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1. A lxN achromatic coupler, wherein N is 2 or 3, said 
coupler aciiipii'Clliy

an elongated body of matrix glass, and
three optical waveguide paths extending through said

body, each of said paths^oempria-ing a core region
surrounded by a cladding region of refractive index less 
than that of said core region, the lowest refractive index 
of said cladding regions being n2,

said optical waveguide paths extending in sufficiently 
close proximity for a sufficiently long distance to form a 
coupling region where a portion of the optical power 
propagating in one of said paths couples to the other of 
said paths,

said core regions being disposed in a triangular array 
in said coupling region when viewed in a plane 
perpendicular to the longitudinal axis of said body,

the refractive index of at least that region of said 
body adjacent said paths being n3, where n3 is lower than n2 
by such an amount that the value of Δ2_3 is less than 
0.125%, wherein Δ2_3 equals (n22 - n32)/2n22.
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ACHROMATIC COUPLER

Background of the Invention
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This invention relates to single-mode fiber optic 
couplers that are capable of effecting a relatively uniform 
coupling of light between fibers over a relatively broad 
band of wavelengths.

Fused fiber couplers have been formed by positioning a 
plurality of fibers in a side-by-side relationship along a 
suitable length thereof and fusing the claddings together 
to secure the fibers and reduce the spacings between the 
cores. Various coupler properties can be improved by 
inserting the fibers into a capillary tube prior to heating 
and stretching the fibers, thereby resulting in the 
formation of an "overclad coupler". To form an overclad 
coupler, the fibers are inserted into a tube, the tube is 
evacuated, and its midregion is heated and collapsed onto 
the fibers. The central portion of the midregion is 
thereafter drawn down to that diameter and coupling length 
which is necessary to obtain the desired coupling.

The cox as become so small in the coupling region that 
their effect on propagation becomes very small. When the 
fiber cladding diameter becomes sufficiently small, the 
composite of the core and cladding functions as the light 
guiding portion of the waveguide in the coupling region, 
and the surrounding low index matrix material functions as 
the cladding. Power therefore transfers between the 
adjacent fiber claddings in the coupling region. The
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fundamental mode of that portion of the fiber that is in 
the coupling region (the core/clad/overclad waveguide) has 
a propagation constant different from the fundamental mode 
propagating in the fiber outside the coupling region. The 
term will be used herein to refer to the propagation 
constant of the fundamental mode propagating in that 
portion of a coupler fiber that is in the coupling region. 
The propagation constant of the fundamental mode in the 
coupling region actually changes continuously with 
geometry. It is useful in order to obtain a qualitative 
understanding of the behavior of these couplers to consider 
a coupler having constant geometry in the coupling region 
with a lossless connection to input and output fibers.

Identical optical fibers were heretofore used to make 
a standard coupler, the coupling ratio of which is very 
wavelength dependent, i.e. if it exhibits 3 dB coupling at 
1310 nm it cannot function as a 3 dB coupler at 1550 nm 
because of that wavelength dependence. A "standard 
coupler" might be characterized in terms of its power 
transfer characteristics in a window centered about 1310 
nm, which is referred to as the first window. For example, 
a standard coupler might exhibit a coupling ratio that does 
not vary more than about ±5% within a 60 nm window.

An "achromatic coupler" is one wherein the coupling 
ratio is less sensitive to wavelength than it is for a 
standard coupler. There is no widely accepted definition 
of an "achromatic coupler". The least stringent definition 
would merely require an achromatic coupler to exhibit 
better power transfer characteristics than the standard 
coupler in the first window. More realistically, the 
specification is tightened by requiring an achromatic 
coupler to perform much better than the standard coupler in 
that first window, or to require it to exhibit low power 
transfer slopes in two windows of specified widths. These 
windows might be specified, for example, as being 100 nm 
wide and centered around about 1310 nm and 1530 nm. These 
windows need not have the same width; their widths could be 
80 nm and 60 nm, for example. An optimally performing
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achromatic coupler would be capable of exhibiting low 
values of coupled power slope over essentially the entire 
single-mode operating region. For silica-based optical 
fibers this operating region might be specified as being 
between 1260 nm and 1580 nm, for example.

One type of achromatic coupler has been formed by 
employing fibers having different propagation constants for 
the fundamental mode in the coupling region, i.e. by using 
fibers of different diameter and/or fibers of different 
refractive index profile or by tapering or etching one of 
two identical fibers more than the other.

U.S. patent 5,011,251 teaches overclad achromatic 
fiber optic couplers wherein the coupled fibers are 
surrounded by matrix glass having a refractive index n, that 
is lower than that of the fiber cladding material. The B^ 
of the two waveguides are different in the coupling region 
since the fibers have difierent cladding refractive 
indices. The difference between the refractive index of 
the cladding of the first fiber and the refractive index n/ 
of the cladding of the second fiber is such that the 
coupler exhibits very little change in coupling ratio with 
wavelength over a relatively wide band of wavelengths.
Fig. 1 shows the spectrum of a typical ΔΒ achromatic 
coupler, made in accordance with US patent 5,011,251. 
Whereas the insertion loss curves of the two outputs 
intersect near the centers of the two telecommunications 
windows, they diverge near the edges of those windows, and 
the separation between those curves at the edges of the 
windows is typically about 1 dB. This separation is 
referred to as "uniformity", and one key standards body, 
Bellcore, calls out in its document referred to as TA1209 a 
required uniformity of 1.0 dB and an objective of 0.5 dB.

U.S. patent 5,011,251 characterizes the tube 
refractive index n3 by the symbol Δ2_3, the value of which is 
obtained from the equation Δ2_3 = (n22— n32)/n22. The term Δ is 
often expressed in percent, i.e. one hundred times Δ. 
Commercially available single-mode optical fibers usually 
have a value of n2, that is equal to or near that of silica.
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If silica is employed as the base glass for the tube, a 
dopant such as B203, and optionally fluorine, is added 
thereto for the purpose of decreasing the tube refractive 
index n3 to a value lower than n2. In addition to lowering 
the refractive index of the tube, B203 also advantageously 
lowers the softening point temperature thereof to a value 
lower than that of the fibers. That patent teaches that 
when Δ2_3 is below about 0.2%, the amount of B203 in a silica 
tube is insufficient to soften the tube glass in a 1x2 or a 
2x2 coupler, whereby it excessively deforms the fibers 
during the collapse step. The value of Δ2_3 for standard 
couplers has therefore usually been between 0.26% and 
0.35%, and to improve the reproducibility of the process of 
making achromatic overclad couplers of the type disclosed 
in that patent, Δ2.3 is preferably greater than 0.4%.

U.S. patent application SN 07/913,390 (D.L. Weid;;aan-6) 
filed July 15, 1992 teaches an overclad achromatic fiber 
optic coupler of the type wherein a plurality of single­
mode optical fibers are fused together along a portion of 
their lengths to form a coupling region that is surrounded 
by a matrix glass body of refractive index n,. The coupler 
taper and n3 are such that the coupling constants of the 
coupler at two widely separated wavelengths are identical, 
thus giving achromatic performance. To achieve such 
achromatic performance, n3 must be lower than n2 by such an 
amount that the value of Δ2_3 is less than 0.125%, n2 being 
the fiber cladding refractive index. The value of Δ2_3 is 
preferably chosen so that nonadiabatic taper excess loss is 
kept below 0.5 dB. A discussion of nonadiabatic taper 
devices appears in the publication, W.J. Stewart et al., 
"Design Limitation on Tapers and Couplers in Single-Mode 
Fibers", Proc. IOPOC, 1985, pages 559-562. In order to 
meet this requirement, it appears that Δ3.3 must be lower 
than 0.125% and preferably lower than about 0.02%. As Δ2_, 
becomes smaller, less refractive index-decreasing dopant is 
present in the silica-based matrix glass tube. The 
relatively hard matrix glass tube therefore deforms the 
fibers therein during the tube collapse step of the coupler
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forming process. Such fiber deformation may increase 
coupler excess loss, offsetting that decrease in the excess 
loss that is due to the decreasing of the taper steepness.

SUMMARY OF THE INVENTION
It is an object of the invention to provide a method 

of making a fiber optic coupler which overcomes or at least 
alleviates one or more disadvantages of the prior art.

According to the present invention, there is provided 
a lxN achromatic coupler, wherein N is 2 or 3, said coupler 
including

an elongated body of matrix glass, and
three optical waveguide paths extending through said

body, each of said paths having a core region surrounded by 
a cladding region of refractive index less than that of 
said core region, the lowest refractive index of said 
cladding regions being n2,

said optical waveguide paths extending in 
sufficiently close proximity for a sufficiently long 
distance to form a coupling region where a portion of the 
optical power propagating in one of said paths couples to 
the other of said paths,

said core regions being disposed in a triangular 
array in said coupling region when viewed in a plane 
perpendicular to the longitudinal axis of said body,

the refractive index of at least that region of said 
body adjacent said paths being n3, where n3 is lower 
than n2 by such an amount that the value of Δ 2_3 is less 
than 0.125%, wherein Δ 2_3 equals (n22- n32)/2n22.

The present invention also provides a fiber optic 
coupler including

an elongated body of matrix glass, said body having 
first and second opposed ends and a midregion,

an input optical fiber and two output optical fibers 
extending longitudinally through said midregion, each of 
said fibers having a core surrounded by a cladding of 
refractive index less than that of said core, the lowest 
refractive index of the claddings of said optical fibers 
being n2, said optical fibers being positioned in a 
triangular array in said midregion,
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the refractive index of at least that region of said
body adjacent said fibers being n3' where n„ is lower
than n0 by such an amount that the value of Δ, - is less 

2 2 ^ ”*** 2
than 0.125%, wherein Δ2-3 etIuals (n2 ~ n3 )/2n2 ·

the diameter of the central portion of said midregion
and the diameters of said optical fibers in said central 
portion of said midregion being smaller than the diameters 
thereof at the ends of said body,

said input optical fiber extending from said first 
end of said body, and

said output optical fibers extending from said second 
end of said body.

The present invention further provides a method of 
making a lxN fiber optic coupler, wherein N equals 2 or 3, 
said method including

providing a glass tube having first and second 
and a midregion, a longitudinal bore 

a first end of said tube to a second end
thereof, at least the inner portion of said tube adjacent 
said bore having a refractive index n3,

disposing within said bore a portion of an input 
glass optical fiber and the end portions of two output 
glass optical fibers, each of said fibers

of refractive 
fibers being

by
than 0.125%, 

a portion

opposite ends 
extending from

surrounded by a cladding 
ladaings of said optical

is
of
(n.

greater
Δ 2-3 

2 - n„

than 
is
)/2n

n3 
less 

2

n.

having a core 
index of the 

wherein n.2' ----.. .*2 
such an amount that the value

wherein 
of said

Δ2_3 equals 
first fiber

extending beyond the first end of said tube, a portion of 
said two fibers extending beyond the second end of said 
tube,

collapsing said tube midregion onto said fibers, and 
drawing the central portion of said midregion to

reduce the diameter thereof and form a coupling region in 
which said input fiber and said two output fibers are 
disposed in a triangular array when viewed in a plane 
perpendicular to the longitudinal axis of said tube.

An advantage of the present invention is a method of 
making a single-mode overclad achromatic fiber optic

- 4b --40¾
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coupler without excessively distorting the optical fibers
in the coupling region. Another advantage is the provision
of a single-mode overclad achromatic fiber optic coupler
that is characterized by a very small change in coupled

5 power over a wide band of wavelengths. A further advantage
is the provision of a 1x2 overclad achromatic coupler 
having improved insertion loss uniformity.

Accordingly, there is provided a lxN
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Summary of the inve

coupler excess loss, offsetting that decrease ii jfe' excess 
loss that is due to the decreasing of the tapep> jepness.

It is an object of the invention to provide a method 
of making a single-mode overc^m achromatic fiber optic
coupler without excessiveLy^distorting the optical fibers 
in the coupling regiort^x Another object is to provide a 
single-mode overclairachromatic fiber optic coupler that is 
characterized l^a very small change in coupled power over 
a wide band^^f wavelengths. A further object is to provide 
a 1x2 oy^fclad achromatic coupler having improved insertion 
los^i^niformity.

jSyj-Pf 1 y, —fchft- present-^ nvontion rnl-atnn zfen —=.·

achromatic coupler, wherein N is 2 or 3. The coupler 
comprises an elongated body of matrix glass, and three 
optical waveguide paths extending through the body. Each 
path comprises a core region surrounded by a cladding 
region of refractive index less than that of the core 
region, the lowest refractive index of the cladding regions 
being na. The optical waveguide paths extend in 
sufficiently close proximity for a sufficiently long 
distance to form a coupling region where a portion of the 
optical power propagating in one of the paths couples to 
the other. The core regions are disposed in a triangular 
array in the coupling region when viewed in a plane 
perpendicular to the longitudinal axis of the body. The 
refractive index of at least that region of the body 
adjacent the paths is n3, where n3 is lower than n2 by such 
an amount that the value of Δ2_3 is less than 0.125%, 
wherein Δ,_3 equals
(n22 - n32)/2na2.

The coupler can be made by providing a glass tube 
having first and second opposite ends and a midregion. At 
least the inner portion of the tube adjacent the bore has a 
refractive index n3. A portion of an input glass optical
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fiber and the end portions of two output glass optical 
fibers are placed into the bore. A portion of the first 
fiber extends beyond the first end of the tube, and a 
portion of each of the two fibers extends beyond the second

5 end of the tube. The tube midregion is collapsed onto the 
fibers, and the central portion of the midregion is drawn 
to reduce its the diameter and form a coupling region.
Those portions of the input fiber and the two output fibers 
that are in the coupling region are disposed in a

10 triangular array when viewed in a plane perpendicular to 
the longitudinal axis of the tube.

Brief Description of the Drawings
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Fig. 1 is a graph illustrating spectral coupling ratio 
curves for an achromatic 1x2 coupler produced by a prior 
art method.

Fig. 2 is a longitudinal cross-sectional view of an 
overclad 2x2 coupler.

Fig. 3 is a transverse cross-sectional view through 
the midregion of an overclad 2x2 coupler prior to the 
collapse step.

Fig. 4 is a graph of coupling constant v. inverse draw 
ratio at three different wavelengths for a 2x2 switch 
coupler having a Δ2_3 value of 0.35%.

Fig. 5 is a schematic illustration of the outer 
surfaces of two tubes having different draw ratios and 
different coupling distances but similar coupling.

Fig. 6 is a graph wherein the "NAT Difference", the 
difference parameter of equation (10), is plotted as a 
function of Δ2_3 for wavelengths of 1310 nm and 1550 nm.

Fig. 7 is a cross-sectional view of a capillary tube 
after optical fibers have been inserted therein.

Fig. 8 is a cross-sectional view taken along lines 8-8 
of Fig. 7.

Fig. 9 is a schematic illustration of an apparatus for 
collapsing a capillary tube and stretching the midregion 
thereof.

35



Fig. 10 is a grapn illustrating spectral coupling 
ratio curves for an achromatic 1x2 coupler produced by the 
method of Example 1.

Fig. 11 is a theoretical graph illustrating spectral 
5 coupling ratio curves for an achromatic 1x3 coupler.

Fig. 12 is a graph of refractive index plotted as a 
function of tube radius for one type of tube.

Fig. 13 shows a fiber optic coupler after it has been 
drawn down and sealed at its ends.

10
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The drawings are not intended to indicate scale or 
relative proportions of the elements shown therein.

The present invention is a specific embodiment of a 
class of overclad fiber optic couplers that exhibit 
achromaticity caused by their relatively low value of Δ2_3. 
The theory of operation of such couplers will be discussed 
in connection with the 2x2 coupler illustrated in Fig. 2. 
To make the coupler of Fig. 2, optical fibers Fx and F2 are 
threaded through glass overclad tube O having a diameter d3 

The refractive index of at least the inner portion of the 
tube adjacent the fibers is n3. Fibers Fx and F2 have a 
core of refractive index nx surrounded by cladding of 
refractive index lower than nL but greater than n3. Tube 0 
is evacuated, and its midregion is heated to collapse it 
onto the fibers. The tube is reheated, and its ends are 
pulled in opposite directions to stretch the central 
portion of the collapsed raidregion. The tube collapse and 
stretching operations can be performed in accordance with 
U.S. patent 5,011,251, the teachings of which are 
incorporated herein by reference. The rate at which the 
two tube ends move away from each other during the stretch 
step constitutes the combined stretch rate. The tube can 
be stretched at a constant rate, or the stretch rate can 
vary continuously or in discrete steps. The stretching 
operation can stop after a predetermined coupling is

35
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achieved; thereafter, the tube can be reheated, and 
stretching can occur at a second stretch rate. The ratio 
of the original diameter d, to the diameter d2 of the 
central portion of neckdown region N is referred to as the 
draw ratio R. 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. The coupling characteristics of the resultant 
coupler are determined by such parameters as the optical 
and mechanical characteristics of the tube 0 and fibers F, 
and F2 anii of the coupler parameters such as length z, 
neckdown region N, and tapered regions T.

Optical power can be coupled to an input optical 
fiber, and the output signals can be monitored to control 
process steps in the coupler manufacturing process. See, 
for example, U.S. patent 5,011,251. In the specific 
example described below, output power was not monitored 
during stretching. In previous experience with overclad 
fiber optic couplers, the total stretching distance for 
both stages was usually between 12 and 16 mm. The couplers 
described in that example were therefore initially 
elongated by some distance within that range. The optical 
characteristics of the resultant device were measured, and 
the stretching or elongation distance of the subsequently 
made coupler was adjusted in such a manner as to more 
nearly achieve the desired characteristics. By this 
process, the optimal stretching distance was achieved. 
Thereafter, all couplers of that type were stretched the 
optimal distance in order to achieve the desired optical 
characteristics. However, process parameters such as the 
elongation distance can be fine tuned as a result of 
optical characterization of the produced couplers.

A theoretical analysis was made of 1x2 or 2x2 2-fiber 
achromatic 3 dB couplers using coupled mode theory to model 
their behavior. The analysis was based on the principles 
taught in the publication, A.W. Snyder and J.D. Love, 
Optical Waveguide Theory. Chapman and Hall, New York, 1983. 
In accordance with this theory, the mode field of the 2x2

35
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overclad coupler of Fig. 2 is assumed to be a linear

5

combination of the fundamental modes φχ and ψ2 of each of 
the fibers Fx and F2 in the absence of the other fiber, i.e. 
with the fiber surrounded by only overclad index material 
n3. The propagation constants and mode fields can be

10

determined exactly for such a structure (see M.J. Adams, An 
Introduction to Optical Wavecuides).

The coupling constant which describes the optical 
coupling between the two cores can then be written as an 
overlap integral:

15

C = /ψχ(Γ)ψ2(Γ')(η - n')dA (2)

In this equation, φχ and ψ2 are the mode fields of the two 
cores, r and r' are the radial distances from the center of

•• · · ·• · · ·

the cores of fibers Fx and Fa, respectively, n is the index 
structure of the entire coupler, nz is the index structure 
with the core and cladding of Fx replaced by overcladding

• · · ·• · ·• · material of index n3, and the integral is over the entire
• · · 20
• · ·• · ·• · ·

cross-section of the coupler (but n - nz is only non-zero 
over the core and cladding of fiber Fx). The mode fields

• · ·• · ·• · · · are assumed to be normalized in this equation, i.e. the

• · · ·: · : 25• · · ·• · ·• · ·

integrals /ψχ2άΑ and Ji^dA both equal 1.
While these are tapered devices, their qualitative

behavior is adequately modeled by assuming a constant draw 
ratio over a given coupling length, with no coupling 
outside this length, i.e. assuming that the diameter of

• · ·• · ·•• ■»
30

region N of Fig. 2 is constant over the entire length z. 
This approximation works well since the coupling constant 
x3 a rapidly increasing function of draw ratio, and thus

• · ·• · ·• · ·• · ·• · ·
the behavior of a coupler is dominated by the behavior at 
the highest draw ratio. Using this approximation, with the 
power launched into core 1, then, as a function of z, the

35
length along the coupler axis, the power in the two cores 
is given by

Px(z) = 1 - F2sin2(Cz/F)
(3)
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P2(z) =F2sin2^-pzj (4)

where the factor F is given by

βχ-β;
2C

1-1/2

(5)F = 1 +

5 where Bx and B2 are the propagation constants of fibers F. 
and Fz, respectively.

For a three-waveguide coupler as in the present 
invention, with unit power launched into waveguide 1 and

10 coupled to waveguides 2 and 3, and in which waveguides 2 
and 3 are identical to one another (B3=B2) but may differ 
from waveguide 1, as a function of length z, the power 
remaining in core 1 is given by

Pjz) =1-F2sin2^) (6)

15 where

• · · F= 1+( ^23
8C,12

(7)

Here the coupling coefficients between waveguides 1 and 2,
20 C12, and between waveguides 2 and 3, C23, are given by an

expression similar to equation 2, but with indices and 
modes appropriate to which ever pair is being considered [ψχ 
and ψ2 for C12, ψ2 and φ3 for C23]. By symmetry, C13 = C12.
The power coupled to the other waveguides is given by

It can be seen that, in order to have complete coupling
25
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p2(z) =p3(z) =1 [l-pjz)] . (8)

from the input waveguide to P2 and P3 (Ρλ-»0), it is 
necessary that F = 1, which requires Ά^-ϋζ = C23. In other 
words, for complete coupling, the input fiber must have a 
propagation constant which is slightly larger than that of

5 the two output fibers.
Results can be made more quantitative by integrating

the coupling equations along the taper. Still more 
accurate simulations may be done using beam propagation 
techniques (Fourier transform, finite difference, etc.),

10 although at the cost of much increased computational time. 
The coupled mode model was used to determine the

coupling constant for a 2x2 coupler as a function of draw 
ratio for three different wavelengths in a coupler with a 
Δ2_3 value of 0.35%. Most of the assumptions w.Mch were

15 made concerning coupler parameters are based on work done 
on standard overclad couplers. Fibers Fx and F2 were 
assumed to be standard 125 pm outside diameter single-mode 
fibers having a core radius of 4 /im. The core and cladding 
refractive indices nx and n2 were assumed to be 1.461000 and

20 1.455438, respectively. The model was used to generate the
graph of Fig. 4, which illustrates the physical mechanism 
responsible for the improvement in achromaticity of the 
couplers of the present invention. In Fig. 4, the coupling 
constant is plotted as a function of inverse draw ratio for

25 a parallel core 2x2 coupler. It can be seen that the 
coupling constant at a given wavelength increases very 
rapidly with increased draw ratio. However, at very large 
draw ratios there is a maximum in the curves. This is 
caused by the fact that eventually the mode field expansion

30 becomes so large that the overlap between the mode fields
of the two fibers, in the region consisting of the core and 
cladding of one of the fibers (which is where the coupling 
constant overlap integral is taken), actually decreases 
because of decreasing mode field amplitude. At draw ratios

35 significantly smaller than that at the maximum, the
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coupling constant at the longer wavelengths is larger
because its expansion is larger due to diffractive effects.
However, this fact implies that the maximum coupling at the
longer wavelengths occurs at a smaller draw ratio since the

5 draw ratio at which maximum coupling occurs is determined 
by the point at which further mode field expansion 
decreases the amount which the mode field from one core 
overlaps that from the other core. Since the mode field 
expansion is greater at longer wavelengths for a given draw

10 ratio, the maximum occurs at smaller values of R for longer 
wavelengths. As illustrated in Fig. 4, this causes the 
coupling constant curves to intersect.

In a nontapered parallel core device having a single 
draw ratio (see Fig. 2), in order to obtain achromatic

15 performance (e.g. equal coupling at about 1300 and 1500
nm), the coupler geometry would be chosen so as to operate 
at the crossover point of the coupling constant curves,
Rcross for the two wavelengths as illustrated in Fig. 4. In 
a tapered device, which has a geometry which includes all

20 draw ratios up to a maximum, R„xX, it is necessary to have 
Rha^Rcross (to have 1/RMXX to the left of the crossover point 
in Fig. 4). This is because at low draw ratios near the 
ends of the taper (see region LW between dashed lines 5 and 
6 of Fig. 5), the coupling is stronger at longer

25 wavelengths, and so long wavelength light couples more. By 
tapering such that Rhx^Rcrossz the coupler also includes a 
region SW (between dashed lines 4 and 5) where the coupling 
is stronger at shorter wavelengths, thereby compensating 
for the small draw ratio region. Regions SW and LW pertain

30 to the taper of tube 3b of Fig. 5. The exact value of RMAX 
must be determined by numerical integration of the coupling 
equations over the tapered device.

From Fig. 4 and the previous discussion related 
thereto, it can be seen that a draw ratio of about 10:1

35 would be needed to form an achromatic coupler wherein Δ2_3 
is 0.35%. Such a high draw ratio can result in a 
relatively high excess loss for the following reason.
Higher draw ratios cause an increase in coupling strength,
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thereby necessitating a shorter coupling distance z. This 
relationship is illustrated in Fig. 5 wherein the outer 
surfaces of two stretched tubes 3a and 3b are illustrated 
by solid and dashed lines, respectively. Since tube 3b has 
a larger draw ratio than tube 3a, tube 3b must have a 
shorter coupling distance z than tube 3a to achieve the 
same coupling (on the first cycle of the power transfer 
curve). The power transfer curve is discussed in U.S. 
patent 5,011,251 in connection with Fig. 6 of that patent.

It is known that undesirable mode coupling from the 
fundamental LPO1 mode to higher modes becomes stronger for 
the steeper tapers of the high draw ratio/short coupling 
region of tube 3b. This nonadiabatic coupling can increase 
the coupler excess loss.

The aforementioned model was used to calculate the 
theoretically required taper parameters for 1x2 double 
window switches. A description of the draw ratio of a 
tapered coupler as a function of distance z along its 
length (origin of z at the maximum draw ratio point) can be 
simply given as a gaussian function involving the maximum 
draw ratio, R„X1£, and the gaussian width parameter, ωο. It 
is given by

R(z) = 1 + (R^ - l)exp[-(ζ/ω0)2] (9)

Typical values of these parameters for a standard 2x2 WDM 
coupler are R„xx from 3 to 6 and ω0 from 3000 to 6000 /xm.
The model revealed that values of the parameters R^, and ω0

30 are in the range of current coupler values for very small 
values of Δ2_3. By "current coupler" is meant overclad 
couplers of the type disclosed in U.S. patent 5,011,251, 
wherein Δ2_3 is greater than 0.26%. The lower values of Δ2_3 
will displace the curves of Fig. 4 to the right (toward

35 lower values of draw ratio) and down (toward smaller values 
of maximum coupling constant), whereby achromatic couplers 
having easily achievable draw ratios can be formed. As the 
value of Δ2_3 is made smaller, the required value of RHi!
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becomes smaller, and the needed coupling length (indicated 
by the gaussian width parameter, ω0) becomes longer. Thus 
the taper becomes less steep.

A theoretical maximum to the Δ2.3 value which can be 
5 used may be obtained by considering limitations due to

nonadiabatic mode coupling. The propagation constants (B) 
were calculated for the LPO1 and LP02 modes. The LPO2 mode is 
the lowest order mode that couples to the LP01 mode in an 
ideal, matched fiber coupler. From equation (6) and the Bs

10 of the LPoi and LPO2 modes, the parameters l/al da/dzl and 
l/27r[B(LPol)-B(LP02) ] were determined, where a is the core 
radius and z is the distance as measured along the coupler 
axis. For adiabatic performance, the following
relationship must exist:

15
l/27T[B(LPor)-B(LPo2) ] - l/al da/dzl > 0 (10)

The difference parameter of equation (7), referred to 
herein as the "NAT Difference", is plotted as a function of

20 Δ2_3 in Fig. 6 for wavelengths of 1310 and 1550 nm. The NAT
Difference was calculated for Δ2.3 values from 0.02% to 
0.14% at each of the two wavelengths. The 1310 nm curve 
experiences a NAT Difference of zero at a maximum possible 
theoretical Δ2_3 value of about 0.125%. From practical

25 experience, it was found that significant achromaticity 
improvements can be obtained with Δ2.3 values of about 
0.045% or less at wavelengths in the 1300-1550 nm range. 
With the tapers that could be achieved on draw equipment of 
the type illustrated in Fig. 9, achromatic couplers could

30 not be formed when Δ2_3 was 0.09%. However, in order to
form achromatic couplers at Δ2.3 values greater than 0.045%, 
tubes having smaller outside diameters could be employed, 
and a burner able to provide a smaller, more tightly 
focused flame could be used. Best results have been

35 obtained with Δ2_3 values of about 0.01% to 0.02%. The 
lower limit of measurement capability of Δ2.3 is 0.01%.

The above discussion details the principles of the 
invention in the context of two-fiber couplers, the
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simplest fiber arrangement from which overclad couplers can 
be formed. As shown in Fig. 3, there is much vacant space 
V on opposite sides of fibers and F2 prior to the step of 
collapsing tube T onto the fibers. It has been mentioned

5 in the background portion hereof that low loss achromatic 
couplers having more easily formed tapered regions require 
relatively low Δ2_3 values. Thus, in a 2-fiber achromat, 
the fibers are distorted by the pressure exerted by the 
high viscosity tube during the tube collapse step? this

10 distortion causes an increase in coupler excess loss.
The fiber deformation problem has been substantially

diminished by employing the triangular fiber arrangement 
shown in Figs. 7 and 8. In this embodiment, coating 23, 24 
and 25 is stripped from the ends of coated fibers 17, 18

15 and 19, respectively, and the ends of the fibers are
provided with antireflection terminations as described 
below. Input fiber 20 is inserted into one end of bore 11 
of tube 10, and output fibers 21 and 22 are inserted into 
the other end. The fibers are tacked in place by a small

20 amount of epoxy. The coupler preform is then placed in the 
draw chucks, tube 10 is evacuated, and its midregion is 
heated and collapsed onto the fibers. The central portion 
of the midregion is thereafter drawn down to that diameter 
and coupling length which is necessary to obtain the

25 desired coupling. The fiber cores are thus disposed in a 
triangular array in the coupling region when viewed in a 
plane perpendicular to the longitudinal axis of the coupler 
body.

The coupler can be drawn to form a tapered region such
30 that the power injected into the input fiber is

substantially equally and completely coupled to the two 
output fibers, thereby generating the substantially 
parallel insertion loss curves shown in Fig. 10. In order 
to maximize power transfer from the input fiber, the input

35 fiber core/clad/overclad waveguide must have a propagation 
constant B1CE in the coupling region that is slightly larger 
than B2CR, the propagation constant of each of the two 
output fiber core/clad/overclad waveguides. This can be
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accomplished, for example, by doping the cladding of the 
input fiber with slightly more chlorine than the amount 
present in the claddings of the output fibers. This 
technique, which causes the refractive index of the input

5 fiber cladding to be greater than that of the output fiber 
cladding, is described in US patent 5,011,251.

The theory for improving achromaticity by employing 
small values of Δ2.3, which is discussed above in connection 
with overclad achromatic 2x2 couplers, also applies to β­

ίο fiber 1x2 and 1x3 couplers. Thus, by employing a Δ2_3 value 
less than 0.02%, the insertion loss curves of the device of 
Figs. 7 and 8 are relatively flat; they also exhibit very 
good output fiber insertion loss uniformity.

Since the triangular geometry of Figs. 7 and 8 fills
15 more of the bore 11 with glass than the 2-f.iber geometry of 

Fig. 3, it results in less fiber distortion during the step 
of collapsing the tube glass around the fibers. Couplers 
made by the embodiment of Figs. 7 and 8 therefore exhibit 
less excess loss.

20 Further advantages also result from this 1x2
triangular fiber arrangement. Only the ends of the fibers 
need to be stripped, as opposed to stripping coating from 
the center of the through fiber or fibers in 2-fiber 
embodiments such as that shown in Fig. 3. Moreover, this

25 approach to coupler fabrication does not require that a
fiber be threaded through the tube bore. These differences 
may make this coupler more easily manufacturable and 
suitable for high volume production.

This triangular fiber arrangement can also be used to
30 fabricate achromatic 1x3 power splitters. At predetermined 

wavelengths, one-third of the input power can be caused to 
remain in the input fiber, which continues on through the 
coupler and functions as a third output fiber. It is noted 
that the coating must be stripped from the central region

35 of this input/continuation output fiber, rather than the
end thereof. In order to equalize the power in all of the 
fibers, including the output portion of the input fiber, 
the input/continuation output fiber must be provided with a
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propagation constant different from that of the remaining 
output fibers. The ABCR and taper would be chosen so that 
the insertion loss curves of the two coupled output fibers 
would be as illustrated by curve 58 of Fig. 11, and the 
insertion loss curve for the input/continuation output 
fiber would be as illustrated by curve 57. Such a ABm 
value can be obtained by employing an input fiber having a 
different cladding refractive index than the remaining 
fibers. In such a 1x3 3-fiber coupler, about three times 
the chlorine disparity would be needed between the 
claddings of the throughput fiber and the two coupled-power 
output fibers as compared with that which was required for 
the 1x2 3-fiber coupler. A dopant other than' chlorine 
could be employed to provide the refractive index disparity 
necessary to cause the required level of input power to be 
retained in input/throughput fiber.

There are a number of different approaches that can be 
taken to achieve the required very small values of Δ2_3.
One approach involves the use of a pure Si02 tube and 
optical fibers having chlorine doped claddings to provide 
them with a refractive index greater than that of the 
silica tube. This technique provides good control of 
refractive index of both tube and fiber cladding. 
Polarization variability was good. The major disadvantage 
of this combination of glasses was that it results in very 
little difference in viscosity between the tube and the 
fibers. This causes the fibers to deform and results in 
relatively high excess loss.

Commercially available single-mode optical fibers 
usually have a value of n2 that is equal to or near that of 
silica. When this type of fiber is employed, the tube can 
be formed of silica doped with a small amount of B203 (in 
the range of 0.15 wt.% to 1.0 wt.%). The B203 softens the 
tube glass relative to the fiber cladding glass, thereby 
resulting in the formation of couplers having low excess 
loss.

If the fiber cladding glass contains fluorine, a 
dopant that depresses refractive index, the silica tube can

35
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contain a sufficient amount of B203 to depress the tube
refractive index to the level necessary to provide a Δ2.3
value less than 0.125%.

A further approach is to form the tube from a base
5 glass doped with one or more refractive index-decreasing

dopants such as B203 and fluorine and one or more refractive 
index-increasing dopants such as Ge02 and Ti02. The 
combination of the two types of dopants provides a
refractive index n3 that results in the desired value of Δ2_ 

10 3. Employing tubes of relatively soft glass enhances to a
certain extent the collapsing of the tube onto the fibers; 
the tube glass flows around the fibers without distorting 
their shape as much as a harder glass would. Because of 
the intricate balancing of dopants that is required with

15 this embodiment, it is difficult to implement.
The overclad tube is preferably made by a vapor

deposition technique sometimes referred to as the flame 
hydrolysis process. The tube could also be formed from 
melted glass or by a sol gel technique.

20 Tubes having radial changes in composition have also
been employed to make achromatic couplers. The inner 
region of the tube adjacent the tube bore is formed of a 
composition that provides the desired value of Δ2_3. The 
remainder of the tube can be formed of one or more regions

25 having refractive indices that differ from the inner
region. In the example shown in Fig. 12, the inner region 
of the tube between the inner surface riE and transition 
radius rt can contain a small amount of B203 to provide a 
sufficiently low value of Δ2.3 to provide the coupler with

30 achromaticity. The outer tube region between rt and the
outer surface ro may contain a higher concentration of B203 
than the inner region. The higher B203 concentration 
results in a lower refractive index region, thereby better 
confining the optical power. Couplers having similar

35 excess losses have been achieved using both substantially 
constant radial refractive index tubes and tubes having a 
step decrease in refractive index with radius,

A disparity in propagation constants between input and
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output fibers can also be obtained by employing fibers of 
different diameters.
Example 1

A method of making a 1x2 double-window achromatic 
fiber optic coupler is illustrated in Figs. 7-9. A glass 
capillary tube 10 having a 3.8 cm length, 2.8 mm outside 
diameter, and 265 μιη longitudinal bore diameter was 
employed. Tube 10, which was formed by a flame hydrolysis 
process, was formed of silica doped with about 0.5 wt. %
B2O3 ·

Coated fibers 17, 18 and 19 comprised 1.5 meter 
lengths of 125 μιη diameter single-mode optical fibers 20,
21 and 22 having 250 μπι diameter urethane acrylate coatings 
23, 24 and 25, respectively. These fibers, which were made 
in accordance with the teachings of U.S. Patent No. 
5,011,251, had an 8 μπι diameter core of silica doped with 
8.5 wt. % Ge02. The cutoff wavelengths of the fibers were 
below the operating wavelength of the coupler. If, for 
example, the minimum operating wavelength is 1260 nm, the 
cutoff wavelengths of the fibers are selected to be between 
1200 nm and 1250 nm.

The initial steps of the processes of making all of 
the fibers were the same. A general description of that 
process is described in U.S. patents 5,011,251 and 
4,486,212, the teachings of which are incorporated herein 
by reference. A coating of core glass particles was 
deposited on a mandrel, and a thin coating of SiC>2 
particles was deposited on the core glass coating. The 
mandrel was removed, and the resultant porous preform was 
gradually inserted into a furnace having an alumina muffle 
where it was dried and consolidated while a gas mixture 
containing chlorine and helium flowed into the center hole 
where the mandrel had been removed. A flushing gas 
containing helium and oxygen flowed upwardly from the 
bottom of the muffle. After the porous preform was 
consolidated, the aperture was evacuated, and the lower end 
of the tubular body was heated and drawn to fora a 5 mm 
solid glass rod. The rod was severed to fora sections,

35
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each of which was supported in a lathe where it functioned
as a mandrel upon which SiO2 cladding glass particles were
deposited to form a final porous preform.

Final porous optical fiber preforms are conventionally
5 consolidated in a gas mixture containing helium, chlorine

and oxygen. The amount of chlorine that is employed, which 
is usually that amount that is just sufficient to dry the 
deposited cladding glass particles, depends upon various 
parameters including the density of the porous cladding

10 glass coating and the consolidation temperature. The final 
porous preforms of the input fiber and the output fibers 
were formed and consolidated under such conditions that the 
chlorine concentration in the input fiber cladding was 0.10 
wt. %, and the chlorine concentration in the output fiber

15 cladding was 0.05 wt. %. The refractive indices of the
claddings of the input and output fibers were such that the 
value of Acxjcm was 0.005%, where ActJJn = (n22-n2,2)/n22, n2 
being the refractive index of the cladding of input fiber 
20 and n2, being the refractive index of the cladding of

20 output fibers 21 and 22.
A 6 cm long section of coating was removed from the

ends of each length of coated fiber. Antireflection 
terminations 26, 27 and 28 were formed on the end of the 
fibers by directing a flame at the center of the stripped

25 region of fiber, while the end of the fiber was pulled and 
severed to form a tapered end. The tip of fiber 20 was 
heated by a burner flame to cause the glass to recede and 
form a rounded endface, the diameter of which was equal to 
or slightly smaller than the original uncoated fiber

30 diameter. The resultant stripped end regions were about 
3.2 cm long.

The uncoated portions of the fibers were wiped.
Fibers 21 and 22 were inserted through funnel 13 and into 
bore 11 until the end regions of coatings 24 and 25 were

35 interior to funnel 13, and end 26 was located between 
midregion 27 and tube end 15. Fiber 20 was inserted 
through funnel 12 and into bore 11 until the end region of 
coating 23 was interior to funnel 12, and ends 27 and 28
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were located between midregion 27 and tube end 14. A small
amount of UV-curable adhesive (not shown) was applied to
fibers 18 and 19 near end 15 to tack them to funnel 13 and
to fiber 17 near end 14 to tack it to funnel 12. Preform

5 31 was then inserted through ring burner 34 (Fig. 9) and
was clamped to draw chucks 32 and 33. The chucks were 
mounted on motor controlled stages 45 and 46. The fibers 
were threaded through the vacuum attachments 41 and 41', to 
which vacuum lines 42 and 42', respectively, were

10 connected. Vacuum attachments 41 and 41' were sealed to
the ends of tube 10 as taught in US patent 5,011,251. One 
end of a length of thin rubber tubing 43 was attached to 
that end of vacuum attachment 41 opposite preform 31; the 
remaining end of the tubing extending within tube clamping

15 means represented by arrows 44. Upper vacuum attachment 
41' was similarly associated with tubing 43' and tube 
clamping means 44'. The coated portions of the fibers 
extended from tubing 43 and 43'. Vacuum V was applied to 
coupler preform 31 by directing air pressure against tubing

20 43 and 43' as indicated by arrows 44, 44', thereby clamping
the tubing against the fibers extending therethrough.

With a vacuum of 46 cm of mercury connected to the 
tube bore, ring burner 34 was ignited. Flames were 
generated by supplying gas and oxygen to the burner at

25 rates of 0.55 slpm and 1.10 slpm, respectively. The flame 
from ring burner 34 heated tube 10 for about 12 seconds, 
and tube midregion 27 collapsed onto the fibers.

After the tube cooled, the burner was reignited, the 
flow rates of both the gas and oxygen remaining the same.

30 The flames heated the center of the collapsed region to the 
softening point of the materials thereof. After 10 
seconds, the supply of oxygen to burner 34 was turned off. 
Stages 45 and 46 were pulled in opposite directions at a 
combined rate of 1.0 cm/sec to elongate tube 10 by 0.65 cm

35 to form neckdown region 61 (Fig. 12), the taper of which 
was such that power injected into the input fiber 
substantially equally and completely coupled to the two 
output fibers.
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After the coupler cooled, the vacuum lines were 

removed, and drops 62 and 63 of adhesive were applied to 
ends 14 and 15 of the tubs. The adhesive was cured by 
exposure to UV light, and the coupler was removed from \.he

5 chucks.
The spectral insertion loss curves for a coupler made 

in accordance with Example 1 are shown in Fig. 10. It can 
be seen that the insertion loss curves of the coupler of 
this example are relatively flat and are substantially

10 parallel, whereby they exhibit an insertion loss uniformity 
of 0.24 dB. The excess loss for that device was 0.04 dB 
and 0.37 dB at 1310 nm and 1550 nm, respectively. Couplers 
made in accordance with Example 1 exhibited a median excess 
device loss of about 0.2 dB at 1310 nm. The lowest

15 measured excess loss was 0.04 dB at 1310 nm.

• · ·• · · ·

• ·
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The claims defining the invention are as follows:

1. A lxN achromatic coupler, wherein N is 2 or 3, said 
coupler tuwupi I'iliTig·

an elongated body of matrix glass, and
three optical waveguide paths extending through said . ‘ \γ\<Λ .body, each of said paths^oe-mpr-ia-tng a core region

surrounded by a cladding region of refractive index less 
than that of said core region, the lowest refractive index 
of said cladding regions being n2,

said optical waveguide paths extending in sufficiently 
close proximity for a sufficiently long distance to form a 
coupling region where a portion of the optical power 
propagating in one of said paths couples to the other of 
said paths,

said core regions being disposed in a triangular array 
in said coupling region when viewed in a plane 
perpendicular to the longitudinal axis of said body,

the refractive index of at least that region of said 
body adjacent said paths being n3, where n3 is lower than n2 
by such an amount that the value of Δ2_3 is less than 
0.125%, wherein Δ2_3 equals (n22 - n32)/2n22.

2. A coupler in accordance with claim 1 wherein said. vrxcXkj. , ,waveguide paths , compga^e optical fibers.

3. A coupler in accordance with claim 2 wherein said 
matrix glass is a cylindrically-shaped body through which 
said fibers longitudinally extend, the diameter of a 
portion of said body remote from the ends thereof being 
smaller than the diameters of the ends of said body.

< F- b- ι

O
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4. A fiber optic coupler comprising
an elongated body of matrix glass, said body having

first and second opposed ends and a midregion,
an input optical fiber and two output optical fibers

extending longitudinally through said midregion, each of 
. , νκνΰη.Ί. ,said fibers^comprising a core surrounded by a cladding of 

refractive index less than that of said core, the lowest 
refractive index of the claddings of said optical fibers 
being n2, said optical fibers being positioned in a 
triangular array in said midregion,

the refractive index of at least that region of said 
body adjacent said fibers being n3, where n3 is lower than 
n2 by such an amount that the value of Δ2_3 is less than 
0.125%, wherein Δ2_3 equals (n22 - n32)/2n22,

the diameter of the central portion of said midregion 
and the diameters of said optical fibers in said central 
portion of said midregion being smaller than the diameters 
thereof at the ends of said body,

said input optical fiber extending from said first end 
of said body, and

said output optical fibers extending from said second 
end of said body.

5. A fiber optic coupler in accordance with claim 4 
25 wherein the composition of said matrix glass body is

substantially uniform throughout its radius.

30

35

• ·

6. A fiber optic coupler in accordance with claim 4. . . vc\e\kA$S»<s.s . ,wherein said matrix glass bodyAeempr-i-nes an inner region 
adjacent said optical fibers having a refractive index n3 
and another region adjacent said inner region, the 
refractive index of said another region being less than n3.

o?
7. A fiber optic coupler in accordance with ^claims 4 Vo ® 
wherein input optical fiber extends only from said first 
end of said body, none of said fibers extending entirely 
through said body.



-25-
or-ie. <ov

8. A fiber optic coupler in accordance with ^claims A. to Ί 
wherein the cladding refractive index of said input fiber 
is greater than the cladding refractive index of said two 
output fibers.

5 XL
ckvxm, o »~se_ of

9. A fiber optic coupler in accordance with^c la ins 4 tot 

wherein said input optical fiber extends entirely through 
said body and
from said first and second ends of said body.

10 jc.
o r\ e_ oV

10. A fiber optic coupler in accordance withjclaims /+ to 
wherein the cladding refractive index of said input fiber 
is different from that said two output fibers.

15
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11. A method of making a lxN fiber optic coupler, wherein 
N equals 2 or 3, said method compc-lsi-ng

providing a glass tube having first and second 
opposite ends and a midregion, a longitudinal bore 
extending from a first end of said tube to a second end 
thereof, at least the inner portion of said tube adjacent 
said bore having a refractive index n3,

disposing within said bore a portion of an input glass 
optical fiber and the end portions of two output glass 
optical fibers, each of said fibers having a core 
surrounded by a cladding of refractive index less than that 
of said core, the lowest refractive index of the claddings 
of said optical fibers being n2, wherein n2 is greater than 
n3 by such an amount that the value of Δ2_3 is less than 
0.125%, wherein Δ2_3 equals (n22 - n32)/2n22, a portion of said 
first fiber extending beyond the first end of said tube, a 
portion of said two fibers extending beyond the second end 
of said tube,

collapsing said tube midregion onto said fibers, and 
drawing the central portion of said midregion to

reduce the diameter thereof and form a coupling region in 
which said input fiber and said two output fibers are 
disposed in a triangular array when viewed in a plane 
perpendicular to the longitudinal axis of said tube.
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12. A method in accordance with claim 11 wherein the 
refractive index of said tube is substantially uniform 
throughout its radius.
13. A method in accordance with claim 11 wherein said 
tube includes an inner region adjacent said bore having a 
refractive index n3 and another region adjacent said 
inner region, the refractive index of said another region 
being less than n3 .
14. A method in accordance with any one of claims 11 to
13 wherein said input optical fiber extends only from said 
first end of said tube and said two output optical fibers 
extend from said second end of said tube.
15. A method in accordance with any one of claims 11 to
14 wherein the cladding refractive index of said input 
fiber is greater than the cladding refractive index of 
said two output fibers.
16. A method in accordance with any one of claims 11 to 
13 wherein said input optical fiber extends from said 
first and second ends of said tube and said two output 
optical fibers extend from said second end of said tube.
17. A method in accordance with any one of claims 11 to 
16 wherein the cladding refractive index of said first 
fiber is different from the cladding refractive index of 
said two output fibers.
18. A lxN achromatic coupler according to claim 1, 
substantially as herein described with reference to the 
accompanying drawings.
19. A fiber optic coupler according to claim 4, 
substantially as herein described with reference to the 
accompanying drawings.
20. A method of making a lxN fiber optic coupler, 
substantially as herein described with reference to the 
Example·.
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Abstract of the Disclosure

An achromatic fiber optic coupler of the type wherein 
5 three single-mode optical fibers are fused together along a

portion of the lengths thereof to form a coupling region. 
Each fiber includes a core and a cladding, the lowest 
refractive index of the fiber claddings being n2. The 
fibers are disposed in a triangular array in the coupling

10 region. A matrix glass body of refractive index n3
surrounds the coupling region, n3 being lower than n2 by 
such an amount that the value of Δ2_3 is less than 0.125%, 
wherein Δ2_3 equals (n22_n32)/2n22.
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