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(57) Abstract

A dispersion compensating optical fiber, together with a single mode optical fiber with zero dispersion at a wavelength of about 1.3
microns, can COmMpOsC an oplical transmission line, which provides improved transmission characteristics and efficient dispersion

The total di

slope of an optical transmission line is improved while the dispersion of a single mode optical fiber is

well compensated for. The dlsperslon compensating optical fiber has a triply-cladded structure including first, second and third cladding
layers applied in sequence over the core. The diffcrence in relative index of refraction between regions as well as their outside diameters are
optimized while the dispersion of the single mode optical fiber is compensated for so that an optical transmission system with a desirable

total dispersion slope can be realized.
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ABSTRACT

The dispersion-compensating fiber according to the
present invention is an optical fiber having a structure
which, when constituting an optical transmission line
together with a single-mode coptical fiber having a
zero-dispersion wavelength near 1.3 um, is capable of
improving transmission characteristics of the whole optical
transmission line and allowing the dispersion to be
compensated for efficiently and the size thereof to become
smaller, and has a structure for improving the total
dispersion slope of the optical transmission line while in
a state fully compensating for the dispersion of the
single-mode optical fiber. This dispersion-compensating
fiber hasatriplecladding structurehavinga first cladding,
a second cladding, and a third claddingwhich are successively
provided on the outer periphery of a core, and, in a state
where the relative refractive index differences in its
individual regions and outer diameters thereof are optimized
so as to compensate for the dispersion of the single-mode
optical fiber, realizesanopticaltransmissionsystemhaving

a favorable total dispersion slope.
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DESCRIPTION
Dispersion-Compensating Fiber

Technical Field

The present invention relates to a
dispersion~compensating fiber which is applied to anoptical
transmission line including a 1.3-4m zero-dispersion
single-mode optical fiber and improves transmission
characteristics of the whole optical transmission line with
respect to light in a 1.55-u#m wavelength band.
Background Art

In optical fiber transmission line networks used for
high-speed, large-capacity communications over a long
distance, the dispersion (chromatic dispersion) expressed
by the sum of the material dispersion (dispersion caused
by the wavelength dependence of refractive index inherent
in the material of the optical fiber) and structural
dispersion {dispersion caused by the wavelength dependence
of the group velocity in the propagation mode) in the
single-mode optical fiber employed as their transmission
medium is a limiting factor for the transmission capacity.
Namely, even when light outputted from a light source is
assumed to have a single wavelength, it has a spectrum width
in the strict sense. - When such an optical pulse propagates
through a single-mode optical fiber having a predetermined
chromatic dispersion characteristic, the pulse form may

collapsesincethepropagationvelocityvariesamongdefinite
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spectral components. This dispersion is expressed by a unit
(ps/km/nm) of propagation delay time difference per unit
spectrumwidth (nm) andunitoptical fiber length (km). Also,
it has been known that the material dispersion and structural
dispersion cancel each other in the single-mode optical fiber,
so that the dispersion becomes zero in fhe vicinity of 1.31
Am.

As means for compensating for the dispersion of the
single-mode optical fiber, a dispersion-compensating fiber
is used in general. In particular, since the transmission
loss of optical fibers becomes the lowest in the 1.55-um
wavelength band, it has been desired that optical
communications be carried out by use of 1ight in the 1.55-um
wavél'ength band. On the other hand, a number of single-mode
optical fibers having a zero-dispersion wavelength in the
vicinity of 1.3 #m have been laid so far, and hence there
are needs for carrying out optical communications in the
1.55-um wavelength band by utilizing such existing
single-mode optical fiber transmission line networks.
Hence, whenadispersion~compensating fiberhaving e‘l negative
dispersion in the 1.55-4m wavelength band is connected to
a single-mode optical fiber having a positive disperéion
in the 1.55-um wavelength band, the chromatic dispersion
of the whole optical transmission line can be compensated
for. For example, Japanese Patent Application Laid-Open No.

HEI 8-136758 and Japanese Patent Application Laid-Open No.
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HEI 8-313750 disclose dispersion-compensating fibers
comprising a double cladding structure. On the other hand,
Japanese Patent Application Laid-Open No. HEI 6-11620
discloses a dispersion-compensating fiber comprising a
triple cladding structure.
Disclosure of the Invention

The inventors have studied the above-mentioned prior
art and, as aresult, have found problems as follows. Namely,
in an optical transmission line constituted by a single-mode
optical fiber and a dispersion-compensating fiber for
compensating for the chromatic dispersion of the single-mode
optical fiber, chromatic dispersion cannot be all prevented
from occurring in wavelengths of wavelength band in use,
but it occurs at least in a wavelength band deviated from
the vicinity of the zero-dispersion wavelength.
Consequently, if variouscharacteristicsof theconventional
dispersion-compensating fiber are not sufficiently
optimized for compensating for the chromatic dispersion of
a single-mode optiééI‘fig;} having a zero-dispersion
wavelength near 1.3 um (hereinafter referred to as 1.3SMF),
various transmission characteristics may be caused to
fluctuate among wavelengths in optical communications of
wavelength division multiplexing (WDM) system,vin which
different wavelengths of signal light are multiplexed so
as to enable the transmission capacity to further enhance,

and the like.
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Here, dispersion slope is given by the gradient of a
graph which indicates chromatic dispersion, and is expressed
by a unit of ps/nm?/km.

In order to overcome such problems as those mentioned
above, preferred embodiments according to the present
invention seek to provide a dispersion-compensating fiber
comprising a structure which compensates for the chromatic
dispersion of a 1.3SMF, improves, when applied to an optical
transmission system including the 1.3SMF, the total
dispersion slope in the optical transmission system as a
while in a winder wavelength band, and enables dispersion to
be compensated for efficiently and its size to become

smaller.

In accordance with one aspect of the present
invention, there 1is provided a dispersion -compensating
fiber for compensating for a dispersion of a singie—mode
optical fiber having a predetermined length and a zero-
dispersion wavelength near 1.3 um, the dispersion-
compensating fiber comprising:

a core region extending along a predetermined reference
axis and having an outer diameter 2a; and
a cladding region which is a region provided on the outer

periphery of the core region, the cladding region
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comprising:
a first cladding provided on the outer periphery of the
core and having an outer diameter 2b;
a second cladding provided on the outer periphery of
5 the first cladding and having an outer diameter 2c; and
a third cladding provided on the outer periphery of the
second cladding,
wherein a refractive index n, of the core, a refractive
index n, of the first cladding, a refractive index n; of the
10 second cladding, and a refractive index n, of the third
cladding satisfy
o > N3 > Ng > Np;
wherein respective relative refractive index
differences 4, and A, of the core and the first cladding with

15 respect to the third cladding satisfy

1% = A, £ 3%, and

Ay £ -0.3%;

wherein the ratio of the outer diameter of the core
with respect to the outer diameter of the second cladding

20 satisfies
2a/2c = 0.3; and

wherein, when the single-mode optical fiber with the

AL predetermined length and the dispersion-compensating fiber
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having a length sufficient for compensating for the
dispersion of the single-mode optical fiber are optically
connected to each other to constitute an optical
transmission system, the dispersion-compensating fiber
causes a total dispersion slope in the optical transmission
system to have an absolute value of 0.024 ps/nm’/km or less
with respect to light having a shortest wavelength and light
having a longest wavelength in signal wavelengths within a
wavelength band in use, and

wherein the dispersion-compensating fiber, with respect
to light at a wavelength of 1.55 um, has:

a chromatic digpersion of -80 ps/nm/km or less;

an effective area of 16 um’ or more; and
a bending loss of 0.01 dB/m or less at a diameter of 40 mm.

In accordance with a further aspect of the present

invention, there is provided a dispersion-compensating fiber
for compensating for a dispersion of a single-mode optical
fiber having a predetermined length and a zero-dispersion
wavelength near 1.3 pm, the dispersion-compensating £fiber
comprising:

a core region extending along a predetermined reference
axis and having an outer diameter 2a; and

a cladding region which is a region provided on the
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outer periphery of the core region, the cladding region
comprising:
a first cladding provided on the outer periphery of the
core and having an outer diameter 2b;
5 a second cladding provided on the outer periphery of
the first cladding and having an outer diameter 2¢; and
a third cladding provided on the outer periphery of the
second cladding,
wherein a refractive index n, of the core, a refractive
10 index n, of the first cladding, a refractive index n; of the
second cladding, and a refractive index n, of the third
cladding satisfy
m>n; >0 > 0y;
wherein respective relative refractive index
15 differences A; and A, of the core and the first cladding with

respect to the third cladding satisfy

1% = A, S 3%, and

A2 é —0.3%,‘

wherein the ratio of the outer diameter of the core
20 with respect to the outer diameter of the second cladding

satisfies
2a/2¢c = 0.3; and

wherein, when the single-mode optical fiber with the

-10-
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predetermined length and the dispersion-compensating fiber
having a length sufficient for compensating for the
dispersion of the single-mode optical fiber are optically
connected to each other to constitute an optical
transmission system, the dispersion-compensating fiber
causes a total dispersion slope in the optical transmission
system to have an absolute value of 0.024 ps/nmz/km or less
with respect to light having a shortest wavelength and light
having a longest wavelength in signal wavelengths within a
wavelength band in use, and

wherein the dispersion-compensating fiber, with respect
to light at a wavelength of 1.55 um, has:

a chromatic dispersion of -80 ps/nm/km or less;

an effective area of 12 pm? or more; and
a bending loss of 107° dB/m or less at a diameter of 40 mm.

Preferably, the total dispersion slope in the optical
transmission system is caused to have an absolute value of
0.012 ps/nm’/km or less with respect to light having the
shortest wavelength and light having the longest wavelength
in signal wavelengths within the wavelength band in use.

In accordance with a further aspect of the present

invention, there is provided a dispersion-compensating fiber
for compensating for a dispersion of a single-mode optical

fiber having a predetermined length and a zero-dispersion

-11-
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wavelength near a 1.3 pm wavelength band, the dispersion-
compensating fiber comprising:

a core region extending along a predetermined reference
axis and having an outer diameter 2a; and

a cladding region which is a region provided on the
outer periphery of the core region, the cladding region
comprising:

a first cladding’provided on the outer periphery of the
core and having an outer diameter 2b,

a second cladding provided on the outer periphery of
the first cladding and having an outer diameter 2c; and

a third cladding provided on the outer periphery of the
second cladding;

wherein a refractive index n; of the core, a refractive
index n; of the first cladding, a refractive index n; of the
second cladding, and a refractive index n, of the third
cladding satisfy

ng > N3 > Ng > Np;

wherein respeéfive relative refractive index
differences A; and A; of the core and the first cladding with

respect to the third cladding satisfy

1% = A, S 3%, and

Ay £ -0.3%;

12-
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wherein the ratio of the outer diameter of the core
with respect to the outer diameter of the second cladding

satisfies
2a/2c = 0.3; and

wherein the dispersion-compensating fiber has a length
sufficient for compensating for the dispersion of the
single-mode optical fiber with the predetermined length, and

wherein the dispersion-compensating fiber, with respect
to light at a wavelength of 1.55 um, has:

a chromatic dispersion of -80 ps/nm/km or less;

an effective area of 16 pm® or more; and
a bending loss of 0.01 dB/m or less at a diameter of 40 mm.

In accordance with a still further aspect of the

present invention, there is provided a dispersion-
compensating fiber for compensating for a dispersion a
single-mode optical fiber having a predetermined length and
a zero-dispersion wavelength near a 1.3 pm wavelength band,
the dispersion-compensating fiber comprising:

a core region extending along a predetermined reference
axis and having an outer diameter 2a; and

a cladding region which is a region provided on the
outer periphery of the core region, the c¢ladding region

comprising:

-13-




10

15

20

PAQPER\SASVul-Doc CRZI97069 speci doc-1311/03

-4G-

a first cladding provided on the outer periphery of the
core and having an outer diameter 2b

a second cladding provided on the outer periphery of
the first cladding and having an outer diameter 2c; and

a third cladding provided on the outer periphery of the
second cladding;

wherein a refractive index n; of the core, a refractive
index n, of the first cladding, a refractive index n; of the
second c¢ladding, and a refractive index n; of the third
cladding satisfy

n; > N3 > ng > Ny;

wherein respective relative refractive index
differences A; and A; of the core and the first cladding with

respect to the third cladding satisfy

IA

1% = 5 3%, and

Ay £ -0.3%;

wherein the ratio of the outer diameter of the core
with respect to the outer diameter of the second cladding

satisfies
2a/2c £ 0.3; and
wherein the dispersion-compensating fiber has a length

sufficient for compensating for the dispersion of the

single-mode optical fiber with the predetermined length, and

14-
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wherein the dispersion-compensating fiber, with respect
to light at a wavelength of 1.55 um, has:

a chromatic dispersion of -80 ps/nm/km or less;

an effective area of 12 pmz or more; and
a bending loss of 10°° dB/m or less at a diameter of 40 mm.

Preferably, the dispersion-compensating fiber has a
length Iper which is set so as to satisfy the following
condition with respect to light having a wavelength Am in

signal wavelengths within the wavelength band in use:
| Dsur (AM) *Lgme + Dpcr (Am) *Lipce| = 200 ps/nm

where

-15-
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Dewr( Am) is the dispersion of the 1.3SMF at the
wavelength Am;

Lsyr 18 the length of the 1.3SMF;

Docr( Am) is the dispersion of the
dispersion-compensating fiber at the wavelength Am; and

Lpcr is the lengthof thedispersion-compensating fiber.

More preferably, the length Lper of the
dispersion-compensating fiber is set so as to satisfy the
following condition with respect to all signal wavelengths
Aann of light within the wavelength band in use:

| Dswr( Aa11) * Lewr + Doce( Aa11) * Locy| £ 200 ps/nm
where

Denr ( lau) is the dispersion of the 1.3SMF at all the
wavelengths A, in use;

Levr is the length of the 1.3SMF;

Docr{ Aa11) is the dispersion of the
dispersion-compensating fiber at all the wavelengths Aarl
in use; and

Lpcp isthe lengthof thedispersion-compensating fiber.

Thus, the aispersion—compensating fiber comprising a
core region having a single core and a cladding region,
provided on the outer periphery of the core region, having
three claddings (a triple cladding structure) can improve
the total dispersion slope in theoptical transmission system
to which the dispersion-compensating fiber is applied, if

the refractive index and outer diameter of each part thereof

-16-
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are set so as to satisfy such conditions as. those mentioned
above. Also, when the dispersion-compensating fiber is
wound like a coil so as to constitute a module, for example,
it is possible to select a chromatic dispersion having an
absolute value which is large enough to enable the dispersion
to be compensated for efficiently and the apparatus to become
smaller.

Inparticular, whenamoduleemployingadoublecladding
structure realizing an improvement in total dispersion slope
is to be made smaller, the shortening of the optical fiber
and the reduction of the bending loss occurring upon being
wound like a coil cannot be achieved at the same time. Such
a problem can be overcome when various characteristics of
the optical fiber having the triple cladding structure as
mentioned above are optimized.

For example, in the dispersion-compensating fiber
having a triple cladding structure, the length of the
dispersion-compensating fiber necessary for dispersion
compensation can be made shorter as the absolute value of
the dispersion having a negative value is greater, whereby
the dispersion compensation can be made more efficient. 1In
particular, when the relative refractive index difference
A, of the core with respect to the third cladding is set
within the range of 1% or more but 3% or less, dispersion
can be compensated for at a high efficiency.

Though the dispersion increases as the value of A,

A7-
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is enhanced, it is necessary that, for example, the amount
of GeO, added to the core be increased in order to enhance
thevalueof A;. Onthe other hand, an increase in the amount
of addition of Ge0, causes the tre;nsmission loss to increase.
Therefore, it ispreferred that, within the ranée of condition
concerningA;, the range of A; be appropriately selected,
in view of various conditions such as use, equipment, and
the like, such that the value of A; is lowered (e.g., 1%
£ A, £ 2%) in the case where a lower tranémission loss is
required and that the value of A, is enhanced (e.g., 2% =
A; £ 3%) in the case where a higher dispersion compensation
efficiency due to a higher dispersion is required.

Here, in the dispersion-compensating fiber according
to the present invention, the relative refractive index
difference A, of the second cladding with respect to the
third cladding preferably satisfies the condition of 0% <
A; £ 0.1%. Also, the ratio of the outer diameter 2b of the
first cladding to the outer diameter 2a of the core prefe_rably
satisfies the condition of 2.5 £ 2b/2a £ 3.5. In addition,
with respect to light having a wavelength of 1.55 4m, the
dispersion-compensating fiber according to the present
invention preferably has a bending loss of 0.1 dB/m or less at a diameter
of 60 mm, a polarization mode dispersion of 0.5 ps* km!/?
or less, and a transmission loss of 1 dB/km or less.

In practice, there is a case where such a

dispersion-compensating fiber is employed as a small-size

18-
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module wound like a coil. In this case, in particular,
lowering the bending loss enables the apparatus to reduce
its size and suppress its resultant increase in transmission
loss. .

When an optical transmission system is constituted by
a 1.3SMF and the dispersion-compensating fiber having a
length sufficient for compensating for the dispersion of
the 1.3SMF as mentioned in the foregoing, this optical
transmission systemyields a total dispersion slope of -0.024
ps/nm’/km or more but 0.024 ps/nm’/km or less, preferably
-0.012 ps/nm*/km or more but 0.012 ps/nm’/km or less, with
respect to respective light components having the shortest
wavelength As and the longest wavélength Ay in signal

wavelengths within the wavelength band in use.

19-
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Brief Description of the Drawings

Preferred embodiments according to the present
invention will now be described, by way of example only with
reference to the accompanying drawings, in which:

Fig. 1A is a view showing a cross-sectional structure
of a dispersion-compensating fiber according to an
embodiment of the present invention, whereas Fig. 1B is a
chart showing the refractive index profile of the
dispersion-compensating fiber shown in Fig. 1A;

Fig. 2 is a view showing an example of an optical
transmission system to which the dispersion-compensating
fiber according to an embodiment of the present invention is
applied;

Fig. 3 is a chart showing the refractive index profile
of a double cladding structure as a comparative example;

Fig. 4A is a graph showing the dependence of dispersion

-20-
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compensation ratio on core’s outer diameter in a first
embodiment of the dispersion-compensating fiber (triple
cladding structure) according to an embodiment of the present invention,
whereasFig. 4B is a graph showing thedependenceof dispersion
compensation ratio on core’s outer diameter in the
dispersion-compensating fiber (double cladding structure)
as the comparative example;

Fig. 5 is a table showing permissible ranges of core
outer diameter in the dispersion-compensating fiber
according to an embodiment of the present invention;

Fig. 6 is a graph showing relationships between
effectiveareaand A;concerningthe dispersion—compepsatinq
fiber (triple cladding structure) according to an embodiment of the present
invention and the comparative example (double cladding
.structure); and

Fig. 7 is a graph showing relationships between bending
loss at a diameter of 40 mm and A, concerning the
dispersion—cbmpensating fiber (triple cladding structure)
according to an embodiment of the present invention and the comparative
example (double cladding structure).

Best Modes for Carrying Out the Invention

In the following, embodiments of the
dispersion-compensating fiber according to the present
invention will be explained with reference to Figs. 1A, 1B,
2, 3, 4A, 4B, and 5 to 7. Here, constituents identical to

each other in the drawings will be referred to with numerals

10

21-
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or letters identical to each other without repeating their
overlapping explanations. Also, ratiosofdimensionsinthe
drawings do. not always match those explained.

Fig. 1A is a view showing a cross-sectional structure
of a dispersion-compensating fiber according to the present
invention. This dispersion-compensating fiber 100
comprises a core region having a core 1with an outer diameter
2a, and a cladding region 5 of a triple cladding structure
constituted by a first cladding 2, provided on the outer
periphery of the core 1, having an cuter diameter 2b, a second
cladding 3, provided on the outer periphery of the first
cladding 2, having an outer diameter 2c, and a third cladding
4 provided on the outer periphery of the second cladding
3. Fig. 1B is a chart showing a refractive index profile
550 of the dispersion-compensating fiber 100 shown in Fig.
1A in a diametric direction thereof (direction indicated
by the line L in the chart). Here, the abscissa of the
refractive index profile 550 shown in Fig. 1B corresponds
to individual parts along the line L in Fig. 1A on a cross
section perpendicular to thecenter axisof thecorel. Hence,
in the refractive index profile 550 in Fig. 1B, areas 10,
20, 30, and 40 indicate the refractive indices of individual
parts on the line L of the core 1, first cladding 2, second
cladding 3, and third cladding 4, respectively.

The dispersion-compensating fiber 100 is an optical

waveguide mainly composed of Si0, (silica glass), and its

11
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characteristics are controlled by the outer diameter and
refractive index of each region constituting the
dispersion-compensating fiber 100, andthelike. Here, A in
the refractive index profile 550 shown in Fig. 1B indicates
the relative refractive index difference of each region with
reference to the refractive index of the third cladding 4,
and is defined as follows:

Ay = (m - ng)/n,

A; = (n; - ng)/n,

As = (ny - ng)/ny

Here, ni, n;, n;, and nq are refractive indices of the
corel,firstcladdingZ,secondcladding3,andthirdcladding
4, respectively. Also, the relative refractive index
difference A in this specification is expressed in terms
of percent, and the refractive indices of individual regions
in each defining expression may be arranged in any order.
Consequently, a negative value of A indicates that the
refractive index of its corresponding region is lower than
the refractive index of the third cladding 4.

The dispersion-compensating fiber according to the
present invention is configured such that the respective
refractiveindicesoftheabove—mentionedindividualregions
1 to 4 satisfy the following condition (1):

ni: > n;3 >ng > n, (1)

As a consequence, the respective relative refractive index

differences of the individual regions with respect to the

12
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third cladding 4 satisfy the following condition (la):
AL > A; > 0% > A, (1a)
(Conditions (1) and (la) are equivalent to each other.)
Namely, they are configured such that A, and A; have positive
values, A, has a negative value, and A, has the largest value.
Anoptical fiberwithatriplecladdingstructurehaving
such a refractive index profile is constructed, for example,
as follows. The outermost third cladding 4 is formed from
$i0,. By contrast, the core 1 and the second cladding 3,
which are mainly composed of Si0,, are doped with respective
predetermined amounts of GeO., such that their refractive
indices are controlled so as to become higher than the
refractive index of SiO,. On the other hand, the first
cladding 2 mainly composed of $i0, is doped with a
predetermined amount of F (fluorine), such that its
refractive index is controlled so as to become lower than
that of Si0;. Here, the configuration mentioned above is
just an example of specific methods and configurations of
refractive index control by means of such impurity doping,
which is not restrictive. For example, the third cladding
4 may not be pure $i0,, but may be doped with a predetermined
amount of a refractive index adjusting agent such as F.
Their respective relative refractive index
differences further satisfy the following conditions (2)
and (3):

13 £ A,

I\

33 (2)

13
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A, £ -0.3% (3).
Also, their respective outer diameters satisfy the following
condition (4): .

2a/2c £ 0.3 (4).
When the refractive index and outer diameter of each region
are set as mentioned above, a dispersion-compensating fiber
capable of sufficiently improving a dispersion slope is

obtained. Also, when the following conditions (5) and (6)

aresatisfied, a further preferable dispersion-compensating

fiber is obtained.
0% < A; £ 0.1% (3)
2.5 = 2b/2a £ 3.5 (6).
Here, as for the range of 12 = A; £ 3% of condition

(2) concerning the relative refractive index difference A,
of the core 1 with respect to the third cladding 4, if the
value of A, is increased, then the absolute value of the
dispersion having a negative value can be enhanced, whereby
the dispersion compensation can be made more efficient. In
order to increase the value of A,, on the other hand, it
is necessary that, for example, the amount of Ge0O, added to
the core 1 be increased so as to enhance the refractive index
n; thereof. 1In this case, however, transmission loss would
increase due to the increase in Rayleigh scattering caused
by GeO; being added, and the like. Since the upper limit
value of A, is set to 3%, the dispersion-compensating fiber

according to the present invention can suppress the
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transmission loss thereof to 1 dB/km or less, while
compensating for the chromatic dispersion of the single-mode
optical fiber.

Also, while polarization mode dispersion (PMD)
enhances along with increases in out-of-roundness which
represents the deviation of the form of the core 1 from a
perfect circle, the polarization mode dispersion caused by
the deviation from the perfect circle also increases as the
refractive index of the core 1 is greater, i.e., the value
of A; is greater. Since the upper limit of A, is suppressed
to 3% or less, the dispersion-compensating fiber according
to the present invention can suppress its polarization mode
dispersiontoO.Sps-km*’zbr1esswhentheout-of-roundness
is 0.5% or less, for example.

Fig. 2 is a view showing a configurational example of
an optical transmission system to which the
dispersion-compensating fiber according to the present
invention is applied. In this optical transmission system,
one end (entrance end) of a 1.3SMF 200 is optically connected
to a transmitter 400 by way of an optical fiber transmission
line 300 such as a single-mode optical fiber, whereas the
other end (exit end) thereof is optically connected to one
end (entrance end) of the dispersion-compensating fiber 100
according to the present invention. On the other hand, the
other end (exit end) of the dispersion-compensating fiber

100 is optically connected to a receiver 500 by way of an
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optical fiber transmission line 300 such as a single-mode
optical fiber.

Here, the total dispersion and total dispersion slope
in the optical transmission system to which the
dispersion-compensating fiber 100 is applied are defined
as follows. Namely, the total dispersion of the optical
transmission system constituted, as shown in Fig. 2, by the
1.38MF 200 with a length of Lewr having a dispersion Dgy (17
ps/nm/km at a wavelength of 1.55 4m) and a dispersion slope
Sswr (0.06 ps/nm®/km) and the dispersion-compensating fiber
100 with a length of Lper having a dispersion Dper and a
dispersion slope Spycr is given by:

Dsyr * Lowr + Docr * Lincr
Also, the total dispersion slope in the optical transmission
system is given by:

(Ssur * Lsur + Sper * LDCL;“) /Lisyr -

Here, since the length of the dispersion-compensating fiber
100 ismuch shorter than that of the transmission line portion
constituted by the dispersion-compensating fiber 100 and
the 1.3SMF 200, its contribution to the total dispersion
and total dispersion slope in the optical transmission system
is negligible.

The dispersion-compensating fiber according to the
present invention has such characteristics that, in the
optical transmission system to which it is applied together

with the 1.3SMF, the value of total dispersion slope becomes
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-0.024 ps/nm?/km or more but 0.024 ps/nm’/km or less under
the condition where its dispersion is sufficiently
compensated for with respect to light having a wavelength
of 1.55 um, i.e., under the condition where the total
dispersion becomes zero.

The basis for this numerical range of total dispersion
slope is as follows. Namely, inthe case of WDM transmission
with a signal bandwidth of 30 nm and a transmission length
of 300 km, adifferenceof anaccumulated chromatic dispersion
becomes 216 ps/nm between both ends of the signal band (the
shortest and longest wavelengths in the signal band) when
the total dispersion slope is 0.024 ps/nm’/km. The limit
of permissible difference of an accumulated chromatic
dispersion in such optical transmission is described, for
example, in "Optical Fiber Communication (OFC'96) Technical
digest Postdeadline paper PD 19 (1996)"; and, according to
its description, the limit of permissible dispersion width
is about 200 ps/nmwhen the bandwidth is 32.4 nm in the optical
transmission over 150 km of a single-mode optical fiber.
In view of this, for carrying out wide-band, high-speed WDM
transmission in an optical fiber transmission line having
a length of 150 km or more, it is necessary that the total
dispersion slope of the optical transmission line be -0.024
ps/nm?/km or more but 0.024 ps/nm?/km or less.

Further, when a dispersion-compensating fiber which

is adapted to yield a total dispersion slope value of -0.012

17

-28-




10

15

20

25

SEI 99-17

ps/nm?/km or more but 0.012 ps/nm’/km or less is employed,
an optical transmission system capable of higher-speed
optical transmission can be realized. Namely, the total
dispersion slope value is needed to be made further smaller
in high-speed optical transmission at 20 Gbits/sec or at
30Gbits/sec. Accordingtothedescriptionin "OpticalFiber
Communication (OFC'96) Technical digest Postdeadline paper
PD 19 (1996)," optical transmission over a distance up to
about 500 to 600 km is possible when the total dispersion
slope is -0.012 ps/nm?/km or more but 0.012 ps/nm’/km or less.

Here, in order to constitute the optical transmission
system as mentioned above, the length Lpcr of the
dispersion-compensating fiber is set so as to satisfy the
following conditionwith respect to light having a wavelength
Am in signal wavelengths within the wavelength band in use:

| Dep( Am) * Lawr + Dpcr( Am) * Lpce| = 200 ps/nm
where

Dswr(Am) is the dispersion of the 1.3SMF at the
wavelength Am;

Leswr 18 the length of the 1.3SMF;

Dpcr( Am) is the dispersion of the
dispersion-compensating fiber at the wavelength Am; and

Lpcr is the lengthof the dispersion—c;)mpensating fiber.

More preferably, the length Lpcr of the
dispersion-compensating fiber is set so as to satisfy the

following condition with respect to all signal wavelengths
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Aanr of light within the wavelength band in use:

|Dswp( Aa11) * Lewe + Dpep( Aarr) * Locr| £ 200 ps/nm
where

Dawr( Aa11) is the dispersion of the 1.3SMF at all the
wavelengths A, in use;

Lgwr 18 the length of the 1.3SMF;

Dper( Aa11) is the dispersion of the
dispersion-compensating fiber at all the wavelengths A.n
in use; and

Lper 18 the length of thedispersion-compensating fiber.

The dispersion compensation ratio, which is employed
as an index for evaluating the dispersion-compensating fiber
together with the above-mentioned total dispersion slope
value, will now be éxplained. In this specification, the
dispersion compensation ratio is defined as the value
obtained when the ratio of the dispersion slope of the
dispersion-compensating fiber to the dispersion slope of
the single-mode optical fiber at a wavelength of 1.55 um
is divided by the ratio of the dispersion of the
dispersion-compensating fiber to the dispersion of the
single-mode optical fiber at a wavelength of 1.55 4tm, and
represents, when an optical transmission system is
constituted by the single-mode optical fiber and the
dispersion-compensating fiber, the correlation between the
total dispersion and total dispersion slope in the optical

transmission system. Namely, letting Dew be the dispersion
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of the single-mode optical fiber, Ssyr be the dispersion slope
thereof, Dycrbethedispersionof thedispersion-compensating
fiber, and Sycr be the dispersion slope thereof, the dispersion
compensation ratio DSCR is given by:

DSCR = (Spcr/Docr) / (Ssur/Dswr) «

For example, in an optical transmission system having
a dispersion compensation ratio of 100%, the ratio in length
between the single-mode optical fiber and the
dispersion-compensating fiber is set such that its total
dispersion becomes zero, whereby the total dispersion slope
value becomes 0 ps/nm’/km simultaneously, thus completely
compensating for the total dispersion and total dispersion
slope at the same time. In an optical transmission system
having a dispersion compensation ratio of 50%, for example,
on the other hand, the total dispersion slope can be
compensated for by only 50% even if theratio in length between
the single-mode optical fiber and the
dispersion-compensating fiber is set such that the total
dispersion becomes zero. In this case, if the dispersion
slope of the single-mode optical fiber is 0.06 ps/nm’/km,
then the total dispersion slope after the compensation
becomes 0.03 ps/nm’/km. In an optical transmission system
having a dispersion compensation ratio of 150%, for example,
by contrast, the total dispersion slope can be compensated
for in excess by 50% even if the ratio in length between

the single-mode optical fiber and the
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dispersion-compensating fiber is set such that the total
dispersion becomes zero. In this case, if the dispersion
slope of the single-mode optical fiber is 0.06 ps/nm?/km,
then the total dispefsion slope after the compensation
becomes -0.03 ps/nm?/km.

Withregardtotheoptical transmission systemtowhich
the dispersion-compensating fiber according to the present
invention is applied, the condition for the total dispersion
slope to become -0.024 ps/nm’/km or more but 0.024 ps/nm?/km
or less corresponds to, for example, the state where the
dispersion compensation ratio is about 60% or more but 140%
or less in the case where the dispersion-compensating fiber
is connected to the single-mode optical fiber whose
dispersionslopeis0.06 ps/nm*/km. Similarly,thecondition
for the total dispersion slope of -0.012 ps/nm’/km or more
but 0.012 ps/nm?/km or less corresponds to the state where
the dispersion compensation ratio is about 80% or more but
120% or less.

The configuration of such an optical transmission
system is not limited to that mentioned above. For example,
though the dispersion-compensating fiber 100 is disposed
downstream from the single-mode optical fiber 200 in Fig.
2, it may be located upstream from the single-mode optical
fiber 200. Also, theopticaltransmissionlineoftheoptical
transmission system shown in Fig. 2 may be an optical

transmission line network capable of bidirectional
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communications. Astheoptical fiber transmission line 300,
not only a single-mode optical fiber but also other modes
of optical fibersmay be employed as required. If necessary,
repeaters and the like can be installed on the transmission
line.

Specific embodiments of the dispersion-compensating
fiber according to the present invention and their
characteristics will now be explained. Here, all of various
characteristics such as dispersion and dispersion slope in
each of the embodiments set forth in the following are based
onresultsofcalculationsemployingafinite-elementmethod.

(First Embodiment)

The cross-sectional structure of the
dispersion-compensating fiber according to the first
embodiment and its refractive index profile are similar to
the cross-sectional structure shown in Fig. 1A and the
refractive index profile shown in Fig. 1B, respectively;
and, in the dispersion-compensating fiber according to the
first embodiment, the relative refractive index difference
A; of the core 1 with respect to the third cladding 4, the
relativerefractive indexdifference A;of the first cladding
2withrespecttothethirdcladding 4, therelativerefractive
index difference A; of the second cladding 3 with respect
to the third cladding 4, the ratio 2a/2c of the outer diameter
2aof thecore 1 to theouter diameter 2c of the second cladding

3, and the ratio 2b/2c of the outer diameter 2b of the first
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cladding 2 to the outer diameter 2c of the second cladding
3 are set to 1.803%, -0.334%, 0.084%, 0.1, and 0.3,
respectively. These numerical values satisfy the
above-mentioned individual conditions (1), (2), (3), (4),
(5), and (6).

For comparison with the dispersion-compensating fiber
according to the first embodiment, calculations were also
carried out with respect to a dispersion-compensating fiber
having a double cladding structure. Fig. 3 shows the
refractive index profile 560 of the dispersion-compensating
fiber of double cladding structure, which is a comparative
example, and, the dispersion-compensating fiber of the
comparative example corresponds to a structure in which the
second cladding 3 (corresponding to the area 30) is excluded
from the triple cladding structure shown in Fig. 1A (i.e.,
2d =2b). Consequently, in the refractive index profile 560
of Fig. 3, areas 561, 562, and 563 indicate the refractive
indices of the core portion, first cladding portion, and
second cladding portioncorresponding tothe individualparts
on the line L of the core 1, first cladding 2, and third
cladding 4 shown in Fig. 1A, respectively. Hence, the
dispersion-compensating fiber as the comparative example
comprises the core portion having a refractive index n; and
an outer diameter 2a, the first cladding portion, provided
ontheouter peripheryof the coreportion, havingarefractive

indexn, (<n;) and an outer diameter 2d; and the secondcladding
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portion, provided on the outer periphery of the first
cladding portion, having a refractive index n3y (>n;, and
<ni); whereas the relative refractive index difference Ay of
the core portion with respect to the above-mentiocned second
cladding portion is 1.803%, the relative refractive index
difference A; of the first cladding portion with respect to
the above-mentioned second cladding portion is -0.334%, and
the ratio 2a/2d of the outer diameter 2a of the core portion
to the outer diameter 2d of the first cladding portion is
0.35.

Fig. 4A is a graph showing the dependence of dispersion
compensation ratio on core's outer diameter concerning the
dispersion-compensating fiber of triple cladding structure,
whereas Fig. 4B 1is a graph showing the dependence of
dispersion compensation fatio on core's outer diameter
concerning the dispersion-compensating fiber of double
cladding structure. In these graphs, dotted lines PO to P4
indicate dispersion compensation ratios in the case where
connection to a single-mode optical fiber having a
dispersion slope of 0.06 ps/nm?/km at a wavelength of 1.55 um
is assumed. Namely, dotted line PO indicates the case where
the dispersion compensation ratio is 100%, and corresponds
to the state where the dispersion is completely compensated
for and the total dispersion slope is 0 ps/nm?/km. Dotted
lines Pl and P2 indicate the cases where the dispersion
compensation ratio is about 60% and 140%, respectively, and
correspond to the states where the total dispersion slope is

0.024 and -0.024
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ps/nm’/km, respectively. Dotted lines P3 and P4 indicate
the cases where the dispersion compensation ratio is about
80% and 120%, respectively, and correspond to the states
where the total dispersion slope is 0.012 and -0.012 ps/nm?/km,
respectively.

In the dispersion-compensating fiber of double
cladding structure (comparative example) shown in Fig. 4B,
the permissible range width of core outer diameter 2a is
about 0.14 #m in the dispersion compensation ratio of 80%
to 120% and is about 0.22 #m in the dispersion compensation
ratio of 60% to 140%. 1In the dispersion-compensating fiber
of triple cladding structure according to the present
invention shown in Fig. 4A, on the other hand, the permissible
range width of core outer diameter 2a is about 0.24 um in
the dispersion compensation ratio of 80% to 120%, and is
about 0.40 #m in the dispersion éompensation ratio of 60%
to 150%, whereby it can be seen that the permissible range
of dispersion compensation ratio, i.e., the width of range
ofcoreouterdiameter2ainwhichthetotaldispersionslope.
can reside within the permissible range thereof, is much
wider than that in the dispersion-compensating fiber of
double cladding structure.

Fig. 5 shows a table of examples of calculations in
which parameters concerning refractive index and outer
diameters are changed under the conditions of dispersion

< -80 ps/nm/km at a wavelength of 1.55 #m and bending loss
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< 107 dB/m at a diameter of 60 mm. In particular, the table
of Fig. 5 shows the permissible range of core’s outer diameter
and its width when the dispersion compensation ratio is 80%
to 120%.

For reducing the size of a module constructed when the
dispersion-compensating fiber is wound like a coil, two
points, i.e., (a) that the absolute value of the dispersion
having‘a negative value is large and (b) that the bending
loss is small, are important in addition to the dispersion
compensation ratio and the total dispersion slope. Black
points D1 and D2 in Figs. 4A and 4B indicate points where
the dispersion is -80 ps/nm/km and -100 ps/nm/km,
respectively; and the area on the left side (smaller core
outer diameter side) from each point is the range where the
dispersion is not greater than the corresponding value
whereas the absolute value becomes greater. On the other
hand, white points Bl and B2 in Figs. 4A and 4B indicate
points where the bending loss at a diameter of 60 mm is 107>
dB/m and 10°° dB/m, respectively; and the area on the right
side (greater core outer diameter side) from each point is
the range where the bending loss is not greater than the
corresponding value. Here, each of the dispersion and
bending loss is expressed as a value for light having a
wavelength of 1.55 um.

As for these conditions, the permissible range width

of outer diameter 2a of core in the dispersion-compensating
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fiber of triple cladding structure shown in Fig. 42 is about
0.26 #m when restricted by D1 and B1l, and is about 0.06 um
when restricted by D2 and B2 which constitute a severer
condition. In the dispersion-compensating fiber of double
cladding structure shown in Fig. 4B, by contrast, no
permissible core’s outer diameter range exists even when
restricted by D1 and Bl which constitute the mildest
condition.

Thus, the superiority of the dispersion-compensating
fiber of triple cladding structure designed so as to satisfy
the above-mentioned respective conditions concerning
refractive index and outer diameter isclear. Inparticular,
as for any of the condition for the dispersion compensation
ratio and total dispersion slope concerning £he compensation
for dispersion and dispersion slope and the condition for
the dispersion and bending loss concerning the forming of
a smaller-size module, the permissible range width of core’s
outer diameter can be made very wide in the
dispersion-compensating fiber according to the present
invention. Thismeans, in particular, that the permissible
range of errors in core’s outer diameter at the time of fiber
making is wide, whereby it is possible to facilitate the
fiber making step and improve the yield thereof.

(Second Embodiment)

As with the first embodiment, the second embodiment

has the structure and refractive index profile shown in Figs.
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1A and 1B. In the dispersion-compensating fiber according
to the second embodiment, the relative refractive index
difference A, of the core 1 with respect to the third cladding
4, the relative refractive index difference A, of the first
cladding 2 with respect to the third cladding 4, and the
relative refractive index difference As; of the second
cladding 3 with respect to the third cladding 4 are set to
1.8%, -0.35%, and 0.08%, respectively. Alsc, the outer
diameter 2a of the core 1, the outer diameter 2b of the first
cladding 2, and the outer diameter 2c of the second cladding
3 are set to 2.96 um, 7.4 4m, and 29.6 um, respectively.
In this case, the ratio 2a/2c of the outer diameter 2a of
the core 1 to the outer diameter 2c of the second cladding
3 is 0.1, and the ratio 2b/2c of the outer diameter 2b of
the first cladding 2 to the outer diameter 2c of the second
cladding3is 0.25. Thesevaluessatisfytheabove-mentioned
conditions (1), (2), (3), (4), (5), and (6).

Various characteristics of the
dispersion-compensating fiber at a wavelength of 1.55 uUm

determined under the following conditions:

dispersion: -121 ps/nm/km
dispersion slope: -0.425 ps/nm?/km
mode field diameter (MFD): 4.98 um
effective area (Ree): 19.7 um®

bending loss at a diameter of 40 mm: 2.4 X 107 dB/m

bending loss at a diameter of 60 mm: 5.9 X 107° dB/m.
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Also, the effective cutoff wavelength was 1.45 gum. In the
above-mentioned characteristics, the absolute value of
dispersion is sufficiently large, and, as for the values
of dispersion and dispersion slope, the dispersion
compensation ratio becomes substantially 100% with respect
to a single-mode optical fiber having a dispersion of 17
ps/nm/kmandadispersionslopeof0.0Gps/mﬁ/km,forexample.
Also, the value of bending loss is sufficiently suppressed.
on the other hand, since the amount of addition of Ge
in the core is large in the dispersion-compensating fiber,
while its effective area is small, its nonlinear property
is so high that transmission characteristics are often
adversely affected thereby. Therefore, it has been desired
to enhance the effective area in order to suppress the
nonlinear property. Hence, in such a
dispersion-compensating fiber, it is necessary to achieve
a large effective area and a small bending loss at the same
time. Fig. 6 shows the relationship between the relative
refractive index difference A, of the core 1 with respect
to the outermost cladding (the third cladding in the case
of the triple cladding structure, and the second cladding
inthecaseof thedoublecladding structure) andtheeffective
areaA@ﬁ(dependenceoftheeffectiveareaAafontherelative
refractive index difference A,) for each of the
dispersion-compensating fiber of double cladding structure

indicated by €200 (solid line) and the
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dispersion-compensating fiber of triple cladding structure
indicated by €100 (dotted line). Also, Fig. 7 shows the
relationship between the relative refractive index
difference A, of the core 1 with respect to the outermost
cladding (thethirdcladding inthe case of thetriplecladding
structure, and the second cladding in the case of the double
cladding structure) and the bending loss at a diameter of
40 mm (dependence of the bending loss at a diameter of 40
mm on the relative refractive index difference A;) for each
of the dispersion-compensating fiber of double cladding
structure indicated by €200 (solid line) and the
dispersion-compensating fiber of triple cladding structure
indicated by C100 (dotted line).

Though the bending loss canbe made smaller as the value
of A, is greater, the effective area A.:;s decreases in this
case; and, for increasing the value of A;, it is necessary
to enhance the amount of additionof GeO,, for example, whereby
Rayleigh scattering increases, thus enhancing transmission
loss. Therefore, preferable conditions concerning the
effective area and bending loss have been hard to achieve
at the same time. By contrast, ascan alsobe seen fromFigs.
6 and 7, the dispersion-compensating fiber (triple cladding
structure) according to the present invention can yield a
greater effective area A and smaller bending loss as
compared with the dispersion-compensating fiber based on

the double cladding, thus being able to achieve these
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conditions at the same time.
Industrial Applicability

As mentioned in the foregoing, since the
dispersion-compensating fiber according to the present
invention employs a triple cladding structure, while
parametersconcerningtherefractive indexandouter diameter
of each part thereof are optimized, so as to compensate for
the dispersion with respect to a 1.3SMF, it can compensate
for the dispersion of the 1.3SMF and, at the same time, can
sufficiently compensate for the dispersion slope of the whole
optical transmission system as well.

Also, since parameters such as the relative refractive
index difference A, of the core and the like are set such
that the absolute value of dispersion becomes sufficiently
large, the length of the dispersion-compensating fiber
necessary for dispersion compensation can be shortened, and
the bending loss can be made sufficiently small, whereby,
when the dispersion-compensating fiber is wound like a coil
so as to construct a module, the latter can be made smaller,
and an effective compensation for dispersion and dispersion

slope can be realized.
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Throughout this specification and the c¢laims which
follow, wunless the context requires otherwise, the word
"comprise", and variations such as "comprises" and
"comprising"”, will be understood to imply the inclusion of a
stated integer or step or group of integers or steps but not
the exclusion of any other integer or step or group of
integers or steps.

The reference to any prior art in this specification is
not, and should not be taken as, an acknowledgement or any
form of suggestion that that prior art forms part of the

common general knowledge in Australia.
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The claims defining the invention are as follows:

1. A dispersion-compensating fiber for compensating
for a dispersion of a single-mode optical fiber having a
predetermined length and a zero-dispersion wavelength near
1.3 um, said dispersion-compensating fiber comprising:

a core region extending along a predetermined reference
axis and having an outer diameter 2a; and

a cladding region which is a region provided on the
outer periphery of said core region, said cladding region
comprising:

a first cladding provided on theé outer periphery of
said core and having an outer diameter 2b;

a second cladding provided on the outer periphery of
said first cladding and having an outer diameter 2c; and

a third cladding provided on the outer periphery of
said second cladding,

wherein a refractive index n, of said core, a refractive
index n; of said first cladding, a refractive index n; of
said second cladding, and a refractive index n, of said third
cladding satisfy

Ny > N3 > Ny > Ny;

wherein respective relative refractive index

differences A; and A; of said core and said first cladding
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with respect to said third cladding satisfy

1% = 5, = 3%, and

A, £ -0.3%;

wherein the ratio of the outer diameter of said core
5 with respect to the outer diameter of said second cladding

satisfies
2a/2¢c £ 0.3; and

wherein, when said single-mode optical fiber with the
predetermined length and said dispersion-compensating fiber

10 having a length sufficient for compensating for the
dispersion of said single-mode optical fiber are optically
connected to each other to constitute an optical
transmission system, said dispersion-compensating fiber
causes a total dispersion slope in said optical transmission

15 system to have an absolute value of 0.024 ps/nm?/km or less

with respect to light having a shortest wavelength and light

having a longest wavelength in signal wavelengths within a
wavelength band in use, and

wherein said dispersion-compensating fiber, with
Fa 20 respect to light at a wavelength of 1.55 um, has:
a chromatic dispersion of -80 ps/nm/km or less;

an effective area of 16 um® or more; and

a bending loss of 0.01 dB/m or less at a diameter of 40
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mm.

2. A dispersion-compensating fiber for compensating
for a dispersion of a single-mode optical fiber having a
predetermined length and a zero-dispersion wavelength near
1.3 pm, said dispersion-compensating fiber comprising:

a core region extending along a predetermined reference
axis and having an outer diameter 2a; and

a cladding region which is a region provided on the
outer periphery of said core region, said cladding region
comprising:

a first cladding provided on the outer periphery of
said core and having an outer diameter 2b;

a second cladding provided on the outer periphery of
said first cladding and having an outer diameter 2c; and

a third cladding provided on the outer periphery of
said second cladding,

wherein a refractive index n; of said core, a refractive
index n; of said first cladding, a refractive index nj of
said second cladding, and a refractive index n; of said third
cladding satisfy

Ny > N3 > Ng > Ny;

wherein respective relative refractive index
differences A; and A, of said core and said first cladding

with respect to said third cladding satisfy
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A

1% A, £ 3%, and

Az é -0.3%,‘

wherein the ratio of the outer diameter of said core

with respect to the outer diameter of said second cladding

satisfies

2a/2c = 0.3; and

wherein, when said single-mode optical fiber with the
predetermined length and said dispersion-compensating fiber
having a length sufficient for compensating for the
dispersion of said single-mode optical fiber are optically
connected to each other to constitute an optical
transmission system, said dispersion-compensating fiber
causes a total dispersion slope in said optical transmission
system to have an absolute value of 0.024 ps/nm’/km or less
with respect to light having a shortest wavelength and light
having a longest wavelength in signal wavelengths within a
wavelength band in use, and

wherein said dispersion-compensating fiber, with
respect to light at a wavelength of 1.55 um, has:

a chromatic dispersion of -80 ps/nm/km or less;

an effective area of 12 pmz or more; and

a bending loss of 10° dB/m or less at a diameter of 40
mm.

-47-




sy
-
aoew
-
LTS
" .
.
roseve
. .
aase
»
. 0

.
vessan
» .

10

15

20

POPER\SASul-Dec 032397069 cliims doc-§ /11/03

-37-

3. A dispersion-compensating fiber according to claim
1 or claim 2, wherein the total dispersion slope in said
optical transmission system is caused to have an absolute
value of 0.012 ps/nm’/km or less with respect to light having
the shortest wavelength and 1light having the 1longest
wavelength in signal wavelengths within the wavelength band
in use.

4. A dispersion-compensating fiber for compensating
for a disgpersion of a single-mode optical fiber having a
predetermined length and a zero-dispersion wavelength near a
1.3 pm wavelength band, said dispersion-compensating fiber
comprising:

a core region extending along a predetermined reference
axis and having an outer diameter 2a; and

a cladding region which is a region provided on the
outer periphery of said core region, said cladding region
comprising:

a first cladding provided on the outer periphery of
said core and having an outer diameter 2b,

a second cladding provided on the outer periphery of
said first cladding and having an outer diameter 2c; and

a third cladding provided on the outer periphery of
said second cladding;

wherein a refractive index n; of said core, a refractive

-48-
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index n; of said first cladding, a refractive index n; of
said second cladding, and a refractive index n; of said third
cladding satisfy

n > N3 > Ng > Ny;

wherein respective relative refractive index
differences 4A; and 4, of said core and said first cladding

with respect to said third cladding satisfy

1% £ A, £ 3%, and

Ay £ -0.3%;
wherein the ratio of the outer diameter of said core

with respect to the outer diameter of said second cladding

satisfies

2a/2c £ 0.3; and
wherein said dispersion-compensating fiber has a length
sufficient for compensating for the dispersion of said
single-mode optical fiber with the predetermined length, and

wherein said dispersion-compensating fiber, with
respect to light at a wavelength of 1.55 pum, has:

a chromatic dispersion of -80 ps/nm/km or less;

an effective area of 16 um? or more; and

a bending loss of 0.01 dB/m or less at a diameter of 40
mm.

5. A dispersion-compensating fiber for compensating
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for a dispersion a single-mode optical £fiber having a
predetermined length and a zero-dispersion wavelength near a
1.3 pm wavelength band, said dispersion-compensating fiber
comprising:

a core region extending along a predetermined reference
axis and having an outer diameter 2a; and

a cladding region which is a region provided on the
outer periphery of said core region, said cladding region
comprising:

a first cladding provided on the outer periphery of
said core and having an outer diameter 2b

a second cladding provided on the outer periphery of
said first cladding and having an outer diameter 2c; and

a third cladding provided on the outer periphery of
said second cladding;

wherein a refractive index n, of said core, a refractive
index n, of said first cladding, a refractive index n; of
said second cladding, and a refractive index n, of said third
cladding satisfy

ng > Ny > Ng > Ny;

wherein respective relative refractive index
differences A; and 4, of said core and said first cladding

with respect to said third cladding satisfy

1% £ A, £ 3%, and
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wherein the ratio of the outer diameter of said core
with respect to the outer diameter of said second cladding
satisfies
5 2a/2c £ 0.3; and
wherein said dispersion-compensating fiber has a length
sufficient for compensating for the dispersion of said
single-mode optical fiber with the predetermined length, and
wherein said dispersion-compensating fiber, with
10 respect to light at a wavelength of 1.55 pm, has:
a chromatic dispersion of -80 ps/nm/km or less;
an effective area of 12 pnf or more; and

a bending loss of 10™° dB/m or less at a diameter of 40

mm.

15 6. A dispersion-compensating fiber according to any
sene one of claims 1 to 5, wherein said dispersion-compensating
HENH fiber has a length Lpey satisfying, with respect to light

having a wavelength Am in signal wavelengths within the

wavelength band in use, the following condition:

20 |D5Mp()\m) +Lgwp + DDCF(Am) 'LDCFI é 200 ps/nm

where

Dgyr (Am) is the dispersion of the single-mode optical

fiber at the wavelength Am;
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Lewr i8 the length of the single-mode optical fiber;

Do (Am) is the dispersion of the dispersion-
compensating fiber at the wavelength Am; and

Locr is the length of the dispersion-compensating fiber.

7. A dispersion-compensating fiber according to claim
6, wherein the length Iper of said dispersion-compensating
fiber satisfies, with respect to all signal wavelengths Aa
of light within the wavelength band in use, the following

condition:
| Dsme (Aa11) * Liswr + Docr (Aa11) *Lper| = 200 ps/nm

where

Dswer (Aa11) 1s the Aispersion of the single-mode optical
fiber at all the wavelengths A, in use;

Lgwr 18 the length of the single-mode optical fiber;

Docr (Ma11) 1s the dispexrsion of the dispersion-
compensating fiber at all the wavelengths Aui in use; and

Lpcr is the length of the dispersion-compensating fiber.

8. A dispersion-compensating fiber according to claim
1 or 2, wherein a relative refractive index difference A; of
said second cladding with respect to. said third cladding

satisfies the following condition:
0% < 83 £ 0.1%.

9. A dispersion-compensating fiber according to claim
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1 or 2, wherein the outer diameter 2a of said core and the
outer diameter 2b of said first cladding satisfy the

following condition:
2.5 £ 2b/2a £ 3.5.

10. A dispersion-compensating fiber according to claim
1 or 2, wherein, with respect to light having a wavelength
of 1.55 uym, said dispersion-compensating fiber has a bending
loss of 0.1 dB/m or less at a diameter of 60 mm, a

2 or less, and a

polarization mode dispersion of 0.5 ps-km*/
transmission loss of 1 dB/km or less.

11. An optical transmission system comprising:

a single-mode optical fiber having a predetermined
length and a zero-dispersion wavelength near 1.3 um; and

a dispersion-compensating fiber according to any one of
claims 1, 2, 4 or 5;

wherein said optical transmission system has a total
dispersion slope whose absolute value is 0.024 ps/nm?/km or

less with respect to light having a sghortest wavelength and

light having a longest wavelength in signal wavelengths

20 within a wavelength band in use.

12. An optical transmission system according to claim
11, wherein the absolute value of total dispersion slope in

said optical transmission system is 0.012 ps/nm’/km or less
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with respect to light having the shortest wavelength and
light having the longest wavelength in signal wavelengths
within the wavelength band in use.

13. A dispersion-compensating fiber substantially as
hereinbefore described with reference to the accompanying
Figs. 1A, 1B, 2, 4A, 5, 6 and 7 and/or Examples.

14. An optical transmission system substantially as
hereinbefore described with reference to the accompanying

Figs. 1A, 1B, 2, 4A, 5, 6 and 7 and/or Examples.

DATED this 13th day of November, 2003.

Sumitomo Electric Industries, Ltd

by DAVIES COLLISON CAVE
Patent Attorneys for the Applicant
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