, which is defined ZzsaNA/A |, Jy, J; and Ko, K; are Bessel and modified Bessel
functions, respectively. Parameters X and Y arerd@ahed by the characteristics equation that sasishe boundary
conditions at fiber core/cladding interface.

To estimate the fundamental mode-field mismatck ktsthe splice joint, the mode fields of two disiar fibers are
firstly calculated using equation (2) and the lassletermined using equation (1). If the dopantudibn or fiber
geometry change occurs in the vicinity of the splithe mode field calculation should be based ditapproperties
proximate to the splice interface. This overlaggnal method does not account for any transitipertéoss at the splice
joint.

Sometimes, it is convenient to estimate the sptise based on the mode field diameters of two ottedefibers. If the
mode field at the splice joint is further approxtetwh by a Gaussian function, the loss at the sptice can then be
calculated by the following equatiét considering the effect of fiber radial offset ditmer angular misalignment.

2 2 2 2
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wherew; andw, are Gaussian spot radii of two fibeisjs the radial offset of the fiber cores aflds the angular
misalignment of two fibers. Equation (3) includés splice loss from the MF mismatch (1st term),fiber core radial
offset (2nd term), and the fiber angular misalignmég® term). The radial offset is associated with theerf core
eccentricity and the angular misalignment is atiteddl to the fiber cleave angle. In addition, theefialignment accuracy
of the splicer could contribute to the radial offaad misalignment error.

Please note that the loss estimation from equ#8piis based on Gaussian approximation of the fibede field. This
equation is often used to estimate the splicebasgd on measured mode field radii of two fibetss Estimation works
well when V numbers of two fibers at the splicenjaare similar. When their V numbers are signifibadifferent from

each other, the calculation based on overall iadegsing equations (1) and (2) provides a bettes lestimate. A
comparison result using these two methods to ewgirttee fundamental MF mismatch loss from a 0.084ity&r to a

0.06-NA fiber with a core radius of 10um is shownFig. 2. In the calculation, the core radius & thO8-NA fiber
varies from 1um to 18um. The result shows that batthods agree well when the V numbers of two §iteee similar.
Otherwise, the discrepancy could become significant
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Fig. 2 Mode-field mismatch loss estimation comparifor different core radii of the fiber #1 with0208-NA to the
fiber #2 with a 0.06-NA and a core radius of 10um



In summary, the beam propagation method provided description of the light propagation throudtetsplice and its
associated transmission loss. The overlap integedhod estimates the mode-field mismatch loss efgiided mode
propagation. With possible deviations, the losswation using the mode-field sizes of two intencected fibers based
on Gaussian approximation provides a simpler angroonvenient way to estimate the coupling loghasplice joint.

3. SPECTRAL CHARACTERISTICSOF THE SPLICE LOSS

For most applications, it is important to know thgectral characteristics of the splice loss. Fbiuen doped fiber
amplifiers (EDFA), any spectral feature of the splioss has a significant impact on the gain fledpeoise figure, and
efficiency. The pump wavelength band (980 nm orQld@) and the signal wavelength band (1550 nmigr&ficantly
different. .In addition, the splice loss measuret®@mne usually performed at around 1310 nm wavéfelngcause of the
negligible erbium absorption at this wavelengthgeanT herefore, full accurate description of the elamgth-dependent
splice loss is essential for improving the fiberpdifrer performance.

Because of the difficulty to measure the splice Isgectrally, the study in this area remains lichite It is known that
the transition taper length at the splice jointypla significant role in the splice loss between tissimilar fibers, and
the efficient light propagation through the tapkregion requires optimization of the optical prapef the tapef”.
But effect of the splice taper on the spectralcgploss has long been neglected. In this sectienprgsented some
results on spectral splice loss between an EDFteadSMF28 fiber using a well controlled splice lgssasurement
technique..

3.1 Spectral Splice Lossand Taper L oss M easurements

This study was to focus on the spectral splice letsveen an erbium-doped fiber (EDF) and the SMiita& for the

wavelength ranging from 1.3 pm to 1.6 um. In thiicedoss measurement, we utilized the double-sgkchnique with
the setup schematically shown in Fig. 3. For thecspl measurement, an ANDO white light source used to launch
a broadband light to SMF28 fibers. Before splicingthe EDF fiber, we measured the baseline spectsimg an

ANDO optical spectral analyzer (OSA). Then bothsen#la section of EDF were spliced to the SMF28rfib Another
spectrum with the EDF spliced in was taken. Asdhsrerbium absorption loss at around 1550 nm veanggth band, we
precisely measured the EDF absorption spectrunréiednd. So, we can obtain the total wavelengthuldga splice
loss between the EDF and the SMF28 simply by ctimgothe length of the EDF spliced with the SMFA#&rs.

It is also possible for us to determine the tapseslintroduced by the EDF diffusion at the splmiatj (The taper loss
due to the diffusion of SMF28 is small comparedhat of the EDF. It is therefore neglected.) Wstfimeasured the
baseline spectrum with a section of EDF fiber guliin between the SMF28 fibers. Then we broke thddla of the
EDF and two ends of the EDF were spliced togetgaima As two identical fibers were spliced togethiee mode-field
is always matched at the splice joint. So the splienerates negligible mode-field mismatch loss $plice loss
measured is therefore the taper loss induced b¥bie diffusion. In the measurements, the cleavedr lghgth also
needs to be accurately measured to remove thespomding EDF loss due to the fiber length chanderbeand after

the splices.
Splice
White light ¢ — — % Optical spectral
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Fig. 3 Setup for spectral splice loss measurement

3.2 Spectral Characteristics of the Splice L oss



The splice loss between dissimilar fibers is wawgth-dependent because of the dispersive natutedilica fiber. Its
spectral characteristics depends on the waveguigepies of the interconnected fibers, the doparhe fiber cores,
and the heat treatment at the splice joint when fibbers are fusion-spliced together. During spligithe mode field
diameter of the fiber expands due to the doparitisidn, e.g. Al in EDF. This dopant diffusion helfgs reduce the
splice loss if the mode-field distribution of twibérs become better matched. In addition, becatiskeomode-field
expansion, a transition region from a small moeédfio a large mode-field, or a taper, is crealdids region induces
additional optical transmission loss. Both MF misthdoss and taper induced loss are wavelengthriiepe.

To determine the spectral splice loss between thE &1d SMF28, we first estimated the wavelengtheddpnt splice
loss due to the MF mismatch using equations (1)(2hdy taking the dopant diffusion into consideat We assume
that the dopant in the EDF diffuses with a constamumber, and the dopant diffusion in SMF28 isligéigle. In the
calculation, we assume the NA and the core dianoétdre EDF are 0.23 and 1.5 um, respectively,taedNA and the
core diameter of the SMF28 fiber are 0.12 and 4n] nespectively.

We calculated the wavelength-dependent loss divtanismatch between these two fibers in three cd4¢svhen no
diffusion occurs, (2) when optimal diffusion occuasd (3) when the dopant diffusion is excessive flesult in Fig. 4
shows that MF mismatch loss changes from a negagigetral tilt to a positive tilt depending on tegree of diffusion
or the MF expansion occurred at the splice joiritthe optimal MF matching condition, the wavelend#pendent loss
is flat with a spectral variation of less than OdB.

Next, we calculated the MF mismatch loss vs. thgreke of the diffusion, defined by the diffused mdigdd radius, at

both 1.3 um and 1.55 um wavelengths, as showngn3-iBased on this result, we can see that tteedoes not reach
minimum simultaneously at both 1.3 um and 1.55 pavelengths. Therefore, optimal splice performareguires

proper splice optimization.
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The wavelength-dependent taper loss can be detedreither experimentally via the splice loss meas@nt or

numerically using the beam propagation simulatieethod if the characteristics of the dopant diffasand the splice
taper are known. For the taper loss measurementiseg the measurement setup shown in Fig. 3 bgirsplan EDF

(OFS MP980 EDF) to itself. Spectral scans werertdlefore and after the splice using the opticatspkanalyzer. As
the mode-field between EDF to itself is always rhatt; the spectral loss due to the splice tapetreambe determined
from the loss difference between these two scahe.ldss induced by the erbium absorption is prgpsubtracted out
based on the cleaved EDF fiber length and measrt#dm absorption spectrum.

We measured the spectral taper loss with diffedegrees of splice taper. We controlled the sphgett by introducing
different heat treatment processes at the splio# jesing a Vytran FFS2000 splicer, which allowsifun-scanning
across the splice joint, called fire-polish. In fire-polish process, the splicer head, a filanfesdter, moves back and



forward across the splice joint. The resulting hesdtment profile, the taper length and the degfethe taper can be
programmed by setting up the fire-polish contralgpaeters including the fire-polish length and tenber of passes.

Using this approach, we measured the spectral tapgiin three different configurations: (1) 5-seddusion time with
a 3-pass and 2mm-long fire-polish, (2) 5-seconibfuime without fire-polish, and (3) 9- secondifustime without
fire-polish. The measurement results given in Bighow that splicing using a fire-polish leads tower wavelength-
dependent taper loss because the fire-polish mettesates a relatively long smooth transition tapgion. In addition,
the excessive heating without the fire-polish gate=r high wavelength-dependent taper loss. A cdsgrabetween the
measurement and the beam propagation simulatie@ndivFig. 7 shows a good agreement. As we carfregethese
results, the taper loss generates a positive speittr The loss and the magnitude of the tilt diegh on the splice taper
characteristics. A smooth taper transition andng l@aper length as generated by using the fireshdéchnique helps to
reduce the taper induced loss and its wavelengibradiency.
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fusion conditions by splicing the ERFtself

To further study the contribution of the splicedaposs to the overall splice loss, we measuredspiiee loss between
the MP980 EDF and the SMF28 fiber at 1310nm wawgtemvith and without fire-polish enabled. The measwent

was performed by splicing a section of EDF betw8&#F28 fibers using a setup similar to that in Rdout with a

1310nm signal source and a power meter instealdeofvhite light source and the OSA. The splice lmsmsurements
were made at different fusion times at two condsiavith and without the fire-polish, respectivelihe power of the
splicer filament was set at 20.5W. With the firdiglo mode on, the splicer head additionally scasr®ss the splice
back and forward after the regular splicing is ctetgd.

In our setting, the splicer head scans across pliees 0.35

three times, each with a total path length of Or6, .2 0.30 —+— Withfire-polish ||
mm, and 1.8 mm, respectively. The comparison resfult 0.95 \ —=— Without fire-polish | |
the splice loss at 1310nm with and without the-ficdish

process shown in Fig. 8 indicates that the firaghol 0.20 N\

mode indeed improves the splice loss. In additibe,
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time. Fig. 8 Splice loss betwé&dF and SMF28 at 1310nm



To investigate the overall spectral splice loss tludboth MF mismatch loss and the taper loss, wasoed the
wavelength-dependent loss by splicing a short @eaif EDF between the SMF28 fibers using the sshgwn in Fig.
3. In the measurement, the EDF length spliced is w@ntrolled precisely and the erbium induced lissproperly
removed. The measured spectral splice loss inrdifteconditions is shown in Fig. 9. In the caseheaf fire-polish (3-
pass fire-polish) enabled, we measured the spdossiof the splice with a fusion time of 4 secoadd a fusion power
of 20.5 W. In this case, the average splice loghenwavelength band from 1.3um to 1.6um is 0.08att8l the spectral
loss variation is less than 0.02 dB. For compatiseas measured the spectral splice loss withoufithepolish with a
fusion time of 3 seconds and 5 seconds, respegtidepositive tilt and a negative tilt are obseniadhese two cases.
The result shows that a long smooth taper trams#tothe splice joint, as introduced by the firdigfomethod, reduces
the wavelength-dependent splice loss between thedtd the SMF28 fiber.
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Fig. 9 Measured overall wavelength-dependent spice
(A long smooth transition splice taper reduceswheelength dependent splice loss.)

From the above study on the wavelength-dependdinespsults, we can reach following conclusions.

1) In order to reach a spectrally flat and low lassion splice between dissimilar fibers, e.g. E&bed SMF28, a proper
optimization of both mode-field mismatch loss ahe transition taper loss is necessary.

2) The MF mismatch loss generates a wavelengthraipe loss changing from a negative tilt to a pasitilt
depending on the degree of the MF expansion. Thedb MF mismatch loss possible is generally depemdshe
waveguide properties of the two interconnectedréipehich can be estimated using the overlap iategethod.

3) The taper loss depends on the heat treatmehe aplice joint. The splice taper loss in the aafssplicing between
the EDF and the SMF28 introduces a positive spletiliraA long and smooth transition splice tapesis to mitigate
this wavelength-dependent taper loss. A techniduscanning across the splice with a heat sour@ #ie splice is a
useful technique to reduce splice taper loss andatelength dependency.

4. ADVANCED TECHNIQUESFOR OPTIMAL SPLICING OF SPECIALTY FIBERS

Various specialty fibers have been widely usedfifoer amplifiers, lasers, dispersion compensatam] in telecom,
fiber sensing and material processing applicati®esently, large mode area (LMA) fibers and mianastured become
widely used because their lower nonlinearity andcgg optical property not available in conventibsmgle-mode
fibers. Fusion splicing of these fibers poses aaldlil challenges. In this section, we outline somehniques for
optimal-splicing of these two types of fibers.



4.1 LargeModeArea (LMA) Fibers

The LMA fiber usually has a low numerical apert(ik\) and in most cases supports a few modes. Fample, a

LMA fiber with a NA of 0.06 and a 10 um core radsigpports both L{? mode and LR, mode at 1.06 um wavelength.
Efficient coupling of light from a fiber with a sihanode field to this type of LMA fiber is a majahallenge for making
LMA fiber devices. Different from EDF, the dopansually Ge, in these passive fibers does not haeod diffusivity.
This limits the mode expansion capability during fiiber fusion splicing process. Several techniquésch include
thermally expanded core (TEC) method, tapered fibethod, and the use of intermediate fiber, haen ipeoposed to
achieve better spliceability of LMA fibers to otHérers™: ©),

TEC Method

Before the small MF fiber and the LMA fiber is sqgd together, a heat treatment can be appliecetsrttall MF fiber
beforehand to expand its mode-field size by crgatinow loss (or even lossless) transition tapere @xample of the
heat treatment is to scan the splicer head (aswmeaite) back and forward across the fiber witltdgtating removed. As
most heat is applied to the mid of the fiber, thE 8kpands most at this point. The length of thediteon taper depends
on the scan length. The heat treatment profilebmprogrammed by setting up different process peteis. After the
treatment, the fiber is cleaved precisely at thmation where the mode-field size is the largestaly to match the
mode-field of the LMA fiber. Finally, the cleavedbér is 14
spliced to the LMA fiber. Consequently, the opticaupling
efficiency between these fibers can usually be awpd
because of the better mode-field match. Howeverathount £ 10
of beam expansion could be limited depending onfither
design and the diffusivity of the fiber dopant. Rbe Ge
doped single mode fiber, the mode-field expansiam c
generally be expanded by a factor 2-3.
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Fiber Tapering

Another method is to physically taper the small-edigld fiber. Different from the TEC method, thibdr tapering
changes the core size of the fiber without altethrgnumerical aperture of the fiber. When tapesrfiper with a step-
index core, the mode-field size decreases to raanmima and then increases. An example of thautzkd Petermann
Il mode-field radius versus the fiber core radioisd step-index fiber with a NA of 0.12 is showrFig. 11. The mode-
field radius reaches a minimum at around 4 pm cagéus.
Reducing the core size further enlarges the maald;fivhich
possibly produces a lower loss coupling to a LMBefi An  ~

example of fiber taper image along with a modedfighange § 11

graph is shown in Fig. 12. The main drawbacks d§ th€ ° |
method are two-fold. First, as the fiber gets tegerthe 3
cladding size becomes smaller. So its cladding szald
become significantly different from the LMA fibehis
could cause fiber handling issue. Second, whertohe gets M
smaller, the mode-field profile becomes signifitant

different from the LMA fiber even though the modeld

size matches perfectly. This could still introdareexcessive L 2 3 4 5 6 7 8 9 10 11 12 13 14 15
elevated optical coupling loss. In addition, the deo Core Radius (um)

field change also becomes drastic. This could caase

difficulty in tapering control. Fig. 11 MF radius vs. core radius foiteef with 0.12 NA
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Fig. 12 A fiber taper image and the mode-field dedue to tapering

4.2 Microstructured Fibers

Because of the inhomogeneous property of the nireratsired fibers, both high quality cleaving andimization of the

splicing are required for a good optical couplirficeency. In cleaving of a microstructured fibeme major challenge
is that cracks propagate at different speeds adiffesent materials. As a result, it is possitiattcracks do not grow
evenly around the imbedded structure. In additemmy residual stress present in the imbedded elengnt further
perturb the crack propagation direction. One sgat® improve the cleave quality is to lower thaak propagation
speed by reducing the fiber tension during cleaand also reduce the size of the initial crack. elesv, a lower

tension could result in a high cleave angle. Sodpimization of the cleaving process is requir€the approach to
reach an optimized cleaving is following.

(1) Apply a tension to the fiber that is lower ththat required for a crack to propagate (sub-aiitiension)
(2) Scribe the fiber to initiate a crack

(3) Incrementally increase the tension and wait

(4) Repeat step (3) until the cleave is made

Two cleaved end face surface pictures of a mianosired fiber are shown in Fig. 13. The left pietshows an optimal
cleaved surface using the process described abbeeright picture shows the cleaved surface ofstirae fiber using a
higher tension, which generates a non-ideal surfe@everal surface fracture marks can be distirmligerved in this
case.

Fracture
mark

(1) optimal cleaving (2) high tension

Fig, 13 End face images of a microstructured fileaved at different cleaving conditions



Fusion-splicing microstructured fibers to the cami@nal solid silica glass is pretty challengingvesl, as their mode-
fields are generally distinctly different. In addit, the heat treatment of the microstructuredrfiten significantly alter
its optical and mechanical properties. For examgilteholes, the low index waveguide, in the airehfiber can collapse
during the fusion splice process. This could leadrtdesired optical waveguide property.

Several methods have been proposed to combat #itemires of splicing microstructured fibéfs *°. One good
strategy is firstly to match the mode-field of thérostructured fiber using an intermediate salief, e.g. a GRIN fiber
lens or a fiber taper. Then the intermediate filsespliced to the microstructured fiber with a sfigantly reduced
fusion temperature and time. This technique hasvshtw produce splices between the microstructuibdr fand
conventional fiber with both low loss and high mawical splice strengtfi".

5. SPLICING HARDWARD AND AUTOMATION
5.1 Arc-discharge Splicing vs. Filament Fusing Splicing

Two types of fusion splicing methods are availatttecommercially available equipment: arc-dischasgkcing and
filament fusion splicing. Additional splicing mett® using high power lasét? and flame fusior*? have been
developed for laboratory use.

The arc-discharge fusion splicers are mostly contynosed for splicing standard telecom silica fibefith a cladding

diameter of 125 um. This type of splicers usesvibieage applied across two seperated electrodgenerate current
flow to heat up the area around the gap betweesettveo electrodes. This type of splice is compaattable, and it is
easy to operate. The heating characteristics ofplieers depend on both the condition of electsoaled the ambient
conditions, such as the temperature, humidity, €le electrodes need to be cleaned regularly tmventhe silica

particles or other contaminants accumulated oretbetrodes. Otherwise, its splicing performance, splice loss and
strength, could be compromised. In addition, thaltbeat produced by the splicer is not contindiee dynamic range
of heat generated could be limited to achieve I@atimg or high heating splicing. So, the arc-disghasplicers are
mostly suited for regular size fibers with the daj diameter ranging from 125 um to 250 um. Beeaarc-dischage
fusion splicer can be made very small and rugdel; are very well suited for field splicing applicas.

Different from the arc-discharge splicer, the filmh fusion splicer uses a resistently heated filgrhgically made of a
refractory metal such as tungston as a heat soiiee.filament is usually a metal ribbon in a ineerQ shape
surrounding the inserted fibers, as shown in Fi.A high purity noble gas purge is used to indha the filament
does not react with oxygen at high temperature.th@ffilament splicing, the heat generated carubed continuously
over a wide temperature range. So fibers of diffeckameters ranging from tens of microns to miliens in diameters
can be fusion-spliced. In addition, the use ofad#ht types of filaments further expands its flditibto accomadate
various fusion splicing applications such as langede area (LMA) fiber, microstructured fibers, PMefs, fiber
tapering, fiber couplers, and even fiber beam cainfgidevices. High resolution image processing anegision multi-
axis alignement stages are typically built in focarate mechanical control and positioning of ibherk during splicing.
A side-view image example of two aligned fibersl®wn in Fig, 15. Though verstile, filament fusiplicers tend to
be pricer than regular arc-discharge splicers,tmwduse of their larger size and dependance ameangas supply, they
are not ideal for field applications. They arettmsted for production and specialty or high-epglaeations, such as
LMA fiber splicing, high mechanical strength spfigi etc.

The latest fialment fusion splicers further inceeand heat capacity and include fiber tapering ataadard process.

This enables additional glass processing and déahmécation capabilities, such as fiber coupl&esam combiners, NA
converters, mode-adaptors, and fiber lensing.
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Fig. 14 Schematic of filament fusion spligi Fig. 15 Side-view image of two aligned fibers

5.2 Splicing Automation

Fiber fusion-splicing is a very labor-intensity etitive process. The quality of the splicing depemdt only on the
splicer performance but also on the skill and elgnee of the operators. So the variation of spiicquality and
performance is inevitable. Full splicing automatimeiuding fiber stripping, cleaving, splicing, tegy, and even
packaging can significantly improve the splicingality,
consistency, and yield, as operators do not ne¢auith the
fibers any more during these processes.

Significant efforts have been made to automateftiseon
splicing process. An example of the fiber automatgstem,
FAS from Vytran, is shown in Fig, 16. The systenlyon
requires the operator to set up a fiber pallet ifibrs to be -
spliced and then load the pallet to the machinee Tést
including coating stripping, cleaving, splicing,lisjg loss
estimation or measurement, and recoating can Herped
automatically without any operator involvement. Twerall
process per splice takes about 2 minutes on avefidye
system handles all common telecom fibers with a [1&b
cladding diameter, including EDF, DCF, PM fibersda
other undoped SM pigtail fibers. The system als® praof
testing capability to test the mechanical strengththe
splice. In addition, the system can fabricate fix@ser
attenuator and produce low reflection terminatisosh as
ball lens terminations. Fig. 16 Anauated splicing system example

Fiber pallet

To evaluate the performance of the system, westittlly analyzed some automatically generated, datduding the
cleave angle, splice mechanical strength, and phieesloss. The cleave angle histogram distributadrover 7000
cleaves is shown in Fig. 17. Among these cleavescteave angle is < 0.2 degrees for 75% of thavele and < 0.5
degrees for 97% of the cleaves, respectively. Thallscleave angle insures the low splice losscsptionsistency, and
high mechanical strength of the splices.
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Fig. 17 Cleave angle histogram of over 7000 cledwethe FAS system

The splice mechanical strength was evaluated fiicespof SMF28-to-SMF28 and SMF28-to-EDF fiber paising the
built-in proof test function. The splice strengibtbgram distributions of 100 splices of these pa@s are shown in Fig.
18. The average mechanical strength of these SMB-ZF28 splices is 395 KPsi (2.72GPa) with a staddleviation
of 110 KPsi (0.78GPa). For the EDF-to-SMF28 fipair, the average mechanical strength is 377 KR68{3Pa) with a
standard deviation of 96 KPsi (0.67GPa). The meichhstrength of these splices is higher than yipécal proof test
level of these fibers, which is usually between KIxsi (0.69 GPa) and 200 KPsi (1.38 GPa). The higithanical
strength of splices is critical for long-term réiility of fiber devices, such as EDFA and ASE seuic telecom and
gyroscope applications.
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Fig. 18 Mechanical strength distributions of spgitetween SMF28 to SMF28 and EDF to SMF28

In addition, we measured and analyzed the spliee flor SMF28-to-SMF28 and EDF-to-SMF28 splices=i0hm. The
average loss for the SMF28-to-SMF28 fiber pair.¥16 dB with a standard deviation of 0.006 dB forsplices. The
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measured splice loss result of 50 splices for a EPEMF28 pair is shown in Fig. 19. The averagecsploss at
1550nm is 0.21 dB with a standard deviation of Gd&l The consistency of the splice loss between BbBd SMF28
and other fiber pairs is important to insure thghhHEDFA performance and manufacturing yield.
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Fig. 19 Measured splice loss at 1550nm betweenR &id the SMF28 fiber
(average splice loss 0.21 dB, aral@.01 dB)

6. CONCLUSIONS

We described fundamental optics at the splice jfimtissimilar fibers with a focus on the evaluatif splice loss using
different methods. The BPM method provides full aiggion of both MF mismatch loss and taper losshat splice
joint. The overlap integral method only accounts thie MF mismatch loss. This approach provides aemigorous
prediction than the method which uses the Gaussizde field estimate.

The study on the wavelength-dependent splice lessden EDF and SMF28 showed that both MF mismatsé &nd
transition taper loss at the splice joint are wamgth-dependent. It is essential to have a propar theatment to create
an optimal splice transition taper to reduce tipetanduced loss, thus lowering the overall wavglbsdependent splice
loss. A low and flat splice loss across a wavelemgind between 1.3 pm and 1.6um has been demeadstrat

In addition, we outlined some advanced splice ogttion techniques for fusion-splicing specialtydis such as LMA
fibers and microstructured fibers. TEC and fibgyeténg are two useful methods to improve the cogpkfficiency
between different specialty fibers. A strategy teawe the microstructured fiber by properly codingl the crack
initiation and the tension applied was introduced.

Finally, we discussed splicing equipments and sm@i@utomation. The filament based fusion splidighnology offers
a wide heat treatment range. It is therefore slatédy various high-end applications, such as LM#Al anicrostructured
fibers as well as applications that require higtchamical strength at the splice joint. Splicingosmation provides the
ultimate solution for the manufacturing yield armhsistency improvement of fiber devices.
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