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(57) ABSTRACT

The present mvention relates to a dispersion compensating
fiber for improving a transmission system with 1t 1n total
chromatic dispersion and dispersion slope in the 1.55 um
wavelength band. The dispersion compensating fiber
according to the present invention is characterized by having
the following characteristics for light 1n the 1.55 um wave-
length band: chromatic dispersion not less than —40 ps/km/
nm and not more than 0 ps/km/nm; dispersion slope not less
than —0.5 ps/km/nm” and not more than -0.1 ps/km/nm~;
transmission loss not more than 0.5 dB/km; polarization
mode dispersion not more than 0.7 ps.km™; mode field
diameter not less than 4.5 um and not more than 6.5 um;
cut-off wavelength not less than 0.7 ym and not more than
1.7 um 1n the length of 2 m; and bending loss at the diameter
of 20 mm, not more than 100 dB/m. The dispersion com-
pensating fiber 1s optically connected with a dispersion
shifted fiber as a compensated object at a ratio of appropriate
lengths, which can improve the system including the dis-
persion compensating fiber 1n the total chromatic dispersion
and dispersion slope of the system 1n the 1.55 um band.

51 Claims, 10 Drawing Sheets

DSF-1

/DSF-2

—

I6C0 WAVELENGTH (nm)

DCF+ DSF-|

DCF4+-DSF-2



U.S. Patent Apr. 22, 2003 Sheet 1 of 10 US RE38,086 E

Frg./

100 o000
O O s

—_ e T TV el S T O A
’
s W Ty wae e W e

%
\
!
¢
|
|
l
1
!
I
l

:

'

3
-

L
" e e el daey TE A s S e



U.S. Patent Apr. 22, 2003 Sheet 2 of 10 US RE38,086 E

Firg. 3
R S
95§
EH w0~
< E
- I GRRY.
O~
XL RN
o
Ya - DSF-1
i
!
, DSF-2
DCF i
i
7@7 N/ 1600 WAVELENGTH (nm)
DCF+ DSF - |

DCF+DSF-2

e Ter waa et P e b s - s ey e S e e WM N E——— A I T W e e—



U.S. Patent Apr. 22, 2003 Sheet 3 of 10 US RE38,086 E

Frg .4

112

L

Ra=2a/2b
=0.3~0.5

/ / I \ \ . |2a=3.5~6.0um

L

Ar=06~|.9%
ﬂl AI |

Fig. 4A

| \ ‘ 200a
I N =0.25~0.65%
. — ‘__-_ - l
] |
N — ) T NG A N N

230 220 ( 220 230
210



U.S. Patent Apr. 22, 2003 Sheet 4 of 10 US RE38,086 E

Frg.5

123

70

| I ’
IR

| A+= 0.6~1.9%

_ & ‘ - ""_{.&r'—'O.Z*-Oﬁ'%

A =0.25~0.65%

T

N
o |
- e M N e N —— e/

340 330( 310 ( 330 340
320 320




U.S. Patent Apr. 22, 2003 Sheet 5 of 10 US RE38,086 E

Firg.6

133
L3
20
Bl
Fig.6A

T

[ L A*=0.6~1.94%
|A A i |

400 i N i
. Y IAr=02~05%

AN =025~065%

i T T | I
1 | I
 — E— VD & SN L N4 SR S SR | U S —

440 430 ( 410 (430 440
420 420




US RE38,086 E

Sheet 6 of 10

Apr. 22, 2003

U.S. Patent

I - B
$00<L 200<2 UOON“ ’ ‘ |

~qz—

a2 /b2 =0y . _

200< q00<




US RE38,086 E

Sheet 7 of 10

Apr. 22, 2003

U.S. Patent

%S0~ 0=4VI__L.

%t ~90 u+..q

b1

DOOE




US RE38,086 E

Sheet 8 of 10

Apr. 22, 2003

U.S. Patent

' -

% b1 ~90 =,V
X2




U.S. Patent

Apr. 22, 2003 Sheet 9 of 10
vy o o | O
. N ~i

0.77

-
— ] e ~
. e | I
- <O
pr
>
| 2
| I
-
- oD
N O
L !
- o
- QO
- :‘\-
(- ’ C"-.
= S L.
o =
[y
L
-

Compensation
impossible

-0.14

N

e '—‘
* ]

? <

v
-
-

No. |

N Lo -
s | —
L | » .
ﬂ'-? =

e

L |

e
Ty
LI
|
2
-
gl
U2
"o
e
-
E-—-

A (%)

ND(uw)

Cut-off( m)

Loss81550(dB/km)

PMD (ps/ v km)

~~
<
& =]
o
S’
v
«
Q
—
g
=
Q
aa

-
=y
el
wé
X
o U
—iﬂ..
T~

US RE38,086 E



U.S. Patent Apr. 22, 2003 Sheet 10 of 10 US RE38,086 E

A (%)

A- (%)

Ar (%)

2a (pm)

Ra

Disp815950 (ps/km/nm)

Slope@1550
(ps/km/nm? )

Total Slope@1550
(ps/km/nm? )

Loss81550 (dB/km)

o] o.

WoGw | s3] 58] 63
Cut-ott(um) | 0.8] 0.82] 0.83
Bead Loss(@/m | 10] 4] 0.5



US RE38,086 E

1

DISPERSION COMPENSATING FIBER AND
OPTICAL TRANSMISSION SYSTEM
INCLUDING THE SAME

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.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a dispersion compensat-
ing fiber and an optical transmission system including the
same, which are applied to an optical fiber transmission
network capable of long-distance and high-bit-rate optical
communication utilizing the 1.55 wum-band wavelength-
multiplexing signal light.

2. Related Background Art

From social needs based on the coming of advanced
information society, research and development has been
conducted vividly heretofore as to high-bit-rate high-speed
communication such as video communication and long-
distance communication such as international communica-
tion utilizing the optical fiber transmission network.

In the case of the optical fiber transmission network to
realize such long-distance and high-bit-rate optical
communication, first, 1ts transmission lines need to be opti-
cal fibers that permit only single-mode propagation. It is
because mode dispersion (represented by dispersion due to
a difference between group velocities of respective propa-
gation modes) inevitably takes place in the case of multi-
mode communication.

Thus, the first countermeasure was the single-mode opti-
cal fiber permitting only single-mode propagation. This
single-mode optical fiber 1s free of occurrence of mode
dispersion, but chromatic dispersion represented by the sum
of material dispersion (dispersion due to wavelength depen-
dence of refractive index specific to a material of optical
fiber) and structural dispersion (dispersion due to wave-
length dependence of group velocity of propagation mode)
coniines transmission capacity. Specifically, even 1f the
wavelength of light emitted from a light source 1s said to be
single, though rigorously speaking, 1t will have a certain
spectral width. When a light pulse having this spectral width
propagates 1n the single-mode optical fiber having predeter-
mined chromatic dispersion characteristics, the width of the
light pulse 1f broadened, so as to deform the pulse shape.
This chromatic dispersion 1s expressed as a transmission
delay time difference per unit spectral width (nm) and unit
optical fiber length (km) 1n units of ps/km/nm).

It 1s, however, known that silica normally used as a
material for optical fiber shows zero material dispersion near
the wavelengths of 1.26 to 1.29 um. Since the structural
dispersion varies depending upon parameters of optical
fiber, the optimum design of the parameters of optical fiber
permits the material dispersion and the structural dispersion
to cancel each other near the wavelengths of 1.3 to 1.32 um,
thereby realizing zero chromatic dispersion. Therefore, use
of single-mode optical fiber allows longer-distance and
larger-bit-rate optical communication near the wavelength
1.3 um than use of multimode optical fiber does. In practice,
the single-mode optical fibers are used in optical commu-
nication of the communication distance of several hundred

km and the communication capacity of several hundred
Mbit/sec.

However, transmission loss of optical fiber 1s minimum in
the 1.55 um wavelength band, from which there have been
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desires for optical communication utilizing the 1.55
um-band light. This resulted mm developing a dispersion
shifted fiber 1n which the wavelength where the chromatic
dispersion was zero (zero-dispersion wavelength) was
shifted into this wavelength band. In the dispersion shifted
fiber, because the material dispersion cannot be changed so
much, the index profile thereof 1s designed optimally to
change the value of structural dispersion, thereby setting the
zero-dispersion wavelength in the vicinity of 1.55 um. This
dispersion shifted fiber, together with an erbium (Er)-doped
optical fiber amplifier, 1s employed in the long distance
optical fiber transmission system with the transmission
capacity being several Gbit/sec, utilizing the 1.55 yum-band
wavelength division multiplexing (WDM) signal light.

On the other hand, there are many single-mode optical
fibers already installed heretofore. Therefore, needs exist for
optical communication 1n the 1.55 um wavelength band
utilizing the existing single-mode optical fiber transmission
network. Thus, an attempt has been made to cascade-
connect connect a dispersion compensating fiber having
negative chromatic dispersion and negative dispersion slope
to a single-mode optical fiber having positive chromatic
dispersion in the 1.55 um wavelength band, thereby cancel-
ing out the chromatic dispersion and dispersion slope as the
whole of optical transmission line (for example, as in the
bulletin of Japanese Laid-open Patent Application No.

6-11620).

In a graph to show the chromatic dispersion, the disper-
sion slope 1s given as a slope of the graph.

SUMMARY OF THE INVENTION

The 1nventors mnvestigated the above-stated prior art and
found the following problems. Specifically, with the above-
stated dispersion shifted fiber, the chromatic dispersion
thereof becomes zero at a predetermined wavelength near
the wavelength 1.55 um. However, the chromatic dispersion
1s not zero 1n the regions before and after the wavelength
(the zero-dispersion wavelength) and the chromatic disper-
sion 1ncreases with increasing wavelength 1n general when
a sign of chromatic dispersion 1s positive. In other words, the
dispersion slope (which is the wavelength dependence of
chromatic dispersion and is expressed in units of (ps/km/
nm~)) has a positive sign in this condition. This would be a
problem 1n the case of communication by the wavelength
division multiplexing (WDM) system for multiplexing sig-
nal light components of mutually different wavelengths in
order to further raise the transmission speed to higher rates.
Namely, there 1s such a tendency that among the 1.55
um-band wavelength-multiplexing signal light (having a
plurality of wavelengths) the chromatic dispersion becomes
larger (positive) for signal light components of longer wave-
lengths while the chromatic dispersion becomes smaller
(negative) for signal light components of shorter wave-
lengths (i.e., there 1s such a trend as to have positive
dispersion slope), which results in the limit of increase in
transmission speed 1n the WDM method.

On the other hand, studies on dispersion-flattened optical
fibers the both chromatic dispersion and dispersion slope of
which become nearly zero 1n the 1.55 um wavelength band
are reported, for example, in Kubo et al., “Characteristics of
double cladding type low-dispersion SM fiber,” C-374,
Abstracts (The spring meeting, 1990); Institute of
Electronics, Information and Communication Engineers of
Japan, and P. K. Bachmann et al., “Dispersion-Flattened
Single-Mode Fibers Prepared with PCVD: Performance,

Limitations, Design Optimization, ” J. of Lightwave
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Technol., Vol. L'I-4, No. 2, pp. 858—-863 (1986). However,
the dispersion=flattened fibers need to be fabricated with
extremely precise control of the size, such as the core
diameter, and the refractive index profile and are hard to
fabricate, thus not coming to the stage of practical applica-
fion yet.

A dispersion compensating optical fiber according to the
present mnvention 1s optically connected to the conventional
optical fiber (an optical transmission line being a compen-
sated object), so as to compose an optical transmission
system. It 1s, therefore, an object of the present invention to
provide a dispersion compensating fiber enabling the long-
distance and high-bit-rate optical communication by opti-
cally connecting the dispersion compensating fiber accord-
ing to the present invention to the conventional optical fiber
fransmission line 1n respectively appropriate lengths,
thereby 1mproving the overall chromatic dispersion and
dispersion slope of the optical transmission line in the 1.55
um wavelength band (i.e., making absolute values of chro-
matic dispersion and dispersion slope closer to zero), and to
provide an optical transmission system comprising it.

The dispersion compensating fiber according to the
present 1mvention 1s used for compensated objects mainly
including dispersion shifted fibers the zero-dispersion wave-
length of which is set 1n the range of 1450 to 1650 nm and
optical fiber transmission lines including such dispersion
shifted fibers. Further, the dispersion compensating fiber
according to the present 1nvention 1s preferably used for
compensated objects 1including dispersion shifted fibers the
zero-dispersion wavelength of which 1s set 1n the range of
1450 to 1550 nm and optical fiber transmission lines 1nclud-
ing such dispersion shifted fibers. Either one of these
dispersion-compensated objects has positive dispersion
slope.

Accordingly, the dispersion compensating fiber according
to the present invention 1s characterized by having the
following characteristics for 1.55 um-band light: chromatic
dispersion not less than —40 ps/km/nm and not more than O
ps/km/nm; dispersion slope not less than —-0.5 ps/km/nm”
and not more than —0.1 ps/km/nm?; transmission loss not
more than 0.5 dB/km; polarization mode dispersion not
more than 0.7 ps.km™"; mode field diameter not less than 4.5
um and not more than 6.5 um; cut-off wavelength not less
than 0.7 yum and not more than 1.7 um at the length of 2 m

or the like; and bending loss at the diameter of 20 mm, not
more than 100 dB/m.

In this specification, “1.55 um wavelength band” means
the band 1s 1 the range of wavelengths 1500 to 1600 nm.

The transmission line can be improved in the overall
chromatic dispersion and dispersion slope in the 1.55 um
band by optically connecting the dispersion compensating,
fiber with an optical fiber as a compensated object (mainly,
a dispersion shifted fiber of a transmission system including
this dispersion shifted fiber) at a predetermined ratio of
lengths. Further, long-distance and high-bit-rate optical
communication becomes possible based on these character-
istics and the conditions of transmission loss, polarization
mode dispersion, mode field diameter, cut-off wavelength
(cut-off wavelength in the reference length of 2 m), and
bending loss (bending loss at the diameter of 20 mm).

Further, the dispersion compensating fiber according to
the present mvention preferably has such characteristics for
the 1.55 um band light that the chromatic dispersion thereot
1s not less than -20 ps/km/nm and not more than -5
ps/km/nm and that the dispersion slope thereof 1s not less
than -0.4 ps/km/nm~ and not more than —0.13 ps/km/nm~.
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This setting of chromatic dispersion and dispersion slope
allows the whole of the optical transmission system includ-
ing the dispersion compensating fiber (and including the
dispersion shifted fiber the zero-dispersion wavelength of
which 1s set 1n the wavelength range of 1450 to 1650 nm,
preferably in the range of 1450 to 1550 nm) to be compen-
sated more suitably (which means that the absolute values of
chromatic dispersion and dispersion slope of the whole can
be made closer to zero).

For achieving the above characteristics, the dispersion
compensating fiber according to the present invention 1s
characterized by being a single-mode optical fiber mainly
containing a silica-based glass, which comprises at least: a
core region having a predetermined refractive index, said
core region having an outer diameter not less than 3.5 um
and not more than 6.0 um; an inside cladding region
provided on the periphery of the core region and having a
lower refractive index than the core region, wherein a ratio
of the outer diameter of the core region to an outer diameter
of this inside cladding region 1s not less than 0.3 and not
more than 0.5; and an outside cladding region provided on
the periphery of the inside cladding region and having a
higher refractive index than the inside cladding region and
a lower refractive index than the core region, wherein a
relative refractive index difference between the outside
cladding region and a portion with a maximum refractive
index 1n said core region 1s not less than 0.6% and not more
than 1.4% and wherein a relative refractive index difference
between the outside cladding region and a portion with a

minimum refractive mndex in the inside cladding region is
not less than 0.25% and not more than 0.65%.

Further, when the dispersion compensating fiber 1s of
triple cladding structure, the dispersion compensating fiber
has an intermediate cladding region having a higher refrac-
five index than the outside cladding region and a lower
refractive index than the core region, between the above
inside cladding region and outside cladding region. A refrac-
tive index difference between the outside cladding region
and a portion with a maximum refractive index i the

intermediate cladding region 1s not less than 0.2% and not
more than 0.5%.

In order to attain the sufficient relative refractive index
difference with a low dopant concentration, the dispersion
compensating fiber according to the present invention, hav-
ing the above configuration, 1s preferably made 1n such a
manner that the above core region 1s doped with the ger-
manium clement and the above inside cladding region 1is
doped with the fluorine element. In addition, 1t 1s also
possible to realize such a configuration that the above
outside cladding region 1s also doped with the fluorine
clement.

Further, the dispersion compensating fiber according to
the present invention, together with another optical fiber
(compensated object) optically connected to the dispersion
compensating fiber and forming a part of the optical trans-
mission line, constitutes an optical transmission system (see
FIG. 1). The optical transmission system including the
dispersion compensating fiber preferably has the dispersion
slope not less than —0.02 ps/km/nm~ and not more than 0.05
ps/km/nm” for the 1.5 um-band light. Such an optical
transmission system permits long-distance and high-bit-rate
optical transmission and particularly, 1n realizing the optical
communication utilizing multi-wavelength light by the
WDM method, 1t permits much longer-distance and higher-
bit-rate optical communication.

The optical fiber transmission line as a dispersion-
compensated object, forming the optical transmission line of

I
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the optical transmission system together with the dispersion
compensating fiber, 1s preferably a dispersion shifted fiber
the zero-dispersion wavelength of which 1s shifted to 1560
nm or less. When the compensated object 1s the dispersion
shifted fiber having the zero-dispersion wavelength not more
than 1.56 um, the dispersion shifted fiber 1s readily com-
pensated for the chromatic dispersion and chromatic disper-
sion slope by the dispersion compensating fiber according to
the present invention.

In addition, the optical transmission system comprising
the dispersion compensating fiber and the dispersion shifted
fiber as a compensated object as described above may
further comprise an optical fiber amplifier forming a part of
the optical transmission line. This optical fiber amplifier
comprises at least an optical fiber for amplification a core
region of which 1s doped with the erbium eclement, an
excitation light source for outputting exciting light for
exciting the erbium element 1n the optical fiber, to the optical
fiber, and an optical coupler for optically coupling the
excitation light source with the optical fiber. Since the length
of the optical fiber for amplification inserted in this optical
fransmission system 1s far shorter than the length of the
dispersion shifted fiber or the whole optical transmission
line 1ncluding the dispersion shifted {fiber, contribution
thereof to the chromatic dispersion and dispersion slope to
be compensated for as the whole of optical transmission line
1s negligible.

On the other hand, the dispersion compensating fiber
according to the present mmvention may be made 1n such a
coniliguration that the core region 1s doped with the erbium
clement. The dispersion compensating fiber containing the
erbium element as described can function as an optical fiber
for amplification.

Accordingly, the optical transmission system comprising
the dispersion compensating fiber the core region of which
1s doped with the erbium element comprises the dispersion
compensating fiber according to the present invention,
another optical fiber (compensated object) optically con-
nected to the dispersion compensating fiber and forming a
part of the opfical transmission line, an excitation light
source for outputting exciting light for exciting the erbium
clement 1n the dispersion compensating fiber, to the disper-
sion compensating fiber, and an optical coupler for optically
coupling the excitation light source with the dispersion
compensating fiber. According to this configuration, the
optical transmission system comprising the dispersion com-
pensating fiber, as the whole of optical transmission line, has
the dispersion slope not less than —0.02 ps/km/nm” and not
more than 0.05 ps/km/nm* for the 1.5 um-band light. The
optical transmission system of this type enables longer-
distance, higher-bit-rate, and low-loss optical communica-
tion.

In the optical transmission system comprising this optical
fiber amplifier (having the dispersion compensating fiber
according to the present invention), the above dispersion-
compensated object 1s preferably a dispersion shifted fiber
the zero-dispersion wavelength of which 1s shifted to 1560
nm or less.

The present mnvention will be more fully understood from
the detailed description given hereinbelow and the accom-
panying drawings, which are given by way of 1llustration
only and are not to be considered as limiting the present
invention.

Further scope of applicability of the present invention will
become apparent from the detailed description given here-
mafter. However, 1t should be understood that the detailed
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6

description and specific examples, while indicating pre-
ferred embodiments of the mmvention, are given by way of
illustration only, since various changes and modifications
within the spirit and scope of the 1nvention will be apparent
to those skilled in the art from this detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a drawing to show the configuration of the
optical transmission system having the dispersion compen-
sating fiber according to the present invention and the
dispersion shifted fiber;

FIG. 2 1s a drawing to show the configuration of the
optical transmission system comprising the dispersion com-
pensating fiber according to the present invention and the
optical fiber amplifier;

FIG. 3 1s a graph for explaining the chromatic dispersion
compensation and dispersion slope compensation by the
dispersion compensating fiber according to the present
mvention;

[FIG. 4 is a drawing)FIGS. 4 and 4A are drawings to

show the cross-sectional structure and index profile of the
first embodiment of the dispersion compensating {fiber
according to the present invention;

[FIG. 5 is a drawing]FIGS. 5 and 5A are drawings to
show the cross-sectional structure and index profile of the
second embodiment of the dispersion compensating fiber
according to the present invention;

[FIG. 6 is a drawing]FIGS. 6 and 6A are drawings to
show the cross-sectional structure and index profile of the
third embodiment of the dispersion compensating fiber
according to the present invention;

FIG. 7 1s a drawing to show various application examples
of the index profile (FIG. 44) applicable to the first embodi-
ment of the dispersion compensating fiber according to the
present 1nvention;

FIG. 8 1s a drawing to show various application examples
of the index profile (FIG. 5A) applicable to the second
embodiment of the dispersion compensating fiber according
to the present 1nvention;

FIG. 9 1s a drawing to show various application examples
of the index profile (FIG. 6A) applicable to the third embodi-
ment of the dispersion compensating fiber according to the
present 1nvention;

FIG. 10 1s a table to show experiment results of dispersion
compensating fibers having the double cladding structure;
and

FIG. 11 1s a table to show experiment results of dispersion
compensating fibers having the triple cladding structure.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The dispersion compensating fiber and the optical trans-
mission system including 1t according to the present inven-
tion will be described with reference to FIG. 1 to FIG. 10.
In the description of the drawings the same elements will be
denoted by the same reference numerals and redundant
description will be omitted.

The dispersion compensating fiber according to the
present invention has the following characteristics in the
1.55 um wavelength band. Specifically, the chromatic dis-
persion 1s 1n the range of —40 to 0 ps/km/nm, the dispersion
slope is in the range of -0.5 to -0.1 ps/km/mm>, the
transmission loss 1s not more than 0.5 dB/km, the polariza-

tion mode dispersion (PMD) is not more than 0.7 ps.km™",
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the mode field diameter (MFD) is in the range of 4.5 to 6.5
um, the cut-off wavelength 1s 1n the range of 0.7 to 1.7 um,

and the bending loss at the diameter of 20 mm 1s not more
than 100 dB/m.

In the case of optical transmission in the 1.55 um band,
the cut-off wavelength normally selected 1s one not more
than 1.55 um, which 1s shorter than the wavelength of signal
light in the reference length of 2 m (according to the

measuring method by CCITT-G.650). In the length as short

as 2 m being the reference of normal evaluation of cut-off
wavelength, not only the fundamental mode of transmitted
light but also higher modes may propagate in the case of the
dispersion shifted fiber (for example, in the case of the
cut-oflf wavelength being 1.7 um 1n the reference length of
2 m). However, the higher modes have higher attenuation
rates 1n propagation in the dispersion shifted fiber than the
fundamental mode, so that they are attenuated sufficiently in
the propagation length of several km, as compared with the
fundamental mode. Therefore, when the propagation dis-
tance ranges from several hundred to several thousand km
like submarine communication cables, the higher modes will
raise no problem. The above bending loss 1s an increase in
transmission loss of the dispersion compensating fiber, when
measured 1n such a state that 1t 1s wound around a mandrel
having the diameter of 20 mm. In this specification, the 1.55
um wavelength band 1s the band ranging from 1500 to 1600
nim.

The dispersion compensating fiber according to the
present mvention compensates not only for the chromatic
dispersion, but also for the dispersion slope of another
optical fiber being a compensated object (for example, the
single-mode optical fiber, the dispersion shifted fiber, or the
whole of the optical fiber transmission line including these
fibers) as described hereinafter. Particularly, it is suitable for
compensating for the chromatic dispersion and dispersion
slope of the dispersion shifted fiber. It 1s more preferable in
compensating for the chromatic dispersion and dispersion
slope of the dispersion shifted fiber that the chromatic
dispersion be 1n the range of -20 to -5 ps/km/nm and the
dispersion slope be in the range of —0.4 to —0.13 ps/km/nm”.

Next, the configurations of the optical transmission sys-
tem having the dispersion compensating fiber according to

the present mvention will be described referring to FIG. 1
and FIG. 2.

FIG. 1 1s a drawing to show the configuration of the
optical transmission system in which the dispersion com-
pensating fiber 100 according to the present invention 1s
cascade-connected with the dispersion shifted fiber 500
being a main compensated object. In this optical transmis-
sion system, one end (input end) of the dispersion compen-
sating fiber 100 1s optically connected through optical fiber
transmission line 10 (single-mode optical fiber) with a
transmitter TX and the other end (output end) thereof is
optically connected with one end (input end) of dispersion
shifted fiber 500. Further, the other end (output end) of the
dispersion shifted fiber 500 1s optically connected through
optical fiber transmission line 10 (single-mode optical fiber)
with a receiver RX. In FIG. 1, the dispersion compensating,
fiber 100 1s located upstream of the dispersion shifted fiber
500, but 1t may be placed downstream of the dispersion
shifted fiber 500. The optical transmission line of the optical
transmission system shown 1n FIG. 1 may be a two-way-
communicable optical transmission network.

Further, FIG. 2 shows another optical transmission system
including the dispersion compensating fiber according to the
present 1nvention, wherein an optical fiber amplifier 600 1s
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placed 1n the optical transmission line. Particularly, an
optical fiber for amplification 610 (at least the core region of
which is doped with the erbium element) of this optical fiber
amplifier 600 forms a part of the transmission line of the
optical transmission system.

In the optical transmission line of FIG. 2, the optical fiber
one end (input end) of which is optically connected through
the optical fiber transmission line 10 (single-mode optical
fiber) with the transmitter TX can be made in the same
conilguration as the optical transmission line of the structure
shown in FIG. 1 wherein the dispersion compensating fiber
100 according to the present invention 1s cascade-connected
with the dispersion shifted fiber 500. On the other hand, an
optical 1solator 800 1s positioned between the other end
(output end) of this optical fiber transmission line 700 and
one end (input end) of the above optical fiber amplifier 600
optically connected therewith, and prevents the exciting
light for exciting the erbium element 1n the optical fiber 610
of the optical fiber amplifier 600 from propagating in the
optical transmission line. The other end (output end) of this
optical fiber amplifier 600 1s optically connected through the
optical fiber transmission line 10 (single-mode optical fiber)
with the receiver RX. There 1s no specific restriction on the
locations of the above optical fiber transmission line 700 and
optical fiber amplifier 600 and the optical transmission line
in the optical transmission system may be of the two-way
optically communicable configuration.

The optical fiber amplifier 600 disposed in the optical
transmission line of the optical transmission system as
described has the optical fiber 610 at least the core region 1s
doped with the erbium element, the excitation light source
640 for outputting the exciting light for exciting the erbium
clement 1n this optical fiber 610, to the optical fiber 610, and
the optical coupler 620 for optically coupling the excitation
light source 640 with the optical fiber 610. In FIG. 2
reference numeral 630 designates an anti-reflection terminal.
The length of the optical fiber 610 of this optical fiber
amplifier 600 1s sufficiently shorter than the length of the
whole optical transmission line so that contribution of the
chromatic dispersion and dispersion slope thereof to the
whole optical transmission line 1s negligible.

Further, 1in the optical transmission system shown 1n FIG.
2, the optical fiber 610 of the above optical fiber amplifier
600 can be constructed of the dispersion compensating fiber
100 according to the present invention. Specifically, when
the erbium element 1s added 1n the core region of the
dispersion compensating fiber 100 according to the present
invention, the dispersion compensating fiber 100 functions
as an optical fiber 610. In this configuration, the optical fiber
transmission line 700 includes only the dispersion shifted
fiber 500 excluding the dispersion compensating fiber 100.

Next described 1s compensation for the chromatic disper-
sion and dispersion slope of the dispersion compensating
fiber according to the present invention. FIG. 3 1s a graph for
explaining compensation for the chromatic dispersion and
compensation for the dispersion slope by the dispersion
compensating fiber according to the present invention. In
this graph, the abscissa represents the wavelength (in units
of nm) of signal light and the ordinate the chromatic
dispersion (in units of ps/km/nm).

In the graph, a curve indicated by symbol DCF represents
chromatic dispersion characteristics of the dispersion com-
pensating fiber according to the present invention (the
dispersion compensating fiber will be referred to as DCF). In
the dispersion compensating fiber DCF according to the
present invention, as described above, the chromatic disper-
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sion 1 the 1.55 um band 1s set 1n the range of —40 to 0
ps/km/nm and the dispersion slope 1n the range of -0.5 to
-0.1 ps/km/nmz.

In the graph a curve represented by symbol DSF-1
indicates chromatic dispersion characteristics of the disper-
sion shifted fiber (the dispersion shifted fiber will be referred
to as DSF-1). In this dispersion shifted fiber DSF-1, the
structural dispersion 1s designed properly so that the chro-
matic dispersion 1s zero near the wavelength 1.5 um and so
that the dispersion slope 1s positive in the 1.55 um band. This
dispersion shifted fiber DSF-1 has, for example, the chro-
matic dispersion of 3 ps/km/nm and the dispersion slope of
0.065 ps/km/nm” at the wavelength 1.55 um.

With the optical transmission line 1n which the dispersion
compensating fiber DCF according to the present mnvention
and the dispersion shifted fiber DSF-1 are cascade-
connected at an appropriate ratio of respective lengths (the
chromatic dispersion characteristics of the whole of this
optical transmission line are indicated by a curve repre-
sented by “DCF+DSF-1” in the graph), the total chromatic
dispersion 1s almost zero and the total dispersion slope is
within the range of -0.02 to +0.05 ps/km/nm” and thus
almost flat. In this way, the absolute values of respective
chromatic dispersion and dispersion slope of the whole
optical transmission line becomes smaller than those of the
chromatic dispersion and dispersion slope of either one of
the dispersion compensating fiber DCF and the dispersion
shifted fiber DSF-1. Namely, the both chromatic dispersion
and dispersion slope of the dispersion shifted fiber DSF-1
are elfectively compensated for by the dispersion compen-
sating fiber DCF 1n the 1.55 um band.

As for each of the transmission loss and polarization
mode dispersion (PMD) of the whole optical transmission
line where the dispersion compensating fiber DCF according
to the present mnvention 1s connected with the above disper-
sion shifted fiber DSF-1, no problem will arise in carrying
out long-distance and high-bit-rate optical communication.

As for each of the mode field diameter (MFD), cut-off
wavelength, and bending loss, each should be evaluated for
cither one of the dispersion compensating fiber DCF accord-
ing to the present invention and the above dispersion shifted
fiber DSF-1 singly, but they will raise no problem 1n
carrying out long-distance and high-bit-rate optical commu-
nication even 1n the optical transmission line wherein they
are cascade-connected with each other. Accordingly, the
chromatic dispersion 1s improved 1n for each signal light
component 1n the 1.55 um band even in communication by
the WDM method, and the other characteristic values raise
no problem in carrying out optical communication, thus
enabling longer-distance and higher-bit-rate optical commu-

nication.

In contrast with 1it, a curve represented by symbol DSF-2
in the graph shows chromatic dispersion characteristics of a
dispersion shifted fiber the chromatic dispersion of which 1s
zero near the wavelength 1.6 um (this dispersion shifted
fiber will be referred to as DSF-2). In the optical transmis-
sion line wherein this dispersion shifted fiber DSF-2 1is
cascade-connected with the dispersion compensating fiber
DCF according to the present invention (the chromatic
dispersion characteristics of this entire optical transmission
line are 1indicated by a curve represented by “DCF+DSF-2”
in the graph), the overall chromatic dispersion slope 1is
almost flat 1n the 1.55 um band, but the overall chromatic
dispersion 1s negative and the absolute values thereof are
great.

(First Embodiment)

[F1G. 4 is a drawing]FIG. 4 and FIG. 4A are drawings to
show the cross-sectional structure and index profile of the
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first embodiment (having the double cladding structure) of
the dispersion compensating fiber according to the present
invention.

As shown 1n this FIG. 4, the dispersion compensating
fiber 100a (first embodiment) having the double cladding
structure 1s a single-mode optical fiber the main ingredient
of which 1s silica glass, which has a core region 110 having
predetermined refractive indices, an inside cladding region
111 being a glass region provided on the periphery of the
core region 110 and having a lower refractive index than the
core region 110, and an outside cladding region 112 pro-
vided on the periphery of the 1nside cladding region 111 and
having a higher refractive index than the inside cladding

region 111 and a lower refractive index than the core region
110.

A ratio Ra (=2a/2b) of the outer diameter 2a of the core
region 110 to the outer diameter 2b of the inside cladding
region 111 1s not less than 0.3 and not more than 0.5 and the
outer diameter of the core region 1s not less than 3.5 um and
not more than 6.0 um. [AJAs shown in FIG. 4A, relative
refractive index difference A™ between the outside cladding
region 112 and a portion with the maximum refractive index
in the core region 110 1s not less than 0.6% and not more
than 1.4% and a relative refractive index difference A~
between the outside cladding region 112 and a portion

having the minimum refractive index in the inside cladding
region 111 1s not less than 0.25% and not more than 0.65%.

The abscissa of the index profile 200a shown 1n FIG. 44
corresponds to positions on the line L1 1n the cross section
(the plane normal to the traveling direction of signal light
propagating) of the dispersion compensating fiber 100a.
Further, 1n this index profile 200a, region 210 corresponds to
the refractive index (n__,.) at each portion on the line L1 of
the above core region 110, region 220 to the refractive index
(n_,,;) at each portion on the line L1 of the above inside
cladding 111, and region 230 to the refractive index (n_;, ;)
at each portion on the line L1 of the above outside cladding,
region 112. In this embodiment the radial index profile of the
core region 110 1s of the graded-index type, and the refrac-
tive index of the inside cladding region 111 is smaller than
those of the other glass regions, so that depressions A are
formed 1n the 1ndex profile 200a of the dispersion compen-
sating fiber 110a. Particularly, the index profile provided
with such depressions A 1s called as a depressed cladding
type profiile.

The relative refractive index differences A 1n this embodi-
ment are defined as follows.

4+
A =(ncar€_nc3ad2)/ncfﬂd2

A™=(0 1,20 1001/ Dt
n_ . maximum refractive index of the core region

core’

n_ .. minimum refractive mdex of the iside cladding
region

n_, .. refractive index of the outside cladding region

cla

Therefore each of the parameters 1n this first embodiment
(double cladding structure) is determined as follows.

A*=0.6 to 1.4% 1)

(
A==0.25 to 0.65% (2)
2a=3.5 to 6.0 um (3)
Ra=0.3 to 0.5 (4)

In this specification the relative refractive imndex differ-
ences between the glass regions are indicated in percentages.
The relative refractive index differences as represented by
above Eq. (1) and Eq. (2) can be realized in the case of the
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optical fiber the main 1ngredient of which 1s silica glass, for
example, by the core region 110 doped with the germanium
element (Ge) being an index increasing material and the
inside cladding region 110 doped with the fluorine element
(F) being an index decreasing material. The outside cladding
region 112 may also contain the fluorine element. The
dispersion compensating fiber 100a of this first embodiment
is fabricated easily, for example, by the VAD (Vapor-phase
Axial Deposition) process. Since the specified tolerances of
the above parameters are relatively wide, fabrication 1s also
casy 1n this respect.

(Second Embodiment)

[FI1G. 5 is a drawing]FIG. 5 and FIG. 5A are drawings to
show the cross-sectional structure and index profile of the
second embodiment (having the triple cladding structure) of
the dispersion compensating fiber according to the present
invention.

As shown 1n this FIG. 5, the dispersion compensating
fiber 100b (the second embodiment) having the triple clad-
ding structure 1s a single-mode optical fiber the main 1ngre-
dient of which 1s silica glass, which comprises a core region
120 having predetermined refractive indices, an mside clad-
ding region 121 being a glass region provided on the
periphery of the core region 120 and having a lower refrac-
five index than the core region 120, an intermediate cladding
region 122 provided on the periphery of the mside cladding
region 121 and having a higher refractive index than the
inside cladding region 121 and a lower refractive index than
the core region 120, and an outside cladding region 123
provided on the periphery of the intermediate cladding
region 122 and having a refractive index lower than the
intermediate cladding region 122 and higher than the 1nside
cladding region 121.

The ratio Ra (=2a/2b) of the outer diameter 2a of the core
region 120 to the outer diameter 2b of the mside cladding
region 121 and the outer diameter of the core region 120 are
preferably set in wider ranges than those of the first embodi-
ment described above (Ra=0.3 to 0.5; 2a=3.5 um to 6.0 ym).
Thus, the outer diameter of the core region 1s not less than
3.5 um and not more than 6.0 um. [TheJAs shown in FIG.
5A, the relative refractive index difference A™ between the
outside cladding region 123 and the portion with the maxi-
mum refractive index 1n the core region 120 is not less than
0.6% and not more than 1.4% and the relative refractive
index difference A~ between the outside cladding region 123
and the portion having the minimum refractive index in the
inside cladding region 121 is not less than 0.25% and not
more than 0.65%, which are the same as those 1n the first
embodiment described above.

The abscissa of the index profile 300a shown 1n FIG. 5A
corresponds to each position on the line L2 1n the cross
section (the plane normal to the traveling direction of signal
light propagating) of the dispersion compensating fiber
100b. Further, 1n this index profile 300a, region 310 corre-
sponds to the refractive index (n__,.) at each portion on the
line L2 of the above core region 120, region 320 to the
refractive index (n_,, ;) at each portion on the line L.2 of the
above 1nside cladding 121, region 330 to the refractive index
(n_, ,,) at each portion on the line L2 of the above inter-
mediate cladding region 122, and region 340 to the refrac-
tive index (n_, ,,) at each portion on the line [.2 of the above
outside cladding region 123. In this embodiment the radial
index profile of the core region 120 1s of the graded-index
type, and the refractive index of the inside cladding region
121 1s lower than those of the other glass regions, so that
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depressions A are formed 1n the index profile 300a of the
dispersion compensating fiber 100b. Particularly, the index
profile provided with such depressions A 1s called a
depressed cladding type profile.

The relative refractive index differences A 1n this embodi-
ment are defined as follows.

4+
A =(HEGF€_anﬂd3)fﬂﬂfﬂd3

A_=(nc3ad3_nc3ad1)/ 0.7na3

&r":(ncfadz_ncfﬂch)/ncEach
n_ . maximum refractive index of the core region

core’

n_, .. minimum refractive index of the inside cladding
region

n_ ,: maximum refractive index of the intermediate
cladding region

n_, .. refractive index of the outside cladding region

Therefore, in this second embodiment (the triple cladding
structure), the relative refractive index difference between
the outside cladding region 123 and the portion having the
maximum refractive index in the intermediate cladding
region 122 1s given as follow.

A,=0.2 to 0.5% (5)

The other relative refractive index differences A*, A™ are
determined 1n the same ranges as those 1n the first embodi-
ment (the double cladding structure) described above and
the ranges of the outer diameter 2a of the core region 120
and the outer diameter ratio Ra are broader than those 1n the
first embodiment. In this specification the relative refractive
index differences between the glass regions are indicated 1n
percentages.

The index profile 300a as shown 1in FIG. 5A can be
realized by the core region 120 and intermediate cladding
region 122 doped with the germanium element being an
index increasing material and the 1nside cladding region 121
doped with the fluorine element being an ndex decreasing
material. The outside cladding region 123 may also contain
the fluorine element.

(Third Embodiment)

[FIG. 6 is a drawing)FIG. 6 and FIG. 6A are drawings to
show the cross-sectional structure and index profile of the
third embodiment (having the triple cladding structure) of
the dispersion compensating fiber according to the present
invention. This third embodiment 1s different from the
second embodiment described above in that the radial index
proille of the intermediate cladding region 1s of the graded-
index type (whereas the radial index profile of the interme-
diate cladding region in the second embodiment was of the
step-index type).

As shown 1n this FIG. 6, the dispersion compensating
fiber 100c (the third embodiment) having the triple cladding
structure 1s a single-mode optical fiber the mean ingredient
of which 1s silica glass, which has the structure similar to
that of the second embodiment described above. The dis-
persion compensating fiber 100c has a core region 130
having predetermined refractive indices, an inside cladding
region 131 being a glass region provided on the periphery of
the core region 130 and having a lower refractive index than
the core region 130, an intermediate cladding region 132
provided on the periphery of the mside cladding region 131
and having higher refractive indices than the 1nside cladding
region 131, and an outside cladding region 133 provided on
the periphery of the intermediate cladding region 132 and
having a refractive index lower than the intermediate clad-

ding region 132 and higher than the inside cladding region
131.
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The abscissa of the index profile 400a shown 1n FIG. 64
corresponds to each position on the line I3 1n the cross
section (the plane normal to the traveling direction of signal
light propagating) of the dispersion compensating fiber
100c. Further, 1n this index profile 400a, region 410 corre-
sponds to the refractive index (n__ ) at each portion on the
line L3 of the above core region 130, region 420 to the
refractive index (n_, ,,) at each portion on the line L3 of the
above 1nside cladding 131, region 430 to the refractive index
(n_, ,,) at each portion on the line [.3 of the above inter-
mediate cladding region 122, and region 440 to the refrac-
tive index (n_, ,,) at each portion on the line .3 of the above
outside cladding region 133. In this embodiment the radial
index profile of the core region 130 1s of the graded-index
type, and the refractive index of the inside cladding region
131 1s lower than those of the other glass regions, so that
depressions A are formed in the index profile 400a of the
dispersion compensating {iber 100c. Particularly, the index
profile provided with such depressions A 1s called a

depressed cladding type profile.

The relative refractive index differences A™, A7, and A,
between the glass regions, and definition and numerical
values of the other parameters Ra, 2a are the same as those
in the second embodiment described above.

The index profiles 200a to 400a illustrated so far in [FIG.
4 to FIG. 6] FIG. 4A, FIG. 5A and FIG. 6A are examples of
index profile for the dispersion compensating fiber accord-
ing to the present invention, and, without having to be
limited to these, the index profile of the dispersion compen-
sating fiber may be either one of index profiles configured 1n
the shapes, for example, shown 1n FIG. 7 to FIG. 9.

Specifically, FIG. 7 1s a drawing to show modifications of
the index profile 200a (the first embodiment) of FIG. 4A.
The index profile shown at the left upper corner in the
drawing 1s the mdex profile 200a of FIG. 4A. The index
proiile 200b has a drop of 1ndex 1n the central portion of the
core region 110 1n the 1index profile 200a of FIG. 44, which
1s said to be easier to occur in fabrication by the MCVD
(Modified Chemical Vapor Deposition) process. The index
profile 200c 1s a modification 1n which the radial indices of
the core region 110 1n the index profile 200a of FIG. 44 are

equalized to be of the step-index type.

Further, the index profiles 200d to 200f correspond to
those 200a to 200c, respectively, described above. In the
index profiles 200d to 200f the radial indices in the inside
cladding region 111 are not constant, but are decreasing
oradually from the center to the periphery. The index profiles
200¢ to 2001 correspond to those 200a to 200c, respectively,
described above. In the mndex profiles 200¢g to 2001 the radial
indices 1n the 1mside cladding region 111 are not constant, but
are decreasing once and 1ncreasing again from the center to
the periphery. The radial configurations of these 1ndex
proiiles 1n the mside cladding region 111 are those easy to
appear 1n practical fabrication.

Dispersion compensating fibers having these index pro-
files 200b to 2001 have characteristics comparable to those

of the dispersion compensating fiber having the index profile
200a shown 1n FIG. 4A.

Further, FIG. 8 1s a drawing to show modifications of the
index profile 300a (the second embodiment) shown in FIG.
S5A. The index profile at the left upper corner in the drawing
1s the mndex profile 300a of FIG. 5A. The index profile 300b
has a drop of index 1n the central portion of the core region
120 1n the index profile 300a of FIG. 5A. The index profiile
300c 1s a modification in which the radial indices of the core
region 120 in the index profile 300a of FIG. 5A are equalized

to be of the step-index type.
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The index profiles 300d to 300f correspond to the mdex
proiiles 300a to 300c, respectively, described above. In the
index profiles 300d to 3001 the radial indices of the inside
cladding region 121 are not constant, but are decreasing
cradually from the center to the periphery. The index profiles
300¢ to 3001 correspond to the index proiiles 300a to 300c,
respectively, described above. In the index profiles 300¢ to
3001 the radial mndices of the 1nside cladding region 121 are
not constant, but are decreasing once and increasing again
from the center to the periphery.

Dispersion compensating fibers having these index pro-
files 300b to 3001 have characteristics comparable to those

of the dispersion compensating fiber having the index profile
300a shown 1n FIG. 5A.

Next, FIG. 9 1s a drawing to show modifications of the
index profile 400a (the third embodiment) of FIG. 6A. The
index proiile at the left upper corner 1n the drawing 1s the
same as the index profile 400a of FIG. 6A. The index profile
400b has a drop of index 1n the central portion of the core
region 130 1n the index profile 400a of FIG. 6A. The index
proiile 400c 1s a modification of the index profile 400a of
FIG. 64, in which the radial indices in the core region 130
are equalized to be of the step-index type.

Further, the index profiles 400d to 4001f correspond to the
index profiles 400a to 400c, respectively, described above.
In the index profiles 400d to 400f the radial indices of the
inside cladding region 131 are not constant, but are decreas-
ing gradually from the center to the periphery. The index
proiiles 400¢g to 4001 correspond to the index profiles 400a
to 400c, respectively, described above. In the 1index profiles
400¢ to 4001 the radial indices of the 1nside cladding region
131 are not constant, but are decreasing once and increasing
again from the center to the periphery.

Dispersion compensating fibers having these index pro-
files 400b to 4001 have characteristics comparable to those

of the dispersion compensating fiber having the index profile
400a shown 1n FIG. 6A.

Next described are experiment results of stmulation con-
ducted about characteristics of the dispersion compensating
fiber having the index profile 200a shown in FIG. 44. FIG.
10 15 a table to show the simulation results. Eleven condi-
tions were set as to the four parameters A*, A~, 2a, and Ra
(=2a/2b) and characteristic values of optical fibers were
attained. Fibers (samples) prepared corresponding to the
respective conditions are denoted by No. 1 to No. 11.

Obtained for each of samples (optical fibers) No. 1 to No.
11 with mput of the light of the wavelength 1.55 um by
simulation were the chromatic dispersion (indicated by
Disp@1550 in the table and in units of ps/km/nm), the
dispersion slope (indicated by Slope@1550 in the table and
in units of ps/km/nm?~), the total dispersion slope of the
whole optical transmission line composed of the dispersion
shifted fiber being a main compensated object and either one
of the above-stated optical fibers No. 1 to No. 11 cascade-
connected (indicated by Total Slope @1550 in the table and
in units of ps/km/nm?), the transmission loss (indicated by
Loss@1550 1in the table and 1n units of dB/km), the polar-
ization mode dispersion (indicated by PMD in the table and
in units of ps.km™"), the cut-off wavelength in the reference
length of 2 m (indicated by Cut-Off in the table and in units
of um), and the bending loss at the diameter of 20 mm
(indicated by Bend Loss in the table and in units of dB/m).

The dispersion shifted fiber assumed to be a compensated
object 1n the simulation was one in which the chromatic
dispersion at the wavelength 1.50 um was zero and the
chromatic dispersion and dispersion slope at the wavelength
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1.55 um were 3 ps/km/nm and 0.065 ps/km/nm>, respec-
fively. The total dispersion slope of the whole optical
fransmission line comprised of either dispersion compensat-
ing fiber of No. 1 to No. 11 described above and the above
dispersion shifted fiber 1s a value obtained when this dis-
persion shifted fiber and either one of the fibers No. 1 to No.
11 are cascade-connected at a predetermined ratio of lengths
so as to make the total chromatic dispersion zero at 1.55 um.

As seen from the table of FIG. 10, 1n the case of fiber No.
9, the outer diameter 2a of the core region does not satisty
condition (3). Therefore, it can not be realized as a disper-
sion compensating fiber according to the present invention.
Further neither of the fibers No. 7 and No. 8 1s desirable to
be applied to the optical transmission line containing the
above compensated object.

However, since the other samples (fibers No. 1 to No. 6,
fiber No. 10, and fiber No. 11) satisfy the all conditions of
(1) to (4), each of these samples can be realized as a
dispersion compensating fiber according to the present
invention. Further, the total dispersion slope of the whole
optical transmission line where either one of these samples
1s cascade-connected with the above dispersion shifted fiber
is between 0.02 and 0.05 ps/km/nm>, and thus is said to be
almost flat. Accordingly, in carrying out optical communi-
cation with the wavelength-multiplexing signal light
(containing a plurality of wavelengths) by the WDM method
in the 1.55 um band, the dispersion slope 1s suiliciently
decreased 1n the wavelength region of each signal light
component, thus enabling long-distance and high-bit-rate
optical communication.

Among others, particularly, fibers No. 1 to No. 3 are more
suitable for compensating for the chromatic dispersion and
dispersion slope of each signal light component occurring in
the dispersion shifted fiber, because the chromatic dispersion
1s 1n the range of -20 to =5 ps/km/nm, the dispersion slope
is in the range of —0.4 to —0.13 ps/km/nm>, and the total
dispersion slope of the optical transmission line in the
cascade connection with the dispersion shifted fiber 1s 0.01
to 0.02 ps/km/nm*. Thus, they can be used more suitably for
communication by the WDM method.

In addition, the inventors also conducted similar simula-
fion as to the wvarious characteristics of the dispersion
compensating fibers (the triple cladding structure) having
the 1ndex profile 300a shown 1 FIG. 5A. FIG 11 1s a table
to show the simulation results. Three conditions were set as
to the five parameters A", A, 2a, and Ra (=2a/2b) and
characteristic values of optical fibers were attained. Fibers
(samples) prepared corresponding to the respective condi-
fions are denoted by No. 12 to No. 14, respectively.

The other parameters are the same as in the case of the
double cladding structure described above. The dispersion
shifted fiber (object to be compensated) assumed was also
the same as the aforementioned fiber.

As also seen from this table of FIG. 11, each sample
(optical fiber) of No. 12 to No. 14 is more suitable for
compensating for the chromatic dispersion and dispersion
slope of each signal light component occurring in the
dispersion shifted fiber, because the chromatic dispersion is
in the range of =30 to -5 ps/km/nm, the dispersion slope 1s
in the range of -0.39 to -0.06 ps/km/nm®, and the total
dispersion slope of the optical transmission line 1n cascade
connection with the dispersion shifted fiber 1s 0.03 ps/km/
nm”. Therefore, they may be used more suitably for com-
munication by the WDM method.

The optical transmission system to which the dispersion
compensating fiber 100 according to the present invention 1s
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applied can be constructed not only 1n such a configuration
that the dispersion compensating fiber 100 and dispersion
shifted fiber 500 are cascade-connected, but also 1n such a
conilguration that the optical fiber amplifier 600 1s further
cascade-connected therewith, for example, as shown 1n FIG.
2. The dispersion compensating fiber 100 according to the
present invention, the dispersion shifted fiber 500 (which,
together with the dispersion compensating fiber 100, con-
stitutes the optical fiber transmission line 700), and the
optical fiber amplifier 700 may be cascade-connected 1n any

order. The optical fiber amplifier (EDFA: Erbium Doped
Fiber Amplifier), utilizing the optical fiber (EDF: Erbium

Doped Fiber) doped with a rare-carth element (for example,
Er element) as the optical fiber 610 of the optical fiber
amplifier 600, 1s suitably applicable to optical amplification
of wavelength-multiplexing signal light in the 1.55 um
wavelength band. The lengths of the respective dispersion
compensating fiber 100 and dispersion shifted fiber 500, and
the location, length and amplification factor of the optical
fiber amplifier 600 are determined optimally based on the
chromatic dispersion and transmission loss of each of the
dispersion compensating fiber 100 and dispersion shifted
fiber 500. The above configuration can effectively improve
the optical transmission line in the total chromatic dispersion
and dispersion slope 1n the optical fiber transmission system
(or can decrease them to near zero) and is expected to
decrease the transmission loss sufficiently. Accordingly, this
conilguration also permits large-bit signal light to be trans-
mitted 1n a long-distance optical transmission line with little
loss.

The core region of the dispersion compensating fiber 1tself
according to the present invention may be doped with the Er
clement. In this case, population 1nversion occurs when the
exciting light of the wavelength 1.48 um from the excitation
light source 640 1s made to propagate through the optical
coupler 620 1n the dispersion compensating fiber, which
amplifies the signal light propagating in the dispersion
compensating fiber. Namely, this dispersion compensating
fiber does not only compensate for the chromatic dispersion
and dispersion slope, but also acts as an optical fiber for
amplification. Therefore, the optical fiber amplifier 600 may
be constructed by using this Er-doped dispersion compen-
sating fiber as an optical fiber for amplification and further
incorporating therewith the excitation light source 640 for
outputting the exciting light, the optical coupler for guiding
the exciting light 1nto the dispersion compensating fiber, the
optical isolator 800 for transmitting light (signal light,
exciting light, and spontaneously emitted light) only in the
propagating direction of signal light, a filter for transmitting
only the signal light while interrupting the exciting light and
spontanecously emitted light, and the like. In this case, the
chromatic dispersion and dispersion slope of the dispersion
shifted fiber are compensated for by the dispersion compen-
sating fiber and the transmission loss occurring in the
dispersion shifted fiber can be canceled out by the optical
amplifying action 1n the dispersion compensating fiber.

Further, the signal light may be amplified utilizing the
Raman amplification. Specifically, the exciting light having
a wavelength different from the wavelength of signal light
but close to that wavelength value and having sufficiently
large quantity of light 1s made to propagate through the
optical coupler 620 1n the dispersion compensating fiber,
thereby amplitying the signal light by the Raman effect. Also
1n this case, the chromatic dispersion and dispersion slope of
the dispersion shifted fiber are compensated for by the
dispersion compensating fiber while the transmission loss
appearing 1n the dispersion shifted fiber can be canceled out
by the optical amplifying action in the dispersion compen-
sating fiber.
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As detailed above, the characteristics of the dispersion
compensating fiber according to the present invention 1n the
1.55 um wavelength band are such that the chromatic
dispersion 1s not less than —40 ps/km/nm and not more than
0 ps/km/nm, the dispersion slope 1s not less than -0.5
ps/km/nm* and not more than -0.1 ps/km/nm~, the trans-
mission loss 1s not less than 0.5 dB/km, the polarization
mode dispersion is not more than 0.7 ps.km™, the mode
field diameter 1s not less than 4.5 ym and not more than 6.5
um, the cut-off wavelength 1s not less than 0.7 um and not
more than 1.7 um, and the bending loss at the diameter of 20
mm is not more than 100 dB/m (particularly preferably, such
that the chromatic dispersion 1s not less than —20 ps/km/nm
and not more than -5 ps/km/nm and the dispersion slope 1s
not less than —-0.4 ps/km/nm* and not more than -0.13
ps/km/nm”).

When this dispersion compensating fiber and another
optical fiber (particularly, a dispersion shifted fiber or an
optical transmission line including the dispersion shifted
fiber) are optically connected at a predetermined ratio of
their lengths, the total chromatic dispersion of optical trans-
mission line can be decreased effectively in the 1.55 um
wavelength band and the total dispersion slope can also be
improved 1n. Long-distance and high-bit-rate optical com-
munication 1s made possible by these characteristics and the
conditions of the respective transmission loss, polarization
mode dispersion, mode field diameter, cut-off wavelength,
and bending loss. Particularly, since the total chromatic
dispersion of optical transmission line 1s improved 1n at the
wavelength of each component of the wavelength-
multiplexing signal light used 1n optical communication by
the WDM method, longer-distance and higher-bit-rate opti-
cal communication becomes possible.

The dispersion compensating fiber according to the
present 1nvention may have either the double cladding
structure of the triple cladding structure and either one of the
structures can be realized by satistying the predetermined
parameter conditions (the dimensional ratio, and the relative
refractive index differences between the glass regions). In
the case of the dispersion compensating fiber the main
ingredient of which 1s silica glass, the predetermined relative
refractive index differences can be achieved by selectively
doping each glass region with germanium or fluorine. Since
the specified tolerances of the parameters are wide, fabri-
cation 1s easy. Even 1f variation takes place in each param-
eter 1n fabrication, no problem will arise 1n carrying out the
long-distance and high-bit-rate optical communication as
long as it 1s within the specified tolerances.

Further, 1t 1s also possible to realize the configuration in
which the core region of the dispersion compensating fiber
1s doped with the erbium element. Namely, when the excit-
ing light 1s made to propagate in the dispersion compensat-
ing fiber, the signal light can also be amplified, while the
chromatic dispersion and dispersion slope are compensated
for.

In the optical transmission system according to the
present invention, the dispersion compensating fiber accord-
ing to the present invention 1s optically connected with
another optical fiber (particularly, the dispersion shifted
fiber) and the total dispersion slope of optical transmission
line 1n the 1.55 um band 1s set to be not less than —-0.02
ps/km/nm” and not more than 0.05 ps/km/nm~. Therefore,
this optical transmission system enables long-distance and
high-bit-rate optical communication, and particularly, in
carrying out the optical communication using plural wave-
lengths by the WDM method, 1t enables longer-distance and
higher-bit-rate optical communication. Further, when the
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erbrum-doped fiber 1s used as the dispersion compensating
fiber according to the present invention, the optical trans-
mission line enables long-distance, high-bit-rate, and low-
loss optical communication.

From the invention thus described, 1t will be obvious that
the 1nvention may be varied 1n many ways. Such variations
are not to be regarded as a departure from the spirit and
scope of the invention, and all such modifications as would
be obvious to one skilled 1n the art are intended for inclusion

within the scope of the following claims.

The basic Japanese Application No.8-092692 (092692/
1996) filed on Apr. 15, 1996 is hereby incorporated by
reference.

What 1s claimed 1s:

1. A dispersion compensating fiber having the following
characteristics for light 1n the 1.55 um wavelength band:

chromatic dispersion not less than —40 ps/km/nm and not
more than 0 ps/km/nm?;

dispersion slope not less than —0.5 ps/km/nm* and not
more than —0.1 ps/km/nm>;

transmission loss not more than 0.5 dB/km;

polarization mode dispersion not more than 0.7 ps.km™";

mode field diameter not less than 4.5 um and not more
than 6.5 um;

cut-off wavelength not less than 0.7 um and not more than
1.7 um 1n the length of 2 m; and

bending loss at the diameter of 20 mm, not more than 100
dB/m.
2. The dispersion compensating fiber according to claim
1, said dispersion compensating fiber being a silica-based
olass fiber, comprising at least:

a core region having a predetermined refractive index,
said core region having an outer diameter not less than
3.5 um and not more than 6.0 um;

an 1nside cladding region provided on the periphery of
said core region and having a lower refractive index
than said core region, wherein a ratio of the outer
diameter of said core region to an outer diameter of said

inside cladding region 1s not less than 0.3 and not more
than 0.5; and

an outside cladding region provided on the periphery of
said 1nside cladding region and having a higher refrac-
tive index than said mside cladding region and a lower
refractive index than said core region,

wherein a relative refractive index difference between
said outside cladding region and a portion having a

maximum refractive mndex 1n said core region 1S not
less than 0.6% and not more than 1.4%, and

wherein a relative refractive index difference between
said outside cladding region and a portion having a
minimum refractive index in said inside cladding
region 1S not less than 0.25% and not more than 0.65%.

3. The dispersion compensating fiber according to claim
2, wherein said core region 1s doped with the germanium
clement and said inside cladding region 1s doped with the
fluorine element.

4. The dispersion compensating fiber according to claim
3, wherein said outside cladding region 1s doped with the
fluorine element.

5. The dispersion compensating fiber according to claim
2, wheremn said core region 1s doped with the erbium
clement.

6. An optical transmission system having the total disper-
sion slope not less than —0.02 ps/km/nm” and not more than
0.05 ps/km/nm* for light in the 1.5 um wavelength band,
said optical transmission system comprising;:
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the dispersion compensating fiber according to claim 5;

a third optical fiber optically connected with said disper-
sion compensating fiber and forming a part of a trans-
mission line;

an excitation light source for outputting exciting light for
exciting the erbium element in said dispersion com-
pensating fiber, to said dispersion compensating fiber;
and

an optical coupler for optically coupling said excitation
light source with said dispersion compensating fiber.

7. The optical transmission system according to claim 6,
wherein said third optical fiber comprises a dispersion
shifted fiber zero-dispersion wavelength of which 1s shifted
to 1560 nm or less.

8. The dispersion compensating fiber according to claim
2, further comprising an intermediate cladding region pro-
vided between said 1nside cladding region and said outside
cladding region, said intermediate cladding region having a
higher refractive index than said outside cladding region and
a lower refractive index than said core region,

wherein a relative refractive index difference between
said outside cladding region and a portion having a
maximum refractive index in said mtermediate clad-
ding region 1s not less than 0.2% and not more than

0.5%.

9. An optical transmission system comprising the disper-
sion compensating fiber according to claim 1 and a first
optical fiber optically connected with said dispersion com-
pensating fiber and forming a part of a transmission line,
said optical transmission system having the total dispersion
slope not less than —0.02 ps/km/nm* and not more than 0.05

ps/km/nm~ for light in the 1.5 um-wavelength band.

10. The optical transmission system according to claim 9,
wherein said first optical fiber comprises a dispersion shifted
fiber zero-dispersion wavelength of which 1s shifted to 1560
nm or less.

11. The optical transmission system according to claim 9,
further comprising an optical fiber amplifier forming a part
of said transmission line, said optical fiber amplifier com-
prising:

a second optical fiber a core region of which 1s doped with

the erbium element;

an excitation light source for outputting exciting light for
exciting the erbium element 1n said second optical fiber,
to said second optical fiber; and

an optical coupler for optically coupling said excitation
light source with said second optical fiber.
12. A dispersion compensating fiber having the following
characteristics for light m the 1.55 um wavelength band:

chromatic dispersion not less than —-20 ps/km/nm and not
more than -5 ps/km/nm;

dispersion slope not less than —0.4 ps/km/nm* and not
more than —0.13 ps/km/nm?;

transmission loss not more than 0.5 dB/km;

polarization mode dispersion not more than 0.7 ps.km™";

mode field diameter not less than 4.5 #um and not more
than 6.5 um;

cut-off wavelength not less than 0.7 ym and not more than
1.7 um 1n the length of 2 m; and

bending loss at the diameter of 20 mm, not more than 100
dB/m.
13. The dispersion compensating fiber according to claim
12, said dispersion compensating fiber being a silica-based
glass fiber, comprising at least:

a core region having a predetermined refractive index,
said core region having an outer diameter not less than
3.5 um and not more than 6.0 um;
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an 1nside cladding region provided on the periphery of
said core region and having a lower refractive mdex
than said core region, wherein a ratio of the outer
diameter of said core region to an outer diameter of said
inside cladding region 1s not less than 0.3 and not more

than 0.5; and

an outside cladding region provided on the periphery of
said 1nside cladding region and having a higher refrac-
five index than said mside cladding region and a lower
refractive index than said core region,

wheremn a relative refractive index difference between
said outside cladding region and a portion having a
maximum refractive index 1n said core region 1s not
less than 0.6% and not more than 1.4% and wherein a
relative refractive index difference between said out-
side cladding region and a portion having a minimum
refractive index 1n said inside cladding region 1s not
less than 0.25% and not more than 0.65%.

14. The dispersion compensating fiber according to claim
13, wherein said core region 1s doped with the germanium
clement and said inside cladding region 1s doped with the
fluorine element.

15. The dispersion compensating fiber according to claim
14, wherein said outside cladding region 1s doped with the
fluorine element.

16. An optical transmission system having the total dis-
persion slope not less than —0.02 ps/km/nm* and not more
than 0.05 ps/km/nm” for light in the 1.5 um wavelength
band, said optical transmission system comprising:

the dispersion compensating fiber according to claim 15;

a third optical fiber optically connected with said disper-
sion compensating fiber and forming a part of a trans-
mission line;

an excitation light source for outputting exciting light for
exciting the erbium element 1n said dispersion com-
pensating fiber to said dispersion compensating fiber;
and

an optical coupler for optically coupling said excitation

light source with said dispersion compensating fiber.

17. The optical transmission system according to claim
16, wherein said third optical fiber comprises a dispersion
shifted fiber zero-dispersion wavelength of which 1s shifted
to 1560 nm or less.

18. The dispersion compensating fiber according to claim
13, wherein said core region 1s doped with the erbium
clement.

19. The dispersion compensating fiber according to claim
13, further comprising an intermediate cladding region pro-
vided between said inside cladding region and said outside
cladding region, said intermediate cladding region having a
higher refractive index than said outside cladding region and
a lower refractive index than said core region,

wherein a relative refractive index difference between
said outside cladding region and a portion having a
maximum refractive index in said intermediate clad-
ding region 1s not less than 0.2% and not more than
0.5%.

20. An optical transmission system comprising the dis-
persion compensating fiber according to claim 12 and a first
optical fiber optically connected with said dispersion com-
pensating fiber and forming a part of a transmission line,
said optical transmission system having the total dispersion
slope not less than —0.02 ps/km/nm~ and not more than 0.05
ps/km/nm” for light in the 1.5 um wavelength band.

21. The optical transmission system according to claim
20, wherein said first optical fiber comprises a dispersion
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shifted fiber zero-dispersion wavelength of which 1s shifted
to 1560 nm or less.

22. The optical transmission system according to claim
20, further comprising an optical fiber amplifier forming a
part of said transmission line, said optical fiber amplifier
comprising;

a second optical fiber a core region of which 1s doped with

the erbium element:

an excitation light source for outputting exciting light for
exciting the erbium element 1n said second optical fiber,
to said second optical fiber; and

an optical coupler for optically coupling said excitation
light source with said second optical fiber.
23. A dispersion compensating fiber having the following
characteristics for light in the 1.55 um wavelength band.:

chromatic dispersion not less than —40 ps/km/nm and not
more than 0 ps/km/nm;

dispersion slope not less than -0.5 ps/km/nm” and not
more than —0.1 psikm/nm?;

fransmission loss not more than 0.5 dB/km;

polarization mode dispersion not more than 0.7 ps-km™";

cut-off wavelength not less than 0.7 yum and not more than
1.7 um in the length of 2 m; and

bending loss at a diameter of 20 mm, not more than 100
dB/m.
24. The dispersion compensating fiber according to claim
23, said dispersion compensating fiber being a silica-based
glass fiber, comprising at least:

a core region having a predetermined refractive index,
said core region having an outer diameter not less than
3.5 um and not more than 6.0 um;

an inside cladding region provided on the periphery of

said core region and having a lower refractive index
than said core region, wherein a ratio of the outer

diameter of said core region to an outer diameter of

said inside cladding region ts not less than 0.3 and not
more than 0.5; and

an outside cladding region provided on the periphery of

said inside cladding region and having a higher refrac-

live index than said inside cladding region and a lower

refractive index than said core region,

wherein a relative refractive index difference between
said outside cladding region and a portion having a
maximum refractive index in said core region is not
less than 0.6% and not more than 1.4%, and

wherein a relative refractive index difference between
said outside cladding region and a portion having a
mimimum refractive index in said inside cladding
region 1s not less than 0.25% and not more than
0.65%.

25. The dispersion compensating fiber according to claim
24, wherein said core region is doped with germanium and
said inside cladding region is doped with fluorine.

26. The dispersion compensating fiber according to claim
25, wherein said outside cladding region is doped with
fluorine.

27. The dispersion compensating fiber according to claim
24, further comprising an intermediate cladding region
provided between said inside cladding region and said
outside cladding region, said intermediate cladding region
having a higher refractive index than said outside cladding
region and a lower refractive index than said core region,

wherein a relative refractive index difference between said
outside cladding region and a portion having a maxi-
mum refractive index in said intermediate cladding
region is not less than 0.2% and not more than 0.5%.
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28. The dispersion compensating fiber according to claim
24, wherein said core region is doped with erbium.

29. A dispersion compensating fiber having the following
characteristics for light in the 1.55 um wavelength band.:

dispersion slope not less than -0.5 ps/km/nm® and not
more than -0.1 psikm/nm’;

transmission loss not more than 0.5 dB/km;

polarization mode dispersion not more than 0.7 ps-km™";

cutoff wavelength not less than 0.7 um and not more than
1.7 um at a length of 2 m and

bending loss at a diameter of 20 mm, not more than 100
dB/m.
30. The dispersion compensating fiber according to claim
29, said dispersion compensating fiber being a silica-based
glass fiber, comprising at least,;

a core region having a predetermined refractive index,
said core region having an outer diameter not less than
3.5 um and not more than 6.0 um;

an inside cladding region provided on the periphery of
said core region and having a lower refractive index
than said core region, wherein a ratio of the outer
diameter of said core region to an outer diameter of
said inside cladding region is not less than 0.3 and not
more than 0.5; and

an outside cladding region provided on the periphery of

said inside cladding region and having a higher refrac-

live index than said inside cladding region and a lower

refractive index than said core region,

wherein a relative refractive index difference between
said outside cladding region and a portion having a
maximum refractive index in said core region 1s not
less than 0.6% and not more than 1.4%, and

wherein a relative refractive index difference between
said outside cladding region and a portion having a
mimimum refractive index in said inside cladding
region 1s not less than 0.25% and not more than
0.65%.

31. The dispersion compensating fiber according to claim
30, further comprising an intermediate cladding region
provided between said inside cladding region and said
outside cladding region, said intermediate cladding region
having a higher refractive index than said outside cladding
region and a lower refractive index than said core region,

wherein a relative refractive index difference between said
outside cladding region and a portion having a maxi-
mum refractive index in said intermediate cladding
region is not less than 0.2% and not more than 0.5%.

32. The dispersion compensating fiber according to claim
30, wherein said core region is doped with germanium and
said inside cladding region is doped with fluorine.

33. The dispersion compensating fiber according to claim
30, wherein said outside cladding region is doped with
fluorine.

34. The dispersion compensating fiber according to claim
30, wherein said core region is doped with erbium.

35. An optical transmission system comprising.

a dispersion shifted fiber having a zero dispersion wave-
length between the wavelengths from 1450 nm to 1650
nm, and

a dispersion compensating fiber opitically coupled to said
dispersion shifted fiber,
said optical transmission system having the total dis-
persion slope not less than -0.02 ps/km/nm” and nof
more than 0.05 ps/km/nm* for light in the 1.55 um
wavelength band.
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36. An optical transmission system according to claim 35,
further comprising:

a light source coupled with said dispersion compensating

fiber and for generating an excitation light into said

24

and a posttive dispersion slope at signal light having a
wavelength in the 1.55 um wavelength band and in which
transmission loss in signal light is compensated by Raman
amplification generated in said dispersion compensating

dispersion compensating fiber to amplify a signal light s optical fiber by insertion of an excitation light having a

in said dispersion compensating fiber by utilizing a
Raman amplification, thereby to compensate loss in
signal light to be transmiitted in said dispersion com-
pensating fiber which is caused in said dispersion
compensating fiber.

37. An optical transmission system according to claim 30,
wherein said excitation light has a wavelength different from
the wavelength of signal light to be transmiited in said
dispersion compensating fiber.

38. An optical transmission system according to claim 30,
wherein said excitation light has a wavelength different from
the wavelength of signal light to be transmitied in said
dispersion compensating fiber.

39. An optical transmission system COmMprising.

an optical fiber having a positive dispersion and a posi-
live dispersion slope at signal light having a 1.55 um
wavelength;

a dispersion compensaiing optical fiber optically coupled
fo said optical fiber and which compensate for the
dispersion and a dispersion slope of said optical fiber
at the same time; and

a light source coupled with said dispersion compensating
fiber and for generating an excitation light into said
dispersion compensating fiber to amplify a signal light
in said dispersion compensating fiber by uiilizing a
Raman amplification, thereby to compensate loss in
signal light to be transmitied in said dispersion com-
pensating fiber, which is caused in said dispersion
compensating fiber,
said optical transmission system having the total dis-

persion slope not less than —-0.02 ps/km/nm* and not
more than 0.05 ps/km/nm> for light in the 1.55 um
wavelength band.

40. An optical transmission system according to claim 39,
wherein said excitation light has a wavelength different from
the wavelength of signal light to be transmiitted in said
dispersion compensating fiber.

41. An optical transmission system COmMprising:

an optical fiber having a positive dispersion at signal light
having a 1.55 um wavelength;

a dispersion compensating optical fiber opitically coupled
to said optical fiber and which compensate for the
dispersion and a dispersion slope of said optical fiber
at the same fime; and

a light source coupled with said dispersion compensating
fiber and for generating an excitation light into said
dispersion compensating fiber to amplify a signal light
in said dispersion compensating fiber by utilizing a
Raman amplification, thereby to compensate loss in
signal light to be transmiitted in said dispersion com-
pensating fiber which is caused in said dispersion
compensating fiber,

said optical transmission system having the total disper-
sion slope not less than —-0.02 ps/km/nm* and not more
than 0.05 ps/km/nm” for light in the 1.55 um wave-
length band.

42. An optical transmission system according to claim 41,
wherein said excitation light has a wavelength different from
the wavelength of signal light to be transmitted in said
dispersion compensating fiber.

43. A dispersion compensating optical fiber to be con-
nected to a fiber having at least one of a positive dispersion
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predetermined wavelength, said dispersion compensating
optical fiber having the following characteristics for light in

the 1.55 um wavelength band;

dispersion slope not less than —0.5 ps/km/nm” and not
more than -0.1 ps/km/nm?;

transmission loss not more than 0.5 dB/km;

polarization mode dispersion not more than 0.7 ps-km™";

cut-off wavelength not less than 0.7 um and not more than
1.7 um in the length of 2 m; and

bending loss at the diameter of 20 mm, not more than 100
dB/m,
whereby, when said dispersion compensating opftical
fiber is connected to said dispersion shifted fiber, an
optical transmission system consisting of said fiber
and said dispersion compensating opiical fiber has
the total dispersion slope not less than -0.02 ps/km/
nm> and not more than 0.05 ps/km/nm” for light in
the 1.55 um wavelength band.

44. A dispersion compensating optical fiber to be con-
nected to a dispersion shifted fiber having a zero dispersion
wavelength between the wavelengths from 1450 nm to 1650
nm, said dispersion compensating optical fiber having the

following characteristics for light in the 1.55 um wavelength
band,;

dispersion slope nor less than -0.5 ps/km/nm” and not
more than —0.1 psikm/nm?;

transmission loss not more than 0.5 dB/km;

polarization mode dispersion not more than 0.7 ps-km™";

cut-off wavelength not less than 0.7 um and not more than
1.7 um in the length of 2 m; and

bending loss at a diameter of 20 mm, not more than 100
dB/m,
whereby, when said dispersion compensating opftical
fiber is connected to said dispersion shifted fiber and
an excitation light having a predetermined wave-
length is inserted into said dispersion compensating
optical fiber, the loss in the signal light in an opiical
fransmission system consisting of said dispersion
shifted fiber and said dispersion compensating opii-
cal fiber is compensated by the Raman amplification
generated by the insertion of the excitation light so
that said optical transmission system has the total
dispersion slope not less than -0.02 ps/km/nm” and
not more than 0.05 pstkm/nm” for light in the 1.55
um wavelength band.

45. A dispersion compensating optical fiber to be con-
nected to a dispersion shifted fiber having a zero dispersion
wavelength between the wavelengths from 1450 nm fo 1650
nm, said dispersion compensating fiber having the following
characteristics for light in the 1.55 um wavelength band:

chromatic dispersion not less than —40 ps/km/nm and not
more than 0 ps/ikm/nm;

dispersion slope not less than -0.5 ps/km/nm® and not
more than -0.1 ps/km/nm’;

transmission loss not more than 0.5 dB/km;
polarization mode dispersion not more than 0.7 ps-km™";

cut-off wavelength not less than 0.7 um and not more than
1 7 um in the length of 2 m; and

bending loss at the diameter of 20 mm, not more than 100
dB/m,
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whereby, when said dispersion compensating opftical
fiber is connected to said dispersion shifted fiber and
an excitation light having a predetermined wave-
length s inserted into said dispersion compensating
optical fiber, the loss in the signal light in an opiical
fransmission system consisting of said dispersion
shifted fiber and said dispersion compensating opli-
cal fiber 1s compensated by the Raman amplification
generated by the insertion of the excitation light so
that said optical transmission system has the total
dispersion slope not less than -0.02 ps/km/nm” and
not more than 0.05 ps/km/nm* for light in the 1.55
um wavelength band.

46. A dispersion compensating opftical fiber to be con-
nected to a dispersion shifted fiber having at least one of a
positive dispersion and a positive dispersion slope at signal
light having the wavelength of 1.55 um wavelength band,
said dispersion compensating fiber having the following
characteristics for light in the 1.55 um wavelength band:

chromatic dispersion not less than —40 ps/km/nm and not
more than 0 ps/km/nm;

dispersion slope not less than -0.5 psikm/nm® and not
more than -0.1 ps/km/nm=;

fransmission loss not more than 0.5 dB/km;

polarization mode dispersion not more than 0.7 ps-km™";

cut-off wavelength not less than 0.7 um and not more than
1.7 um in the length of 2 m; and

bending loss at a diameter of 20 mm, not more than 100
dB/m,
whereby, when said dispersion compensating opftical
fiber is connected to said dispersion shifted fiber and
an excitation light having a predetermined wave-
length s inserted into said dispersion compensating
optical fiber, the loss in the signal light in an opiical
fransmission system consisting of said dispersion
shifted fiber and said dispersion compensating opri-
cal fiber 1s compensated by the Raman amplification
generated by the insertion of the excitation light so
that said optical transmission system has the total
dispersion slope not less than -0.02 ps/km/nm” and
not more than 0.05 ps/km/nm* for light in the 1.55
um wavelength band.
47. An optical transmission system said optical transmis-
SION System COmprising.
an optical fiber having a zero dispersion wavelength
between the wavelengths from 1450 nm to 1650 nm;

a dispersion compensating fiber optically coupled to said
optical fiber and having the following characteristics
for light in the 1.55 um wavelength band,;

dispersion slope not less than -0.5 ps/km/nm*® and not
more than -0.1 psikm/nm>;

fransmission loss not more than 0.5 dB/km;

polarization mode dispersion not more than 0.7 ps-km™";

cut-off wavelength not less than 0.7 um and not more than
1.7 um in the length of 2 m; and

bending loss at a diameter of 20 mm, not more than 100
dB/m; and

a light source coupled with said dispersion compensating
fiber and for generating an excitation light into said
dispersion compensating fiber to amplify a signal light
in said dispersion compensating fiber by utilizing a
Raman amplification, thereby to compensate loss in
signal light to be transmiitted in said dispersion com-
pensating fiber, which is caused in said dispersion
compensating fiber, said opitical transmission system

10

15

20

25

30

35

40

45

50

55

60

65

26

having the total dispersion slope not less than -0.02
psikm/nm® and not more than 0.05 ps/km/nm” for light
in the 1.55 um wavelength band.

48. An optical transmission system comprising.

an optical fiber having at least one of a posiiive dispersion
and a postitve dispersion slope at signal light having a
1.55 um wavelength;

a dispersion compensating fiber opitically coupled to said
optical fiber and having the following characteristics
for light in the 1.55 um wavelength band,;

dispersion slope not less than -0.5 ps/km/nm® and not
more than -0.1 ps/km/nm>;

fransmission loss not more than 0.5 dB/km;

polarization mode dispersion not more than 0.7 ps-km™";

cut-off wavelength not less than 0.7 um and not more than
1.7 um in the length of 2 m; and

bending loss at a diameter of 20 mm, not more than 100
dB/m; and

a light source coupled with said dispersion compensating
fiber and for generaifing an excitation light into said
dispersion compensating fiber to amplify a signal light
in said dispersion compensating fiber by utilizing a
Raman amplification, thereby to compensate loss in
signal light to be transmiitted in said dispersion com-
pensating fiber, which is caused in said dispersion
compensating fiber, said opiical transmission system
having the total dispersion slope not less than —0.02
pstkminm* and not more than 0.05 psikm/nm* for light
in the 1.55 um wavelength band.

49. An optical transmission system coOmprising.

an optical fiber having at least one of a positive dispersion
and a postiive dispersion slope at signal light having a
1.55 um wavelength;

a dispersion compensating fiber optically coupled to said
optical fiber and having the following characteristics
for light in the 1.55 um wavelength band;

chromatic dispersion not less than —40 ps/km/nm and not
more than 0 ps/ikm/nm;

dispersion slope not less than -0.5 ps/km/nm* and not
more than -0.1 ps/km/nm=;

fransmission loss not more than 0.5 dB/km;
polarization mode dispersion not more than 0.7 ps-km™";

cut-off wavelength not less than 0.7 um and not more than
1.7 um in the length of 2 m; and

bending loss at a diameter of 20 mm, not more than 100
dB/m; and

a light source coupled with said dispersion compensating
fiber and for generaiing an excitation light into said
dispersion compensating fiber to amplify a signal light
in said dispersion compensating fiber by utilizing a
Raman amplification, thereby to compensate loss in
signal light to be transmiitted in said dispersion com-
pensating fiber, which is caused in said dispersion
compensating fiber, said opiical transmission system
having the total dispersion slope not less than —0.02
ps/km/nm” and not more than 0.05 ps/km/nm” for light
in, the 1.55 um wavelength band.

50. An optical transmission system comprising.

a dispersion shifted fiber having a zero dispersion wave-
length between the wavelengths from 1450 nm to 1650
nm a dispersion shifted fiber having a zero dispersion
wavelength between the wavelengths from 1450 nm to
1650 nm wavelength;

a dispersion compensating fiber optically coupled to said
optical fiber and having the following characteristics
for light in the 1.55 um wavelength band;
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chromatic dispersion not less than —40 ps/km/nm and not dispersion compensating fiber having the following charac-
more than 0 ps/km/nm; teristics for light in the 1.55 um wavelength band.

dispersion slope not less than -0.5 ps/km/nm~ and not dispersion slope not less than -0.5 ps/km/nm” and not
more than —0.1 ps/km/nm’; more than —0.1 ps/km/nn>;

fransmission loss not more than 0.5 dB/km; . transmission loss not more than 0.5 dB/km;

polarization mode dispersion not more than 0.7 ps-km™"; polarization mode dispersion not more than 0.7 ps-km™";

cut-off wavelength not less than 0.7 um and not more than cut-off wavelength not less than 0.7 um and not more than
1.7 um in the length of 2 m; and 1.7 um in the length of 2 m; and

bending loss at a diameter of 20 mm, not more than 100 10 pending loss at the diameter of 20 mm not more than 100
dB/m; and dB/m,

a light source coupled with said dispersion compensating whereby, when said dispersion compensating optical
fiber and for generating an excitation light into said fiber is connected to said dispersion shifted fiber and
dispersion compensating fiber to amplify a signal light an excitation light having a predetermined wave-
in said dispersion compensating fiber by utilizing a 15 length is inserted inot said dispersion compensating
Raman amplification thereby to compensate loss in optical fiber, the loss in the signal light in an optical
signal light to be transmitied in said dispersion com- fransmission system consisting of said dispersion
pensating fiber, which is caused in said dispersion shifted fiber and said dispersion compensating opri-
compensating fiber, and said optical transmission sys- cal fiber is compensated by the Raman amplification
tem having the total dispersion slope not less than 20 generated by the insertion of the excitation light so
—0.02 ps/km/nm” and not more than 0.05 ps/km/nm” for that said optical transmission system has a total
light in the 1.55 um wavelength band. dispersion slope not less than —0.02 ps/km/nm® and

51. A dispersion compensating optical fibre to be con- not more than 0.05 ps/km/nm” for light in thel.55 um

nected to a dispersion shifted fiber having at least one fo a wavelength band.

positive dispertion and a positive dispersion slope at signal 25
light having a wavelength of 1.55 um wavelength band, said I N
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