VO 90/ WidO4$0/11540 PCT/GB90/00419.
PCT/ GB90/ 00419 A METHOD OF FORM NG ‘AN OPTI CAL FI BRE COUPLER AND A COUPLER
SO FORMED This invention relates to nethods of formng optical fibre
couplers and couplers so formed. In this specification, the ternl"optlcal"

Is intended to refer to that part of the gl ectromagnetic specggg:mx?\gfs i?\
generally known as the visible region together with those par

infrared and ultraviolet regions at each end of the visible region which b
are capable -of being transm:tted. by dielectric opti-cal 'waveguides such as .
optical "fibres.. 1xN single-node star-coupl ers are attractive conponents for"
use in future optical networks which rely on_passive splitting of optical
signals froma central station to nany outstations. These networks will, in
all probability, be wavel ength multiplexed with wavel engths covering a

broad wavel ength range so it is inportant that star couplers are not only
avai l abl e but are al so wavel ength insensitive to ensure equal signal

distribution to the qu@mﬂmnnQnsrmmﬂMGhmmgmHmampmﬁngmhxnmmgmqnmﬂAcouplers
may be fabri cat APBﬁEEQfEt together many 2X2 wavelength T1attened

coupl ers of the=F& Se+0 in the applicant's patent US4, 798, 436, the
resul ting devices tend to be large and relatively conplex while 1xN devices

made by the met hodepls UnGeRlRHCrbBRR! td SAKAGES of "FouithgObpd idacpuliaYi O

di ssim | ar propaga consequen or controlled
pre-tapering et@NPhersandseouplens f%f@medopt ical fibres. WO 90/ 11540

PCT/ GB90/ 0041 - 2 1th§ﬁ§n€gétiE§é§EEon Pod etk ORpRI- 184 1kvinadases | bes (he
production of - opt i nchj - i,ch_a bundl ppti cal i
fibres is ilwserQQ%G %ﬁé ﬁiﬁéiﬁ@ qtﬁEl%R?é%ﬁPF éth& | ower
refractive i nd&;enamil]tyekhomg alsotmé vishbXe region together with those parts

of the infrared and ultraviolet regions at each end of the

visible region which are capable of being transmitted by

dielectric optical waveguides such as optical fibres.

1xXN single-mode star couplers are attractive components for

use in future optical networks which rely on passive splitting )

of optical signals from a central station to many outstatioms..

These networks will, in all probability, be wavelength

multiplexed with wavelengths covering a broad wavelength range

so it is important that star couplers are not only available

but are also‘wavelength inserisitive to ensure equal signal ~ _

distribution to the outstations. Although wavelength-flattened - (”'

couplers may be fabricated by knitting together many 2x2

wavelength flattened couplers of the kind disclosed in the

applicant's patent US4,798,436, the resulting devices tend to

be large and relatively complex while 1xN devices made by the e

method of the above patent requires the use of fibres having

dissimilar propagation constants and consequently the need for

controlled pre-tapering etching or use of different optical

fibres. ’




assenbl y iwotgoeiisaeat ed and drawn until the central fibre and (ﬁf%hhﬁl'

surroundi ng fibres propagate the sane optical power from an optlcal source
coupled to the central fibre on the other s_i_\%g1 of the filter. This,

however, provides an equal 1:n split at one vel ength only. Accordlng to

t he present I nvention a nethod of formng an optical fibre coupler includes
t he \Q/eps of locating two or nore secondary optical fibres about a central

optical fibre to forma fibre bundle guch { hat _al | theﬂéegonda y flbres are

sinilarly -di sposed wi R 0p-2}/d141 e5GH

f?r i ng 5\1/“ f ussﬂ uedlmml ];ﬁi ﬂptﬁtfﬁ]l b?axlidlidihq ﬂl&diﬁ}ﬁ bﬁiﬁlﬁlﬂebumebﬁf n?

st oppe en the propor s Q c ed_o e e a
two distinct prede?gﬁrﬁaﬁle P@q’cﬁe §%rste g“tﬂ Psqa@au‘é\me *‘%‘éﬂﬁ %b insﬁ,g

| ocat ed vvudt gu n a cwall layer tofbkower eeﬁlaceméwandesqmdmb]gdnmtx s Thls f

mai nt ai ned durin i t e orm
the tapered strugt ?fem‘ﬁi?ﬁasr %g?ﬁ h%ﬁt@d‘%ﬁuétlggﬁ E)gj'llo@l(‘?? SR%&]'I#% fa%ga
support menber suctne®fathg essxsr@mquieﬁibras) mnmaseemmamemtm@l POWer ght
into each of the S?P&P@flrd%&'cﬁiE‘s%ur?‘@%ugﬁfd)'ﬁéafﬁ’e Eeh1TERIredBn the! he same

p05|t|onrelat|veto al where mrror sypmetric

di sposition are toOHREI B4R REthes ti:ﬁ’éersang)ls'm?%e"?g' BEQY ‘P%S aBreEAd gLy
arrangi ng the secoggmtyailmeeﬁam@hgusbgmj y spaced in ari ng about the

ggc;\?;g;ggget oAfe\émulcé‘cFH jlé‘%ﬁg‘? iﬁﬁ P"FﬂSSn{ ﬁé’%gé%cﬂ?dgretlﬁp%\gpg s 10 ﬁ‘"ﬁa@ been
foun\gct hgt th:clsbtrzg mambfﬂ:meﬁouplartmmdaethbmpsm é.?eatangntm/eu nunber
Bhch of the. pai rcclfT®SeEORHRY Shribs YABPEY tur. 4 pesbepl pRLERL FuRBLES,
to all the other form asfibre bundliel such thwpéiuﬁmcecﬁnda:nrﬁbtea;ﬂneng from
the central similarly disposed with respect to every one of the other

fibres; and forming a fused, tapered coupler from the fibre

bundle the tapéring being stopped when the proportions of light

~coupled out of the central fibre at two distinct predetermined

frequencies are first equal.

The fibres may be located within a capillary tuhe to ensure
the required geometry is maintained during the usual heatmg "
and pulling of the fibre bundle to form the tapered structure.
Alternatively, they can be located by holes in a support member
such as a glass cyl.mder. -

o To ensure equal coupling of light into each of the
secondary fibres, each secondary fibre must be in the same
position relative to all the other fibres (where mirror
symmetric disposition are to be regarded as the same). This is
readily achieved by arranging the secondary fibres
equidistantly spaced in a ring about the central fibre. as
will be discussed in more detail below, it may be advantageous
to reduce the coupling into the secondary fibres.. It has been
found that this can be obtained, in the case where there are an .
even number of secondary fibres, by grouping the secondary
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fibre, but :this- dlsp05|t|on round the fibre reduces the 5 anDunt of -
coupllng The point at which to stop tapering may be determ ned by
injecting into the central fibre a light signal at one or both of the

di stinct frequencies and nonitoring the Light exiting the central fibre or
one or nore secondary fibres. 10 If the coupler manufacturing process
Is sufficiently consistant it may be possible to nonitor only one \U/

frequencydﬂ!%&hlwaﬁs My ot ob:ef;a@e Qirbhefﬂbﬁeenﬁﬁ.lﬁ.rBéuﬁﬂ%ﬁﬁ:}oﬁnd :
. stop taper:i. when é € ‘noni tored- og E reach - a |- ev \Mnéjb Is known- -
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respecti vefy; tRe coupldﬁgnm&nufhotufuMgagpaaaeSs nﬂprem&MIﬂlemmlpf t he
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PCT/ GB90/Po4s known Efrom prev1ous coupler manufacture corresponds to
15 length at which the light coupled out of the central fibre at
the two dlstlnct predeterm;ned frequencmes is first equal.
A method of forming a coupler'according"to the present
invention and its prlnc1ple of operation will be explained in
more detail by reference to embodlments which are exemplary
20 only and with reference to the accompanying drawings of which
_ Figurelllis a diagramatic cross-sectional view of an
optical fibre array in an infinite cladding material which
serves as a model for a theoretical analy315 of a coupler
25 accordlng to present 1nventlon, '
~Figures 2(a) and 2(b) are a dlagramatlc representation
of a three-core coupler and a graph of the_coupllng ratio of
such a coupler as a function of coupling length at 1.3 and
1.53um, respectiVely;
30 Flgure 3 is a dlagramatlc representatlon of the

three—core coupler of Figure 2(a) configured as a
'ol—dlrectlonal 1x2 optlcal coupler; o
 Figures 4(a), and 4(b), are ‘a  diagramatic
representatlon of a four-core coupler and a graph of the
35 coupling ratio of such a coupler as a function of coupling
length at 1.3 and 1.53pm;



-4 - Fi gWQW'iilMOgraph of the vvavel ength response of the couptwcnéo/ﬁ(mur?:'

4(a) for a coupling length of 1.87mm Figures 6(a) and 6(b), are a

di agramatic representation of a five- core cogpler and a graph of the '
coupling ratio of such a coupler as a function of coupling length at 1.3
and 1.53[err]; Figures 7(a) and 7(b) are a diagramatic representation of a
flve\-/core coupl er wiwth the secondary cores arranged in pairs and a graph of

t he coupling ratio of uch £ou r as,.a functi 6f coulln | en th at
173 and i 85rerr] . Fi Eige Bly oBadh ofyie, vavelendth testonde Pl FheBriBkeron

of ‘a.si-x-core coumiemgmtb ‘a(@) &'ph mfcoupnngamaﬁguhgofam.ammf such 4 coupl er:

o o, funct on of COUPLaR bR ofd chn). 38, 4 GhFeRbac bRt B B

10(b) are a di agr ardtive-corer eauplentandna afraph sefv ¢he czoupl ingupatio addsucigmaph
of the coupling r u l.@r o} I gngt h at
1.3 and 1.53[err] aédugs eca\%l ggﬁlﬂlcﬁgﬂpo cﬁ?ﬁ‘né lj"'IagghpBz‘in%tatt"‘lzgi'fé)rios%gml!slect I on
of the cross-section 8 91m¢5e7<@aipam y”bé\ﬁi'ﬁ aotiagcanaierrepregeptationiaf a

graph of the pow;we&;@c lte?ewfl‘?m:ﬁé”seEbﬂd&yoéoztéBeaﬁ%Y@EdQﬁf9a£f§1p| er

of Figure 11 as a unctlon of” cou
- Figure 13 is a hf $ h@féﬁe&quaim% gB%&é’fo?“qhhé CIPALEASR Fi gure
11; Figures 14 andfyhetférf o 6ouPALAGE ngl,t:hanaxr.gsﬁm;l oss at 1.3[err]and

o csent | hvent ont i Gie f”%@nan&%@ 05 8 R RRR A  h ES At oot

i ns.ﬁ; ti OnﬂLOSSf at dixsftere ]coaptbrlaﬁ&[aegréph oéslﬂmccowgﬂh;xg ratia dﬁilnchan of 5
s hi ot ogr am shoiniEyet M achuntkforf B¢CCRIELAAD JonGRH BE {15 B8 8hufl §1CC
for a non-uniform 1x7FmimecEq g guanh o9 the ua\seilemﬁt respansesof ddei onal vi ew
of a 1x7 coupler of Figure 8(a);

Figures 10(a) and 10(b) are a diagramatic representation of
a seven-core coupler and a graph of the coupling ratio of such
a coupler as a function of coupling length at 1.3 and 1.53um,
respectively; '

Figure 11 is a diagramatic cross-section of the
cross-section of an. exemplary seven core coupler;

Figure 12 is a graph of the power carried by the central
fibre of the seven core coupler of Figure 11 as a function of
coupler elongation; -

K~; ~ Figure 13 is a graph of the spectral response of the
coupler of Figure 11;

Figures 14 and 15 are histograms showing the excess loss at
1.3um and 1.53um, respectively, for a group of 1x7 couplers
according to the present invention;

Figures 16 and 17 are graphs showing the maximum insertion
loss at 1.3um and 1.53um, respectively, as a function of device
number for the group of 1x7 couplers of Figures 14 and 15;

Pigure 18 is a histogram showing the percentage coupled .
power to the output fibres for a non-uniform 1x7 device;
~ Figure 19 is a schematic cross-sectional view of a 1x7

it



VO 90/ WS 90r11540 - S PCTIGES0/00419.
PCT/ GB90/ 00419 - 5 - coupler according to the present invention show ng the
nmeasurenent of fused widths Figure 20 is hi st ogram showi ng the fused
wi dt hs -of the device having the coupling 'bmn in Figure 18; Figure 21 is a
hi stogram of insertion | oss showing the achievable uniformty of Ix7
coupl ers according to the present invention; Figure 22 is a graph show ng
e coupled paner tor & 1 gnuly fuses coupler s = Tuneiion ot el onge | on
. .-auri.ng t1abricaj p O IAGRERMY M8 TP EHAYIS NEVERELENSNe0Hm ea=power Tor -.a..
~redi um fused’ coplsBredhtaof Waskl QR d8he£1 ONYAL Fon. “dur.i g -f abri cati-on; ..Fl.gure™ "
. 24 is a schematic cross-section of aéggri of fused flares o0 define a
degree of fusion pEigHRe &P 19)\A hishopean shpwing 6?%&?\‘35 MHHdtgstple t Buer
st on Wt h W e A e el coupl i N per cent age
for the two wavel e%bg‘?ﬁe %;31%%9115.6{%%@#?%35@% B PRE egr ee of
fusi on W Fi gurachiévaisler upbforagtynmf 3k counpleriscaceording rims $he qiriesent of a
wel | fused coupiq;htfigure 28 is a schematic cross-sectional view of an
outer fibre due™'¢H ‘interaction with the capillary wall; Figure 29 is a
graph of Lhef t 1z:iper Ffbgﬁj 28 1 al g?ﬁ. shawing| thef Gg?ﬂﬂdgmw%ﬁlp?r%; dFi gure ]’:30
is a graph o [ &Y, 8 | nﬁ%n@f‘.é}? b Qhr egree o
fusion, W Fi gujr:%hg?i s._s_%ag?dg%% of 'tﬁe |b%e S?arret'g'r g‘%hthe '&% st of 1x7
coupl ers as a f{ARTIFBRLQM the degree of fusion, W Figure 32-is a graph of .

the nornalised capipiigfe/ 28i Bt graphs skowingctlieo bowplddnpowgFOE Hmeliirmi on W-.
and fused coupler as a function of elongation during fabrication; e
Figure 24 is a schematic cross-section of a pair of fused
fibres to define a degree of fusion parameter, W;
- Pigure 25 is a graph showing the power remaining on a -
central fibre at 1.53um as a function of normalised fusion
width W; o P
Figure 26 is a graph showing the equal coupling percentage ~
for the two wavelengths 1.3 and 1.53um as a function of the
degree of fusion W; ' '
Figure 27 is a photograph showing the waist cross-section
of a well fused coupler; o
Figure 28 is a schematic cross~sectional view of an odter
fibre due to its interaction with the capillary wall; \_)
Figure 29 is a graph of the taper profile of light and well
fused 1x7 couplers; _
Figure 30 is a graph of the capillary waist diameter as a
function of the degree of fusion, W; _
Pigure 31 is a graph of the fibre diameter at the waist of
1x7 couplers as a function of the degree of fusion, W;
Figure 32 is a graph of the normalised capillary diameter
as a function of the degree of fusion W; and oo .
Figures 33 and 34 are a diagrammatic perspective view of a
silica glass former for locating the fibres during fusion
tapering.
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Fi gures 2000IiBS40ar e a - di agr anmmti ¢ perspective view of a Si PCTACBY076041
former for locating the fibres during fusion tapering. WD 90/ 11540

PCT/ GB90/ 0041 - 6 - The operating principl enéf t he wavel ength-flattened 1xn
star coupl ers can be understood by first cordidering the coupling between
an array of fibre cores in an infinite cladding medium This is a sinple
nodel /i ntended to denonstrate, the principle behind the device and its

i nportant features. To accurately describe practicdl“ devices the nodel
requi res: modifi cat.i arfflifeopperatdng iprineiplecafithe wavelengih-flattenedriang to.

Figure.l a centraktsPicpupersdBan [K¥ ihddrEtood Houesad bonsideb iy ehen - -~ ~ -
i dentical secondary cores Cl to %{gr rl_/%vvm th_ fheir centres lif{l _nqson acircle
of radius r. The FéHPlH‘gaﬂﬁFWeéFr BFYAY OF GEI0TSr CRERSH 1B Al IREMRIER | s

Lepr eSfent efl_ by p amdddiﬁlgrhedimﬁpecmiti:eiya iﬂiip_lieni\éddlt trrx]tdéxaddiﬁmgb} [err] medium
as refractive index [err]. e_set . s C scrihe cquplin

bet ween an array g‘?’“@'[%#%rf&&n@f’ingéﬁ?%%ﬁfd gggﬁgﬁ{%ﬁa&' r b8 ("%‘”&#‘k»lg)

is well known. Usifegturtes.ndlatcouratélSdederibeSpdutRcal\ déviceésothe anbdebde

Theory for Optical. Ei S . 30C Ot ; 64 5, hese

equations are, [elrrF Fﬁ%i%r ggﬁigr? %Ttllgg f%@ggﬁ%j%ﬁéu%bﬂ&k Bﬁhoé Fee%‘rg‘ﬁa%de of

fibre j and [err] ReferniagptaFagane dna (ﬂﬁﬂﬁ@ht@%&ﬁ%@ﬁ Cyhelscoupl i ng

coefficient for tRgrfniieda REEVERIY b Y Y8eit 8l Secohasry eazedoe rgpr esent ed

by [err] , ) . _ 2) whére U V and W
are the usual nod&, PHlekBedr sentres, 1ving; e @ cirele Bfrfjadgp Lrod#88 ed Bessel
functions of the yaadnd akdnebfra¢tiveDbidex ofVeack ddPébreglioR. is représedited
V\avég“w de Theory' bgh 9 R nné‘; drengcleclti\lrgfy?’. p'ﬁ?ez)ihfinite cladding C
medium has refractive index n;. _
The set of equations which describe coupling between an
array of electromagnetically well separated cores (ie Wd/p>>1)
is well known. ' Using the notation of Snyder (SNYDER,
A.W.,:Coupled Mode Theory for Optical Fibres J.Opt. Soc. Am.

1972 62 11ppl267-1277) these equations are, .-

inf

aap, D P=1lef) e
= ¢ | (1)
where al()j) is the amplitude of the pth mode of
fibre j and 3(3) is its propagation constant. -
N\ CI(,;)(S) is the coupling coefficient for the p_th _

mode between fibres j and s which may be represented by
c=((2a)2 v%/ov3). (x (Wa/0) /RE(W)) (2)

where U,V and W are the usual modal parameters,

A= (ngo—ngl)Iano.and K, are modified Bessel

functions of the second kind. (SINDER, A.W., & LOVE,
J.D.,:'0Optical Waveguide Theory' Chapman and Hall 1983 p392). .
With single-mode cores only the HE,, mode is excited and

therefore no. other mode coupling is involved. By considering

et
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Wt h sewopdorirsdde cores only the [érr] node is excited and pOE/CERN760419
ot her node coupling is involved. By considering WD 90/ 11540

PCT/ GB90/ 00419 - 7 - nearest nei ghbour coypling only, with cores equally
spaced around the ring, it can be shown that the coupling of power fromthe
centre core to the other cores can be reduced to a two node problem This

i s. because there are only two (out of a possible n+l) normal nodes of the
array which have finite fields at the central fibre. These.two nodes have

. -.different: propagarest nedghhountcouphing oniy, tith Roxes reAuslly epseedodes which =~ -

©gives Tise 10 Foighent il cAROhRRseD thie el BOuRaRy (oY paREE | -
. surrounding cores. There Is significant power exchaqﬁf O&#édj t hese two
nodes are simi If5PRythe EeRige Wﬁ%ﬁ'l tp; Eha othen SOrRs &8N DR Sedred-£Qt3 &Wocor e.
For ant arr a%/ Ofn%oﬂﬁrﬁ;dr?héxﬁ. t \tmifqrseﬁeddule:éet_ntufﬁbl az‘reno_mfledwal (dmf bﬂqprrlpl ete
power transfer fro e central. coce. FEo e_speci case, of. equal ly
spaced cores ar@ﬁﬁ%%%@*ifﬁ&%mﬂé% r?ﬁr#f:foﬁﬁ?aflwgﬁé JEVBEMILR 't he central
and surroundi nfikl8s ext, the ceatfalr fibrdear r These, tn modes qiaweuditfiferent?) , [err] .
[err] where Wi NG _ : feol eLrh t . _ xi mation, W
L 102 axp  OPadRtiSh hetaneh anp 48 F.e' BEIhG, G BRBGe ARAREY, T
t heref ore seen whichegived wisente A3 apparent qoweprexcharge betweangtheeir radii,
separations an : _ 'gﬂmﬁ eebrieeVeIThage didf iGhifaBam powbPr a variety
of array_geone?%%ggaafﬁF %gﬁ? e dFsCUsSgd. ToeaIL &?%oggift 'F eedomin the
posi ti oni ng of 6%GBaRas EBLY HE thase kv godes are 3imilarly excited when
light is launched into the central core. For an array of more i_)
than two cores there will in general be incomplete power
transfer from the central core. For the special case of
equally spaced cores around the ring the maximum power transfer
between the central and surrounding fibres, F, is

o1 fom D | R

. \n Cpp (0)(1) .; - .

or, by using et;uation (2), |
Pe 14 (KO(Wd(l)(z)/p) | 2'1'1

in Ko(WdioHi];p] ] \‘

— -

n»2 (4)

where W is a function of V. If V<1 then to a good | \J
approximation, ' '

W= 1.122 exp - JolV) ;
Vv av

The maximum coupled power at a given wavelength is therefore
seen to depend upon the number of cores in the ring, their
radii, separations and V value. . .
The coupled power as a function of z for a variety of array
- geometries will now be diécussed. To allow complete freedom in
the positioning of the cores the set of equations (1) are
numerically integrated with C given by (2). For the results

5



numer i calvwp 9grig@pat ed with C gi'ven by (2). For the results pct)e 540
PCT/ GB90/ 0041 - 8 - described here the radius of each core, [err] li\/\g}abg‘io’léét ;
to 2.8[err] and the circle radius, r to 12.93 [err] so that reasonable V
val ues, optical separation and coupling | e'h& A were obtained. The
refractive index of the core and cladding regions are 1.4542 and 1.4500
respectively. The opti cal povver gui ded by the central and surrounding

n. each’ case- llghﬂeﬂs{rmdshmr tradtus, of besoh CMCheCHaSnset tﬂ@eZe&ut aad . - -
core- of. & lxN arrgje (:%‘Eié r‘a'&?iué‘“'ib%l???&%”%t}’ rEé#HxFaﬁlﬁ v?%é%so 7) ‘and
eac 0

t he power gui ded by core 1S r_two wave err] and

1.53[err]. 1x2 co@ptigal( separation a@élﬁﬂ“ﬁ’ﬁb"%ﬂ&?ﬁk UPF%tqbgé ingd.; hThQ hr ee
core array of Fi gvéﬁa%(ta»e%«aeﬁw'ené reork Citide cP4dBing Afegd¥RE Gred1 {45342l onger

wavel engt h coupl es é rsg 81 to the two surroundl ng fibres until
all power is trandp@rk-430 ‘ﬁ?épg‘l:ﬁ”@i¥ wavel ength fol [ owi ng cl osely behi nd.
XVt h éhl ﬁ particul ar Ther epticadnpmvernguided e the entral landsfwrroundiny ai ned
round the regi on_wher t

1.53[err](z ) 3Ry ﬁﬁ%&?eﬁ%ﬁi?‘géﬁg‘ﬁ}% ge{@g’éﬁ&l F?% @%&38%&% s
small. A device fidgtancet2zd tIn edchscageediqlitc 4si considereadhbofhavedbeatper
techni que for exa Ssdhek : t n
atlo of about 0. JguiEhel LA YeferdP LBt 3’9[%’%’; b fulldreefi GiiBLs 19
two cores [err] am8 !EQQOﬂParY Ifmblf%‘ern B2 ErT oPqWes: geidedhby each
co[hr?gurat i on showgré '].s':ﬁﬂbtrt%d%@r 'Eh@'wfa@@iér@'ﬁﬁé ViR deh it b, 53,4t t ened

i s obtai ned whic usef ul sone network con urations
e

where it is neces3&fyoupl Pﬁg)poﬁﬂ? CQPP FF%E%‘FWE&F@EE%QQ%§ e three
bi -directional ly. coxs areap! o Fiqurd) 2(a)Thge gmam iof Figqure g(K).0) Ashows that
conpl ete couplingf rorpetdhghec?l%éﬁ'l wg\(r)erleeng& coupfes ?J?rst and equally to the
two surrounding fibres until all power is transferred. The
shorter wavelength following closely behind. With this
particular core arrangement complete power transfer is
obtained. Around the region where equal coupling is observed
at both 1.3 and 1.53um (z = 2.3mm) the wavelength response .
between those wavelength is small. A device fabricated to this
- specification (by the fused taper technique for example) is
therefore, wavelength flattened with a coupling ratio of about
: 0.47 between the central core Co and each of the other two
N ~ cores C, and C,. Further, by forming a coupler on the
configuration shown in Figure 3 a bidirectional wavelength
flattened coﬁpler is obtained which may be useful for some
network configurations where it is necessary to divide power at
arbitrary wavelengths bi-directionally. .
1x3 coupler (n=3): The graph of figure 4(b) shows that
‘complete coupling from the central core to the three
surrounding secondary cores is almost completely obtained. At
the equal coupling point for the two wavelengths we once again ¢
have a ﬁavelengthAfLatténed'deviCe; The wavelength response at

z=1.87mm is shown in Figure 5.



sur r ounWongoAesdondary cores is al nost conpletely obtained. M&ﬁ,@mg
coupling point for the two wavel engt hs we once agai n have a '
wavel engt h-fl attened device. The wavel ength response at z=1.87mmis shown
in Figure 5. WO 90/ 11540 ° =9-
PCT/ GB90/ 00419 - 9 - 1x5 coupler (n=4). It wll be seen 'fromthe graph
6(b) that inconplete coupling of power fromthe central core is obtained
..with five core coupler show at figure 6, which adds to the overall excess :
- l'oss: of -t he.-devilgs ¢ouplecdn=A )t He @il berdeepufrdn dhe draphofibinthat h t he.

BrYyine FaqucedheimAIRts Clunt 8 of NoWl FUM Bhe Morbisl ISR Bufilieg
devi ces are adv&’ﬁgﬁgfé(‘!ﬁsc%ﬁ?dcauwhwwoﬁt fi3gnT e P.awhiajuadds o thé n such a

five core coupl everdlll eRSesh $64t5 980theRabeice 18 yked i thedigs 7 there is
h g five core array where the

shown at Figure 7 t he, coupling obtained with g

cores surroundi ﬁ@g‘g@r@g}ﬂl’r‘al {%&ggm%ﬂ @1@9 FScPrevions GAsepaithe eentrad ([err]
and [err]) as skore nay 6f ouese be)usedl ghaemhtar]nt eiz\;\ﬁ]ymgsrﬁuggacb@gy core
inthering is i [l ) : t her I, I I,ror symmetric
ar r angenent corégfgﬁﬁgt%éngsa?%ﬁﬁ%g{a)h%e?heﬁ%gﬁgr i&ﬁe@éﬂ%f‘ S ||

al ways carry thadvantagepus aad aebhod)of cforainglanceqialasphit ifihsuctf Rect of
this grouping h arb Sc s axi.gdm coupl ed power. By carefully
choosi ng the angﬁy%f%%%ﬁ%ﬁ%ﬁgggﬁ%g%@%sﬁg' regi on of equal coupling for
“the two wavel engt hReEGRTHNG Rewo Bigwreu? theee ishghowm abqRigurpotiy) theit

anongst all fiveoopling oltaihédivier.a Figé doi‘etéﬁ"aﬁeiilié:%' t .c‘gré@t ains [err]
of the power inject ecrjl Lntg(%hl t. ];helresul ti na éjevwfn;l s,a bidirectional
wavel engt h- f | at CETRHRALRG [Ehe FRRCEAL (GOFR 3Ter BTouped; INto LW (PaiRs aft SWOi nt o
the central coréCamecyi rand Com €gch asf shiown in iEigese eqagf amgpl er rat her
Eﬂgnl ?glhfss eff b&é@d}hqﬁ?@o}egﬁ%ﬁé ah el t{%te\'\?fnr_]g 161 deht 305 Folerrl of

that around any other. (where mirror symmetric arrangement core

regarded as- identical) and therefore these. cores will always

carry the same optical power given equal excitation. The

effect of this grouping however is to change the maximum

coupled power. By carefully éhbosing the 'angle. between the ..

core pairs the reg_ion of equal coupling for the two wavelengths

can be made to occur such that an equal power split amongst all

five cores is obtained. That is the central core retains s

of the power injected into it. The resulting device is a”

bi-directional wavelength-flattened 1x5 coupler with l/5 of

the light injected into the central core emerging from each of

the five cores of coupler _father than a less efficient 1x4

coupler in which het.weén 114 and a 1/5 of the light

injected into the central core emerges from each of the

secondary fibres. | _

From the coupling curves of Figure 7 one can see that the

‘Power coupling variation with wavelength will be four times

greater in the central core than in the surrounding cores. By *

choosing the manufacturing method appropriately this residual

wavelength response can be minimised.




i nj ect edwotsolnboocentral core errerges from each of the secowlt;,{gb
Fromthe coupling curves of Figure 7 one can see that the power coup |ng
variation with wavel ength will be four tlrle? qreater in the central core
than in the surroundi ng cores. By choosing ?1e manuf act uri ng net hod
appropriately this residual wavel ength response can be m ni m sed. WO
90/ 11540 PCT/ GB90/ 0041 -
10 - 1x6 coupler (n=5): e particul ar V val ueszand opt.i cal

separati ons. used. meounlreé @ﬁ’éor@%&%lﬂ@ﬂ’ﬁﬁﬂﬁ ¥ yalpes @nd W@Fdéhoms a
f'or fi-ut ous ~equal gepaphtiths’ Géed héré,%héﬂéi&' BOMEH hﬁuﬂé’z‘sﬁh&ﬂn fiﬁeFig‘%%Oﬂ of -

coupl er - For £ i BRGNS FOrER UL B CopRLAb Pt 5 éqfw‘%ig”’a‘sﬁieegttrsess
or e, The vavel eng o e “‘?@i?“["‘?“““ ?""é*’-”‘""’%’“’“?‘" o oo pupl er s
1“: g[)(rai cated havin ﬁéfégﬂi e%[qo_sg %r@gld%égga%@&%e@«gpéfiﬁ ?‘g%gco?*g{l&ﬁa\ee
t he equal coupl i nthepoores fiortheneinguhaveviiventjines lessdvarfiation ofalpower of

pouer 'Spl . For GRe.fRiAgE QbR B b oA 14 RHESciBaPlidle SPhIY

point will in general “occur ra erent cores, however
principle under Wavelergtdnregnonsecof {his Lewice ‘Fﬁeshﬁ!bﬁu?-&(ﬁlﬂﬂrﬁé par anet ers

to achieve a part¢duﬂléfs %ahrica%bdluav&agadtneymcﬁvef Vbiﬂ%eQGéthéoféadl ly
determned by trial error in order"to_obtain t g’{%e couplng

bet ween the cent rsaqpaéﬁﬂl%ssﬂﬂ? Javeithg equAleCOWlting tﬂ?&f‘t ﬁﬁﬁjaﬁ coupl i ng
poi gﬂtfor t he t\/\owawlei\m\gtb]s difcerentavalues df (powén splifp) | Por rstmeo t her eby

o 1 @ el e bt 5P S bR P A,
adj usti ng the cougdnengl ioccar 1£6r & ndifferentphumbercobradres, thowever thesent
invention. - 1x7 gouRkse WS ‘aidBfssiBh AT %é RAE AR! | SFHeC Razabbir fifg/e"
parameters to achieve a partlcular split at integral number of
fibres can be readily determined by trial and error in order to
obtain the degree of coupling between the central and n
surrounding fibres such that the equal coupling point for the
two wavelengths occurs at the 1:(n+1) coupling ratio thereby _
producing a wavelength flattenmed 1:N coupler (N=n+l1) according
to the present invention. This will be discussed in more
detail with respect to adjusting the coupling in a 1X7 (n=6)
_ coupler according to the present invention. -
N 1x7 coupler (n=6): The coupling characteristics of the seven
core array shown in Figure 10(a) are shown in figure 10(b).
For this arrangément the theoretical model shows that the
maximum coupled power is not sufficient for an equal power
split between the seven cores C, to C, and grouping in
pairs only makes the situation worse by reducing further the
amount of light coupled to each secondary fibre. To increase
the maximum coupled power the relative size of the central core
may be increased slightly. This technique allows the principle .
to be extended to devices with a large number of cores, however
. the maximum coupled power is very sensitive to the central core

)
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core array _shown in Flgure 10(a) are shomn in'figure 10(b)- For=th|s

arrangement the theoretical nmodel shows that the maxi mum coupl ed pomer S

not sufficient for an equal power split between the seven cores [err] to

[err] and grouping in pairs-only nekes the situation worse by reducing

further the anount of |ight coupled to each secondary fibre. To increase

t he naxinun1coup|ed power the relative size of the central core nay be \ﬂ)
t

noreased d it | v an Thkamd 2ERP1 Auenak] 45 2bbfAE GOk dtubisexianded

arge nu cores; however .t UBX|nun1cou . pover-. _
of form rigia clid\ coupler usi ng dentical fibres dccording to the present
invention is as follows. A particul ar 1x7 coupler of the arrangenent of
Figure 10a was f6r PB4 CASYLAH Jid. CREPHSE R heFefirddele e tin @ ikfird
single ﬁod@al&%snjﬁrﬂednﬁel£E&Ib®meter fibres 20, 21 are stripped of their

primary coatlng nd onstralned iLn_a_hexa on cl. ose- pac
array by inserti BRTi %trg' fif gh Bt Ny ‘si Fleganloéo%‘sea]ﬁ? ag&ﬂgggpmcgery
tube 22 Jialv-ﬂngl @wbe#rcw:tqmeue{rdéahmqsgmq y 21 ese stmippgrd ef gilldioa.
The centr, ' a 1. [ a used as
"Vycor' (F\D’?gl st eg 0 ta%ﬁébl‘éo gr-%ﬁ? (tfln %"IH dgas%
382pn1|n99$9ﬁﬁzﬂﬁﬁkﬁd a#¥4¥nﬁ¥cﬁn$ﬁ§ts%he FEPracFP@@tlm@&%xﬂgaﬁekﬁﬁﬁflbre
cl addi ng Iasse S@lﬁéBeC&@?J.lDai‘\?r ke i C @3S f uhbingThs 'Eed ot {Regiisided

Tr ade Nhrg) erial _was chosen begg: I'ts refractlvi I pdex is, | ower -
than that Sdf Ysi HEES fFRAB PRI Q‘nat FBEKaGeRBFatnef B¢ catS fi el d
into the tw&eneﬁmmiahs|91nrnrmmedparenhe&amlﬁﬂbeomsew Gabr e vanrb20 tubk

may be use(&tg}i g:%fcfl’ﬂ tdec' h%%on Canlessfrlor?na ng:rr&ln\?%%la[sos %bfo"éteo

[ err]. use coup 1I"0h “equi p
- 382pm inside dlameter A tube of the same refractive index

15 as the fibre claddlng is also expected to work successfully
The ’'Vycor’ (Reglstered Trade Mark) tube materlal was chosen
because its refractlve index is lower than that of the silica
fibre claddlng so that leakage of the optlcal field into the
tube materlal is minimised. Other dimensions of fibre and

20 tube may be used but the ellptlc1ty should be less than or
equal to about lum.

" A standard fused coupler fabrlcatlon equipment was
used to form the tapered coupler being the fibre bundle
heated and pulled ingthe usual manner. The light carried by

25 the central fibre and the six fibres in the ring'monitored at
both 1.3pm and ‘1. 53pm durlng the pulllng process

To convenlently measure the total power carrled by the
outer fibres all .six fibres were cleaved and placed together

5T
w .

at the input port an integrating sphere so that only two
30 detectors needed to be used. When the coupling'at the two
wavelengths become equal the elongatlon process was stopped
and the device is packaged
Whllst monltorlng the power recelved in each of the
two lntegrated spheres the capillary tube assembly is heated
35 and tapered. An example of the graph obtained during
fabrication



‘used to formthe tapere | oo T . S .
. . tapered coupler being - Chr L SV OUIE
in the Weu9H/1 _ e ing the fibre bundl o
tibres in theﬁrﬂioﬂerﬁo The light carried by 25 the cent ?are?‘i'gw%”,ﬂgﬂﬁ ed
process. To conve%i en?: ;O;rgd at“ both-1.3[ ecg]_and 1.53pm duri FIS ?Rg thﬁ si X
fibres all si - pasure the total “power carri pul'l'i ng
integratingsgghgigrgz rﬁre cl eaved and pl aced togetL;Legtb¥héhe R
t he ‘coupling at the two \?'vtavg[”e% :‘r’]"o go detectors needed to be nggt p\%}g an .
st opped : _Waveirengtns becone e al the . >d. n _
pped and the ¢eviyeRmifn adwmklgqqﬁgﬁqggsp%g _ﬁgﬂ%todﬁg?;ﬁ ocess was. .

recetved-in. -

.each of the tmo‘lntegralghgagbﬁg“' e ot R
" 35 and tapered. -fibpgy m%ﬁgﬁ %EuPIEﬂ@:E@m.B'WFanat LiESumsie ebtained oot

. % : _ *heat ed
Y\Olgo{ 1i1§4(s)hown elongation of the coupler.? i%rgt?orﬁpgstﬂd”‘éﬂe @eviee isabrication
fibre. Wien equadagE%QPH'?%ﬁgt&aﬁv%}%g ofP60mm xt ABn @émtqrnaf%gyggé%?m oot
el ongation of the cofim speﬂﬁ‘aé-tﬁl e'rsr]r&fg e Loapléreik] stiownoin Higuoe
sizes of 80nm x 4nm dipAMeys BUait the device s R Package

Fill FesR20 i m.heemngTWesgm_ ar r@ﬁggﬁ'&*ﬁo  Fack g

- coupler is shown : .
wavel ength res pormpon;g#.;,ep%& It@é:j{sgﬁﬁg Sfo@%ﬂé‘ stifyounding ifibee dss ﬁmqnar

‘ . . : :
{oge e e o cnrecmmasncot £t S AR e Aol
power at 1.415[er a}wr@?@ﬁ%ﬁ @Le tfﬁé‘? Qi8I erigthr mesponsth o ntha ﬁﬂﬁ?rgoy |ShOWS
central fibre h bve the val ue at_1.3,0n115%.9P up! ed.

Tt shoul d be e ngf] foiscat Tire maxisumngPupted RIWEh 3 f‘t_hu\ﬁl\!f;au\x}\ellsgﬁi.?h/d abbhe
1.415[err] ([err] ;lsul,a zveagggg%éfég? e&*@l%ﬂm& e ceatreduHitrag |aug?§ﬁtpe¥pe‘3t ed.
t oget’her di scr et e caupl ingvvariagion fgﬁ&?. t@g@&i@&‘&ﬁ#ﬁeﬁgﬁ&@m byt Ishould bg

cou . =i
coupl ers have now F@@gggsifsgggmwﬂ ot t e eirimp.orupLiy VAye A1
(9.3%/0) is comparable to what one would obtain by knitting
together discrete 2x2 wavelength—flattened couplers.

EBighty-two 1x7 couplers have now been fabricated by the
applicant. puring the experiments the fabrication process and
techniques have been refined in order to yield devices having
Jow-loss with good coupling uniformity. The results of these_
experiments are as follows. -

The histograms of Figures 14 and 15 show the exrcesS loss of the
eighty-two couplers at the wavelengths of 1.3um and 1.53um
respectively. The results_corresponding to the most recent
patch of eleven devices, using identical process parameters and
technique, are shown separately in the lighter shade. An

_ excess 10sS category of E, means that the excess loss is
between EldB and El+0.ldB, The mean excess 0SS and
standard deviation of these recent devices is 0.08 * 0.06dB and

© 0.06dB + 0.04dB at 1.3um and 1.53um respectively. For many
“applications these ekcess losses are negligible. Inspection of
the older high loss devices usually show the presence of dust
particles or trapped bubbles of air causing fibre distortion.
These problems have now peen eliminated due to careful cleaning
and handling, assembly in clean air cabinets and control of the

furnace temperature profile.



t echni cﬂ!(@sﬂﬂﬂﬂ&ﬂbeéﬁ réfined in order to yiel d devices

having | ow1oss with

good coupling uniformty. The.resul'ts of these experinents GROO/0419\s .
The histograns of Figures 14 and 15 show the excess | oss of the eighty-two
coupl ers at the wavel engths of 1.3[err] add 4.53[err] respectively. The
results corresponding to the nost recent batch of el even devices, using

I denti cal process paraneters and techni que, are shown separately in the

l'ighter.shade: . An excess |oss category of [err] nmeans that the excess |o0s$y/

_is -bet ween[erry: and‘opeeaqh oirrmlerreiaghtgxmaeb %%g%&iartﬂ dé%/l at | on of
t hese recent deya i OﬁdB 0,
1.53[err] respectdh@Sf t§he9 nrr{éngﬁ&%@t@ft; a?“’é%ﬂe%x%&ztwbosses are

and

|
negligible. |ns¥iX @Yl%gfvh@f lt:h@nél Ha3umi ngdEa;m destit Path Stito %s% y the
presence of duscoupaet i 2§ t o,_causin re
di stortion. Thiogggro elms nrlag\?eanomﬁg ’(@SB f}r?“r ;?‘gid/au%rt% 48dBefl cl eaning

and handl i ng,

1eRg g}seannhlﬂra%%&ﬂenbwevand Idmitations! of Ref ur nace

t enperature pr (ﬁaﬂrécatlonm&xﬂ/i ﬂé’i@ad to a dlst{ibutd.gg %fego;xgjb}qgcg@ggest he

PCT/GBQO/00419ﬁb £he
power on each o
1.3 and 1.53][ erlrmportai@apal;ameter )fopaaﬂy chiiplédhoL adh

I f 1/%4 h I t
matons of fRerTs ?Fc%'t el o She warat qea%geamrg

Bé‘?f‘e ? he e| ’
e sev o ebeyég %dﬁﬁmédpwintt bf view, vEnee! engt hs

%lreé \;%Jk have a

however,
tthrmgh 6o of coupling

val ues about t#€Vigem. T i waxinums jusertionl dosg niy LherefdireCf ude@lly the

e o on t ho v o e deOBBLAY RSP B EireBbte

measured on the skécase ath t € Thi

loss is therefore gyngs @@&r@e%'érthﬁdﬂammrmlsengioﬁe
Fi gures 16 andcauplere fatmiicated 1{8SETdtked deoasrifot 847 ok

s the Insertion |oss’
i s maxi num insertion,
Lose aFeeyérymance. N

ler fabricated is
8 vice number at

plotted as a fyngtjngn, c‘:’b«ﬂerespecjcqlve ¥ The device number also represents
- time or order of fabrlcatlon with the very first 1x7 coupler
~ represented by number 1. It ‘can be seen. from the figures that
the flrst twenty-flve devices or so have a large spread in
maxmum insertion loss. This spread is almost entirely due to i

coupling non-uniformity with excess loss having
contribution. '

only a minor. .

Invest:.gatlon of these non-uniform dev1ces show a direct

correlation between coupled power and the fused

width between

each outer fibre and the central fibre. 1In Figure 18, for

example, the coupling of a particular non-uniform device is \.J
shown. The coupler was then cleaved at the waist and the

measurements of fused width were made as illustrated in Figure

1S. These widths are shown in the histogram of Figure 20

where the direct correlation with the coupled powers of Figure

18 can be seen.

‘ For the next forty-five or so couplers the tapering
parameters were varied in order to explore the range of
coupling variation which could be achieved. Finally the test )
batch of eleven devices were fabricated with the aim of

producing the most uniform power split possible.

The results



1.3 'and 1.53 'ef%orespectlvely The devi ce nunber al so represents t| ne
order of 971 on with the very first 1x7 coupler represen?gﬁ’%’q{%er
1. It can be seen fromthe figures that the first twenty-five devices or so
have a large spread in maxi muminsertion |os¥ =This spread is al nost
entirely due to coupling non-uniformty with excess loss having only a

m n'\Qr/ contribution. Investigation of these non-uniformdevices show a
direct correlation between cwpl ed power and the fused w dth between each

out.er: fibre.and.t kdgecsiownaby ftherdiamond Fsygbols 18, FigureeXxgmphé 1 T.heTlwoupl i ng

o B particural gl ShELASH Togpey YR Ehe FAEE 318 Sopt0diFhr 96800
in Figure 19. Thesdthiaimean maxinumlass oft ﬁeMﬂBsﬂt-)d?O&m wavelerghhs . 2(Theher e
the direct correlg Egﬁ’z‘b Wt ;béahﬁcél § LbaRe Ve %h9§ ?&i‘é&. favourably with- 18

can be seen. For t next ort e_or so couplers the tap erlng Earaneters

were varied in or&8e wmmn@ﬁer%m 1eshes of 5@-8&3(5‘}1' REURAETS o£aRFACARRE L coul d
be achi eved. Fi nalgryntdsichkEsiatbatlz2 gévitlegyen devices were fabricated with
{,\gegg} rlnlgf40pr oducing t h 1ng altesgné;p%;'inm&%m{he op{'.{mﬁxos J'H.lary -glezeg eésn%l ts
PCT/ GB90/ 0041 - 14’ibraﬂanﬂlﬁqntbahmmesilmwrdbtemimﬂs in Figures 16 and
17. The maxi numin around | GdB or | ess-
with a mean maxi mum f‘@gesllgf' @gﬁiﬁ% &&%h’?ﬁe\%%vg&éﬁégsh The figure of | GdB
is significant as thiSevennbanoths fofsstandard system; matobed claddingefibinenof
| osses of simlar l-e I t efromDUr i NY
. ! g{é@ol P\éuféaléébl?%l%l %€ d Foi faivRes d&"ﬁ%@éﬁiﬁg%ﬁ‘éﬁb&t fre

t he experi nents I num Cca ary sl zes an

S
were determ ned. PHe @ cﬂlﬁﬂeea%e BeR tlhﬁ&%d% inkn 12098~ 7588\390) wgqmsp‘%q‘“(j
standard system mRp¢iRAyCtwitdi it halrifeedt! found important to carry this out

in very clean conditions, in a clean environment and with
repeated wiping of the fibres with an ethonol impregnated
cloth. - The fibre bundle and capillary are then taped to mounts
on the sliders of a tension fusion apparatus, about 75mm

‘apart. One slider mount is rotated to twist the bundle of
fibres. Aabout 1 revolution is needed for each 25mm between the .
slide mounts. The applicant has found that this twist greatly

- improves the consistency of the coupler formation.

The central fibre is identified by shining light down each
fibre in turn until visual inspection of the fibres at the”

s o capillary with a lens shows which tail is associated with the
~ central fibre.

The coupler is then formed by heating the capillary tube
whilst pulling the fibre bundles apart all the time monitoring
the amount of light coupled out of the central fibre at 1.3um
and 1.53um. The rate of elongation of the coupler during
fusion is set at in the region of 200um per second which is

- 'slow enough to monitor progress of the coupler formation. The
tuning is controlled via the tension applied during pulling of
‘the coupler with feedback from-a tension sensor to the heater
of the fusion apparatus heating zone to maintain the

e
"



about wa's pach have a few'i nches of cladding renoved f - .
These gvrd??'ﬁgsn@?hreaded into a 30-75nmm | ong Wcor (RTM cag&ﬁéﬁg‘"mgi I t
has been found inportant to carry this out in very clean conditions, in a
cl ean environnent and with repeated w prngdof the fibres with an et hohol
i mpregnated cloth. The fibre bundle and capillary are then taped to nounts

on.the sliders of a tension fusion apparatus, about 75nmm apart. One sl i der
nount is rotated to twist the bundle of fibres. About 1 revolution is

. nﬁeded f.or: eacftelﬁﬁafatk@bmmnttlﬁbede%hr@btt@ﬂslmxﬁ %fﬁbenaeﬁ%zf %ﬁettémioﬁounthhhat

. thi's-twi st gre €. gonsi.stenc | e
. central fi b?e | yll.i%‘{FH% g 395'9 Earciﬁ EFn‘benFF ssd&}&?"e SF% hf?ﬁ‘ until
vi sual inspect ilowepftensdod iverespresethe capillary wt h a |l ens sh](c)vvs WI;I Eh
tail is assomated t - f e or ne y
heating.the capill a%tt?ub%?p\ﬁgsﬁ{ ggﬁﬁ%"gﬁ&‘%’ﬁg ?&glép %wrég?%é art all the
ti me nonitori ngflakbenaduhttoof? cmgﬂerotmpbwnodtwm ah[auldanq rteinsiomr e at
tslerr] and Ladbf dtared it ggﬁaa FeARBER 1 1ABaRly LA SPYPARY oV’ ng T usion.

is set at in the regl on 0 err er ,second ow enough to
moni tor pr ogr eskPMBf of iedopgatien rand, PAAtARING P %HFF&I .cgowwerm led via

the tension apmhlgdlsilabtameauhitma s ioh et empepatireVbt latoae diBpeRef rom a

Lension sensor (o hsuioBiasa Shufide, '4°500k: 488" A ¥had SPbhIkeA3R %as”
- PCT/ GB90/ 00419 a tekhsiont efrp‘rgnaremmmgrlmbarlyesormmemmmmﬂm hi gher the

| ower tenston \aeRoafionceRe diitlneg 15kl adss ey TR Sh0EF 1 0
wavel engt h f| atGodpker altersipncofiFgurreducing dinearlyi to 2gmpwhidngst ensi on
whi ch starts atma%ﬂﬁiu@aduﬁﬁguéﬁéss%@éa” y to 0.9 grans over | Omm of
el ongation and mal ntain munti | crossover.
These va es will need to be varied for fibres of different
dimensions and values of n and whether a 1 to (n+l) or 1 to n
coupler is required.: They will also vary with the crucible
size etc. of the particular fusion apparatus used but will be
readily determined by trial and error. The six secondary
fibres are then snapped off near the capillary tﬁbe to leave. -
the central fibre. This is then spliced to a normal clad fibre
about 25mm from the capillary. The device is then ready for
packaging.

This splice can be avoided if the central fibre is i
pre-prepared to have a strip of cladding removed with cladding [
left on each side but this will require some degree of
manipulation to ensure this fibre ends up as the central fibre.

A splice may also be avbided if the central fibre has a
cladding reinstated by a suitable coating process. - =

Other capillary tubes may be suitable for the manufacture
of couplers according to the present invention - for example a
silica tube lined with a lower index coating pulled down to a
capillary of the desired_intefnal.diameter.

The achievable uniformity of the 1x7 devices can be
highlighted by showing the insertion loss for each path through



This is o d&f}g .Wgth a fusion terrperature of about 16000C. A well-fused
coupl er, as ‘des } ed in this application has a tension of 1g 504
linearly to 0.3gm over 10mm of el ongation and nmintained until cross-over.

A lightly fused coupler a tension of 3gm reduldd ng linearly to 2gm which i's
mai ntai ned until cross-over. These values will need to be varied for fibres
of different di mensions and values of n and whether a 1 to (n+l) or 1 ton
coupler is required. They wi | #53) so vary with the crugi ble size etc. of the
partlcul ar . f usi on.. apeeupdens-ass tilustraved linbPiguead2l.y ‘det.ermined by-trial

et 0T vt e o oo, T BYgha ik PL6h \ORL SERRCGOLs JEoglE D 10V

U

fibre about 25mm f RePIath¥ith@ mean pf §i5S gﬂe&'&dB' i Whermether batrance is one

packagi ng. This splt NgAaeysd ded if the central fibre is pre-prepared
to have a strip of fﬁdggﬁ é{iriermved with cladding | eft gn each side but

this will require somaD“d'éﬁg é@eotammwfat%rw ocQélPéﬂﬁe ithwas mpbiceds hat up
as the central fibtfe max3mhn PBwERCoBpEEE RE ENEOF Nitksi fmtﬁh@ £81Yy," darfdsbre has

ool o ot oot T e Ll S o b "
invention - for ex#goplexamaphe Ishowr thebeoipleddpover hvershsvelongation €omnitwdg
i iy o ° he L bl S ot sl 2B, 0
| oss for each pat h214 modhthe ingmiopowdrs4emains on the central fibre whereas
TN 0041, 15 g0k, sl Uy LGRL 2, /5 Bdigd . T Ty
0.2dB, where the toI erkhehegks the podanirrdien cﬁ@nﬁa‘tiﬁ vagy Of the device, a
1.3um laser with linearly polar;sed output was spliced to the
central input fibre via a three loop polarisation controller.
Whilst monitoring the power output from each fibre in turn, the
polarisation controller was adjusted so that all possible
polarisation states were launched into the coupler. - The
maximum and minimum power readings were recorded. ' The results
showed that the central fibre had very little polarisation .
sensitivity as expected from the symmetry of its position. The
coupling varied by less than + 0.02°/0 with respect. to the
power input. The outer fibres in the ring showed a greater
variation with polarisation due to their non-symetrical
position. Coupling variations of 10.25°/o.were observed with
respect to the input power.
Experiment, as discussed above, has shown that the maximum
power coupled to the fibres in the ring varies with the degree
of fusion of the structure. S
~ To investigate the phenomenon a number of devices were
fabricated having various degrees of fusion ranging from
lightly fused to well fused. To quantify the degree of fusion,
each device was cleaved as near as possible to the waist of the -
 taper. One of the cleaved was then examined under a microscope
equipped with a distance measuring facility. The parameter

‘W



Duri n ri ng of the I'x? coupler5|t was notlcedth
pomergggll?glli%nso the fibres jn.the ring, varies wth the gfa%fr‘ee% Si on

of the structure. Figures 22 and 23 for exanple show t he coupl ed power
versus el ongation for two devices havi myldifferent degrees of fusion. In
Figure 22, 240/0 of the input power remains on the central fibre whereas

for the device shown in figure 23,[err] remains. To check the pol arlsatlg‘/
sensitivity of the device, a 1.3[err] laser with linearly polarised out

“was spliced. t-ochéeenc toirepresentutiedider of \fuaion tisr tite Iragio F ghé sAisean .

ool e Y0l i, BRI chEAISHES AP HypeETaBRC N SBREAL T e
states were | afithrieedianater; tes dblystrated tnePigurenzdn afiliisviratiowijdwer
readings were pecanded. thzhﬁo{m%ﬂééds fﬁ?ély‘%ghr% gt lcﬁé‘ﬂeééﬁe‘ai ?@d very

little polarisation sensitivit ect

* position. The themyrbel \War |@U“B§u$@s§e‘fmnaﬂ‘] érﬁ?mmeﬂ'-ﬁ YGfSlﬁe tSQ’VGnt he power

i nput. The out gipfd Bfﬁa%z i1l ReleFéfiiteSHO WREractr e8P by R4 @t bRA Wt h
pol ari sation due to their &; synetrical position. Coupling variations of

[err] were obs@r%&?sﬁﬁ‘f%"? ect to the input power. Experinent, as
di scussed above, Im@asF 28 the mmmum)pawama:tpweﬂ,mpnahmihg éhehki bres in

the ring varie ture. _To .,nvesti gate

t he phe%orrenonéﬁm{%ﬁlrb% %Sf F@é@ or\,\gf%u%ag% égtgfj&ﬁg ?Fgavg‘r“?%gndegrges

of fusion r'angof\g:lfernmmﬂ.@snd )fu'a'eds@ddtlb wASItH&JéegteeTofcﬁmnonfy t he degree.-

of fusion, eacl:g?I 8\%‘ @ﬁiﬁin ﬁﬁsdlbﬂbfé)gﬁgg v&bst of the
the ¢ eav

taper. One of en exa ne un er a mcro e eqw pped \/
with a di stancBttidadtir¥ ﬁgof%ﬁz?ﬂltﬂoweﬂ‘h@ Bemevad: Erom th@\@@@ﬁ'i re.

PCT/ GB90/ 00419y 1th Incrédtang FusQor YheCt¥Nd F@@TSEs tindf tid Powks the ratio of
the fused remaining on the central fibre is seen to increase. Equal
coupling of 14.3°/0 between all fibres occurs at W = 0.28.
For wavelength-flattened 1x7 couplers the parameter of interest
is the equal coupling point for the two wavelengths. Figure 26
shows how this equal coupling point (B on figure 22) varies i
with degree of fusion. The graph is similar to figure 25 ..
- except that at W« 0.38 the minimum power remaining on the
" central fibre is « 5°/0. From this graph it can be seen that
- as equal power split between the seven fibres can be obtained
at two degrees of fusion, W = 0.32 and W = 0.48. )

To investigate distortion of the fibres caused during o/
fusion a thin slice of the coupler around thé waist region was
cut and polished. This sample was then viewed under an optical
microscope using illumination which highlights the different
regions of refractive index. A photograph of a well fused
sample is shown in Figure 27. The seven cores and the b undgry
between the cladding of the outer fibres and the 'vycor'tis
easily seen. The outer fibres are clearly distorted out of
round due to being embedded in the capillary wall.

From careful inspection of the cross-sectional geometry of
the coupler it appears as though the deformed outer fibres have

o
e



Wi dth bet central and outer fibres, and the central f

as illust dﬁﬁoﬂ gure 24. This ratio will be called the noé%'g%ﬁ%sed
width and will be represented by the synbol W An unfused device and a
conpletely fused seven fibre array will therdore be characterised by W= 0
and W= 0.5 respectively. In Figure 25 the m ni num power at 1.53[err]
ren\@/nl ng on the central fibre (point A on Figure 22) is plotted as a
function of the nornalised figegd width..As the degree.of fusion increases
the power. r-engi ni-agshapet s shewh il Fﬁgtkn'eezget Slitkivs thetcapialalw weOfixd al.| -

power-’i-s renpved ftfgggtth%efﬁﬁ%t{'@éaﬁxb cWr%ﬁar“fJx@aﬁi 110 hy iR HE rend

reverses and the.p renal ni ng on t Seen o Ihor ease.
Equal coupling of opdy erpaumseat dihe finneesamddans Jatewaee@ ZBhisror

wavel engt h-f1 att oAt Jﬁﬁoﬁ%\hig%ss thgﬁsﬂﬁr éf@s%eélfmh&i red! of ft'.hbh?itfi‘&“al

coupling point for e two engt how t h equa

ure
coupl i ng poi nt (Blénnqii gongeryeq, \Agr FE% WF% "l?%ﬁiég- SF‘"FﬁstB’FP °nT% graph is

simlar to flgureeﬁl;?c&eaptaﬁpaatam W1t §s dsufied that nehe peverial eIe¥tning on
the central fibre,is err g erfgraph I t_can_bg. $8e r@gt as equal
power split bet we&h € S§e%ﬁé:ﬁl??tﬂr8 ueeh 2Bt h T &8 fees of
fusion, W= 0.32 and 0ing0Oa 4asefl based adiangtarc ndasurdngisysten, tthe Aidmeter
caused during Tus@fi Aol & the Fardbud HApaAd!Rag ! r@iols. t?f%aa@ 50 iRt O

was cut and polished Vi ewe

m croscope using |tmeunapeatpmfngmaﬂ1the ERErepa élghteadﬂfﬁiﬂ-eﬁ\tsqdegewsof
refractive i ndex. 0 f 4l =1 ur e
refgactive I ndex. of gin}ga %&Qesgédxa&n&fa&a W foecigsamoh @49%@;&&@1@

{ he bou e cl addj ng _of e _ou

ary.bet ween t
fibres and the ' vy&grvarigrion °fs¢i¥&iﬁ§y ¥aist dimmeter: eith degree Sfef"éﬁ%rl y
di storted out of reUEKbwAUEn FAghre 0. CIRRECENE randd1of CRRIchleved wal |. From

car el et o o B Bl At 10 40 Gl
fused devices to 120um for well fused devices.

From measurements of cleaved cross sections.it is possible
to relate the capillary diameter to the fibre diameter and
hence the fibre diameter at the tapers waist to the degree of
fusion. The fibre diameter is not just a simple propottion of
capillary diameter because with increasing fusion the fibres
are further embedded into the capillary wall. The relationship
between waist fibre diameter and degree of fusion is shown in
figure 31. Variation between 15um and 30um is seen with

g - increasing fusion. This graph clearly shows that the same
coupling is achieved between well fused large fibres and
lightly fused small fibres. . A quadratic curve fit to the
experimental data of fibre radius of the waist gives,

2 (um)

T, = 6.74 + 5.06W + 24.48W
From further measurements of couplef cross-sections the
internal capillary diameter as a function of degree of fusion v
is shown in Figure 22. The diameter is normalised to the fibre
diameter such that with W =0, R =3r..

1)
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PCT/ GB90/ 00419 - "18 - a shape as shown in Figure 28. Wthin the capillary
we find that the fibre retains its circular formwith the distortion only
appearing at the fibre capillary interface. This distortion inplies that
the cross-sectional area of the fibré i*s not conserved as the fibre would
otherwi se take on an elliptical appearance. IS assuned that the \_/

I h d | engt h.
Usi no a | As et e e 40 e LSSl éﬁﬁﬁéﬁa GivbRt Pt on of

L the vari-ous t apers was - recorded.”- Fi gure 29. shoms t he taper -profi-t:é -of : ‘t.he. .

extreme |ight ang well, ?u§eg fevi gesopdt ai ned, corresponding to W= 0.13
and W= 0. 47 respectrve %e variation of caprllary wai st dianeter with
degree of fusion is shomn in figure 30. Over the range of Wachieved in

practice, thiechieStodbapBt Sspypatesnf 1O XdOt Bf rde fted iwhtdhe Herptde
devices to 1§%Jerr for well fused devices. From neasurenents of cleaved

cross secffo y'possrble to relate the capillary dianeter to the fibre.
di aneter and hence the fibre dianeter at the tapers waist to the degree of
fusion.. The frbre |a er W% not just a sinple proportion of capillary

di anet 6r because Wi creasi‘ng fusion the fibres are further enbedded
into the capillary mall - The rel ationshi p between wai st fibre dianeter and

degree of f43ie0n ¢l iﬁsggrgﬂméa éhggrebéldlérﬁérat'&fﬂ tﬁ?é"éf‘é%ftxlﬂ & idréand

30[err] is seen wth increasin usi on graph clearly shows that the

same coupledygl é’—oad:mee\@@“}f&%é# et ey fEP%RSfibres and lightly fused
smal | fibres. A naaér.-e&h@ GV & d Iﬁlcg@réaeasxaaal mntaieﬁ@t a8sokhbwre

di f
ot hor sl eri e RS RS e auBL FeRtef ni 0 HhEFRLraBat Fas
di anetldr as axdldtcthencehtdedr endf séosndarys os;rtamh Nt Fhops eif2 thElier
di anet er c%r@%r&:ab 0394 it %rflnta %u@'l%'ﬂett%beﬂ%% 512 Wo‘illi')l\é/r hg:vi%g '

=lerr]. a number of secondary_flbres other than six. This exemplary
structure, Consisting of one central hole 13 surrounded by
eight _equally ‘spaced holes at a constant radius, may
15 conveniently be made by drawing down a large drilled glass
rod. Other numbers of through holes Can be formed for oéﬂef
numbers of secondary fibres. The rod is pulled such that the
holes are just large enough to acceptla'single fibre as shown
in figure 34. Lengths of fibres are inserted into the former

20 after introducing ethanol into the bore to act as. a <
lubricant. Other readily 'evaporatable liquids such as

acetone may also be found to act as a lubricant.

~ The assembly is then heated to' a temperature

sufficient for the glass former to shrink due to surface

25 tension which heating also evaporates the ethanol in the
bores. Vacuum may be employed at this stage to assist the
collapse or to'remove air which may become trapped. Heating
is continued until a homogeneous rod of silica is formed. .

" The glass former is heated around theISPlice position and is

30 pulled to form a'taper. Tapering is continued until the core
have reduced in size sufficiently to achieve equal coupling
at the preselected wavelengths.



-"19 - A quadratic curve fit:to the éxperimental data gives, :R -~
[err]3-0WO®N/118482[ err]) The core to core separation is di r S&H/GBOALy )
to the degree of fusion by, 5 : s=[err] [err](1 -[err]) where it is
assuned that the dianmeter of the central fibge.is equal to the dianmeter of
the outer fibres. Referring nowto Figures 33 and 34 there is shown a
'Vy@/r,-' (Regi stered Trade Mark) former 10 which can be used 10 to hold the
centtal and secondary optical;:.fibres in their correct . positions during

fusion tapering-.of ‘a_coupler :having a-nunber pf secandary fiisbres ot her: than.-
si.x. - Thi-s exenpl ary 1§tvﬁ‘6¢é?é%PES%a%E?;ﬁga%oFR%@%% ?ge’{ggpée%s HE
surrounded by ei gapplieabke lty formingvavebéngth flattened 6QUPIANS 1Radius, may

15 conveniently be, j k| dwad ©ctmi her
nunbers of thr ougﬁl‘{%gggp)cﬁggég%ﬂq?grﬁége?%rﬂygé ﬂgorﬂggrr%%r gq%gﬁ‘ség%ondéﬁga
fibres. The rod wavelehgths apptopriatelyhe hol es are just |arge enough to
accept a single fibre as shown in figure 34. Lengths of fibres are inserted .
into the former 20 after introducing ethanol into the bore to act
as a lubricant. O her readily evaporatable liquids such as acetone may
al so be found to act as a lubricant. The assenbly is then heated to a
tenperature sufficient for the glass fornmer to shrink due to surface 25

t ensi on whi ch heating al so evaporates the ethanol in the bores. Vacuum nay
be enployed at this stage to assist the collapse or to renove air which may
becone trapped. Heating is continued until a honbgeneous rod of silicais
forned. The glass former is heated around the splice position and is 30

pul Ned to forma taper. Tapering is continued until the core have reduced
in size sufficiently to achieve equal coupling at the presel ected

wavel engt hs. ' '
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- 20 - It will be appreciated that that the present invention is applicable
to form ng wavel ength flattened couplers in different wavel ength wi ndows by
choosing the two predeterm ned mavelecgths appropri ately. - 21 - CLAIMS -
"A net hod of forn1ng an optical fibre” pler including the steps of - a)

| ocating two or nore secondary optical fibres 5 about a central optlcakhj
fibre to forma fibre bundle such tgggégﬁ% the secondary fibres are
simlarly di.sposed:wi.th respect .to, eyt ne of the ather. fibres; and b) -

"Z'forn1ng a flused,- tapered coupl er fromthe fibre: bunhdi et he- tapering béing

stopped when the, REONDOledrhally 10 60UBLE] eobe Bbuolbe 1fEthashg (1D bre.

at  two alstlnct predetermned fr i rst efgua
as cl ai neghensterpnef rn which the fibres are | ocated relatlve to each

other by respectiye hpé@@tiﬂgat% I@ﬁlrwéale Sé@@éhﬁ&a Myeickd 3fibresA
met hod as clainmed in claim?2 ﬁh each h le is r|c t ed mnth et hanol
bef or e |n§€?PFoﬁ(ﬂeqqﬁ?%eﬂﬁEk?? LiPEFe. =%, OrmAFné nGLe ngdchn

claim 1l i thabi @1l thd i beeohdadye fiidbres sirs pﬂ.mdmamyf @nmptgsémewitmed
| whi ch TRESPRD 58 8Y8FoaRot " & PUESFo SeRAR T IR by a capi 11ary tube.
6. A et hod ds) cl afomming anfupedeetiepgredaioound azhiiroreSchiegf Beref
fusion is,GRRiE0LLEd: BYe PR BELAGIstDEpLEMRREAI LRE portions of light
10 coupled out of the central zlbre at two distinct .
predetermined frequencies are first equal. “/
2. A method as claimed in claim 1 in'which the fibres are
located relative to each other by respective holes in a
cylindrical support member. o
15 3. A method as claimed in claim 2 in which each hole is
lubricated with ethanol before insertion of the respective
fibre.
4. A method as claimed in claim 1 in which the fibre
bundle is twisted prior to forming the fused, tapered
20 coupler. . _
5. A method as claimed in either of claims 1 and 4 in
which the fibres are located relative to each other-by a
capillary tube. : )
6. A method as claimed in any preceding claim in which
25 degree of fusion is controlled by controlling the temperature
of the fusion to obtain a predetermined tension profile
exerted on the fibres during formation of the fused tapered
coupler.
7. . A method of forming a coupler as claimed in any
30 preceding claim in which there are n secondary fibres, the
formation of the coupler providing sufficient fusion between .
the central fibre and each secondary fibre to provide a 1 to
(n+l) coupler at the two predetermined frequencies.

-
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of the fusion to obtain a predeternined tension profile exerted on the
fibres during formation of the fused tapered coupler. 7. A nmethod of
formng a coupler as claimed in any 30 preceding claimin which there are n
secondary fibres, the formation of the gpz gl er providing sufficient f usi on
bet ween the central fibre and each second4ry fibre to provide a 1 to (n+l)
coupler at the two predeternmned frequencies. - 22 - 8. A nethod of

formng a coupler ag fkehPRdsneam; 00% dlothAbiad dihfndd i Ui gare

n secondary bres rmatton o Pe-Tou provi-ding suf’

‘fusi on .bet’ weé’rlatlméf centealé fimrwhigh M%e@bﬁdar ;Sqquctalt}b Bibyede s&hE to -

S n coupler $bthleWpo&r%ﬁ%t%bﬁbQ%@ &%QE%&%@e§uf91c1enﬁ @%%@@% %%ﬂ%é@nﬂEd
inclaim7 in_which there are seven standard S sten1natche cl addi ng fibres

held in an h&R&ySRAET& oL BEEREG SACR) S@f%dégﬁ [Ehne r?é’dé’r&fméiemﬁém
having a ref ha@bu‘paernw RS Tvid Prgubtemhinsd ﬂa@ecpﬁemélé@ fUSI on of the
fibres, the goupler 36§:on at ed r|n fu5|o appt oxI ﬁﬁt t

200[ err]/secand tefis 1 $%d f%%rg &ﬁrlngl?ow' GHHntherenare

coupl er starssvan ammndatmlmgsbam&maycmodocmmmdegﬂfihreermguﬁlnm ﬁm

ol ntai ned URkoe anr RALL QRsplal |t ous) ed OUlopliLhe cROAL2lodS

fibre at two predeterm ne uencil es ar t equa O(? as

claimed in amytsmya&nhewtm9|murﬁﬁwa@¢nvﬁe igdesndbess f itheds puee silica

equi di st ang | r&B%CGE’o' ’fu%a.ro'nngofb%te tf'fbféEt radhd i E&ﬁplé% is élESﬁb'&Q‘éaaS
clained in agﬁ gne of clains 1 to 9.in 20 which there are an even nuanher. of

ndary fi &new##éﬁoar étgFBE’p”QEflf“ﬁt&&Vrgoofz'/ sec AngetRHFLLE EPRLAES i n
ans}‘ﬂr ecedi ngocC kkdlenfiibre Q'hlﬁlh‘ﬁ; | i lat I soE tipsl Gyupbercenbiek kitbrem s

moni t or ed. 13 duc1ngﬁﬁgnggris aﬁ”?gmhéhléﬁllég%ég égﬁgfg%.%stma%%talned
until the proportions of light coupled out of the central
15 fibre at two predetermined frequencies are first equal.
10. A method as claimed in any preceding claim in which
- the secondary fibres are equidistantly spaced in a ring about
the central fibre.
11. A method as claimed in any one of claims 1 to 9 in
20 which there are an even number of secondary fibres, which are
grouped in pairs. _
12. A method as claimed in any preceding claim in which
the light transmitted by the central fibre is monitored.

U ' 13. A method as claimed in any one of claims 1 to 11, in
25 which the light coupled into at least one secondary fibre is
monitored. ' _—

14. A method as claimed in 13 in which the total 1light
coupled into all the secondary fibres is monitored.
15. An optical coupler comprising a fused tapered coupler
"30 having a coupling region in which light propagating in a
central optical fibre is coupled into two or more secondary
fibres, all the secondary fibres being arranged about the .,
central fibre and similarly disposed with respect to every
one of the other fibres and the coupling region having a
35 length which is the minimum distance for which the coupling
ratio at two preselected wavelengths is first equal during
formation of the coupler. |
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25 which the light coupled into at |east one secondary fibre is’ nonitored.
14. A nethod as clainmed in 13 in which the total light coupled into all

t he secondary fibres is nonitored. 15. An optical coupler conprising a
fused tapered coupler 30 having a couplj#fig_region in which |ight
propagating in a central optical fibre is coupled into two or nore
secondary fibres, all the secondary fibres being arranged about the centraly

fibre and ggm | ardy SbEPesed Ml eSRECE 1 hOnBUeTh OFEafh 18 s0f Nk &ibres
- and the coupling..region having a.35 1ength.whi ch is_the: nmi ni mim.d} st ance

“for -which EHRFR MR IS PERNGPEY. ﬁmrwe%%qle%?%dcmé%ngﬁhé }st?lfr%‘t‘lqual_..._,.,.

during foremipperof the coupler. * C - 23 -
optical coupler as clajmed |n claim15 in.whic there are secon
fibres and*{he cdﬂbl%?tfgaé quh#?ﬁ EoﬁbW@g iy clayp t|¥§alq%b%%ler

as clai Bed‘-haﬂrel are Ib secoldahySftibees ans ntbeceodplerf iy es andd he
coupl er é@é.ég n coupl er. 18. An optical coupler as clainmed in any one
of clalns i % 7 in which the secondary fibres are equidistantly disposed
about the k®ntralAd iapte.calp coiplepmopiaited ouplany aenelaf neteims ab¥y one
of clainms do t1y 174 4 nyphicgh Eﬂsr esé&snaareveﬁlﬂiaaberapé Sé%gmgfwaﬁtwes

whi ch are grouped_In pairs.
isposed about the central flbre

10 19. An optical coupler as claimed in any one of claims 15
to 17 in which there are an even number of secondary fibres
which are grouped in pairs. W/

% oL oM s



