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(57) Abstract

The optical waveguide coupler device (1) is formed on two laterally adjacent optical fibers (4, 5) for splitting with wave-

length-flattened ratios an incident light intensity (6) into the two fibers. Adjacent sections of the two fibers (4, 5) are fused togeth-
er and first and second concatenated tapered portions are formed. These two tapered portions are separated by a central optical
waveguide portion (10) including two parallel branches of slightly different lengths, each capable of propagating a light signal
from either tapered portion to the other. The first and second tapered portions define optical waveguide couplers (2, 3) presenting
coupling ratios varying with optical wavelength in accordance with different curves. The different lengths of the two parallel
branches of the central portion (10) cause a shift ¢ between the phases of the optical signals propagating through these two
branches. The coupling ratios of the tapered portions and the phase shift ¢ are selected to wavelength-flatten the coupling ratios
of the coupler device (1).




applications under the PCT.

AT
Al
BB
BE
BF
BG
BJ

FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international

Austria
Australia
Barbados
Belgium
Burkina Faso
Bulgaria
Benin

Bravil

Canada
Central African Republic
Congo
Swilzerland
8t d'lvoire
Cameroon
Crechostovihia
Gernany
Denmark
Spain

[}
FR
GA
GB
GN
GR
HU
1))
1T
Jp
KP

KR
Ll
LK
LU
MC
MG

Finland

France

CGabon

United Kingdom
Guinca

Greeee

Hungary

freland

faly

Japan

Democratic Peopie’s Republic
of Korea
Republic of Korea
Licchtenstein

Sri Lanka
Luacmboury
Manaco
Madagascar

™I
MN
MR
MW
NI
NO
PL
RO
RU
sD
SE
SN
Su
™
TG
us

Muli

Mongolia
Mauritania

Malawi
Netheriands
Norway

Poland

Romania

Russian Federation
Sudan

Sweden

Senegal

Sovict Union

Chad

Togo

United States of America

~



PCT/CA92/00136

WO 92/17802
1
5 :
SPLITTER AND METHOD OF FORMING IT
10

BACKGROUND OF THE INVENTION

1. Field of the invention:
15
The present invention relates to an
optical waveguide coupler device presenting the
general configuration of a slightly unbalanced Mach-
Zehnder interferometer. The present invention also
20 extends to a method for forming such a coupler device

on laterally adjacent optical waveguides.

2. Brief description of the prior art:

25 Tapered 2X2 couplers formed by fusing
together sections of two laterally adjacent optical
fibers and by subsequently stretching these fused
sections, are well known and versatile devices that
can be used in many applications where given coupling

30 ratios at a given wavelength of the propagated light

signal is required.

These couplers generally present good
performances; they have small dimensions, cause low
35 losses, present good thermal stability, and can be

easily and rapidly produced.
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The prior art all-fiber fused couplers
used as power splitters are sensitive to optical
wavelength. Indeed, their coupling ratios are
dependent on the wavelength which is itself directly

5 dependent on the degree of stetching and the outline

of the coupler.

Wavelength dependent couplers are useful

in wavelength multiplex communication systems which

10 simultaneously transmit a plurality of messages on a
single fiber. Indeed, these communication systems
require couplers capable of separating light signals

of different wavelengths (for example the currently

used 1300 and 1550 nm wavelengths). However,

15 wavelength independent couplers are required for
example when the light source used in a communication

system has a relatively wide spectral bandwidth.

To flatten the wavelength response of such

20 a coupler, it is known to fuse and stretch two optical
fibers of different diameters or two identical fibers

made dissymetric by pretapering or etching of one of
them. Production of these couplers is however
complicated by the dissymetry of the fibers, and by

25 the accurate control required by the pretapering or

etching.

OBJECTS OF THE INVENTION

30

A first object of the present invention

is therefore to provide a wavelength-flattened optical
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waveguide coupler device presenting .the general
configuration of a slightly unbalanced Mach-Zehnder

interferometer.

5 Another object of the invention is to
propose a method for easily and rapidly fusing this
wavelength-flattened coupler device on 1laterally
adjacent, identical optical fibers.

10
SUMMARY OF THE INVENTION

More specifically, the present invention

15 relates to an optical waveguide coupler device
arranged on two laterally adjacent optical waveguides

for splitting with wavelength-flattened coupling
ratios the intensity of an incident optical signal,
propagating in either one of the waveguides, into

20 these two waveguides. The device of the invention

comprises:

a first optical waveguide coupler
characterized by first coupling ratios varying with

25 optical wavelength;

a second optical waveguide coupler
concatenated with the first coupler and characterized
by second coupling ratios also varying with optical

30 wavelength, the first coupling ratios and the second
coupling ratios varying with optical wavelength

according to different curves; and
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a central optical waveguide portion (a)
interposed between the first and second couplers, (b)
comprising first and second parallel branches each
propagating, in response to the incident signal, an
5 optical signal from one of the first and second
couplers to the other of these couplers, and (c)
structured to cause a shift ¢ between the phase of the
optical signal propagating through the first branch
and the phase of the optical signal propagating

10 through the second branch.

In accordance with the present invention,
the first and second coupling ratios and the phase
shift ¢ are selected to wavelength-flatten the

15 coupling ratios of the coupler device.

As will be discussed in detail in the
following description, the phase shift ¢ enable
construction of a coupler device of which the coupling

20 ratios are wavelength-flattened.

In preferred embodiments of the coupler
device of the invention, the first coupling ratios are
function of a parameter a, the second coupling ratios

25 are function of a parameter B, the phase shift ¢ is
approximately equal to 7, and the wavelength-flattened
coupling ratios are function of the difference o« - 8

which is essentially independent from wavelength.

30 In other preferred embodiments of the
present invention, the waveguides are single-mode
optical waveguides, and the first and second branches
have different lengths to cause the phase shift ¢.



WO 92/17802 PCT/CA92/00136

An optical waveguide coupler device in
accordance with the present invention can be formed on
two laterally adjacent optical fibers. Then, the
first and second couplers each comprise a tapered

5 portion formed of sections of the two fibers fused
together and subsequently stretched, the fibers being
identical single-mode optical fibers.

The present invention also relates to a
10 method of forming an optical waveguide coupler device
on two laterally adjacent optical fibers, comprising
the steps of (a) fusing adjacent sections of the two
fibers together, (b) forming in the fused fiber
sections two concatenated tapered portions, defining
15 between them a central optical waveguide portion
comprising two generally parallel branches each
capable of propagating a light signal from either one
of the two tapered portions to the other of these
tapered portions, these branches having a same length,
20 and (c) adjusting the length of at least one of the
two branches to obtain a length difference between
said branches which shifts by an angle approximately
equal to 7 the relative phase of light signals
respectively propagating in the two branches.
25
The length adjusting steps may comprise
bending the central waveguide portion to make the
lengths of the branches different. Preferably, the
central portion is bent in a plane in which the

30 longitudinal axes of the fibers are lying.

In the present specification and in the
appended claims, (a) the terms "optical" and "light"
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are intended to relate to visible and invisible light,
(b) the expression "wavelength-flattened" indicates
that the coupling ratios of concern do not vary by
more than a small percentage over the desired range of
5 wavelengths, and (c) the term "branch" relates to each
optical waveguide or each light path in the individual
couplers and central waveguide portion corresponding

to one of these optical waveguides.

10 The objects, advantages and other features
of the present invention will become more apparent
upon reading of the following non restrictive
description of a preferred embodiment thereof, given
by way of example only with reference to the

15 accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

20
In the appended drawings:
Figure 1 represents a fused all-fiber 2X2
coupler device in accordance with the present
25 invention;

Figure 2 is a graph showing the variation
with wavelength of the coupling ratios A, and A, in the
main and secondary branches of a conventional fused

30 and tapered coupler characterized by o = 7/2 at i, =
1450 nm, and of the coupling ratios B, and B, in the
main and secondary branches of a balanced Mach-Zehnder
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interferometer (¢ = 0) consisting of two couplers in

series;

Figure 3 is a graph showing the variation

5 of the coupling ratios B, and B, with wavelength in a
2X2 coupler device according to the present invention,
having the general configuration of a Mach-Zehnder
interferometer unbalanced (¢ = w) to flatten as much

as possible the wavelength response around 1450 nm;

10 and

Figure 4 is a graph showing the variation
of the coupling ratios B, and B, with wavelength in a
coupler device in accordance with the present
15 invention, presenting the general configuration of a
Mach-Zehnder interferometer slightly unbalanced to
flatten the wavelength response over a range including
the wavelengths of 1300 and 1550 nm currently used in
communication systems.
20

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

25 As illustrated in Figure 1 of the appended
drawings, a wavelength~-flattened 2X2 tapered fused
coupler device according to the present invention,
generally identified by the reference numeral 1,
consists of two individual tapered couplers arranged

30 in series in a slightly unbalanced all-fiber compact

Mach-Zehnder interferometer.
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More specifically, the coupler device 1
is formed of a pair of concatenated all-fiber fused
individual couplers 2 and 3 formed on a pair of
identical, single-mode optical fibers 4 and 5. As
well known in the art, each coupler 2,3 is formed of
all-fiber concatenated tapered portions separated by
an all-fiber optical waveguide central portion 10.

The splitting of the intensity of an
incident light signal in the coupler device 1 is ruled

by the following laws.

For the individual coupler 2, one skilled
in the art knows that, for an incident light signal 6
of normalized intensity (= 1) in the main branch 7
(fiber 4), the outgoing transmission T, in the main
branch 7 and the outgoing transmission T,, in the
secondary branch 8 (fiber 5) are given by the

following equations:

T,, = cos’a (1)
T21 =1 - T11 (2)
L1
where ' a = ]0 c, dz is defined to be half

the LP;, and LPy supermode phase shift, accumulated
over the length L, of the coupler 2. C, is the
coupling coefficient of coupler 2 (or equivalently
half the coupler supermode propagation constant

difference).

Similarly, considering that only the
individual coupler 3 is formed on the laterally

€,
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adjacent fibers 4 and 5, an incident 1luminous
intensity such as 6 will produce an outgoing
transmission T,, in the main branch 7 and an outgoing
transmission T,, in the secondary branch 8 given by the

5 following equations:

Ty = cos?B (3)
T, =1 - T, (4)
10
L2
where B = fo c, dz is again defined to be

half the LP,, and LP,, supermode phase shift,
15 accumulated over the length L, of the coupler 3. C, is
the coupling coefficient of coupler 3 (or equivalently
half the coupler supermode propagation constant

difference.

20 Usually, a for the coupler 2 and 8 for the
coupler 3 can be considered as varying linearly with
the wavelength A of the light transmitted so that the
coupler transmission cos?a(or B) varies sinusoidally
with optical wavelength. o and B are also sensitive,

25 to some extent, to the polarization of the light and

to the ambiant temperature.

Assuming no loss and that optical power

is launched in the main branch 7, the transmission in

30 this branch by the entire coupler device 1, presenting
the general configuration of a slightly unbalanced
Mach-Zehnder interferometer is given by the following

equation:
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T,=1/2 [1 + cos 2a cos 28 - sin 2a sin 28 cos @] (5)

in which a and B characterize as explained hereinabove
the coupling coefficients of the individual couplers
5 2 and 3, respectively, and ¢ is a shift of the
respective phases of the light signals propagating in
the main 7 and secondary 8 branches in the central
portion 10 caused by a slight difference in length of
these two branches in this central portion (this
10 corresponds to a slight unbalance of the Mach-Zehnder
interferometer). In the case of a balanced Mach-

Zehnder interferometer, ¢ = O.

Concerning the transmission in the

15 secondary branch 8, it is again given by the equation:
T, =1-T (6)

One can appreciate that the particular

20 values
o =7/2 +nn/2 and B =7n/4 + n! T/2

where n and n' are integers, make T, and T, equal to
25 1/2 whatever the value of 0. However, assuming no
loss and initial power in the main branch 7, the
transmission T, in the coupler device 1, for different
values of a and B, depends on ¢ according to the
following equation:
30
T, = 1/2 [1 + cos 2(a + B)] when ¢ = 2p 7,
p=20,1,2,3,... (7)
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T, = 1/2 [1 + cos 2(a - B)] when ¢ = (2p.+ 1) w,
p=20,1,2,3,... (8)

The transmissions of equation (7) are identical to
5 those of individual couplers characterized by a+8,
while the transmissions of equation (8) are identical
to those of individual couplers characterized by a-8.
When the sinusoidal variations of the coupling ratios
of the couplers 2 and 3 with wavelength have the same
10 period but are out of phase, the difference a-f is
approximately constant as a function of wavelength
even though o and A characterizing the individual
couplers is sensitive to this parameter. Although it
is experimentally difficult to obtain exactly the same
15 period for two different coupling ratios (a#f8), one
can approximately achieve it in a certain range of
wavelengths 4,, A,. The best choice to obtain a
wavelength independent 50/50 splitter is then to have
a minimum phase shift (¢ = 7) in equation (8) together

20 with the condition:

Ia-[i|=1r/4 (9)

with n = n'= 0 at an average wavelength A=(4, + 4,)/2.
25 It is interesting to note that a detuning of &6¢ from
the value ¢ = m will affect the transmission T, only to
the second order (6¢)2. Although in this particular
example a splitting ratio of 1/2 is chosen, which
corresponds to a-8 = 7/4, this splitting ratio can be
30 fixed to any arbitrary value T,%/(1-T,)% by
appropriately selecting a-8 as shown by equation (8).
For example, when a-8 = 0 is selected, all the optical
power 1is transferred to the main branch 7, while
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choosing a-f = w/2 achieves a complete transfer of
power in the secondary branch 8. Even though the

© 10

15

20

25

30

couplers 2 and 3 are polarization sensitive, the
condition of equation (9) can be realized
simultaneously for the two polarizations in the two
couplers 2 and 3 thereby making the transmission
through the entire coupler device 1 less polarization
dependent in comparison with that of an individual
coupler 2,3; this also applies to temperature although
the final performance will greatly depend on the

packaging of the device 1.

Identical standard matched-cladding
telecommunication fibers were used to make a 50/50
coupler device in accordance with the present
invention flattened over a range of wavelengths,
including 1300 and 1550 nm. A balanced Mach-Zehnder
interferometer with ¢ = 0 and with two individual
couplers fulfilling the condition of equation (9) was
first formed on the fibers. The transmission of this
interferometer is given by equation (7). In order to
facilitate the production of the coupler device,
¢ = m/2 was choosen, which corresponds to a complete
transfer of power from the main 7 to the secondary 8
branch, and B = w/4 for which half the power is
transferred from the main 7 to the secondary 8 branch.
Figure 2 shows the coupling ratios A, and A, in the
main 7 and secondary 8 branches for the first coupler
2 (¢ = m/2 at A, = 1450 nm), and the coupling ratios B,
and B, in the main 7 and secondary 8 branches for the
set of two couplers 2 and 3 concatenated to form a
balanced Mach-Zehnder interferometer (¢ = 0). In the
latter case, the output is identical to that of a

]
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single coupler characterized by a + f,-so that the
parameter B = /4 of the second coupler 3 at A, should
lead to a 50/50 transmission at this particular
wavelength (equation (5)). One can see in Figure 2

5 that the 3 dB crossing point occurs at 1480 nm instead
of 1450 nm initially selected, meaning that the second
coupler 3 is slightly underelongated.

In order to form the Mach-Zehnder

10 interferometer on the two laterally adjacent optical
fibers 4 and 5, adjacent sections of these fibers were
fused together and stretched to taper the fused fiber
sections. These fused fiber sections were fused and
stretched again to form the left and right tapered

15 portions (couplers 2 and 3), and accordingly form the

central portion 10.

In order to unbalance the Mach-Zehnder

interferometer, the central portion 10 was bent in the

20 plane containing the axes of the fibers until the
lengths of the main 7 and secondary 8 branches were
different enough to obtain the desired transmission.

The fibers can be heated to carry out this bending.
Figure 3 shows the coupling ratios B, and B, of the

25 unbalanced Mach-Zehnder interferometer causing a phase
shift ¢=7 in the central portion 10. This phase shift

was increased by bending to obtain a wavelength
response as flat as possible (coupling ratios B, and B,

of 50 * 1.5% over a range of 250 nm around the

30 wavelength A = 1450 nm). Figure 4 shows results
obtained with a phase shift ¢ = 7 and a-8 = 7/4. The
deviation of the coupling ratios B, and B, from an
ideal 50% is * 2.5% over a range of 300 nm including
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the wavelengths 1300 and 1550 nm. The measured excess
loss was lower than 0.1 dB which is comparable to that
of individual fused couplers such as 2 and 3.
Fulfilling exactly the condition of equation (9) at a
5 given wavelength A, and choosing this wavelength at
mid-distance between 1300 and 1550 nm should improve
the result. However, despite these experimental
imperfections, the coupler device 1 in accordance with
the present invention shows better performances than
10 those obtained with dissimilar fibers and is more

easily produced.

The coupler device of the present

invention is compact (¥ 2 cm) and can be used to

15 build, in particular but not exclusively, splitters,
polarization and mode independent couplers, and
broadband all-fiber loop reflectors. It can also be
applied to integrated optics and to the optical

waveguides in general.

20
In the foregoing description, reference
is made to an incident light intensity 6 propagating
in the main branch 7. Obviously, the same principles
apply to an incident light intensity propagating in
25 the secondary branch 8 (see 9 in Figure 1).

Although the present invention has been
described hereinabove by way of a preferred embodiment
thereof, this embodiment can be modified at will,

30 within the scope of the appended claims, without
departing from the spirit and nature of the subject
invention. For example, one can form on the laterally
adjacent fibers 4 and 5 a single tapered portion
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(forming an individual coupler characterized by a + B)
and bend this tapered portion in a given region
thereof to thereby obtain a coupler device operating
like a slightly unbalanced Mach-Zehnder

5 interferometer. The bent region then corresponds to

the central portion 10 of Figure 1.
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WHAT IS CIATIMED IS:

1. An optical waveguide coupler device
arranged on two laterally adjacent optical waveguides
for splitting with wavelength-flattened coupling
ratios the intensity of an incident optical signal,
propagating in either one of the waveguides, into the
said two waveguides, comprising:

a first optical waveguide coupler
characterized by first coupling ratios varying with

optical wavelength;
a second optical waveguide coupler

concatenated with said first coupler and characterized
by second coupling ratios also varying with optical
wavelength, said first coupling ratios and said second
coupling ratios varying with optical wavelength
according to different curves; and

a central optical waveguide portion (a)
interposed between said first and second couplers, (b)
comprising first and second generally parallel
branches each propagating, in response to said
incident signal, an optical signal from one of said
first and second couplers to the other of these
couplers, and (c) structured to cause a shift ¢
between the phase of the optical signal propagating
through the first branch and the phase of the optical
signal propagating through the said second branch;

wherein the first and second coupling
ratios and the phase shift ¢ are selected to
wavelength-flatten the said coupling ratios of the

coupler device.
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2. A coupler device as recited in claim
1, wherein said first coupling ratios are function of
a parameter «, said second coupling ratios are
function of a parameter B, and said wavelength-
flattened coupling ratios are function of the

difference a - B.

3. A coupler device as recited in claim
1, wherein the said phase shift ¢ is approximately

equal to w.

4. A coupler device as recited in claim
2, wherein ¢ 7, @ % /4, and B = n/2, and wherein

said wavelength-flattened coupling ratios are 50/50.

5. A coupler device as recited in claim
1, wherein the said waveguides are single-mode optical
waveguides.

6. A coupler device as recited in claim
1, wherein said first and second branches have
different lengths to cause said phase shift g.

7. An optical waveguide coupler device
formed on two laterally adjacent optical fibers for
splitting with wavelength-flattened coupling ratios
the intensity of an incident light signal, propagating
in either one of the fibers, into the said two fibers,
comprising:

a first optical waveguide coupler
characterized by first coupling ratios varying with

optical wavelength;
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a second optical waveguide coupler
concatenated with said first coupler and characterized
by second coupling ratios also varying with optical
wavelength, said first coupling ratios and said second
coupling ratios varying with optical wavelength
according to different curves; and

a central optical waveguide portion (a)
interposed between said first and second couplers, (b)
comprising first and second parallel branches each
propagating, in response to said incident signal, a
light signal from one of said first and second
couplers to the other of these couplers, and (c)
structured to cause a shift ¢ between the phase of the
light signal propagating through the first branch and
the phase of the light signal propagating through the
said second branch;

wherein the first and second coupling
ratios and the phase shift ¢ are selected to
wavelength-flatten the said coupling ratios of the
said coupler device.

8. A coupler device as recited in claim
7, in which said first and second couplers each
comprise a tapered portion formed of sections of said
two fibers fused together and subsequently stretched.

9. A coupler device as recited in claim
8, wherein said first and second branches of the
central portion have different lengths to cause said

phase shift g¢.

10. A coupler device as recited in claim
8, wherein said first coupling ratios are function of



WO 92/17802 PCT/CA92/00136

19

a parameter o«, said second coupling  ratios are
function of a parameter B, and said wavelength-
flattened coupling ratios are function of the

difference o - 8.

11. A coupler device as recited in claim
8, wherein the said phase shift ¢ is approximately

equal to 7.

12. A coupler device as recited in claim
10, wherein ¢ = 7, a = 7/4, and B = 7w/2, and wherein
said wavelength-flattened coupling ratios are 50/50.

13. A coupler device as recited in claim
10, wherein the said wavelength-flattened coupling
ratios are function of the following expression:
1/2 [1 + cos 2(a - B)].

14. A coupler device as recited in claim
8, in which the said two optical fibers are identical

single-mode optical fibers.

15. A method of forming an optical
waveguide coupler device on two laterally adjacent
optical fibers, comprising the steps of:

fusing adjacent sections of said two
fibers together;

forming in said fused fiber sections two
concatenated tapered portions defining between them a
central optical waveguide portion comprising two
generally parallel branches each capable of
propagating a light signal from either one of the two
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tapered portions to the other of ‘said tapered
portions, said branches having a same length; and
adjusting the length of at least one of
the two branches to obtain a length difference between
said branches which shifts by an angle approximately
equal to 7 the relative phase of light signals
respectively propagating in the two branches.

16. The method of claim 15, in which the
length adjusting step comprises bending the said
central waveguide portion to make the lengths of said

branches different.

17. The method of claim 16, wherein each
optical fiber has a longitudinal axis, and wherein
said central portion is bent in a plane in which the
longitudinal axes of the fibers are lying.
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