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(57) ABSTRACT 

A ?ber optic coupler comprising a plurality of single-mode 
optical ?bers, each of Which is tapered to form a small 
diameter section that extends in contiguous relationship With 
the small diameter sections of the other ?bers to form a 
coupling region. Each of the ?bers has a core surrounded by 
a cladding of refractive index loWer than that of the core. At 
least one of the ?bers has a refractive index pedestal of 
refractive index ni betWeen said core and cladding, Wherein 
n1>ni>n2, I11 and n2 being the refractive indices of the core 
and cladding, respectively. 

14 Claims, 5 Drawing Sheets 
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FIBER OPTIC COUPLER EXHIBITING LOW 
NONADIABATIC LOSS 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

BACKGROUND OF THE INVENTION 

The present invention relates to ?ber optic couplers, and 
more particularly, to couplers that exhibit loW values of 
nonadiabatic-taper-induced excess loss. 

This invention relates to ?ber optic couplers regardless of 
their function or physical con?guration. The various kinds of 
coupler function to Which the invention applies include 
achromatic, Wavelength division multiplexing, signal 
tapping, switching and the like. Examples of various con 
?gurations are: (a) fused bi-conic taper couplers that are 
made by heating and stretching a plurality of coextending 
optical ?bers to fuse and taper them, (b) overclad couplers 
that are made by inserting a plurality of optical ?bers into a 
tube and heating the tube to collapse it onto the ?bers and 
thereafter stretching the tube midregion, and (c) coextending 
?ber couplers that are made by heating and stretching a 
plurality of optical ?bers to taper them, and thereafter 
placing the stretched regions of the ?bers adjacent one 
another to form a coupling region Where, optionally, por 
tions of the claddings have been removed by etching, 
polishing or the like. In the various kinds of couplers the 
coupling region is surrounded by a medium having a refrac 
tive index n3 that is loWer than the refractive index of the 
coupler ?ber cladding. The medium can consist of air, glass, 
plastic or the like. 
As the requirements for the optical performance of ?ber 

optic couplers become ever more stringent, the need to 
eliminate excess loss sources becomes more critical. One 

such loss source, Which can be the dominant loss source in 
some couplers, is nonadiabatic-taper-induced excess loss. 

In the tapered regions of ?ber optic couplers the funda 
mental mode is continuously changing shape to accommo 
date the changing local index pro?le. If the rate of change of 
geometry is too great, the fundamental mode can be coupled 
to the higher order modes of the coupler index structure. 
This mechanism is referred to as nonadiabatic mode cou 
pling. While the coupler is called a “single-mode” coupler, 
that actually refers to the fact that the input and output ?bers 
only support the loW-loss propagation of the fundamental 
LPO1 mode. The coupler can typically support several 
bound, propagating modes. HoWever, some of these modes 
may cut off at some point during the taper, coupling their 
optical poWer into radiation modes Which are lost as poten 
tial coupler output, resulting in excess loss. Other higher 
order modes Which do not cut off Will output their poWer into 
higher order modes of the output ?bers. These modes suffer 
high loss and, again, the next impact is poWer lost to the 
coupler output and increased excess loss. Typically these 
nonadiabatic mode coupling effects are Wavelength 
dependent, and excess loss varies as a function of Wave 
length. 

The folloWing symbols are used herein to characterize 
features of the prior art and/or the present invention. The 
term Ali2 is de?ned as n12—n22)/2n12, Where n1 and n2 are 
the refractive indices of the ?ber core and cladding, respec 
tively. The term BCR is used herein to mean the propagation 
constant of the fundamental mode in a coupler ?ber in the 
coupling region of the coupler. The term Apedesml equals 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
[(ni2—n22)/ni2] (ni2—n22)/2ni2, Where ni is the refractive index 
of that portion of the ?ber just beyond the core (see 
refractive index dip 10 of FIG. 2 and refractive index 
pedestal 27 of FIG. 8). 

In the refractive index pro?les depicted in the ?gures, no 
attempt is made to represent indices and radii to scale and/or 
in exact relative magnitude. 

Signi?cant nonadiabatic mode coupling has been 
observed in a speci?c type of Wavelength division multi 
plexing (WDM) coupler (referred to herein as a type A 
coupler) used to couple a signal (at Wavelength KS) and the 
pump poWer (at Wavelength AP) to the gain ?ber of a ?ber 
ampli?er. One such coupler, Which is disclosed in US. Pat. 
No. 5,179,603, functions as both a WDM and a mode ?eld 
converter. A ?rst coupler ?ber has a core matched to a 

standard telecommunications ?ber (Aesi=0.36%, dcesi=8.3 
pm, mode ?eld diameter=10.5 pm at 1550 nm and 5.7 pm at 
1000 nm). The second coupler ?ber has a large core-clad 
A112 (about 1%), a dcesi of 3.5 pm, and a mode ?eld diameter 
that is sufficiently small (6.4 pm at 1550 nm and 3.7 pm at 
1000 nm) that it is substantially matched to an Erbium 
doped gain ?ber. The term Am is the equivalent step index 
delta of the ?ber, and dcesi is the equivalent step index core 
diameter. The tWo coupler ?bers Would have possessed 
substantially different values of BCR except that the cladding 
of the second ?ber is provided With an amount of chlorine 
that is greater than the amount of chlorine in the cladding of 
the ?rst ?ber, Whereby the refractive index of the cladding 
of the second ?ber is greater than that of the cladding of the 
?rst ?ber. The refractive index disparity betWeen coupler 
?ber claddings causes the BCR values thereof to become 
suf?ciently matched that more than 95% of the light poWer 
at Wavelength KS couples betWeen the ?rst and second 
coupler ?bers. Because of the manner in Which the second 
?ber is made, its chlorine pro?le (idealized) is as shoWn in 
FIG. 1, and its overall refractive index pro?le (idealized) is 
as shoWn in FIG. 2. It is noted that the refractive index 
pro?le of these coupler ?bers is determined by both the 
chlorine and germania doping, the large germania doping 
level at small radii (<2 pm) forming the inner refractive 
index peak shoWn in FIG. 2. The radius of transition 
betWeen the tWo chlorine levels is r,, the core radius is rC and 
r0 is the outside radius of the ?ber. 

The refractive index pro?le (idealized) of the standard 
telecommunication ?ber is illustrated in FIG. 3. 

This loss mechanism Was observed to be even greater in 
WDM couplers (referred to herein as type B couplers) made 
With tWo identical small mode ?eld diameter ?bers of the 
type characterized by FIGS. 1 and 2. FIG. 4 shoWs excess 
loss versus Wavelength for types A and B couplers (curves 
12 and 14, respectively). In both cases, the variations in loss 
With respect to Wavelength are indicative of possible nona 
diabatic loss mechanisms. 

It Was discovered that type A couplers made With small 
mode ?eld diameter ?bers having a chlorine doping pro?le 
represented by curve 20 of FIG. 5 had 0.3 dB higher excess 
loss than those made With small mode ?eld diameter ?bers 
having a chlorine doping pro?le as represented by curve 21 
of FIG. 5. Except for the cladding chlorine level, all other 
aspects of the small mode ?eld diameter ?bers Were sub 
stantially identical. Thus, it became apparent that a larger dip 
in the chlorine pro?le caused larger coupler excess loss. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to provide 
?ber optic couplers exhibiting loW levels of excess loss. 
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Brie?y, the present invention relates to a ?ber optic 
coupler comprising a plurality of single-mode optical ?bers, 
each of Which has a biconical taper section. The taper 
sections of the ?bers extend in contiguous relationship to 
form a coupling region. Each of the ?bers has a core 
surrounded by a cladding of refractive index loWer than that 
of said core. At least one of the ?bers has a refractive index 
pedestal of refractive index ni betWeen its core and cladding, 
Wherein n1>ni>n2, n1 and n2 being the refractive indices of 
the core and cladding, respectively, of said at least one ?ber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is graph of the chlorine pro?le of a knoWn WDM 
coupler ?ber. 

FIG. 2 is a refractive index pro?le of a knoWn WDM 
coupler ?ber. 

FIG. 3 is a refractive index pro?le of a standard telecom 
munication ?ber. 

FIG. 4 shoWs the spectral excess loss curves for tWo 
different couplers. 

FIG. 5 shoWs the chlorine pro?les of three different 
coupler ?bers. 

FIG. 6 is a cross-sectional vieW of an overclad ?ber optic 
coupler 

FIG. 7 is a graph of maximum excess loss (from 1200 nm 
to 1600 nm) for couplers having different values of chlorine 
dip or pedestal. 

FIG. 8 is a refractive index pro?le of a coupler ?ber 
designed in accordance With the present invention. 

FIG. 9 is a graph Wherein the theoretical variation of 6B 
is plotted as a function of draW ratio, the parameter being 
A pedestal‘ 

FIG. 10 is a graph Wherein the theoretical variation of 6B 
is plotted as a function of draW ratio, the parameter being 
pedestal radius. 

FIG. 11 is a graph Wherein the theoretical variation of 
Apedesml is plotted as a function of pedestal radius, mode 
?eld diameter and cutoff limits being shoWn. 

FIG. 12 is a graph Wherein the theoretical variation of 
minimum AB is plotted as a function of pedestal radius 
apedesml for a Apedeml value determined by 

Apedesml=(O'115 Mm)/apedesml)2 

WhlCh is the maximum value of Apedesml for a given value of 
apedesml as determined by a cutoff limitation. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Discussed herein are the results of experiments involving 
type B couplers, each coupler being made from tWo identical 
high A112 loW mode ?eld diameter ?bers. Couplers differed 
in the amount of chlorine contained in the inner portion of 
their cladding (at radii less than 10 pm). 

The coupler ?bers Were made by the process disclosed in 
US. Pat. No. 5,295,211 (Which is incorporated herein by 
reference). A porous core preform comprising a core region 
and a thin layer of cladding glass is formed on a cylindrical 
mandrel. The mandrel is removed, and the resultant tubular 
preform is gradually inserted into a consolidation furnace 
muf?e, the maximum temperature of Which is betWeen 
1200° and 1700° C., preferably about 1490° C. for high 
silica content glass. Chlorine, Which is normally present 
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4 
during the preform consolidation step to achieve drying, 
may be supplied to the preform by ?oWing into the preform 
aperture a drying gas consisting of helium and chlorine. The 
end of the aperture is plugged to cause the gas to How 
through the preform pores. A helium ?ushing gas is simul 
taneously ?oWed through the muffle. 
The resultant tubular glass article is heated and stretched 

in a standard draW furnace While a vacuum is applied to the 
aperture to form a “core rod” in Which the aperture has been 
closed. A suitable length of the rod is supported in a lathe 
Where particles of silica are deposited thereon. The resultant 
?nal porous preform is inserted into a consolidation furnace 
Where it is consolidated While a mixture of helium and 
chlorine is ?oWed upWardly through the furnace. The result 
ant glass preform is draWn to form a single-mode optical 
?ber. The amount of cladding glass particles applied to the 
initially formed core preform determines the radius of the 
chlorine pedestal or dip. The amount of chlorine to Which the 
porous portion of the preform is subjected in the ?rst and 
second drying/consolidation steps determines the value of 
Apedesml. In the resultant ?ber the radius of the germania 
doped core Was almost 2 pm, and the core-clad Ali2 Was 
about 1.0%. 

Couplers Were formed in accordance With the teachings of 
US. Pat. Nos. 5,011,251 and 5,295,211. The protective 
coating is stripped from the midsection of one ?ber and from 
the end of another ?ber. The tWo ?bers are inserted into the 
bore of a glass tube so that the stripped portions of the ?bers 
extend through the tube midregion. The ?ber bore is evacu 
ated and the tube is heated to collapse the tube midregion 
onto the ?bers. The tube is again heated and the central 
portion of the collapsed midregion is stretched to form a 
coupler. 

In the resultant coupler, Which is schematically illustrated 
in FIG. 6, optical ?bers F1 and F2 extend Within glass 
overclad tube 0. Those portions of the ?bers extending from 
the tube preferably have protective coating material (not 
shoWn in this illustrative embodiment). At least those por 
tions of the ?bers Within the tube midregion have no coating. 
The original diameter of the tube is d1. The central portion 
of the stretched midregion constitutes neckdoWn region N of 
diameter d2 Where the ?ber cores are suf?ciently closely 
spaced for a suf?ciently long distance Z to effect the desired 
coupling therebetWeen. Region N is illustrated as having a 
constant diameter even though a slight taper exists therein, 
Whereby the longitudinal center of section N exhibits the 
minimum diameter. DraW ratio R is equal to d1/d2. Tapered 
regions T connect the neckdoWn region With the unstretched 
end regions of tube 0. 
An analysis of WDM couplers employing small mode 

?eld diameter ?bers having different chlorine pro?le dips 
had shoWn that larger chlorine pro?le dips resulted in 
couplers having greater excess loss. To further con?rm this 
mechanism. Type B WDM couplers Were fabricated With 
four different small mode ?eld ?bers. Each coupler Was 
formed from tWo identical small mode ?eld diameter ?bers 
that Were made by the process described above. Each of the 
couplers employed ?bers having different chlorine concen 
trations up to a radius of approximately 10 pm. Beyond a 
radius of approximately 10 pm the chlorine concentrations 
Were essentially the same. At radii up to approximately 10 
pm each type of ?ber had a chlorine level less than the outer 
chlorine level (a dip) or a chlorine level greater than the 
outer chlorine level (a pedestal). Included Were ?bers With 
a large dip in the chlorine level (as in curve 20 of FIG. 5) and 
?bers With a pedestal like that shoWn in curve 22 of FIG. 5. 
In FIG. 7 the maximum excess loss over the Wavelength 
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range 1200 to 1600 nm is shown as a function of the amount 
of dip in the chlorine level at small radii (approximately 10 
pm). Negative values of dip correspond to a pedestal. The 
data shoWs a clear trend to loWer loss for smaller dips, and 
even better loss for pedestals. Therefore, a feature of this 
invention is to employ for use in ?ber optic couplers optical 
?bers having a refracative index pedestal betWeen the core 
and cladding. As shoWn in FIG. 8, the pedestal 27 has a 
maximum refractive index ni that is intermediate the maxi 
mum refractive index n1 of core 26 and refractive index n2 
of cladding 28. For the sake of simplicity, core 26 and 
pedestal 27 are illustrated as being constant index regions of 
the ?ber. Alternatively, core 26 and pedestal 27 could have 
a varying refractive index pro?le such as a gradient pro?le, 
a pro?le formed of a plurality of steps, or the like. 

Numerical modeling Was done to determine some aspects 
of an optimal design for this invention. The modeling tool 
that Was used Was as described U.S. Pat. No. 4,877,300, 
Where the LPO1 and LP11 propagation constant difference is 
calculated for a variety of geometries (variation in siZe along 
the taper). 

FIG. 9 shoWs the theoretical variation of 66 at different 
values of Apedesml, 6B representing the difference betWeen 
the propagation constants of the loWest LPO1 and the next 
highest LP11 modes and being equal to (BLPO1—[3LP11). 
Larger minimum values of 66 result in better excess loss 
performance. FIG. 9 shoWs that greater excess loss improve 
ment can be achieved at larger values of Apedesml. The curves 
of FIG. 9 correspond to the refractive index pro?les 
(pedestals or dips) identi?ed in Table 1. 

TABLE 1 

Curve Pro?le 

36 0.16% Aped Pedestal 
35 0.08% Aped Pedestal 
34 0.04% Aped Pedestal 
33 0.02% Aped Pedestal 
32 Flat (no pedestal nor dip) 
31 0.02% Aped Dip 

An approximate relation betWeen chlorine concentration 
differences and index A caused by those differences is 

A _ Cl difference (Wt. %) 
_ 10 

Further, the curves 31 to 33 approximately represent the 
span of chlorine differences experimentally measured, as 
shoWn in FIG. 7. 

FIG. 10 shoWs the variation of 66 With pedestal radius for 
a Apedesml value of 0.03%. The curves of FIG. 10 correspond 
to the pedestal radii identi?ed in Table 2. A radius of 20 to 
25 pm Was optimum for greatest effectiveness. Similar 
values of pedestal radius Were obtained for other values of 
Apedestal' 

TABLE 2 

Curve Pedestal (Dip) Radius 

41 10 ,um 
42 20 ,um 
43 30 ,um 
44 40 Am 

The optimal values of Apedesml and pedestal radius set 
forth above Were derived Without considering such factors as 
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6 
mode ?eld diameter and cutoff Wavelength. HoWever, the 
presence of a pedestal in the refractive index pro?le of a 
?ber results in a different mode ?eld diameter and cutoff 
Wavelength than Would be exhibited by the ?ber in the 
absence of the pedestal. 

These other ?ber characteristics could be important in the 
designing of a type A ?ber erbium ampli?er WDM coupler, 
for example, the ?rst coupler ?ber of Which is matched to a 
standard telecommunication ?ber. Assume that a ?rst end of 
the second coupler ?ber is connected to the pump light 
source and must propagate light at a Wavelength of 980 nm 
and that the second end of the second ?ber is connected to 
the gain ?ber. The second coupler ?ber should be designed 
such that its cutoff Wavelength does not fall beloW some 
speci?ed Wavelength, eg. 980 nm. Moreover, the mode ?eld 
diameter of the relevant ?ber should substantially match that 
of the gain ?ber. 

Therefore, in addition to considering the optimal param 
eters for loss, limitations due to cutoff Wavelength and mode 
?eld diameter Were also considered. 

A summary of the limits derived With respect to mode 
?eld diameter limit (line 50) and cutoff Wavelength limit 
(line 51) for the second coupler ?ber is given in FIG. 11, 
Where both of these limits are shoWn. The pedestal charac 
teristics of the ?ber must fall Within the shaded area. The 
pedestal values available With chlorine doping are up to 
about 0.02% (line 52), corresponding to pedestal radii of 
around 10 pm. HoWever, it is dif?cult to accurately produce 
values of Apedeml loWer than 0.01% With chlorine doping. 
The results on 66 values give competing trends here. Larger 
Apedesml values are more effective, pushing the optimum 
result to the upper left part of the shaded region, but the 
previously derived optimum radius Would indicate a value 
toWards the right end of the region. In fact, the large 
Apedesml, small radius end is someWhat better in performance 
from a loss perspective, as shoWn in FIG. 12. 

While the relative improvement in excess loss from the 
variation seen here cannot be exactly quanti?ed, the excess 
loss improvement seen in the above-described type B cou 
pler experiment (FIG. 7) Was the result of an increase in 66 
of about 0.0004 pm_1, similar to the variation seen in FIG. 
12. 

Chlorine is a preferred dopant for Aped values less than 
0.02% since chlorine is present during consolidation to dry 
the porous core preform. Its concentration is merely 
increased to a level greater than that employed during 
consolidation of the outer cladding in order to form a 
pedestal. HoWever, other doping techniques must be 
employed to achieve Aped values greater than about 0.02%. 

Dopants other than chlorine can be used to create ?bers 
having pedestal 27 (FIG. 8) in their refractive index pro?le. 
The dopant that is employed to form core 26 can also be used 
to form the pedestal. Germania, Which is commonly used as 
a dopant for optical ?ber cores, could be used to form both 
core 26 and pedestal 27. Moreover, there are many other 
refractive index increasing dopants that could be used to 
form the core and/or pedestal. Pedestal 27 could also be 
formed of silica, cladding 28 being formed of silica doped 
With a refractive index decreasing dopant such as ?uorine or 
boron. 

Discussed herein have been couplers Wherein less than all 
?bers have refractive index pedestals and couplers Wherein 
?bers have identical refractive index pedestals. The inven 
tion also applies to couplers Wherein more than one coupler 
?ber has a refractive index pedestal, not all pedestals being 
identical. 
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We claim: 
1. A ?ber optic coupler comprising 
a plurality of single-mode optical ?bers, each having a 

biconical taper section, the taper sections of said ?bers 
extending in contiguous relationship to form a coupling 
region, each of said ?bers having a core surrounded by 
a cladding of refractive index loWer than that of said 
core, at least one of said ?bers having a refractive index 
pedestal having a maximum refractive index ni betWeen 
said core and cladding, Wherein n1>ni>n2, n1 being the 
maximum refractive index of the core of said at least 
one ?ber and n2 being the refractive index of the 
cladding of said at least one ?ber, those portions of said 
?bers that are in said coupling region being surrounded 
by a medium having a refractive index n3, Wherein 
n3<n2, wherein said at least one of said ?bers has a 
Apedesml and a pedestal radius below that correspond 
ing to a cut-o?r wavelength limit, and wherein AP 
equals (ni2—n22)/2ni2. 

2. A ?ber optic coupler in accordance With claim 1 
Wherein the maximum radius of pedestal is 25 am. 

3. A ?ber optic coupler in accordance With claim 1 
Wherein the radius of pedestal is betWeen 20 and 25 pm. 

4. A ?ber optic coupler in accordance With claim 1 
Wherein said at least one ?ber contains chlorine, the amount 
of chlorine in the pedestal of said at least one ?ber being 
greater than the amount of chlorine in the cladding thereof. 

5. A ?ber optic coupler in accordance With claim 1 
Wherein the core of said at least one ?ber contains silica and 
a refractive index-increasing dopant, and Wherein said ped 
estal contains silica and a refractive index-increasing 
dopant. 

6. A ?ber optic coupler in accordance With claim 5 
Wherein said core and said pedestal contain the same refrac 
tive index-increasing dopant. 

edestal 
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7. A ?ber optic coupler in accordance With claim 5 

Wherein said core and said pedestal contain different refrac 
tive index-increasing dopants. 

8. A ?ber optic coupler in accordance With claim 1 
Wherein the cladding of said at least one ?ber contains a 
refractive [index-increasing] index-decreasing dopant in an 
amount suf?cient to decrease its refractive index to a value 
loWer than ni. 

9. A ?ber optic coupler in accordance With claim 1 
Wherein said plurality of ?bers are identical. 

10. A ?ber optic coupler in accordance With claim 1 
Wherein each of said plurality of ?bers has a refractive index 
pedestal betWeen said core and cladding, the refractive index 
of the pedestal being greater than that of the cladding of the 
?ber and less than that of the core of the ?ber. 

11. A ?ber optic coupler in accordance With claim 1 
Wherein said at least one optical ?ber is different from the 
remainder of said plurality of ?bers. 

12. A ?ber optic coupler in accordance With claim 1 
Wherein said medium comprises an elongated body of 
matrix glass having tWo end regions and a midregion, said 
optical ?bers extending longitudinally Within said body and 
being fused together along With the midregion of said body, 
the diameter of the central portion of said midregion being 
smaller than the diameters of said end regions, said central 
portion of said midregion constituting said coupling region. 

13. A ?ber optic coupler in accordance With claim 1 
Wherein Apedesml is less than 0.15%, Wherein Apedesml equals 
[(ni2_n22)/ni2] (”i2-”22)/2”i2 

14. A ?ber optic coupler in accordance with claim 1, 
wherein said at least one of said ?bers has a pedestal radius 
greater than 3 microns. 

* * * * * 


