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DISPERSION-SHIFTED MONOMODE
OPTICAL FIBER

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

This 1s a divisional of U.S. application Ser. No. 637,784
entitled “A Daispersion-Shifted Monomode Optical Fiber”
filed as PCT/FR95/01121 on Aug. 25, 1995 now U.S. Pat.
No. 5,659,649.

The present 1nvention relates to a dispersion-shifted
monomode optical fiber.

BACKGROUND OF THE INVENTION

So-called “dispersion-shifted” monomode optical fibers
are such that at the transmission wavelength at which they
are used, which i1s generally other than 1.3 um (the wave-
length at which the dispersion of silica is substantially zero),
the chromatic dispersion of the transmitted wave 1s substan-
fially zero, 1.e. the non-zero chromatic dispersion of the
silica is compensated (hence the use of the term “offset™) in
particularly by an increase in the index difference An
between the core and the optical cladding.

The transmission wavelength presently selected for line
fibers, 1.e. fibers designed to perform long distance
fransmission, €.g. for transoceanic connections, 1s substan-
fially equal to 1.55 um. It 1s at this wavelength that it is

possible to obtain minimum transmission attenuation of
light, on the order of 0.2 dB/km.

Thus, 1n the context of the present invention, the fibers
under consideration are designed to be used at a wavelength
of 1.55 um since that 1s the most efficient for transmaission.

Also, 1t 1s well known that the bandwidth of monomode
optical fibers 1s much greater than that of multimode fibers,
which 1s why present and future developments of lines for
long distance transmission concentrate on monomode opti-

cal fibers.

Consequently, the present mvention applies most particu-
larly to dispersion-shifted monomode optical fibers designed
to be used at a wavelength substantially equal to 1.55 um.

More precisely, the mnvention relates to such optical fibers
in which curvature losses do not exceed 0.005 dB/m when
the radius of curvature 1s 30 mm. It 1s well known that such
a limitation on curvature losses 1s necessary to ensure that
the optical fiber operates under proper transmission condi-
fions.

At present, numerous dispersion-shifted monomode opti-
cal fiber profiles are being studied and they are widely
described 1n the literature.

The simplest known profiles referred to as “step”,
“trapezium”, or “triangle”, are such that the refractive index
in the core varies as a function of distance from the axis of
the fiber, so that when shown as a function of said distance
the index appears as a curve constituting respectively a
rectangle, a trapezium, or a triangle, while the index in the

optical cladding surrounding the core 1s constant and less
than that of the core.

A “pedestal” profile 1s also known 1n which the central
portion forming the “inner” core of the optical fiber 1s
surrounded successively by an “outer” core of refractive
index lower than that of the inner core, and then by optical
cladding of index lower than that of the outer core.

Also known 1s a profile referred to as being of the
“trapezium and central ring” type which 1s shown very
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diagrammatically in FIG. 1, where there can be seen the
curve representing the refractive index n 1n the fiber as a
function of distance d from the axis of the fiber. In that
proiile, the core C comprises:

a central portion 10 having a maximum index n_+An in
which the index varies 1in such a manner as to give the curve
the form of a trapezium, and in the limit, of a triangle or of
a rectangle;

a layer 11 of index n_, ¢.g. constant and less than n_+An,
surrounding the central portion 10; and

a layer 12 surrounding the layer 11 and of index n_+hAn
(O<h<1), which is constant for example, greater than n_, and
less than n_+An.

The layer 12 1s surrounded by a cladding layer G of index
equal to n..

In practice, the term “trapezium” when used for the
central portion 10 of the core C covers the limiting shapes
of a triangle and of a rectangle.

Finally, as described 1n an article enfitled “Transmission
characteristics of a coaxial optical fiber line”, published in
Journal of Lightwave Technology, Vol. 11, No. 11, Novem-
ber 1993, a profile 1s known of the “buried central hollow™
type which 1s shown very diagrammatically in FIG. 2, where
there can be seen the curve of refractive index n 1n the
optical fiber as a function of distance d from the axis of the
fiber. In that profile, the core C comprises a central portion
20 of minimum index n _+hAn(h<0) surrounded by a layer 21
of index n +An greater than n_+hAn. The layer 21 is sur-
rounded by a cladding layer G' of 1ndex equal to n..

It 1s recalled that all of the above-mentioned profiles are
naturally circularly symmetrical about the axis of the optical

fiber.

All of those profiles make 1t possible to obtain substan-
tially zero chromatic dispersion at 1.55 um, while also
obtaining low attenuation and curvature losses.
Nevertheless, a constant concern 1 the context of develop-
ing long distance links using optical fibers 1s that of further

improving transmission quality and of reducing the cost
thereof.

Transmission quality 1s associated with the signal-to-
noise ratio along the link, with noise coming from amplified
spontaneous emission generated by the amplifiers belonging
to the repeaters used along the transmission line, and it has
been shown that this signal-to-noise ratio 1s itself inversely
proportional to a “penalty” function F of the fiber which
depends on the distance Z between amplifiers, on the effec-
tive mode surface area S_. of the optical fiber used, on the
population inversion factor n_,, on the linear attenuation a,
and on the coupling coeflicients C,; and C, respectively at
the inlet and at the outlet of an amplifier. The penalty
function F 1s thus given by the formula:

. nspa;*[ e™* l] C, (EHE—I]
- S_q \C,C, (@Z)2\ e

From that formula, it will be understood that to 1improve
fransmission quality, attempts can be made:

to reduce the population inversion factor n,,, leaving
other things equal; nevertheless that require complex devel-
opment with respect to pumping wavelength and thus con-

cerning line components other than the optical fiber;

to reduce the attenuation o; nevertheless since attenuation
is already very low at 1.55 um (in practice around 0.2
dB/km), any reduction that can be hoped for will have little
influence on the penalty function F;
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to act on the coupling coeflicients C, and C,; that also
requires action to be taken on line components other than the
optical fiber and therefore requires complex development;
and/or

to mcrease the effective mode surface area S_g; that does
indeed make 1t possible to improve the quality of the link.

FIG. 3 shows the penalty function F 1n dB for an optical
fiber using soliton type transmission and plotted as a func-
tion of the distance Z 1n km between amplifiers for a known
optical fiber having an effective mode surface area of 50 ym”
(curve 30) and for a desirable optical fiber having an
effective mode surface area of 70 um” (curve 31), with all
the other parameters on which F depends being given and
remaining unchanged. It can be seen that for given penalty
function, 1.e. given signal-to-noise ratio, the greater the
cilective mode surface area, the greater the distance between
amplifiers, thus making it possible to reduce the number of
repeaters used, and hence reduce the cost of the system.

Also, 1t can be seen that for given distance between
amplifiers, the greater the effective mode surface area, the
smaller the penalty function, 1.e. the better the quality of
fransmission.

Hence, to improve transmission quality, or indeed in
cequivalent manner, to reduce the number of repeaters used
for given quality of the link, thus making 1t possible to
reduce the cost of the link, it 1s advantageous to increase the
cifective mode surface area.

With simpler 1ndex profiles, such as the step, trapezium,
or triangle profiles, 1n order to obtain substantially zero
chromatic dispersion at 1.55 um, 1.€. to compensate for the
chromatic dispersion of silica at 1.55 um, 1t 1s necessary to
increase the index difference between the core and the
cladding, thereby necessarily giving rise to a decrease 1n the
cffective mode surface area.

Thus, to obtain large effective mode surface areas while
ensuring substantially zero chromatic dispersion at 1.55 um,
it 1s necessary to opt for more complex index profiiles such
as the profiles shown i FIGS. 1 and 2.

Until now, studies performed on the trapezium and central
ring type profile have led to effective mode surface areas that
do not exceed 50 um* to 60 um~>. So far no study has been
performed on the buried central hollow profile enabling an
cifective mode surface area to be determined.

OBJECT AND SUMMARY OF THE INVENTION

The object of the present invention 1s thus to optimize the
geometrical parameters of known proiiles to make 1t pos-
sible to obtain effective mode surface areas greater than
those obtained with conventional profiles, so as to make
monomode optical fibers of zero chromatic dispersion 1n the
vicinity of 1.55 um while also having an effective mode
surface area greater than 65 wm~, and while maintaining
attenuation and curvature losses equivalent to those obtained
with known opftical fibers.

To this end, the present invention provides a monomode
optical fiber having substantially zero chromatic dispersion
in the vicinity of 1.55 um, comprising an optical core
having:

a central portion whose refractive index as a function of
distance from the axis of said fiber varies between a mini-
mum 1ndex n_. and a maximum 1ndex n_+An, where An 1s

strictly positive, said index being represented by a curve that
1s substantially trapezium shaped;

a first layer surrounding said central portion, having an
index substantially equal to n_; and
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a second layer surrounding said first layer, having an
index varying over the range n_to n_+hAn, where O<h<1;

and optical cladding surrounding said second layer and
having an index substantially equal to n_, said profile being
defined by the following geometrical parameters:

a: total radius of the core, measured at said second layer;

X: ratio of the radius of said central portion to a, where
O<x<1;

y: rat1o of the radius of said first layer to a, where x<y<l1;
and

r: ratio of the small base to the large base of said
trapezium, with 0=r=1;

said fiber being characterized 1n that a and An are deter-
mined so that the chromatic dispersion of said fiber is
substantially zero at 1.55 um and the cutoff wavelength A _
of said fiber 1s such that: 1.4 um<i =1.55 um, r being

selected arbitrarily in the range O to 1, and then x, y and h
being selected so as to satisty the following relationships:

1) x1(r) =X =X(r) with

X (r)=0.25-0.2r

when r = (0.5:
X, (r) =045

X (r)=0.15

and when r> 0.5:
X>(r)=0.6-03r

2) }Yl (Xa f) .:=: y ‘:=: }’2 (Ka r) Wlth

Y,(X, 1) =y, (X, ) + (1 + )x and:

i

x=0.3 y X 1) =-—rx+x-0.2r

when r = 0.5 « 3
x>0.3 vy X 1)=3x+0.2r-0.6
( 10
x=03: y(y,r)= —rx—=0.5r+0.15
when r> 0.5 « 3

x> 0.3 y (X 1)=3x+0.5r-0.75

2(1 — yh

< 0.45+0.3r
X(1 +1)

3) 0.3 =

In practice, relationship 3) sets limit values for the ratio of
the surface area defined by the curve giving n as a function
of d for the central ring of the profile over the surface arca
defined by the curve giving n as a function of d for the
trapezium.

With the optical fiber of the invention having the trape-
zium and central ring type profile, effective mode surface
areas are obtained that are greater than 65 um?, extending up
to 85 um”. For given quality of a link, this makes it possible
to 1ncrease the distance between amplifiers by 10% to 30%.

The present invention also proposes, to solve the problem
posed, a monomode optical fibers with substantially zero
chromatic dispersion 1n the vicinity of 1.55 um, comprising
an optical core having:

a central portion of index varying with distance from the
axis of said optical fiber between a minimum index n_+hAn,
with —1<h<0 and with An strictly positive, and a maximum
index n;

a layer surrounding said central portion, of index that
varies with distance from the axis of said fiber over the range
n_to n+An;

and optical cladding surrounding said layer and having an

index substantially equal to n_, said profile being defined by
the following geometrical parameters;

a: total radius of the core measured at said layer;
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y: ratio of the radius of said central portion to a, where
O<y<1;

said fiber being characterized in that a and An are deter-
mined so that the chromatic dispersion of said fiber is
substantially zero at 1.55 um and the cutoff wavelength A
of said fiber 1s such that 1.4 um<i _<1.55 um, y being an

arbitrary value 1n the range O to 1, and h being selected so
that the following relationships are satisfied:

1) hi(y) £h = hy(y) where:

‘hy(y) = —6.56 + 14.96y — 8.71y* and
L hy =-6.2+16.76y— 11.61y

2) —233y+0.6<h<-0.2

With the optical fiber of the 1nvention having a profile of
the buried central hollow type, effective mode surface areas
are obtained that are greater than 65 um?, and that extend up
to 95 um=. This likewise makes it possible, for given quality

of the link, to increase the distance between amplifiers by
10% to 40%.

BRIEF DESCRIPTION OF THE DRAWINGS

Other characteristics and advantages of the present inven-
fion appear from the following description of 1implementa-
tions of the present invention, given by way of non-limiting
1llustration.

In the following figures:

FIG. 1 shows variations 1n the refractive index n as a
function of distance d from the axis of the optical fiber for
various layers of a monomode fiber having a profile of the
frapezium and central ring type;

FIG. 2 shows variations 1n the refractive index n as a
function of distance d from the axis of the optical fiber for
various layers of a monomode fiber having a profile of the
buried central hollow type;

FIG. 3 shows the penalty function F as a function of
distance Z between amplifiers for a monomode optical fiber
having substantially zero chromatic dispersion at 1.55 um
and using soliton type transmission; and

FIG. 4 shows variations 1n the ideal and real refractive
indices n as a function of distance d from the axis of the
optical fiber for various layers of a monomode optical fiber
having a profile of the trapezium and central ring type.

MORE DETAILED DESCRIPTION

FIGS. 1 to 3 are described above 1n the description of the
state of the art.

As specified above, the known profiles of the trapezium
and central ring type and of the buried central hollow type
make 1t possible, by selecting their geometrical parameters
in application of the criteria of the present invention, to
obtain effective mode surface areas that are considerably
orcater than those obtained either with conventional profiles
of the step, trapezium, or triangle type, or with trapezium
and central ring or buried central hollow type profiles as
implemented in the prior art. The present invention thus
makes 1t possible to optimize the selection of geometrical
parameters for those profiiles so as to satisfy requirements in
terms of effective mode surface area, chromatic dispersion,
attenuation, and curvature losses.

Three possible implementations of the present invention
arc described below as examples, giving values for the
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6

above-defined geometrical parameters and satisfymng the
relationships of the invention, and also giving the effective
mode surface area, the chromatic dispersion at 1.55 um, the
cutofl wavelength, the attenuation, and the curvature losses
obtained with profiles possessing these characteristics.

Initially it 1s recalled that all of the geometrical charac-
teristics of the profiles of the invention are functions of two
basic parameters: the total radius a of the fiber core, and the
index difference An between the maximum index of the core
and the mndex of the cladding.

These fundamental parameters can be determined 1n con-
ventional manner so as to satisty the essential requirements
for optical fibers 1n the context of the present invention,
these requirements being the following:

substantially zero chromatic dispersion, 1.€., 1n practice,
less than 1 ps/(nm.km) in the vicinity of 1.55 um;

a cutoff wavelength A _ such that: 1.4 um<i _<1.55 um to
ensure that transmission 1s monomode at the desired wave-
lengths and to reduce curvature losses; and

attenuation close to 0.2 dB/km.

It 1s briefly recalled how the parameters a and An can be
selected to satisfy the above criteria for a profile of the
trapezium and central ring type, with the reasoning applying
in similar manner to a profile of the buried central hollow
type.

In known manner, chromatic dispersion C can be put 1n
the form of a function of wavelength A as follows:

= MO Anvfﬂz VB) (1)
W) =M@) - —V——r +e)
where:
M(2.) is a known term characterizing the chromatic dis-

persion of pure silica at wavelength A (M(}) is about 22
ps/(nm.km) at 1.55 um);

d* (VB)

v
d V=

1s a term characterizing the dispersion of the waveguide, V
being normalized frequency and B being normalized effec-
tive index (it 1s recalled that the effective index is the index
as effectively “seen” by the lichtwave propagating in the
core), which is a function of V;

c 1s the speed of light 1n a vacuum; and

e(M) 1s a negligible term.

Given that 1t 1s a desire to have a cutoff wavelength A _
such that guidance 1s monomode 1n the range 1.4 yum to 1.55
um, a range can be deduced therefrom defining variations in
the normalized frequency V, and thus a corresponding range
for B. It is therefore possible to deduce An of equation (1)
and then a of equation (2) which gives the normalized
frequency:

2

V= 73\/2—115&11 )

n_being the index of the cladding and A being the operating
wavelength.

In general, for optical fibers having a profile of the
trapezium and central ring type, 1n order to satisly the above
conditions, the core radius a can be selected to lie 1n the
range 2 um to 9 um, and the index difference An to lie 1n the

range 8x107> to 20x107°.
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For opfical fibers having a profile of the buried central
hollow type, to satisly the above conditions, the core radius
a can be selected to lie 1n the range 2.5 um to 4 um, and the
index difference An to lie in the range 12x107> to 20x107".

Also, for the trapezium and ring type profile, the value of
r can be selected arbitrarily in the range O to 1, and 1t will
be understood that the term “trapezium” should be inter-
preted broadly i1n the context of the present invention,
specifically as including the limiting cases where r 1s equal
to O (the trapezium is then a triangle) or equal to 1 (the
trapezium 1s then a rectangle).

The same applies to the value y for the profile of the
buried central hollow type, where y can be selected arbi-
trarily between O and 1 1n the strict sense.

EXAMPLE 1

In this example, the optical fiber 1s of the trapezium and
central ring type. The values of the various characteristic
parameters of the fiber are as follows:

a=6.97 um
An=10x10""
r=0.6
x=0.35
y=0.69

h=0.325.

With such a fiber, chromatic dispersion 1s 0.685 ps/
(nm.km) at 1558 nm, the cutoff wavelength is 1.48 um, and
attenuation 1s 0.20 dB/km. Curvature losses are less than
0.005 dB/m, for a radius of curvature of 30 mm.

The effective mode surface area is 71 um®.

EXAMPLE 2

In this example, the optical fiber 1s of the buried central
hollow type. The values of the various characteristic param-
cters of the fiber are as follows:

a=3.07 um
An=15.6x10""
y=0.56

h=0.55.

With such a fiber, chromatic dispersion is 0.7 ps/(nm.km)
at 1558 nm, the cutofl wavelength 1s 1.485 um, and attenu-
ation 1s about 0.21 dB/km. Curvature losses are less than
5x10~" dB/m.

The effective mode surface area is 71.9 um?.

EXAMPLE 3

In this example, the optical fiber 1s of the buried central
hollow type. The values of the various characteristic param-
eters of the fiber are as follows:

a=3.3 um
An=14.7x107">
y=0.606

h=0.599.

With such a fiber, chromatic dispersion is 0.7 ps/(nm.km)
at 1558 nm, the cutofl wavelength 1s 1.485 um, and attenu-
ation 1s about 0.21 db/km. Curvature losses are less than
10 dB/m.

The effective mode surface area is 89.8 um”.

Naturally, the present invention i1s not limited to the
particular implementations described above.

In particular, when precise geometrical shapes such as
trapezium, triangles, rectangles, etc. are mentioned, 1t 1s
clear that in practice, the profiles obtained may depart to a
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orecater or lesser extent from 1deal profiles, and 1t has been
shown 1n the literature that such departures, providing they
are kept under control, do not alter the expected properties
of the optical fibers concerned. By way of example, FIG. 4
shows a real profile 40 of the trapezium and central ring
type, as measured on an optical fiber. It 1s shown that the real
proiile 40 1s equivalent to the 1ideal profile 41 also shown 1n
FIG. 4. For greater details on such equivalence, reference
may be made to Hitachi’s patent U.S. Pat. No. 4,406,518.

Also, 1t 1s clear that the central ring of the trapezium and
central ring type of proiile 1s not necessarily of the ideal
rectangle shape, but may likewise have an 1deal trapezium or
triangle shape, and more generally 1t may 1n practice have
any shape equivalent thereto.

Thus, for fibers of the invention, 1t 1s 1important that the
geometrical parameters (distance from the axis of the fiber,

index difference) should substantially satisfy the relation-
ships of the mnvention, but there 1s no need for the real shape
of the curves to comply exactly to the i1deal geometrical
shape of the profile under considerations.

Finally, any means may be replaced by equivalent means
without going beyond the ambit of the ivention.

We claim:

1. A monomode optical fibers with substantially zero
chromatic dispersion 1n the vicinity of 1.55 um, comprising
an optical core having:

a central portion of index varying with distance from the
axis of said optical fiber between a minimum index
[n_+hon,] #n +An, with -1<h<0 with An strictly
positive, and a maximum index n_;

a layer surrounding said central portion, of index that
varies with distance from the axis of said fiber over the
range n_ to n_+An;

and optical cladding surrounding said layer and having an
index substantially equal to n_, said profile being
defined by the following geometrical parameters:

a: total radius of the core measured at said layer;
y: ratio of the radius of said central portion to a, where
O<y<1;

said fiber being characterized 1n that a and An are deter-
mined so that the chromatic dispersion of said fiber 1s
substantially zero at 1.55 um and the cutoff wavelength
). of said fiber 1s such that 1.4 um<i_<1.55 um, y being
an arbitrary value in the range O to 1, and h being
selected so that the following relationships are satisfied:

1) hi(y) =h = hy(y) where:

‘hy(y) = —6.56 + 14.96y — 8.71y* and
hy = —6.2+16.76y— 11.61y"

2) —233y+0.6<h<-0.2

2. An optical fiber according to claim 1, characterized in
that a lies 1n the range 2.5 um to 4 um, and An lies in the
range 12x107> to 20x107".

3. A dispersion-shifted monomode optical fiber compris-
ing a core and a cladding surrounding said core, said core
including ar least two layers, at least one of which has a
depressed refractive index with respect to the other layers in
said core, said fiber having an effective mode surface area
greater than 65 um* and having low curvature losses.

4. An optical fiber according to claim 3, wherein said fiber
has an effective mode surface area of greater than 70 um-.

5. An optical fiber according to claim 3, wherein said
curvature losses do not exceed 0.005 dB/m when a radius of
curvature of the fiber is 30 mm.
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0. An optical fiber according to claim 3, wherein said core
includes a central portion and at least one first layer
surrounding said central portion, said ceniral portion hav-
ing a refractive index varying between minimum and maxi-
mum levels and having said minimum level adjacent said
first layer.

7. An optical fiber according to claim 6, wherein a
refractive index profile of said central portion is trapezium-
shaped.

8. An optical fiber according to claim 6, wherein said
refractive index of said cladding is substantially equal to
said minimum level.

9. An optical fiber according to claim 0, wherein said core
further includes a second layer between said first layer and
said cladding.

10. An optical fiber according to claim 9, wherein said
second layer has a refractive index between said minimum
and maximum levels.

11. An optical fiber according to claim 10, wherein said
refractive index of said cladding is less than the refractive
index of said second layer:

12. An optical fiber according to claim 3, wherein said
core includes a central portion and at least one first layer
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surrounding said ceniral portion, said central portion hav-

ing a refractive index varying between minimum and maxi-
mum levels and having said maximum level adjacent said
first layer.

13. An optical fiber according to claim 12, wherein said
refractive index of said cladding is greater than said mini-
mum level.

14. An optical fiber according to claim 12, wherein said
refractive index of said cladding is substaniially equal to
said maximum level.

15. An opiical fiber according to claim 12, wherein said
refractive index of said first layer varies between said
maximum value and a higher value.

16. An opiical fiber according to claim 15, wherein said
refraciive index of said cladding is less than a refractive
index of at least part of said first layer.

17. An opiical fiber according to claim 12, wherein said

refraciive index of said cladding is less than a refractive
index of at least part of said first layer.
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