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(57) Abstract

Fiber optic splitters having a central fiber (18, 21) and a selectable number of surrounding fibers (10, 20) with mutual con-
tact among the surrounding fibers and central fiber, formed preferably of identical diameter starting fibers. According to a for-
mula, between three and five surrounding fibers, the central fiber (18, 21) has a reduced diameter, while for seven or more sur-
rounding fibers, the diameters of the surrounding fibers are reduced. Splitters with one input and four, eight, twelve, or sixteen
equal outputs, having a flattened wavelength response are provided. Means are provided to reduce detrimental phase mismatch at
the desired coupling ratio as by substantially matching the propagation constants of the central and surrounding fibers in the fin-
ished coupler. Provisions for sufficiently matching the propagation constants include making the fused splitter region short; start-
ing with fibers having differing propagation constants selected so the difference is diminished during fusing; fusing the fibers to-
gether to the extent that there are substantially no interstitial voids in the coallesced fiber mass; and surrounding the surrounding
fibers (10, 20) with a transparent substance having the effect of cladding. For the latter purpose, a tube (11) or transparent optical
rods assembled about the surrounding optical fibers are fused therewith, or the transparent substance is a moldable substance ap-

plied after the fused region of the coupler has been formed.
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FIBER OPTIC POWER SPLITTER
Field of the Invention
The invention relates to fiberoptic splitters or

couplers and especially to those which are singlemode and

have a broad wavelength response. The 1invention further

relates to fused couplers having more than three fibers
fused to form a coupling region.
Background of the Invention

For the purpose of splitting the optical power
available on a single fiber into several outputs, fiber
optic couplers or splitters have been developed. Among
the several types of splitters, some are made by fusing
two or more optical fibers together by heating and
drawing the fibers while they are held in mutual contact
in the fusion region. The result of this method is a
tapered region of fused optical material wherein coupling
of optical power occurs among the fused fibers in a
coupling region within the fused region. Optical fibers
used for fabrication of splitters typically have outside
cladding diameters of 40 microns (um) or more. While
work has been done toward developing splitters made of
three or more fused fibers, the most highly developed
technology in this field relates to fused splitters
composed of two fibers. These are referred to as two-
port splitters or 2 X 2 splitters. The terms splitter
and coupler are synonymous.

In order to obtain splitters with four, eight,
twelve, sixteen, or more outputs, several two-port
splitters have been ar;anged in a tree-like fashion. 1In
this manner, e.g., a single input may be split into four
outputs using three two-port splitters. Using tﬁe two-
port splitter as a building block in tree structures
suffers from several disadvantages including package
size, fabrication cost, and long-term reliability.

PCT/US91/03873
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Fused couplers have been made from seven fibers,
wherein six fibers are arranged around a seventh inner
fiber. The geometry of circles shows that six identical
fibers can be perfectly arrayed around an identical
central fiber so that each of the surrounding fibers so
disposed will contact both of its neighboring fibers and
the central fiber. This is an ideal case from the
viewpoint of fused splitter fabrication. The mutual
contact among fibers promotes uniform fusion and a
resultant relatively high probability that each of the
seven outputs can be made to give 1/7th of the output
optical power. Such a structure also can be made so that
all the optical power input in the central fiber is
equally coupled to the six surrounding fibers providing
siX outputs each giving about 1/6th of the output power.

Splitters using fewer than six surrounding fibers
have been very difficult to make. The spacing of the
surrounding fibers around the central fiber should be
azimuthally periodic in order to obtain uniform outputs.
The act of aligning and holding the surrounding fibers
prior to and during fusion requires extreme precision.
Moreover, the surrounding fibers cannot be held in place
by thelir neighbors as in the seven fiber geometry. On
the other hand, by prior methods, there has appeared to
be no way to arrange more than seven fibers in a manner
that can achieve equal power splitting.

Most distribution system requirements specify
splitting in multiples of four. There has been no
completely satisfactory means to fabricate a unitary,
i.e., single optical'structure, splitter that naturally
provides four, eight, twelve, or sixteen outputs. The
invention addresses that need.

Summary of the Invention

According to one aspect, the invention is a

unitary, singlemode fiber, fused structure composed of

PCT/US91/03873
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four, up to seventeen or more fibers that provides

uniform splitting of input optical power among the

fibers. Starting e.g. with a set of identical fibers,

surrounding fibers and a central fiber are sized prior to
5 fusion so that mutual contact is achieved. "Mutual

contact" as used herein means that each surrounding fiber
touches the central fiber and both neighboring

surrounding fibers. In this construction all of the
surrounding fibers have one diameter, and the inner fiber
10 has a different diameter, either larger or smaller than
the surrounding fibers, depending on the number of ports
to be provided. The ratio of the surrounding fiber
diameter r to the central fiber diameter R is given by:

r/R = sin(/N)/( 1 - sin(m7/N) 1.

15 Equation 1 ensures mutual contact among the
central and surrounding fibers. Therefore, the
surrounding fibers are disposed around the central fiber
with an azimuthal periodicity of 27 /N, where N is the

‘number of surrounding fibers. Values of r/R for three to

20 sixteen surrounding fibers are tabulated in Table 1.

TABLE 1
Tabulation of the ratio of surrounding fiber
diameter r to central fiber diameter R for N surrounding

fibers.
25 N r/R
3 6.46
4 2.41
5 1.43
7 0.77
30 8 0.62
9 0.52
10 0.45
11 0.39

12 0.35
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13 0.32
14 0.29
15 0.26
16 0.24

A splitter made from fibers sized according to the
ratios given in Table 1 may have either N ports or N + 1
ports as will be explained herein. As the fibers are
fused and are simultaneously drawn, coupling between the
central fiber and each surrounding fiber increases.
Optical power input in the central fiber becomes
distributed among all the fibers in the structure. The
optical power output in the central fiber and any of the
surrounding fibers is monitored during the fusion
process. The process 1s stopped when the desired
fraction of optical power appears in a surrounding

fiber. Light not coupled to the surrounding fibers
remains in the central fiber. The term "splitting

fraction", as used herein, is defined as the fraction
that results by dividing the optical power output in any
one output fiber by the total optical power output from
the sum of all output fibers. E.g., if there are N
output fibers each carrying equal power P, the total
output power is NxP, and the splitting fraction is
P/(NxP) = 1/N. This fraction is synonymously referred to
as the coupling ratio. Using seven surrounding fibers,
i.e., N =7, a 1 X 8 splitter results when the optical
power in the central fiber equals the optical power in
any one of the surrounding fibers. In that case there
are N + 1 ports each‘carrying a fraction of 1/(N + 1) of
the output power.

If the drawing process is continued beyond this
point, eventually all of the optical power originally in
the central fiber is coupled to the surrounding fibers.
For the example above, so doing results in a 1 X 7 port

PCT/US91/03873
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splitter with each output port carrying 1/7th of the

output power. It can be
power between any surrou
is arbitrary, depending

seen that the ratio of output
nding fiber and the central fiber
upon when the drawing is stopped.

In addition to providing a simple means to

fabricate couplers havin
1X16 port configurations
the invention that the c
essentlially constant ove
couplers made by fusing
region of fusion. For
couplers made by fusing
characteristic that the
from the input fiber to
wavelength of the optica

g the desired 1X4, 1X8, 1X12, and
, 1t 1s a further advantage of
oupling fraction thus obtained is
r a broader wavelength range than
fibers that are identical in the
example, two-port fiber optic
identical fibers have the
fraction of optical power coupled
an output fiber depends upon the
1l power. Since the wavelengths

of optical power most frequently encountered in fiber

optic applications occur
clustered around 850, 13

in narrow wavelength bands
00, and 1550 nm, splitters made

from identical fibers can be made to operate

satisfactorily at only one of those wavelengths. A

splitter having a desire
wavelength will not nece

d splitting fraction at any one
ssarily have the same splitting

fraction if used at another wavelength. In comparison,

couplers made in accorda

nce with the invention are made

from fibers having dissimilar diameters in the region of

fusion and therefore, di
constants. This result
dependence of the splitt
coupler of the invention
constant splitting fract
250 nm or more.

ssimilar optical propagation

s in decreasing the wavelength

ing fraction to the extent that a
can operate with essentially

ion over the wavelength range of

The methods of reducing the cross-sectional area

of a fiber include etchil
Combinations of these te
the features of a splitt

ng, machining, and drawing.
chnigues can also be used. While
er of the invention are, in
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principle, independent of the process used to achieve the

reduction, preferred approaches include drawing, etching,
or a combination of the two. 1In practice, a novel
drawing method, disclosed herein, significantly
simplifies the fabrication process.

Drawing a fiber to reduce the cross-sectional area
involves heating a region of the fiber to a suitable
working temperature and pulling on one or both ends of
the fiber so as to elongate the heated region. There are
two distinct variations of this process. In the first,
which we shall call "bi-directional drawing", the fiber
is elongated simultaneously on either side of the center
of the heated region. Bi-directional drawing results in
a tapered fiber shape. In the second, called here "uni-
directional drawing", the fiber is elongated on only one
side of the heated region. A preferred method of uni-
directional drawing comprises clamping the fiber at
either end in suitable fiber clamps and translating both
clamps in the same direction with one clamp moving slower
than the other so as to apply tension to the heated
region. Using this novel method, a region of fiber
within the unbroken continuous extent of the original
fiber can be reduced to have an essentially constant
reduced diameter over any arbitrary length.

Alternatively, the fibers may be etched prior to
fusion. Etching symmetrically removes optical cladding
material from the fiber. The core size remains
unaffected. 1In either method, etching or drawing, it is
possible to reduce Ehe fibers in the processed region to
the degree that the optical fields extend radially beyond
the physical extent of the optical material. In
principle, therefore, couplers can be made to have a
desired coupling ratio when fibers so reduced are brought
into contact. Fusion of such a set of fibers results in
somewhat increased coupling among the fibers. More

. PCT/US91/03873
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commonly, fibers are usually reduced to a degree
sufficient to retain the optical fields within the
physical extent of the fibers. Then if the fibers are
drawn during the fusion step, any desired degree of
coupling can be achieved.

For achieving high coupling ratios means are
provided to reduce or eliminate detrimental phase
mismatch at the desired coupling ratio. Preferably, in
manufacture, steps are taken to substantially match the
propagation constants of the central fiber and the
surrounding fiber in the finished coupler.

According to one aspect, the invention features a
fiberoptic splitter comprising a central optical fiber
having radius R in a region in which optical coupling is
to occur, a set of N surrounding fibers each having

radius r in the region, the value of N being greater than
2, the ratio of radii r/R being non-unity and equal to

the value: r/R = sin(n/N)/(l-sin(m/N)), each of the
fibers contacting the central fiber, and each of the
surrounding fibers contacting its neighboring two fibers
in the surrounding set, the fibers being secured together
in theilr respective regions of contact in a coupling
relationship forming an azimuthally periodic optical
structure with period 2#/N radians, the optical structure
capable of distributing input optical power among said
fibers.

For avoiding or reducing to acceptable levels
phase mismatch, especially where high coupling ratios are
desired, the fused region of the splitter is sufficiently
short to reduce detrimental phase mismatch at the desired
coupling ratio; and/or the fibers prior to fusing have
differing propagation constants, the difference selected
so that the difference is diminished during fusing to

reduce phase mismatch; and/or the fibers are fused
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together to the extent that there are substantially no
interstitial voids in the mass formed by the coallesced
fibers; and/or the surrounding fibers are themselves
surrounded by a transparent substance of selected
refractive index having the effect of cladding that
reduces detrimental phase mismatch at the desired
coupling ratio.

In preferred forms of the latter feature, a tube
1s collapsed upon and fused with the outer fibers, the
index of refraction of the tube being selected to enable
the substance of the tube to serve as cladding to reduce
detrimental phase mismatch at the desired coupling ratio
or the transparent substance is in the form of a set of
transparent rods optical tightly assembled about the
surrounding optical fibers and fused therewith, or the
transparent substance is in the form of a moldable
substance applied to the exterior of the fused region
after the coupler has been formed.

In preferred embodiments, the fibers are single
mode fibers and the sets of fibers are fused together in
their respective regions of contact forming a unitary
fused optical structure.

Preferred embodiments have the following
features. The central fiber and the set of surrounding
fibers are formed of identical fibers that extend beyond
the fused region; the difference between radii r and R of
the respective sets of fibers in that region being the.
result of a uniform reduction in fiber diameter in at
least one of the sets prior to fusion.

The splitter.is formed of a central fiber that has
a uniformly reduced diameter in the contact region and of
surrounding fibers that are unreduced in diameter in the
region, or the splitter is formed of surrounding fibers
that have uniformly reduced diameters in the contact
region and of a central fiber that is unreduced in




WO 91/19214 > s
- ‘ 255300 PCT/US91/03873

diameter in the region, or the splitter is formed of
surrounding fibers and central fibers that both have
reduced diameter in the fused region.

The reduction is the result of uniform etching,

5 controlled drawing, or a combination of the two.

In the fused or coupling region the fibers may be
confined in a surrounding tube of optical material that
uniformly contacts the exterior of the fibers of the
surrounding set.

10 The assemblage of the tube and the sets of fibers
are in a fused drawn state defining a tapered unitary
fused optical structure, over the length of the fused
region the ratio r/R being substantially constant while
the values of r and R vary lengthwise with the taper.

15 The central fiber, surrounding fibers, and tube
are typically glass. The tube has refractive index not
greater than the refractive index of said surrounding
fibers.

Other preferred embodiments have the following

20 features. In the fused or coupling region, the sets of
fibers are tapered in a manner retaining the value of
r /R substantially constant throughout the optical
structure. The optical structure is the result of
fusing and drawing.

25 The splitter has a larger bandwidth of optical
frequency response relative to a splitter formed of the
same fibers without the reduction in diameter of one of
the sets of fibers, preferably the splitter having a
splitting ratio th?t is substantially independent of

30 wavelength over a wavelength range of at least 250 nm.

In preferred embodiments, the central fiber 1is
constructed to serve as an input port for optical power
and each fiber in the surrounding set 1s constructed to
function as an output port, the coupling region having a

35 coupling ratioc that provides substantially 1/N of the
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input power to each fiber of the set of surrounding
fibers, or the input fiber also serves as an output
fiber, with 1/(N+1) enerqgy being distributed to each
fiber.

Number N is selected from a number in the range of
3 to 16 and the ratio r/R has the respective value shown
in table given above.

The invention also features the method of forming
splitters by observing the rules of construction outlined
above. .

In the preferred method, a fused singlemode fiber
optic splitter is produced having a desired number of
output ports, comprising providing an assemblage of a
central fiber having a first diameter and a set of
surrounding fibers having a set of second diameters in
which the number of members in the set of surrounding
fibers and their respective diameters are predetermined
so that:

a) each of the surrounding fibers contacts the
central fiber over the length of a predetermined region;

b) each of the surrounding fibers, over the length
of the region, also contacts, on two sides, its
neighboring fibers in the surrounding set, and the first
diameter of the central fiber is different from at least
the diameter of one member of the set of surrounding
fibers, and subjecting the region of the assemblage of
fibers to thermal fusion in the manner to provide a
unitary fused optical structure capable of distributing
optical power input on one fiber to other fibers of the
structure. .

In preferred embodiments of the method the
following steps are observed. Prior to fusion, the
surrounding fibers all have an identical second diameter,
the second diameter in the region being different from
the first diameter in the region.
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During fusion of the region, the fibers in the
region are drawn to provide a coupling region of reduced
diameter.

The central fiber and the surrounding fibers may

5 Dbe enclosed before fusion in a tube of optical material.
The tube 1s drawn at the time of fusion of the fibers to
form an outer layer of optical material into which each
of the surrounding fibers becomes embedded.

The tube prior to drawing is cylindrical or the

10 tube has a polygonal cross-~section with number of sides
equal to the number of surrounding fibers, the fibers
disposed in the interior vertices of the polygonal cross-
section.

For providing a fiber for the assemblage, at least

15 one previously made fiber is uniformly reduced in
diameter over a length corresponding to the predetermined
region, preferrably by etching or by drawing.

A particularly important feature of the invention
is the provision of a fused singlemode fiberoptic

20 splitter wherein at least one of the fibers is
constructed to supply input optical power to a unitary
fused optical structure, and the unitary fused optical
structure 1is constructed to distribute the input optical
power among fibers of the splitter according to at least

25 one predétermined splitting ratio, the predetermined
splitting ratio being substantially independent of the
wavelength of the optical power within an optical
wavelength range of at least 250 nm.

The features and advantages of splitters of the

30 1invention and the me%hods of fabrication will be
explained in greater detail in the following description
of preferred embodiments and the claims. First we
briefly describe the Figures.

Brief Description of the Figures
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Figure 1 is three cross-sectional views of fibers
showing, respectively:

a) four equal diameter surrounding fibers arranged
around a smaller diameter central fiber before fusion;

b) the fibers of view la after fusion;

c) the fibers of view la enclosed in a tube of
optical material after fusion.

Figure 2 1is two cross-sectional views of fibers in
progressive stages of splitter fabrication showing,
respectively:

a) eight equal diameter surrounding fibers
arranged around a larger diameter central fiber before
fusion;

b) the fibers of view 2a after fusion.

Figure 3 1s a cross-sectional view of eight
surrounding fibers of unequal diameter arranged around a
central fiber of larger diameter.

Figure 4 is a cross-sectional view of four equal
diameter surrounding fibers arranged around a smaller
diameter central fiber and enclosed in a polygonal tube
before fusion. Figure 5 is a partially cut away side
view of eight reduced diameter surrounding fibers
arranged around an unreduced diameter central fiber
before fusion. ,

Figure 5a is a side view of eight reduced diameter
surrounding fibers wrapped around an unreduced diameter
central fiber before fusion.

Figure 6 1s two schematic top views of fixtures
used in a method of reducing the diameter of fibers
showing a fiber, reépectively a) before reduction; and b)
after reduction.

Figure 7 is an enlarged view of a fiber after
diameter reduction using the uni-directional differential
speed drawing method.
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Figure 8 is two schematic top views of fixtures
used to fuse and taper a set of fibers to make a splitter
showing, respectively, a) the fibers mounted before
tapering; and, b) the fused splitter after tapering.

5 Figure 9 is a cross—-sectional view of a fused
splitter according to the invention, similar to that of
Figure 2b, but formed in a manner eliminating
interstitial voids.

Figure 10 1s a cross-sectional view, again similar

10 to Figure 2b, of a further embodiment employing a
surrounding matrix of selected index of refraction.

Figure 11 i1s a cross-sectional view similar to
that of Figure 2a of an assembly of a central fiber and a
set of outer fibers, in combination with an encompassing

15 tube of selected index of refraction.

Figure 1lla 1s a view similar to Figure 2b of the
structure of Figure 11 following fusion and drawing.

Figure 12 1s a view of another embodiment, similar
to Figure 2, employing a set of outer index-matching rods

20 nested about the assembled structure.

Figure l12a 1s a view similar to Figure 2b of the
embodiment of Figure 12 following fusion and drawing.

Figure 13 1is a view similar to Figure 2a of an
embodiment assembled with fibers having different

25 propagation constants.

Description of Preferred Embodiments
The basic embodiment of the invention involves a

central fiber surrounded by a set of three or more
mutually contacting surrounding fibers. For fewer
30 than six equal diaheter surrounding fibers to be in
mutual contact, the central fiber must have a smaller
diameter than the surrounding fibers as i1llustrated in

the cross-—-sectional view shown in Figure la. For more
than six equal diameter surrounding fibers, the central
35 fiber must have a diameter greater than the diameter of
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the surrounding fibers as illustrated in the cross-
sectional view shown in Figure 2a. Equation 1 and Table
1 previously given reveal the diameter ratios required
for 3 to 16 surrounding fibers.

On the other hand, the surrounding fibers can have
unequal diameters. In that embodiment, shown in Fiqure
3, equation 1 no longer holds, and the resulting coupling
ratios obtained are generally not uniform. While such
embodiments are within the scope of the invention, this
discussion shall be limited to the cases illustrated in
Figures 1 and 2. This is not intended to imply limitation
of the scope of the invention to the cases illustrated.

Figure la illustrates five fibers arranged as they
might be before fusion to make a 4 port, i.e., 1x4 or
4x4, or five port, i.e., 1x5 or 5x5 splitter. The four
surrounding fibers 10 have diameters each 2.41 times the
diameter of the central fiber 18. All the fibers are in
contact, i.e., each surrounding fiber contacts each of
its two neighbors, e.g., points 12 and 13. Similarly
each surrounding fiber contacts the central fiber, e.q.,
point 15. The cores of each fiber are shown typically at
17.

Figure 1b shows the structure of Figure la as it
might appear after fusion. Depending upon the
temperature used to fuse the fibers they may coalesce
more or less 1nto a solid mass. As illustrated in Figure
lb, the individual surrounding fibers have become fused
in regions typical of 14. In these regions the original
boundaries of the ogiginal cladding materials are no
longer readily distinguishable. The cores 17 retain the
same azimuthal periodicity of 2n/N, 90 angular degrees in
this case where N = 4 surrounding fibers, but are closer
together as required for coupling. The scale of Figures
lb and 1lc 1s magnified relative to Figure 1a.

PCT/US%91/0387
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Figure 1lc illustrates the results of an
alternative method wherein, prior to fusion, a tube 11 of
optical material is placed around the fibers in the
region to be fused. 1In practice it is necessary to first
place the surrounding and central fibers inside the
tube. When done, the inside diameter of the tube is
somewhat larger than the largest outside dimension of the
fibers. The diameter of the tube must be reduced by
drawing the tube while the fibers are inside. When the
inside wall of the tube begins to contact the fibers, the
drawing speed is reduced and the amount of heat applied
is increased sufficiently to allow drawing of the entire
structure.

In this embodiment the cladding material of the
fibers fuses into the material of the tube as typical of
region 16 as well as coalescing mutually among the fibers
1l4. The refractive index of the tube material should be
somewhat less than the refractive index of the fiber
cladding material to avoid optical power loss.

The degree of fusion can be observed by noticing
the void regions typical of 22 between the central and
surrounding fibers, and 24 between the surrounding
fibers and the tube material. Couplers of the invention
can be made to have very little fusion of the optical
materials. Then the void regions are more pronounced and
the fibers appear to retain their individual boundaries.
As the degree of fusion is increased the void regions
become smaller and the boundaries of the individual
fibers tend to disappear. Even though void regions may be
present 1in any emgodiment of the invention, the optical
materials are considered to be fused into an essentially
solid mass which 1s referred to herein as a unitary
optical structure.

Figure 2a and 2b illustrate a splitter made using
eight surrounding fibers and a central fiber. Figure 2a

PCT/US91/03873
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lllustrates the cross-sectional view of the assemblage as
it might appear prior to fusion with surrounding fibers
typical of 20 disposed around central fiber 21 and all
fibers in mutual contact. A feature of this splitter is
that the surrounding fibers have smaller diameter than
the central fiber. The ratio between diameters of outer
to inner fibers r/R is 0.62 as indicated in Table 1. The
cores of surrounding fibers as typified by 23, and the
core of the central fiber 25 are indicated. Figure 2b

Figure 3 illustrates a set of surrounding fibers
generally indicated by the numeral 32 and a central fiber
36 as the assemblage might appear prior to fusion. Here
the surrounding fibers are of differing diameters. After
fusion the result appears much as that shown in Figures
l1b, or 2b except that the radial and azimuthal symmetry
present in Figures la, 1b, 2a, and 2b is not present when
the surrounding fibers have different diameters.

In some cases it is desirable to use a polygonal
tube instead of a cylindrical tube to surround the set of
fibers. 1In Figure 4 this is illustrated for a five fiber
assemblage. Prior to fusion, as shown in Figure 4, the
surrounding fibers 42 are located in the vertices of the
square tube 40 of optical material. The salient features
of a polygonal tube embodiment are the same as those
discussed previously. The ability to locate the fibers
in the inside vertices of the tube prior to fusion has
the advantage of increased structural stability before
fusion. '

Figure 5 is a side view of an assemblage of fibers .
prior to fusion schematically illustrating features of
the invention not apparent in the cross-sectional views
Of the previous Figures. Eight surrounding fibers
indicated collectively as 50 are shown partially cut away
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to afford view of the central fiber 53. A cross-
sectional view at the section denoted 2a-2a would appear
as 1n Figure 2a. In this case the central fiber 53 is
shown with unreduced diameter, however, the diameter of
the central fiber might be reduced e.g., by etching or
drawing prior to assembling as shown. Reducing the inner
fiber diameter prior to fusion requires a greater
percentage reduction of the surrounding fibers in order
to retain the required r/R. This leads to a shorter and
somewhat more robust structure after fusion. The
surrounding fibers are reduced in diameter in the region
labelled 52. As illustrated here, the surrounding fibers
are shown laying 1in essentially parallel contact with the
central fiber. Alternatively, it is often necessary and
desirable to wrap or twist the surrounding fibers in a
slight helical manner around the central fiber to obtain

stable contact between all fibers prior to fusion. This
is illustrated in Figure 5a.

The surrounding fibers 50 illustrated in Figures 5
and 5a are shown with essentially constant reduced
diameter throughout the reduced region 52. There is a
smoothly tapered region of transition 54 between the
region of full diameter surrounding fiber 50 and the
reduced region 52. This shape can be achieved by etching
the surrounding fibers prior to assembling, by drawing
the fibers in a manner to be disclosed herein, or a
combination of etching -and drawing.

In each embodiment of the invention all fibers may
start out identical and then at least one of the fibers
is reduced in diameéér. One method of providing fibers
reduced in diameter is tapering. The fiber is clamped in
right- and left-hand translation stages, heated in the
middle, and the stages are caused to move apart in
opposite directions away from the heated region thus
elongating the heated fiber into a bilaterally tapered

M ey PCT/US91/03873
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structure. Tapered fibers can be used in any of the
embodiments of the invention.

A novel method of drawing has particular
importance to the invention. This method 1s referred to
herein as "differential speed uni-directional drawing"”.
Differential speed uni-directional drawing describes the
extremely useful technique of moving both translation
stages that hold a fiber in the same horizontal direction
at different speeds. This is illustrated schematically
in Figure 6. 1In Figure 6a the section of the pre-formed
fiber to be processed 60 is clamped to a left-side
translation stage 61 and to a right-side translation
stage 63 using left- and right-side fiber clamps 67 and
68 respectively. The fiber may for instance be a
singlemode telecommunications fiber of 125um outer
diameter or a multimode fiber of 140um outer diameter, or
less. Then one stage, say the left one 61, is made to
move a distance indicated by the arrow labeled L4 away
from the heated region 62 while the other stage 63 moves
a distance indicated by the arrow labeled Rd toward the
heated region 62 at a somewhat slower speed. The result
of this method is a length of fiber of essentially '
constant reduced cross~sectional area 64 shown in Figure
6b. This region of reduced fiber is illustrated in
greater detail in Figure 7. As shown in Figure 7, the
processed region of fiber 60 resulting from the
differential speed uni-directional draw discussed in
Figure 6 gradually tapers 65 into a reduced cross-
sectional area 64. The reduced cross-sectional area
is essentially consfant over any desired length of
processed fiber. The length of the reduced region is
dictated by the amount of horizontal travel available
with the translation stages used. A characteristic of
fibers thus reduced is that the taper 66 on the side
moved toward the heated region is more abrupt than the
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taper 65 on the side moved away from the heated region.
Phenomenologically, the region of constant cross-
sectional area 64 results because a steady state is
reached wherein fiber material is fed into and extracted
from the heated region 62 of Figure 6 at the same rate.
The cross-—-sectional area required for steady state
material flow depends on the difference in speed between
the left and right stage when both stages move in the
same direction. Therefore, by calibrating the speeds of
the stages, relatively long sections of fiber with the
same cross-sectional area and shape are produced, and the
reduced area can be preselected by choosing a prescribed
speed difference.

For example, when steady state flow of optical
material is achieved, the following relationship holds:

V.R.* = VR ?

where V, and V_represent, the speed of stage motion
toward and away from the heated region respectively, and
R, and R, are the radii of the fiber on the side entering

and leaving the heated region respectively. It can be
seen, therefore, that if the ratio of translation stage
speeds V_/V, = 4, the ratio of fiber radii R, /R, = 2.

This yields substantially a 50 percent reduction in fiber
diameter, i.e., the radius of the fiber leaving the

heated region R, 1s one half the radius of the fiber

entering the heated region R,.

After the fibers are reduced in diameter to the
relative sizes given in Table 1, they are assembled in
appropriate fixtures to obtain an arrangement like that
shown in, e.g., in Figure la and are fused. Fixturing
to accomplish this is illustrated schematically in Figure
8.

A set of appropriately reduced fibers 80
surrounding a central fiber are clamped by a left-side 81
and a right-side 82 clamp to a left-side 83 and right-

PCT/US91/03873
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side 84 translation stage. A source of heat 86 is

located between the stages. Once the fibers are heated
sufficiently, the stages are caused to move in opposite
directions away from the center of the heated region 88
as shown in Figure 8b. The arrows in Figure 8 indicate
the amount of translation in the left direction L1 and in
the right direction R1. By moving the stages apart at
the same rate relative to the center point 88, the fibers
are drawn into a symmetrical bilateral taper. The
ratio of diameters r/R is essentially constant
throughout the tapered fused region while the
individual values of r and R vary continuously across the
tapered region.

Cross-sections of fibers thus drawn appear
essentially as those shown in Figures 1b, 1c, or 2b. Any
number of surrounding fibers between 3 to 5 and 7 to 16
may be used. The case of six surrounding fibers is
excluded because in that unique case all fibers must have
the same diameter. The advantage of wavelength
flattening which naturally occurs when fibers of
different diameters are used is less when fibers of
identical diameter are used.

The splitters, described above, that are formed
without a surrounding tube, are particularly suitable
when relatively small amounts of optical power are to be
coupled from the central fiber to the outer fibers. At
some point, a phase mismatch limits coupling of the
energy. This may happen, e.g. for a symmetrical splitter
having eight surrounding fibers, at the point where on
the order of 20-30 ﬁercent of the light is coupled from
the central fiber to the outer fibers.

In Figure 9 a preferred embodiment is shown which
permits more energy to be coupled. The fibers are fully
fused to the extent that the interstitial wvoids between
the fibers in the fused mass are substantially
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eliminated. In this case, the cores 17 of the
surrounding outer fibers are effectively embedded in a
relatively uniform cladding material 14', causing there
to be a general match between the propagation vectors of
the fused central fiber and the fused outer fibers. This
construction is most applicable to the case in‘which the
diameter of the outer fibers has been reduced initially
from that of the identical central fiber by etching as
opposed to predrawing, the core diameters of all the

surrounding fibers remaining the same as the core of the

central fiber (predrawing to reduce diameter would reduce
the core sizes of the outer fibers and cause a mismatch
in the propagation vector with an unreduced central
fiber).

The interstitial voids referred to are those voids
that result in the interstices between fibers where the
cylindrical fibers are laid side-by-side against each
other, in tight packing. By fusing the assembled fibers
with an extremely hot flame or other heat source for a
long period, and drawing very slowly, then in the
biconically tapered region of the assembled bundle of
fibers, the interstitial voids can be made to disappear
for the most part.

A second approach to reducing a phase mismatch
between central and surrounding fibers is shown in Figure
10. Upon completion of fusion of the structure as shown
in the previous Figure 2b (or, alternatively, Figure 9),
the completed structure is then embedded in a transparent
material 100 of selected refractive index to correct for
any potential phase‘mismatch. If the optical fibers 20,
21 are comprised primarily of fused silica, a suitable
exterior embedding material is a room temperature
vulcanizing clear silicone rubber, otherwise known as
RTV, having a selected refractive index in the
neighborhood of 1.4. One limitation on the embedding
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material is that it cannot have a refractive index
substantially larger than the refractive index of the
cores of the optical fibers in order to avoid coupling
energy from the optical fibers into the embedding
material.

The embodiment shown in Figure 10 functions
because the air surrounding the structure, which has an
index of refraction of unity, is replaced with a material
whose 1index of refraction is much larger. Therefore, the
outermost fibers experience a cladding index which is
much closer to that of an infinite uniform cladding.
Consequently, this embedding material functions to make
the cladding of both central and peripheral fibers to
appear to be substantially uniform and infinite, and with
the core diameters of the central and outermost fibers
remaining nearly identical, both the central fiber and
the group of peripheral fibers are caused to have
approximately the same propagation vector.

In Figure 11 an exterior tube 102 of selected
glass or fused silica is provided around the assembled
bundle of fibers such as is employed in the assembly of
Figure 2a. The tube 102 has an index of refraction that
may be selected to adjust the effect of the cladding on
the outer fibers according to the principle just
mentioned above. To achieve the assembly shown in Figure
11, the fibers are threaded into the end of the selected
tube, or a lengthwise-extending radial slot is provided
in the wall of the tube through which the fibers are
passed sideways intq the tube.

Referring to Figure 1la, upon sufficient fusion,
this exterior glass tubing 102 collapses about the fused
fiber structure during the fusion operation into a fluted
form, conforming with the contour of the outermost
fibers, and coallescing with the fibers, so that the
outermost fibers are substantially embedded in a material

PCT/US91/03873,
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whose refractive index is much closer to that of the
original cladding index of the optical fibers. As with
the embodiment of Figure 10, once again this outer tubing
must have a refractive index which 1s not substantially

5 larger than that of the cores of the fibers to avoid
coupling energy to the exterior glass tubing.

Also, as with the embodiment of Figure 10, in this
construction it is important that the reduced diameter
fibers be produced by etching rather than by predrawing

10 so that the original core sizes are not changed relative
to the similar fiber which extends through the center of
the device.

The embodiment of Figure 12 1s another approach to
surrounding the fused structure with material which has

15 an index of refraction more close to the cladding of the
peripheral fibers than air would be. 1In this case, index
matching rods 106, e.g. of glass or fused silica, are
placed around the assembled fibers prior to fusion.

In Fiqure 12a, the structure is shown following

20 fusion in which the exterior rods 106 have collapsed upon
and coallesced with the original optical fibers and serve
to shield those optical fibers from the surrounding air.
It is important that these rods have an index of
refraction approximately equal to or less than the core

25 1index to avoid coupling energy into those glass rods.
Again, for most cases, the reduced diameter fibers must
be predominantly reduced in diameter by etching, rather
than by predrawing, so that the core sizes remain similar
to that of the inner fiber. Here again, the heating and

30 drawing can be condhcted to avoid the presence of
interstitial voids at the region of merger with the core
fiber and at the region of merger between the outer
fibers and the surrounding nested rods.

The embodiments of Figures 9-12 are suiltable for

35 construction using identical starting fibers for the
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central optical fiber and the surrounding set of optical
fibers.

For the final embodiment shown in Figure 13,
starting optical fibers are selected which originally
have different propagation vectors, i.e. the central
fiber has a different vector than that of the outer eight
fibers, the outer eight fibers having identical vectors.
Then the outer fibers are reduced in diameter through
etching or possibly predrawing, such that the completed
structure, when fused, causes the propagation vectors of
the lnner and outer fibers to then match approximately,
such that significant energy transfer can occur from the
central fiber to the outer fibers.

- It is possible to use different commercial optical
fibers with different propagation vectors, in order to
Create this intentional starting phase mismatch, i.e. by
using one commercial fiber for the central fiber and a
second commercial fiber for the eight outermost fibers.
If they are arranged properly, the resulting change of
propagation vectors, when the structure is fused and
drawn, will be such that the ultimate propagation vector
of the two sets of fibers will substantially match thus
enabling significant power transfer.

Another means of enhancing coupling between the
central and outer fibers is to construct the coupler in a
fashion to reduce the coupling length, thereby to reduce
the distance over which phase mismatch can accumulate
between the inner and outer fibers. One way to reduce
coupling length is to draw very slowly, use very sharp
tapers and small he;t sources. An additional technique
1s to initially work with fibers of substantially pre-
reduced diameter in the original structure. For
instance, standard commercial fibers have an outside
diameter of approximately 125 microns. If these fibers
were pre-etched so that the innermost fiber was reduced

EATHTY: PCT/US91/03873
QL ELO 18,
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to a diameter of 50 microns, and the outer diameter
fibers were pre-etched to a lesser size such that the
fibers were appropriately sized to next uniformly around
the center fiber as described above, the assembled
structure would require less drawing and have a shorter
coupling length than a device in which the central fiber
began with an outer diameter of 125 microns. This
smaller or more highly etched device would be expected to
show a greater percentage of power coupling to the
outermost fibers than a device 1in which the fiber
assembly was not reduced in size. |

These different embodiments have various
advantages. The fully-fused embodiment shown in Figure 9
(or similar fully fused versions of the other
embodiments) has the advantage of being a very simple
construction, which is ideal, provided sufficient power
transfer occurs between the central fiber and the
outermost fibers to meet the requirements of the
particular situation.

Figure 10 showing the fiber in an embedded medium
is convenient because it requires no difference in the
fusion operation than in the earlier described
embodiments, and merely allows the degree of coupling to
be determined to meet a particular customer specification
by the selection of embedding material which is applied
to a standard preformed splitter as the device 1is
packaged.

Figure 11, representing a device made with an
encompassing glass or fuséd silica tube, has the
advantage that it does not require as hot a heat source
or as long a fusion operation as Figure 9, therefore
providing the potential of higher manufacturing yields.
Yet, at the same time, the exterior tube does enable
effective power transfer to be achieved in an integral
fused unit. By selection of the thickness of the wall of

PCT/US91/03873
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the tube and the index of refraction of the tubing glass,
the degree of power coupling from the central fiber to
the outer fibers can be further selected and controlled
to achieve desired coupling. The wideband effect, which
allows this power transfer to occur over a wide range of
wavelengths, also can be tailored to the requirements of
the situation by changing the properties of the outer
tube along with the degree of fusion.

The structure shown in Figure 12 having glass or
fused silica rods which surround the entire structure has
many of the attributes of Figure 11. The optical
properties of the coupler, including the power transfer
ratio and the magnitude of the wideband effect can be
controlled by the size and index of refraction of the
preselected rods. At the same time, this structure has
the advantage over that of Figure 11 in that the original
optical fibers do not have to be carefully threaded
through or otherwise inserted into the glass tube as they
would be in Figure 11. For the embodiment of Figure 12,
the rods are merely superimposed around the optical
fibers during the set-up process.

Figure 13 has the advantage of being a simple
approach, not requiring external index matching
materials. Rather by suitable selection of appropriate
optical fibers used in the construction of the device,
the desired coupling efficiency is achieved.

It will be appreciated that in numerous respects
the principles of construction of these various
embodiments are not mutually exclusive, and combinations
of the features are‘bossible.

Furthermore, the foregoing examples have been ones
in which the central fiber was larger than the outermost
fibers. The same techniques for matching the propagation
vectors to provide enhanced coupling ratio also will be
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appropriate for situations in which the central fiber has
a smaller diameter than that of the outermost fibers.

In all of these embodiments, a very desirable
feature 1s that a multiple port coupler is constructed in
a single fusion operation and all of the fibers are
welded or fused together into a single fully fused or
partially fused construction in which the fibers are
actually bonded physically to each other.

In this way, a rugged product can be achieved that
can endure the rigors of a varying environment over many
vears of useful life.
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WHAT IS CLAIMED IS5t

-

1. A fused singlemode fiberoptic splitter comprising

a) a central optical fiber, representing a set of one,

having radius R 1n a fused region;

N surrounding fibers each having radius ¥

P 1)

b) a sel O:

in said fused region, the value of N being greater than 2;
c) the ratio of said radiil r /R being non-unity and

equal to the value: r/R = sin (1m/N)/(1l-sin(11/N);

d) each of said surrounding fibers contacting saild

central fiber, and;

e) each of said surrounding fibers contacting 1ts

neighboring two fibers in the surrounding set;

f) the fibers of said sets being fused together 1in

their respective regions of contact forming a unitary fused,

azimuthally periodic optical structure with period 2mn/N

radians, said optical structure capable of distributing input

optical power among said fibers; and

g) said central fiber and said set of surroundlng

fibers are formed of identical fibers that extend beyond the

—
it

fused region, the difference Dbetween radii r and R of the

-

FA
p—

respective sets of fibers 1n said fused region being the

result of a uniform reduction in fiber diameter in at least

one of said sets prior to fusion.

2 . The singlemode splitter of claim 1 including means tO

reduce or eliminate detrimental phase mismatch at the desired
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coupling ratio.

3. The singlem

+rhe diameters of the cores of

of

surrounding |

reglon.

4 . The singlemode splitter of

3 formed of a central

diameter in the fused region and

are unreduced in diameter in the

0.

3 formed of

diameters 1n the

Eibers:ussubstantiallyLnMithhroughouttﬂue

ode splitter of claim 2 in which the ratio

"iber and the

L.l

the central

fused

any one of claims 1, 2 Or

fFiber that has a uniformly reduced

of surrounding fibers that

fused region.

The singlemode splitter of any one of claims 1, 2 or

surrounding fibers that have uniformly reduced

fused region and of a central fiber that 1s

unreduced in diameter in the fused region.

o . The singlemode splitter oOr

3 formed of surroundlng

- any one of claims 1, 2 or

fibers and central fibers that both

have reduced diameter in the fused region.

7. The singlemode splitter ol

3 wherein said reduction 1is the

8 . The singlemode splitter of claim © in which the

region 1S Ssu:

f any one of claims 1, 2 or

g—
rer

result of uniform etching.

fused

fficiently short to reduce detrimental phase
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mismatch at the desired coupling ratio.

9. The singlemode splitter of claim 1 wherein sald

reduction in diameter 1s the result of controlled drawing.

10. The singlemode splitter of claim 1 in which the fibers

sre fused together to the extent that there are substantially

no interstitial voids in the mass formed by the coallesced

fibers.

11. The singlemode splitter of claim 1 in which said

surrounding fibers are themselves surrounded by a transparent

t)

substance of selected refractive 1index having the effect oOr

cladding that reduces detrimental phase mismatch at the

desired coupling ratio.

12. The singlemode splitter of claim 1 wherein 1in said

fused region said filbers are confined in a surrounding tube

1

of optical material that uniformly contacts the exterior O

the fibers of said surrounding set.

13. The singlemode splitter of claim 12 wherein said tube

is collapsed upon and fused with the fibers of said

pv

surrounding set, the index of refraction of the tube selected

to enable the substance of the tube to serve as cladding to

reduce detrimental phase mismatch at the desired coupling
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ratio.

N

claim 1 wherein in said

14. The singlemode splitter oI

fipers are confined in a surroundilng tube

fused region said

U B

optical material that uniformly contacts the exterior O:

P
OL

rhe fibers of said surrounaing set, and wherein the assemblage

fibers 1is 1n a fused drawn state

said tube and sald

1 1]

O

fused optical structure, OVer the

while the values of r and R vary lengthwise with said

constant
taper.
15. The singlemode splitter of any one of claims 12, 13 or

14 wherein said central fiber, surrounding fibers, and tube

are glass.

16. The singlemode splitter of claims 12 or 14 wherein sald

surrounding tube has refractive index not greater than the

refractive index of said surrounding fibers.

17. The singlemode splitter of claim 11 wherein said

gr—
p—

transparent substance is 1in the form of a set of transparent

rods tightly assembled about said surrounding optical fibers

and fused therewith.

18. The singlemode splitter of claim 11 wherein said

transparent substance 1s in the form of a moldable substance
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applied to the exterior of said surroundilng optical fibers.
19. The singlemode splitter of claim 1 or 2 wherein said

-ibers prior to fusing have differing propagation constants,

| N

the difference selected so that it is diminished during fusing

—— ol

to reduce phase mismatch.

20. The singlemode splitter of claim 1 wherein in said

fused region said fibers are tapered:ulalmanner'retaining the

value of r/R substantially constant throughout the fused

optical structure.

21. The singlemode splitter of claim 20 wherein said fused

optical structure 1s the result of fusing and drawilng.

22 . The singlemode splitter of claim 1 having a larger

bandwidth of optical frequency response relative to a splitter

formed of the same fibers without said reduction 1n diameter.

23. The singlemode splitter of clalm 1 having a splitting

ratio that is substantially independent of wavelength over a

wavelength range of at least 250 nm.

24 . The singlemode splitter~ofciuxUnl.wherein.said.central

fiber is constructed to serve as an 1input port for optical

power and each fiber 1n said surrounding set is constructed
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ro function as an output port, the coupling region having a

coupling ratio that provides substantially 1/N of the output

e
e

power to each fiber oI said set of surrounding

fibers.

claim 24 wherein N 1s a

1)

20. The singlemode splitter O:

nunber selected from numbers in the range of 3 to 16.

power and saild central fiber and each fiber in said

surrounding set is constructed tO function as an output portg,

the coupling region having a coupling ratio that provides

|

1/ (N+1) of the output power to each of said output fibers.

il

claim 26 wherein N 1S

277 . The singlemode splitter oOF

ot
o

selected from a number 1n the randge OL 3 to lo.

28 . The singlemode splitter of claim 1 wherein N 1s

selected from whole number values and the ratio r/R has the

respective value shown 1n the table below:

N r/R

3 6.46
4 2.41
5 1.43
7 0.77

P Rl b i b el ooy Lol ey
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N r/R
9 0.52
10 0.45
11 0.39
12 0.35
13 0.32
14 0.29
15 0.26
16 0.24

29. A method of constructing a fused singlemode fiber optic

splitter having a desired number of output ports, comprising

-

providing an assemblage of a central fiber having a first

diameter and a set of surrounding fibers having a set of

second diameters in which the number of members in sald set

of surrounding fibers and theilr respective diameters are

predetermined so that:

-t

a) each of said surrounding fibers contacts said

central fiber over the length of a predetermined region;

h) each of said surrounding fibers, over the length of

said region also contacts, on WO sides, 1its neighboring

fibers in said surrounding set,

c) said first diameter of said central fiber 1s

different from at least the diameter of one member of said set

of surrounding fibers, and subjecting said region of said

-

assemblage of fibers to thermal fusion in the manner tO
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provide a unitary fused optical structure capable O

distributing optical power input on one fiber to other fibers

~f said structure; and

wherein, during fusion of said region, the fibers in
said region are drawn to provide a coupling region of reduced

diameter.

30. The method of claim 29 wherein, prior to fusion, said

surrounding fibers all have an identical second diameter, sald

second diameter in said region belng different from said first

diameter in said region, the difference in diameter selected

to enable said contact between fibers.

31. The method of claim 29 or 30 including the step of

substantially matching the propagation constants of the

central fiber and the surrounding fiber.

32. The method of claim 31 including providing a substance

on the outside of said surrounding fibers to serve effectively

as cladding to said finished splitter.

33. The method of claim 29 or 32 ~herein said central fiber

and said surrounding fibers are enclosed before fusion 1n a

tube of optical material, and drawlng said tube at the time

~f fusion of the fibers to form an outer layer of optical

material into which each of said surrounding fibers becomes



embedded.

34 . The method O
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claim 33 in which said tube prior tTO

drawing is cylindrical.

35. The method ol

polygonal cross-section with number of

number ot

interior vertices O:

13

F
il

b

claim 33 in which said tube has a

sides equal to the

surrounding fibers, the fibers disposed 1in the

said polygonal cross—-section.

30. The method of claim 31 or 32 wherein said central fiber

and surrounding tubes are surrounded before fusion by a set

of optical rods selected to pbe fused with said fiber and serve

s additional cladding to said outer fiber.

37. The method

4
Ol

A

fusing, the

claim 29 wherein, after

assembly is encased in a clear substance.

38. The method ot

| - .

Ffor sald assemblage,

claim 29 wherein for providing a fiber

at least one previously made fiber 1s

uniformly reduced in diameter over a length corresponding to

said predetermined region.

39, The method o©1

provided by etching.

e

claim 38 wherein said reduction 18
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40 . The method of claim 38 wherein saild reduction 1S

provided DYy drawlng.

47 . The

wherein at least one OI
input optical power TO sald unitary
and said unitary fused optical structure 1s CONS

distribute said input optical power among fibers of

splitter according to at least one prede

fused singlemode fiberoptic splitter of claim 1

- said fibers i1s constructed to supply

fused optical structure,

tructed tO

sald

termined splitting

ratio, said predetermined splitting ratio belng substantially

independent of the wavelength of said optical power within an

optical wavelength range of at least 250 nm.

42 . The method of claim 29 wherein said method of providing

said fibers of different diameters comprises processing a

preformed, thin optical fiber to provide a region within the

unbroken length<3fsﬁnxifiberihavingeaqujkmmlcross~sectional

area less than the original

ﬂ
s
e

reglon o:

L. L

"iber comprising heating the

fiber to a suitable drawing temperature and drawing

said heated region of fiber with TWO spaced-apart fiber

r—
e

holding clamps moving 1in the same direction at different

speeds,

being determined by the dif

the amount of reduction ot sald cross—-sectional area

g~
aad

ference in speed of said two

holding clamps.



CA 02084300 2001-05-17

~-38 -

used singlemode fiberoptic

43 . A method of constructing a :

wrapped around said central £

44 . L fiberoptic splitter comprising:

a) a central optical fiber having radius R 1n a reglion

in which optical coupling is to occur;

b) a set of N surrounding fibers each having radius r

in said region; the value of N being greater than Z;

c) the ratio of said radii r/R being non-unity and

equal to the value: r/R = sin(nn/N)/ (1l-sin(mx/N));

d) each of said fibers contacting said central fiber,

and;

e) each of saild surrounding fibers contacting 1ts

—

fibers;

neighboring two fibers in the set of surrounding

f) said fibers Dbeilng secured together in thelr

respective regions ol

4.

Ffused region forming an azimuthally periodic optical structure

P
—

with period 2m/N radians, said optical structure capable oI

distributing input optilical power among said fibers; and

g) in said fused region said fibers are tapered 1n a

manner retaining the value of r/R substantially constant

throughout the fused reglon.

RIDOUT & MAYBEE
150 Metcalfe Street, 19 Flr.
Ottawa, Ontario
K2P 1P1

Agents for the Applicant
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