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(57) L’ invention concerne une {fibre optique a
compensation de dispersion compensant une dispersion
de longueur d’onde et une pente de dispersion d’une
fibre optique a pente de dispersion positive telle que
TRUE WAVE, et améliorant la fiabilité¢ d’une
transmission multiplexée en longueur d’onde dans des
longueurs d’onde comprises entre 1530 et 1610 nm. Un
coeur central (3) est recouvert d’'une couche de coeur
latérale (4), dont la peripherie exterieure est recouverte
d’une couche enrobeée (5) et les rapports entre les
différences d’indices de réfraction  specifiques
DELTA.1, DELTA.2, DELTA.3 du coeur central (3),
de la couche de coeur lateérale (4) et de la couche enrobee

(5) par rapport au quartz pur doivent €tre ¢tablis a

DELTA.1 > DELTA.3 > DELTA.2, DELTA.2/

DELTA.1=Rd<-045,et DELTA.1:;>1,2%. Lapente
de dispersion moyenne jusqu’aux longueurs d’onde

comprises entre 1530 et 1610 nm ne doit pas étre

superieure a -0,6 ps/nm2 /km, et une valeur obtenue par
division d’une valeur de dispersion se trouvant dans la
meéme bande de longueur d’onde, par la pente de
dispersion ne doit pas €tre superieure a 160. La fibre
optique a longueur non superieure a environ 1/9 de la

TRUE WAVE. est connectée a la TRUE WAVE dotée
d’une pente de dispersion moyenne dans la bande de

longueur d’onde comprise entre 0,07 et 0,1 ps/nm2 /km
environ et d une valeur de dispersion environ 15 a 60 fois
auss1 grande que celle de la pente de dispersion, de
maniere que la dispersion dans la bande de longueur
d’onde puisse €tre ramenee a une dispersion nulle.
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(57) A dispersion-compensated  optical  fiber
compensating wavelength dispersion and dispersion
slope of a positively dispersed slope optical fiber such as
TRUE WAVE, and enhancing the rehability of
wavelength  multiplexed transmission over the
wavelengths of from 1530 to 1610 nm. A center core (3)
1s covered with a side core layer (4), the outer peniphery
thereof 1s covered with a clad layer (5), relationships
among the specific refractive 1ndex differences
DELTA.1, DELTA.2, DELTA.3 of the center core (3),
side core layer (4) and clad layer (5) relative to pure
quartz are set to be DELTA.1> DELTA.3> DELTA.2,
DELTA.2/DELTA.1 = Rd < -0.45, and .DELTA.I ;
> 1.2 %. The average dispersion slope up to the
wavelengths 1530 to 1610 nm 1s set to be not larger than

-0.6 ps/nm2 /km, and a value obtained by dividing a
dispersion value 1n the same wavelength band by the
dispersion slope 1s set to be not larger than 160. The
optical fiber with a length of not larger than about 1/9 of
the TRUE WAVE 1s connected to the TRUE WAVE

having an average dispersion slope 1n said wavelength

band of about 0.07 to 0.01 ps/nm2 /km and a dispersion
value which 1s about 15 to 60 times as great as that of the
dispersion slope, so that the dispersion 1n said
wavelength band can be brought closer to zero
dispersion.
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(57) Abstract

A dispersion-compensated optical fiber compensating wavelength dispersion and dispersion slope of a positively dispersed slope
optical fiber such as TRUE WAVE, and enhancing the reliability of wavelength multiplexed transmission over the wavelengths of from 1530
to 1610 nm. A center core (3) is covered with a side core layer (4), the outer periphery thereof is covered with a clad layer (5), relationships
among the specific refractive index differences Al, A2, A3 of the center core (3), side core layer (4) and clad layer (5) relative to pure quartz

are set to be Al > A3 > A2, A2/Al = Rd < -0.45, and Al ;2 1.2 %. The average dispersion slope up to the wavelengths 1530 to 1610 nm is set
to be not larger than -0.6 ps/nm* /km, and a value obtained by dividing a dispersion value in the same wavelength band by the dispersion
slope is set to be not larger than 160. The optical fiber with a length of not larger than about 1/9 of the TRUE WAVE is connected to the
TRUE WAVE having an average dispersion slope in said wavelength band of about 0.07 to 0.01 ps/nm?/km and a dispersion value which

is about 15 to 60 times as great as that of the dispersion slope, so that the dispersion in said wavelength band can be brought closer to zero
dispersion.
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Specifications

DISPERSION SLOPE COMPENSATING OPTICAL FIBER

Technical Field

The present invention relates to a dispersion slope
compensating optical fiber used for a wavelength division
multiplex transmission system having an optical amplifier

using an erbium doped optical fiber which is excited by, for

example, a pumping light source.

Background Art

Recently, in line with realization of an optical amplifier
(EDFA: Erbium Doped Fiber Amplifier) using an optical fiber
towhich erbiumis doped, it became possible to direct ly amplify
optical signals in a wavelength band of 1.55um (1550nm)
without converting themto electric signals, whereby in a field
of optical transmission, high bit rate and long-haul optical
transmission has been achieved. Furthermore, on the other hand,
transmission 1s carried out by a wavelength division multiplex
system (WDM system) in which optical signals of different
wavelengths can be transmitted by a single optical fiber, in
order to increase transmission capacity in optical

transmission, wherein, by employing an optical amplifier using
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said erbium doped optical fiber in an optical transmission
system 1n which the wavelength division multiplex system, it
can be expected that the transmission capacity 1is further
increased, and a longer haul transmission is further achieved
by the wavelength division multiplex system.

Also, as an optical fiber used for a wavelength division
multiplex transmission system in which said EDFA is employed,
a dispersion shifted optical fiber having zero dispersion
wavelength in the wavelength band of 1550nm has been proposed.
However, in a case where an optical fiber has a zero dispersion
wavelength in almost the entire gain band of the said EDFA,
1t i1s already known that a four-wave mixing (FWM) which is one
of the non-linear phenomena occurs when light of a plurality
of wavelengths 1s made incident into the optical fiber. Signal
light power is lost due to the four-wave mixing, wherein the
original signals are converted to signals of other wavelengths
and become noise, resulting in a problem in the transmission
characteristics. Furthermore, any one of the conventional
dispersion shifted optical fibers has a so-called positive
dispersion slope by which the dispersion value (chromatic
dispersion value) 1is increased in line with an increase in
wavelength, and the positive dispersionslope by which the

dispersion value is generally about 0.07ps/nm?/km.
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Therefore, in order to eliminate the problem resulting from
the four-wave mixing, an attempt, by which said problem
resulting from the four-wave mixing i1s solved, has been made
by separating the dispersion value at the wavelength used and
setting the dispersion value at the wavelength used, so that
it becomes *=1.5ps/nm/km to *4ps/nm/km. This is described in
Japanese Laid-Open Patent Publication No. 168046 of 1995. An
optical fiber which is able to solve the four-wave mixing is

registered by the AT & T Corporation with the trademark

TRUE WAVE” . Furthermore, the TRUE WAVE is based on the NEO
DSF concept (Dispersion shifted optical fiber of the next
generation). An optical fiber called TRUE WAVE has a zero
dispersion wavelength in the vicinity of wavelength of 1520nm
or in the vicinity of wavelength 1580nm and has a pcsitive
dispersion slope.

Hereinafter, like the TRUE WAVE and the said conventional
general dispersion shifted optical fibers, an optical fiber

»

having a positive dispersion slope 1s called Positive
dispersion slope optical fiber” .
Since the dispersion 'of the positive dispersion slope

optical fiber called TRUE WAVE is not zero at the wavelength

used as described above, dispersion resulting from the TRUE

WAVE itself will occur at the use wavelength band. Therefore,
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in a case where the TRUE WAVE is used, the following measures
are taken. That is, TRUE WAVE having the chromatic dispersion
characteristics shown by the characteristics line bl in FIG.7
and TRUE WAVE having the chromatic dispersion characteristics
shown by the characteristics line b2 i1in the same drawing are
alternately connected to each other, whereby the TRUE WAVE is
caused to have, as a whole, <chromatic dispersion
characteristics shown by the characteristic line b3 in the same
drawing, and an attempt is made by which the dispersion at the
center wavelength (for example, 1550nm) of the wavelength is
made zero.

However, if so, the dispersion at the center wavelength
becomes zero, residual dispersion occurs at wavelengths other
than the wavelength, for example, residual dispersion of -
1.6ps/nm/km is produced at a wavelength of 1540nm, wherein if
the relay interval (transmission distance) is 80Km, dispersion
of 128ps/nm remains. In this case, a difference is produced
in the transmission capacity due to dispersion between various
wavelengths of signal light at the wavelength band of 1550nm,
the waveform of the signal light is distorted to cause the bit

error rate to be changed between the center wave and the end
waves, wherein the efficiency of the wavelength division

multiplex transmission 1is lowered and reliability may be
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remarkably lowered.

Therefore, in Japanese Patent Application No. 85846 of 1997
filed at the Japanese Patent Office, the present applicant
proposed a dispersion slope compensating optical fiber inwhich
the dispersion slope of a positive dispersion slope optical
fiber of, for example, said TRUE WAVE, etc., 1s compensated.
Furthermore, the dispersion slope compensating optical fiber
is an optical fiber which has a dispersion value of a general
dispersion shifted optical fiber which is a positive dispersion
slope optical fiber, and a negative signed dispersion value,
the absolute value of which is equivalent thereto, and has a
negative signed dispersion slope, the absolute value of which
is equal to that of the dispersion shifted optical fiber.

However, in order to compensate the positive dispersion
slope of TRUE WAVE by, for example, connecting the dispersion
slope compensating optical fiber to the existing line (optical
transmission line) composed of the TRUE WAVE, it 1s necessary
to connect the dispersion slope compensating optical fiber,
the length of which is almost equal to that of the TRUE WAVE
of the existing line. Therefore, it will become necessary to
provide a very long dispersion slope compensating optical fiber.
For this reason, it is difficult to insert, as a module, the

proposed dispersion slope compensating optical fiber into, for
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example, a repeater of the existing line and to use it therein.

Furthermore, on the other hand, since the gain band of EDFA
is liable to expand to a longer wavelength side, 1t will become
possible to amplify optical signals 1in the vicinity of a
wavelength of 1600nm. Therefore, the necessity of dispersion

slope compensating optical fiber used in this wavelength

bandwidth has been increased.

The present invention 1s developed in order to solve the
said problem, and it is therefore an object of the invention
toprovide a dispersion slope compensating optical fiber which,
in the wavelength band, from 1530nm to 1610nm in wavelength,
which 1s the gain band of EDFA, is able to almost compensate
the chromatic dispersion slope and chromatic dispersion of a
positive dispersion slope compensating optical fiber such as
TRUE WAVE, etc., by a short optical fiber, and for example,
by 1nserting it into the existing line having a positive
dispersion slope for optical transmission as a module, and

enables satisfactory wavelength division multiplex

transmission at the said wavelength band.

Disclosure of Invention

In order to achieve the said object, a dispersion slope

compensating optical fiber is characterized in the following
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embodiments. That is, the first embodiment of the invention
is featured in that 1n the range from 1530nm to 1610nm in
wavelength, the average dispersion slope on the wavelength band
in the predetermined range is made -0. 6ps/nm‘’/km or less, the
dispersion value on the predetermined wavelength band is made
~-6ps/nm/km or less, and the value (DPS) obtained by dividing
the dispersion value by the said dispersion slope is made a
positive value which 1s less than 160.

Furthermore, the second embodiment of the invention is
featured i1n that 1in the range from 1530nm to 1410nm in
wavelength, the average dispersion slope on the wavelength band
in the predetermined range is made -1ps/nm?’/km or less, the
dispersion value on the predetermined wavelength band is made
~12.5ps/nm/km or less, and the value (DPS) obtained by dividing
the dispersion value by said dispersion slope becomes 12
tﬁrough 80.

Furthermore, the third ccnstruction of the invention 1s
featured in that a dispersion slope compensating optical fiber
including the first and second embodiments is formed so as to
cover the outer circumferential side of the center core by side
core layers and cover the outer circumferential side of the

corresponding side core layers by a clad layer, wherein Al

) A3) A2, A2/A1=<-0.45, and Al121.2% are established where
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the relative refractive index difference of said center core
with respect to pure SiO; glass is Al, the relative refractive
index difference of said side core layer with respect to pure
Si0; glass is A2, and the relative refractive index difference
of said clad layer with respect to pure Si0O; glass is A3.

Furthermore, the fourth construction of the invention 1is

featured in that in a dispersion slope compensating optical

fiber including said third embodiment, A2/ A 1S5 -0.6 is
established.

Furthermore, the fifth embodiment of the invention 1is
featured 1n that in a dispersion slope compensating optical
fiber including said third embodiment, a dopant is added onto
said clad layer, which increases the refractive index at an
area greater by ét least six times than that of the outer
diameter of the side core layer with the center of the side
core layer used as the center of the dopant.

Furthermore, the sixth embodiment of the invention is
featured in that in a dispersion slope compensating optical
fiber including the fifth embodiment, the relative refractive
index difference of the area, to which a dopant for increasing
said refractive index is added with respect to pure Si0O, glass,
is established to be 0.35% or more.

Furthermore, the seventh embodiment of the invention 1S

arpan P WA AP 3 AN H B ST AN < 12 e s s

AT e AP Ll S A i §hmm kA 4 S



CA 02271694 1999-05-07

featured in that the said copant i1n the said fifth or sixth
embodiment 1s germanium.

Furthermore, the eighth embodiment of the invention is
featured in that in a dispersion slope compensating optical
fiber including the third or fourth embodiment, 3umsa<éyu
m, 8um=b=12um, and 0.375=a/b=0.55 are established where

{ S 2

the outer diameter of the said center coreis 'a and the outer
diameter of the side core layer is “b” .

In the first embodiment of the invention, since the average
dispersion slope on the predetermined wavelength band in the
range from 1530nm to 1610nm of wavelength is established to
be 0.6ps/nm’/km or less, a positive dispersion slope and a
negative dispersion slope are counterbalanced at said
predetermined wavelength band from at least 1530nm to 1610nm
in wavelength by connecting a dispersion slope compensating
optical fiber, according to the invention, to a positive
dispersion slope optical fiber such as TRUE WAVE having a
positive dispersion slope.

Furthermore, in the present specification, the *
predetermined wavelength band” averages a wavelength band
which is able to compensate both dispersion (chromatic

dispersion) and a dispersion slope (chromatic dispersion

slope) of a positive dispersion slope optical fiber by a
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dispersion slope compensating optical fiber according to the
invention.

Moreover, the average dispersion slope of a dispersion slope
compensating optical fiber, according to the 1invention, on said
predetermined wavelength band in the range from .530nm to
1610nm in wavelength is -0.6ps/nm°/km or less although the
average dispersion slope in the range from 1530nm to 1610nm
in wavelength of TRUE WAVE 1s approximately 0.07 to
0.1/ps/nm’/km. Therefore, in a case where a dispersion slope
compensating optical fiber, according to the invention, is
connected to, for example, TRUE WAVE, the average dispersion
slope of which is approximately 0.07ps/nm?/km in the range from
1530nm to 1610nm in wavelength, it becomes possible to make
the dispersion slope almost zero on the said predetermined
wavelength band in the range from 1530nmto 1610nm in wavelength,
making the length of a dispersion slope compensating optical
fiber, according to the invention, shorter by approximately
one-ninth or less than the length of TRUE WAVE.

Furthermore, in the first embodiment of the invention, since

the value of DPS is a positive value of 160 Oor less and the
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optical transmission, from remaining, by connecting a
dispersion slope shifted optical fiber according to the first
embodiment, in which the DPS value is established with respect.
to a positive dispersion slope optical fiber, the chromatic
dispersion value of which is positive. Thereby, the dispersion
slope and chromatic dispersicnof all positive dispersion slope
optical fibers including TRUE WAVE can be compensated, wherein
a high-density and high bit rate wavelength divisionmultiplex
transmission of high reliability is enabled.

That 1is, a dispersion slope compensating optical fiber,
according to the first embodiment of the invention, is such
that the average dispersion slope in the predetermined range
in the range from 1530nm to 1610nm in wavelength, which will
be the gain band of an optical amplifier (EDFA) in which an
erbium-doped optical fiber is used, is established to be -
0.6ps/nm‘/km or less, the dispersion value on the said
predetermined wavelength band is established to be -6ps/nm/km
or less, and the value obtained by dividing the dispersion value
by the said dispersion slope is a positive value of 160 or less.
Therefore, the DPS value is set so as to cause the chromatic
dispersion value to correspond to a positive dispersion slope

optical fiber, and by connecting the dispersion slope

_]1_
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optical fiber, it 1is possible to prevent that dispersion,
equivalent to an amount by which optical transmission is
hindered, from remaining, wherein dispersion slope and
chromatic dispersion of all positive dispersion slope optical
fibers, the chromatic dispersion value of which is positive,
can be compensated, and 1t is possible to carry out high-density
and high bit rate wavelength division multiplex transmission
of high reliability.

Furthermore, 1n a dispersion slope compensating optical
fiber according to the second embodiment, the average
dispersion slope in said predetermined wavelength band is
established to be -1ps/nm°/kmr or less. Therefore, for example,
1n a case where the dispersion slope compensating optical fiber,
according to the invention, is connected to TRUE WAVE whose
average dispersion slope in the range from 1530nm to 1610nm
1n wavelength is approximately 0.07ps/nm?/km, with the length
of the dispersion slope compensating optical fiber according
Lo the invention made shorter by one-fifteenth than that of
TRUE WAVE, it is possible to make the dispersion slope in the
said predetermined wavelength band equivalent to almost zero.

Furthermore, a dispersion slope compensating optical fiber

according to the second embodiment of the invention is such

that the dispersion value in the said predetermined wavelength

....1 2...
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band is established to be -12.5ps/nm/km or less, and the value
obtained by dividing the dispersion value by said dispersion
slope 1s established to be 12 through 80. Therefore, the value
(DPS) obtained by dividing the dispersion value in the
wavelength of 1530nm to 1610nm by the dispersion value is about
75% to 125% of the DPS (approximately 15 to 60) of TRUE WAVE.
By connecting TRUE WAVE and a dispersion slope compensating
optical fiber according to the invention to each other if the
DPS 1s in this range, no dispersion which hinders optical
transmission remains.

Furthermore, in the first and second embodiments of the
1nvention, since either one of the dispersion values in
wavelengths 1n said predetermined range is negative and no zero
dispersion wavelength exists in the wavelength band, no
four-wave mixing (FWM) is generated in optical transmission
in this wavelength range, and high-density and high bit rate
wavelength division multiplex transmission of high
reliability is enabled.

Therefore, for example, by connecting a dispersion slope
compensating optical fiber according to the second embodiment
of the invention, which is shorter by one-fifteenth times or
less than that of TRUE WAVE, tc TRUE WAVE, that is, by inserting

the dispersion slope compensating optical fiber according to

....'l 3_.
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the invention into the existing line for optical transmission
as a module, 1t is possible to easily make the dispersion value
of optical signals almost zero i1n the wavelength of 1530nm to
1610nm, which will be the gain band of EDFA. As a result, in
a wavelength division multiplex transmission, signals in the
respective wavelengths can be clearly distinguished and
separated at the receiving side, wherein high-density and high
bit rate wavelength division multiplex transmission of high
reliability is enabled.

That 1s, 1n a dispersion slope compensating optical fiber
according to the second embodiment of the invention, the
average dispersion slope in said predetermined range of a range
from 1530nm to 1610nm in wavelength is established to be -
lps/nm®/km or less and the value obtained by dividing the
dispersion value in said predetermined wavelength band by said
dispersion slope is caused to become 12 through 80. Therefore,
if a dispersion slope compensating optical fiber according to
the 1nvention 1is connected to, for exémple, a positive
dispersion slope optical fiber (TRUE WAVE) whose average
dispersion slope is approximately 0.07 to 0.1 ps/nm®/km in a
wavelength from 1530nm to 1610nm and dispersion value in the

same wavelength band is greater by about 15 to 60 times than

that of the dispersion slope, both the dispersion and

_14...
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dispersion slope of TRUE WAVE can be compensated with a length
which is shorter by about one-fifteenth or less than the length
of TRUE WAVE, and it is possible to cause the dispersion slope
in said wavelength band to be drawn to nearly zero.

Accordingly, a dispersion slope compensating optical fiber
according to the second embodiment of the invention can be
easily incorporated, as a module, into a relay station of the
existing line, which is composed of positive dispersion slope
optical fibers such as TRUE WAVE, etc., and it 1s possible to
easily construct a wavelength division multiplex transmission
system in a wavelength band of 1550nm, which 1is provided with
EDFA (Erbium doped fiber amp‘lifiers) . Furthermore, the
dispersion at the gain band of the EDFA, which is the wavelength
in the system, can be made almost zero in the entire use
wavelength band, and the four-wave mixing which is one of linear
phenomena, can be prevented from occurring, where it becomes
possible to construct an optical transmission system which
enables reliable high-density and high bit rate transmission
of high reliability.

Furthermore, the dispersion slope compensating optical
fiber is such that the outer circumferential side of the center

core 1s covered by a side core layer and the outer

circumferential side of the corresponding side cover ~ayer is
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covered by a clad layer, wherein Al) A3) A2, A2/A1=-0.45,
and A1=1.2% are established where the relative refractive
index difference of said center core with respect to pure SiO,
glass is A1, the relative refractive index difference of said
side core layer with respect to pure Si0O; glass is A2, and the
relative refractive index difference of said clad layer with
respect to pure SiO; glass 1is A 3. According to the third
embodiment of the invention, in which A1=21.2% is established,
1f the refractive 1index structure of a dispersion slope
compensating optical fiber is constructed as described above,
1t is possible to easily and securely form a dispersion slope
compensating optical fiber provided with chromatic dispersion
characteristics, which is able to perform said satisfactory
compensation of dispersion and dispersion slope.
Furthermore, according to the fourth embodiment in which
A2/A1=-0.61is established in addition to the third embodiment
of the invention, it is possible to further easily and securely
form a dispersion slope compensating optical fiber provided
with chromatic dispersion characteristics, which is able to
perform said satisfactory compensation of dispersion and

dispersion slope.

Furthermore, according to the fifth embodiment of the

invention, in which a dopant for increasing the refractive
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index 1s added to the clad layer at an area, which is greater

by at least six times than the outer diameter of the side core
layer, with the center thereof made identical to that of the
- side core layer, since therelative refractive indexdifference
of the optical transmission area (an area which is greater by
about six times than the outer diameter of the side core layer
with the center thereof made identical to that of the side core
layer) with respect to pure SiO; glass can be increased by
providing the clad layer with an area to which a dopant for
increasing the refractive index is added, it is possible to
decrease the optical transmission loss, and the transmission
loss of a dispersion slope compensating optical fiber can be
lowered.

Furthermore, according to the embodiments of the invention
in which the relative refractive index difference of the area,
to which a dopant for increasing the refractive index is added,
with respect to pure SiO; glass is established to be 0.35% or
more, since it is possible to further increase the relative
refractive index difference of the said optical transmission
area with respect to pure SiO, glass, high-density and high

bit rate wavelength division multiplex transmission of further

higher reliability is enabled.

Furthermore, according to the embodiment of the invention

...17_
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in which the dopant to be added to said clad layer is germanium,
it 1s possible to easily increase the relative refractive index
difference with respect to pure S10; glass at the optical
propagation area on the clad layer.

Furthermore, in the eighth embodiment of the invention, in
which 3um<as6um, 8um=bs12um, and 0.375=a/b=0.55 are
established where the outer diameter of said center core is
“a” and the outer diameter of the side core layer is “b” ,
it is possible to favorably compensate the dispersion and
dispersion slope, and 1t is possible to very easily obtain a
dispersion slope compensating optical fiber suitable for

high-density and high bit rate wavelength division multiplex

transmission of higher reliability.

Brief Description of Drawings

FIG.1 is a configurational view showing a refractive index
profile structure (a) and cross-section (b) of the first
preferred embodiment of a dispersion slope compensating
optical fiber according to the invention,

FIG.2 1s graph showing the relationship between a ratio (A
2/A1=Rd) of the relative refractive index difference A2 of
an optical fiber having a W-shaped refractive index profile

shown in (a) with respect to pure SiO, glass and the relative
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refractive index difference Al of the center core with pure

S10; glass and the average dispersion slope at an optionally
predetermined wavelength band of 30nm in the range from 1530nm
to 1630nm in wavelength,

FIG.3 1s a graph showing the relationship between the
dispersion value and average dispersion slope of an optical
fiber having a W-shaped refractive index profile shcown by (a)
in FIG.1l, in an optionally predetermined wavelength band of
30nm in the range from 1530nm to 1610nm in wavelength,

FIG.4 1s a graph showing the relationship between the
relative refractive index difference Al of the center core
with respect to pure SiO; glass in an optical fiber having a
W-shaped refractive index profile shown by (a) in FIG.1 and
the bending loss of the optical fiber,

FIG.5 1s a configurational view showing the refractive index
profile structure (a) and cross section (b) of ths second
embodiment of a dispersion slope compensating optical fiber
according to the invention,

FIG.6 1s a graph showing the relationship between the
relative refractive index difference A3a of the inner clad
layer 5a with respect to pure SiO, glass in an optical fiber

having a refractive index profile shown by (a) in FIG.5 and

the optical transmission loss of the optical fiber, and
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FIG.7 is a graph showing chromatic dispersion
characteristics of TRUE WAVE which 1s one example of

conventionally proposed positive dispersion slope optical

fibers.

Best Mode for Carrying Out the Invention

A detailed description is given of the 1invention with
reference to the accompanying drawings.

(a) in FIG.1 shows the refractive 1ndex profile
characteristics according to the first embodiment of a
dispersion slope compensating optical fiber according to the
invention, and (b) therein shows a cross-sectional view of the
dispersion slope compensating optical fiber.

As shown in these drawings, a dispersion slope compensating
optical fiber according to the embodiment of the invention is
formed so that the outer circumferential side of the center
core 3 1s covered by a side core layer 4 and the outer
circumferential side of the side core layer 4 is ccvered by
a clad layer 5, wherein the clad layer 5 is formed of pure SiO,
glass. Furthermore, Al) A3) A2 is established and a W-shaped
refractive index profile is presented where the relative
refractive index difference of the center core 3 with respect

to pure S510; glass is A1, the relative refractive index
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difference of the side core layer 4 with respect to pure SiO,
glass is A2, and the relative refractive index difference of
the clad layer 5 with respect to pure SiO, glass is A 3.
Furthermore, A2/A1=Rd £-0.45 and A1=21.2% are established.
In particular, it is preferable that Rd =-0.6 is established.

Furthermore, in the present specification, where the
refractive index of pure Si0; glass (Silica: S103) is ng, the
refractive index of the clad ayer 5 1s n;, the refractive index
of the side core layer 4 is ng, and the refractive index of
the center core 3 1s ng, the relative refractive index
difference Al of the center core 3 with respect to pure Si0Q,
glass is defined by the following expression (1):

Al={ (nc®-ne®) /2nc®) x 100 ...... (1)

Furthermore, the relative refractive index difference A2
of the side core layer 4 with respect to pure Si0O, glass is
defined by the following expression (2):

A2={ (ns®-n¢*) /2ns’} x 100 ...... (2)

Furthermore, the relative refractive index difference A3
of the clad layer 5 with respect to pure Si0, glass is defined
by the following expression (3): Furthermore, in the present
embodiment, since the clad layer 5 is made of pure Si0, glass
(Silica), ni=ng. Therefore, A3=0.

A3={ (ny°-ne¢%) /2n;%} x 100 ...... (3)

_‘)1_
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A dispersion slope compensating optical fiber according to

the embodiment is provided with the refractive index profile
characteristics described above, wherein the average
dispersion slope in the wavelength from 1530nm to 1610nm is
established to be -1.00ps/nm*/km or less, the dispersion value
in the same wavelength band is established to be -12.5ps/nm/km
or less, and the value obtained by dividing the dispersion value
by the dispersion slope is 12 through 80 (preferably, 15 through

60) . Thereby, 1n the present embodiment, the average dispersion
slope, for example, in an optional range of 30nm of the
predetermined range in the range from 1530nm to 1610nm in
wavelength is established to be -1.00ps/nm’/km or less, the
dispersion value is established to be -12.5ps/nm/km or less,
and the value obtained by dividing the dispersion value by the
dispersion slope is established to be 12 through 80 (preferably
15 through 60).

Furthermore, in a dispersion slope compensating optical
fiber according to the embodiment, 3um=a=<é6um, 8ums=b=<1?
pm, and 0.4=a/b=0.5 are estzblished where the outer diameter
Oof said center core 3 is “a” and the outer diameter of the
side core layer 4 is “pb” .

Furthermore, in order to cause the positive dispersion slope

of TRUE WAVE to become almost zero by connecting a dispersion



CA 02271694 1999-05-07

slope compensating optical fiber according to the embodiment,
the length of which 1s approximately one-ninth that of TRUE
WAVE, to TRUE WAVE, the average dispersion slope of which is
approximately 0.07ps/nm°/km in, for example a wavelength from
1530nm to 1610nm, since the average dispersion slope of the
sald TRUE WAVE with respect to the wavelength from 1530nm to
1610nm is approximately 0.07 to 0.1 ps/nm®/km, it is necessary
that the average dispersion slope in the wavelength band of
sald optional 30nm in the range from 1530nm to 1610nm in
wavelength is established to be -0.6ps/nm‘/km.

Furthermore, in order to make the positive dispersion slope
of said TRUE WAVE almost zero by connecting a dispersion slope
compensating optical fiber according to the embodiment, the
length of which is approximately one-fifteenth or less that
of the TRUE WAVE, it is necessary that the average dispersion
slope in the wavelength band of said optional 30nm is
established to be -lps/nm°/km or less.

Furthermore, if the value (DPS) obtained by dividing the
dispersion value of a dispersion slope compensating optical
fiber according to the embodiment in a wavelength band of said
optional 30nm by the dispersion slope is made 75% to 125% of

the DPS of TRUE WAVE, no dispersion equivalent to an amount

by which hindrance is generated in optical transmission is
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permitted to remain in said wavelength band by connecting a
dispersion slope compensating optical fiber according to the
invention and TRUE WAVE to each other. Furthermore, if the DPS
of a dispersion slope compensating optical fiber according to
the embodiment 1s made almost equal to the DPS of TRUE WAVE,
the residual dispersion can be made almost zero. Therefore,
1t 1s preferable that both DPS are made almost equal to each
other.

Therefore, the following experiment was carried out as
regards an optical fiber having said W-shaped refractive index
profile in order to obtain a dispersion slope compensating
optical fiber in which the dispersion slope and DPS become the
values described above. First, the ratio (A2/A1=Rd) of the
relative refractive index difference A2 of the side core layer
4 for pure SiO; glass with respect to the relative refractive
index difference Al (the relative refractive index difference
Al of the center core 3 with respect to pure SiO, glass) of
the center core 3 for pure Si0, glass was used as a parameter,
and the dispersion slope of the optical fiber was measured whi le
variously changing the Rd, wherein the relationship between
Rd and the dispersion slope was examined. Furthermore, at this
time, the value of a/b was kept constant. The result thereof

is shown in FIG.2. As has been made clear in FIG.2, it 1is

......24_
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understood that it is necessary to set the Rd to -0.45 or less
in order to make the dispersion slope -0.6ps/nm‘/km, and it
is necessary to set the Rd to -0.6 or less in order to make
the dispersion slope -1ps/nm?/km.

Furthermore, the relationship between the average
dispersion slope and dispersion value of an optical fiber in
an optional 30nm wavelength band in the range from 1530nm to
1610nm in wavelength was examined, wherein the result shown
in FIG.3 could be obtained. As has been made clear in the same
drawing, it is understood that it 1s necessary to set the
dispersion value to approximately -6ps/nm/km or less in order
to make the average dispersion slope of an optical fiber -
0.6ps/nm?/km or less, and it is necessary to set the dispersion
value to approximately -12.5ps/nm/km or less in order to make
the average dispersion slope of an optical fiber -1ps/nm‘/km
or less. Furthermore, for example, where the average dispersion
slope of an optical fiber is determined to -1ps/nm®/km and the
dispersion value thereof is determined to be -12.5ps/nm/km,
the DPS is made 12.5, and i1f the average dispersion slope is
determined to be -1.25ps/nm?/km, the dispersion value is made
approximately -27ps/nm/km and the DPS thereof is made 21.6.

Therefore, for example, on the basis of the data of the

relationship shown in FIG.3, it is possible to determine the
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dispersion slope and dispersion value so that the DPS becomes
12 through 80.

The loss (transmission loss) resulting from light leakage
when propagating light in an optical fiber while variously
varying the relative refractive index difference Al of the
center core 3 with respect to the clad layer 5 with Al used
as a parameter was measured. For example, as shown in FIG.{4,
as A1l becomes a value which is less than 1.2%, the loss
resulting from the light leakage was made greater, wherein it
was confirmed that it would become difficult to use the optical
fiber as anoptical transmiss_on line. Furthermore, FIG.4 shows
the values of bending loss when a dispersion slope optical fiber
1s bent with a bending radius of 20mm, in order to investigate
the loss resulting from said light leakage.

On the basis of said experiment, a dispersion slope
compensating optical fiber according to the embodiment of the
invention has, as described above, a W-shaped refractive index
profile structure as shown by (a) in FIG.1, and it is made such
that A2/A1=Rd=-0.45 (preferably, RdA=-0.6) and A1=1.2% are
established, the average dispersion slope in the said optional
wavelength of 30nm in the range from 1530nm to 16¢30nm in
wavelength 1is established to be -0.6ps/nm‘’/km or less

(preferably, -1.00ps/nm2/km or less), the dispersion value in

_26_.
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the same wavelength band is established to -6ps/nm/km or less

(preferably -12.5ps/nm/kmor less), and said DPS is established

to be 12 through 80 (preferably 15 through 60).
Ffurthermore, when producing dispersion slope compensating

optical fibers as described above, they were produced while

€ »

varying the outer diameter 'a of the center core 3 and the
outer diameter “b° of the side core layer 4 and varying the
value of a/b. When 3um=as=é6um, 8um=b=12um, and 0.4=a/b
=0.5 were established in order to cause dispersion slope
compensating optical fibers to have such average dispersion
slope and dispersion values as described above in said optional
wavelength

pand of 30nm in the wavelength from 1530nm to 1610nm, it was
coﬂfirmed that it is possible to easily produce dispersion
slope compensating optical fibers having said
characteristics.

Accordingly, as a practical example of the embodiment of
the invention, a dispersion slope compensating optical fiber,
2.7km long, whose average dispersion slope is -1.05ps/nm?/km
and zero dispersion wavelength is 1515nm in said optional
wavelength band of 30nm in the range from 1530nm to 1610nm in

wavelength was prepared and connected to TRUE WAVE whose zero

dispersion wavelength is 1515nm and average dispersion slope
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in the wavelength from 1530nm to 1610nm is 0.07ps/nm?/knm,
wherein both the dispersion slope and chromatic dispersion in
said optional wavelength band of 30nm were shifted, and the
dispersion in the said wavelength band was made *0.03ps/nm/km
or so. That 1s, almost zero dispersion could be obtained.

Furthermore, 1f a dispersion slope compensating optical
fiber whose dispersion slope in said wavelength band is, for
example, -0.07ps/nm’/km is connected to TRUE WAVE having said
dispersion characteristics, it 1is possible to make the
dispersion 1in said wavelength band almost zero ( =+
0.03ps/nm/km) . However, in this case, it will be necessary to
prepare a dispersion slope compensating optical fiker which
has almost the same length as that of TRUE WAVE, that is, 40km
long. Therefore, it becomes difficult to insert, as a module,
the dispersion slope compensating optical fiber into a repeater
of the existing line composed of TRUE WAVE.

According to the embodiment of the invention, since, as
described above, both the dispersion slope and chromatic
dispersion in the wavelength band from 1530nm to 1610nm in
wavelength are shifted by a length which is, for example,
approximately one-fifteenth cf the TRUE WAVE and the chromatic
dispersion can be made almost zero dispersion, it is possible

Lo easlly insert, as a module, a dispersion slope compensating
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optical fiber according to the embodiment of the iavention,
into a repeater of the existing line composed of TRUE WAVE,

whereby the dispersion at said wavelength band can be made
almost zero dispersion.

Furthermore, since, a dispersion slope compensating optical
fiber according to the embodiment of the invention is such that
the dispersion of the wavelength band of an optional wavelength
band of 30nm in the range from 1530nm to 1610nm in wavelength,
which will become the gain band of an optical amplifier (EDFA)
having an erbium~-doped optical fiber, is -12.5ps/nm/kmor less,
and has no zero dispersion wavelength in said optional
wavelength band of 30nm, there is almost no case where the
four-wave mixing (FWM) océurs when signal light of a wavelength
pband of 1550nm (approximately 1530nm to 1610nm in wavelength)
1s made incident into the dispersion slope compensating optical
fiber. Furthermore, generation of the FWM is suppressed in TRUE
WAVE as described above.

Therefore, if a dispersion slope compensating optical fiber
according to the embodiment of the invention is connected to
TRUE WAVE which is the object to be connected and is applied
to a wavelength division multiplex transmission system at a

wavelength band of 1550nm, which is provided with an EDFA, it

1s possible to construct an optical transmission system which

_29._
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does not generate any FWM and in which the chromatic dispersion
is made almost zero at the receiving end in the entire
wavelength band, and an excellent optical transmission system
enables high-density and high bit rate wavelength division
multiplex transmission o©f very high reliability can be
constructed.

FIG.5(a) shows refractive index profile characteristics of
the second embodiment of a dispersion slope compensating
optical fiber according to the invention, and FIG.5(b) shows
a cross-sectional view of the dispersion slope compensating
optical fiber. Although a dispersion slope compensating

optical fiber according to the second embodiment is constructed
to be nearly similar to the first embodiment, in the second
embodiment, germanium (Ge) is added, as a dopant to increase
the refractive index, onto an area, which is greater by at least
siX times than the outer diameter of the side core layer, on
the clad layer 5 with the centzr thereof made identical to that
of the side core layer 4. As shown in the following expression
(4), the relative refractive index difference A3 of the area

with respect to pure SiO; glass is established to be 0.35% or

more.

|

A 3a {npa’-no®) /2ns’} x 100 ........ (4)

where np, indicates the refreactive index of said area.
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In other words, in the second embodiment, as shown in FIG.S5,
the clad layer 5 has an inner clad layer 5a and an outer clad
layer 5b, and germanium (Ge) 1s doped onto the inner clad layer
5a, wherein the relative refractive index difference A3 of
the inner clad layer 5a with respect to pure Si0O, glass is
established to be 0.35%. Furthermore, the outer diameter
a” of the inner clad layer 5a is made greater by approximately
six times than the outer diameter “b’ of the side core layer
4 (c=26b). Furthermore, the outer clad layer 5b is omitted,
and the relative refractive index difference A3 of the clad
layer 5 with respect to pure SiO; glass may be made 0.35% or
more with germanium doped onto the entire area of the clad layer
5.

In the second embodiment, as described above, the viscosity
of the center core 3, side core layer 4 and clad layer 5 is
made to approach each other by doping germanium (Ge) onto the
clad layer 5.

When specifying the construction of the second embodiment
of the invention, the present applicant investigated the
relationship between the relative refractive index difference
A of the optical propagation area with respect to pure SiO,

glass and the optical transmission loss of the dispersion slope

compensating optical fiber. That 1is, the applicant
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investigated said relationship while varying the relative
refractive index difference A of said area with respect to pure
Si0O; glass with a dopant such as germanium (Ge) for increasing
the refractive index added onto the area, which is greater by
at least six times than the outer diameter of the side core
layer 4, on the clad layer 5 with the center thereof made
identical to that of the side core layer 4. The results are
shown 1n FIG.6.

As has been made clear ir this drawing, 1f said relative
refractive index difference A is increased more than zero, the
optical transmission loss is decreased. In particular, it is

understood that the optical transmission loss is radically

decreased as sald relative refractive index difference A
exceeds 0.35%. Therefore, as described above, the second
preferred embodiment is constructed so that germanium (Ge) is
doped at an area, which is greater by at least six times than
the outer diameter of the side core layer 4, on the clad layer
5 with the center thereof made identical to that of the side
core layer 4 and the relative refractive index difference A
3 of the area with respect to pure Si0O; glass exceeds 0.35%.
Furthermore, in addition to that the relative refractive index
difference A of said area with respect to pure SiO, glass is

increased if a germanium dopant is added onto the clad layer
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5, the viscosities of the center core 3, side core layer 4 and
clad layer 5 are made to approach each other each other, wherein
1t 1s considered that a lowering of the optical transmission
loss can be achieved as described above.

With the second embodiment, since it has a refractive index
profile structure as shown in FIG.5, the second embodiment
provides effects similar to those of the first embodiment.
Furthermore, since the second embodiment is constructed so that
germanium (Ge) is doped at an area, which is greater by at least
six times than the outer diameter of the side core layer 4,
on the clad layer 5 with the center thereof made identical to
that of the side core layer 4 and the relative refractive index
difference A3a of the area with respect to pure SiO, glass
exceeds 0.35%, 1t 1s possible to further lower the optical
transmission loss than in the first embodiment.

A dispersion slope compensating optical fiber according to
the second embodiment can be produced by, for example, detailed
production examples 1 through 7 described below.

(Production example 1)

First, a center core 3 containing germanium (Ge) is composed
by a VAD method (Vapor-phase Axial Deposition Method) using

one burner, and it is vitrified thereafter. A side core layer

4 1s formed on the center core 3 by an outside attaching method,
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wherein when vitrifying, fluorine is doped onto the side core
layer 4 to form a fluorine-doped layer. Furthermore, germanium
(Ge) is high-doped (doped at a high concentration) on a clad
layer 5 by a Ge-OVD (germanium doped Outside Vapor-phase

Deposition) method, whereby a dispersion slope optical fiber

is produced.

(Production example 2)

First, both the center core 3 and side core layer 4 are formed
as in the production example 1, and germanium 1s high-doped
onto the clad layer 5 by the VAD method. Thereafter, it 1is
vitrified to be made into a dispersion slope optical fiber.

(Production example 3)

First, both the center ccre 3 and side core layer 4 are
produced as in the production examples 1 and 2. A substance
in which the side core layer 4 is provided around the center

)

core 3 is called a ” core body . The clad layer 5 is formed

so that a germanium (Ge) doped quartz bar is made into pipe,
and the pipe of the clad layer 5 is attached by jacket to the
said core body (the core body is inserted into the pipe, wherein
the core body and clad layer 5 are made integral with each other
by heating them), thereby producing a dispersion slope optical
fiber.

(Production example 4)

.....34_
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First, the center core 3 and side core layer 4 are formed
as in the production examples, 1, 2, and 3, and the clad layer
5 is formed, as a core body, of a Ge tube composed by a MCVD
(Modified Chemical Vapor Deposition) method, wherein the Ge
tube is attached by jacket tc the core body, thereby producing
a dispersion slope optical fiber.

(Production example 5)

First, the center core 3 containing Ge is composed by the
VAD method using one burner and is vitrified thereafter. A side
core layer 4 and a clad layer 5 are formed on the center core
3 in order by the outside attaching method, and when vitrifying
the side core laver 4, boron is co-doped along with fluorine
in order to obtain a fluorine-boron co-doped layer. Ge 1s doped
when composing the clad layer 5, in order to make a Ge-doped
layer. Thereafter, adispersion slope optical fiber is produced
by vitrifying them.

(Production example 6)

The cehter core 3 of a Ge-doped layer, side core layer {4
of a fluorine-doped layer, and clad layer 5 of a Ge-doped layer
are composed by the MCVD method sequentially from the clad layer
5, thereby producing a dispersion slope optical fiber.

(Production example 7)

The center core 3 of a Ge-doped layer, side core layer 4

._35_
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of a fluorine and boron co-doped layer and clad layer 5 of a
Ge-doped layer are composed by the MCVD method sequentially
from the clad layer 5, thereby producing a dispersion slope
compensating optical fiber.

A dispersion slope compensating optical fiber according to
the second embodiment is produced by producing an optical fiber
by individually forming the center core 3, side core layer 4
and clad layer 5, using the production methods described above.
By producing an optical fiber as described above, it 1s possible
to obtain a dispersion slope optical fiber which 1s able to
provide such excellent effects as described above.

Furthermore, for comparison, the present applicant formed
two or more layers at the same time 1n various manners, that
is, the center core 3, side core layer 4 and clad layer 5 are
simultaneously composed by the VAD method using, for example,
three burners while the center core 3 and side core layer 4
are simultaneously composed by the VADmethod using two burners,
and vitrified in a fluorine atmosphere, and Ge 1s thereafter
highly doped onto the clad layer 5 by using the Ge-OVD method,
and two or more layers are simultaneously formed by using a
jacket~attaching method while the center core 3 and side core
layer 4 are simultaneously composed by the VAD method using

two burners. However, in any one of the above cases, 1t was
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not possible to form a dispersion slope optical fiber of the
second embodiment having a refractive index profile structure
as shown in FIG.5S.

One reason as to why, for example, considers that when
simultaneously composing the center core 3 and side core layer
4 and simultaneously vitrifying them, fluorine is also doped
onto the center core 3 when attempting to dope fluorine onto
the side core layer 4.

Furthermore, the invention is not limited to the said

embodiments. Various modifications and variations are
available. For example, although, 1in the said second embodiment,
germanium dopant is added onto the clad layer 5 to 1ncrease
the refractive index of the clad layer 5, and the dopant added
onto the clad layer 5 is not necessarily limited to germanium.
It may be any dopant other than germanium if it has the ability
to increase the refractive index, for example, phosphate (P),
and aluminium (Al), etc., may be doped onto the clad layer 5.
Furthermore, in each of the said embodiments, an optional
wavelength band of 30nm in the range from 1530nm to 1610nm in
wavelength 1is established as a wavelength band which
compensates the chromatic dispersion and dispersion slope of
a positive dispersion slope optical fiber by a dispersion slope

compensating optical fiber according to the respective
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embodiments. However, the wavelength band thus predetermined
may be a wider wavelength kand than 30nm, and no specified
limitation is provided for the amplitude, upper limit and lower
limit thereof if the wavelength is within the range from 1530nm
to 1610nm 1n 'wavelength. The wavelength band may be promptly

determined.

Furthermore, in the respective embodiments, the average
dispersion slope of a wavelength band in the predetermined
range, for example, 30nm in the range from 1530nm to 1610nm
in wavelength is established to be -1.05ps/nm’/km as in the
example detailed. However, if a dispersion slope compensating
optical fiber according to the invention meets the condition
that the average dispersion slope in the predetermined
wavelength band in the range from 1530nm to 1610nm in wavelength
becomes -0.6ps/nm’/kmor less (preferably, -1lps/nm?/kmor less),
the slope may not be specified.

For example, where the average dispersion slope of a
dispersion slope compensating optical fiber in said
predetermined wavelength band is established to be -
0.6ps/nm?/km or less, if a dispersion slope compensating
optical fiber constructed as described above 1s connected to

TRUE WAVE whose average dispersion slope in the wavelength band

is 0.07ps/nm?/km, it is possible to make the dispersion slope
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of TRUE WAVE almost zero with a length which is one-ninth of
the length of TRUE WAVE. Furthermore, where the average
dispersion slope of a dispersion slope compensating optical
fiber in said predetermined wavelength band is established to
be -1lps/nm°/km or less, if a dispersion slope compensating
optical fiber constructed as described above is connected to
TRUE WAVE whose average dispersion slope in the wavelength band
is 0.07ps/nm?/km, it is possible to make the dispersion slope
of TRUE WAVE almost zero with a length which 1s approximately
one-fifteenth of the length of TRUE WAVE.

Furthermore, although the zero dispersion wavelength of a
dispersion slope compensating optical fiber 1is established to
be 1515nm as a detailed example of the respective embodiments,
the zero dispersion wavelength is promptly established so that
it is made roughly coincident with the zero dispersion
wavelength of a positive dispersion slope optical fiber such
as TRUE WAVE which is connected thereto.

Furthermore, although, in the first embodiment, the
refractive index profile structure of a dispersion slope
compensating optical fiber is made into a W-shaped refractive
index profile structure shown by (a) in FIG.1, and in the second
embodiment, the refractive index profile structure of a

dispersion slope optical fiber is made into the structure shown
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by (a) in FIG.5, the refractive index profile structure of a
dispersion slope compensating optical fiber is not especially
limited. It may be adequately established. However, by the
refractive index profile structure of a dispersion slope
compensating optical fiber being made similar to the refractive
index profile structure of the respective embodiments and being
established to be A2/A1=-0.45, it is possible to easily form
a dispersion slope compensating optical fiber whose average
dispersion slope in the predetermined wavelength band in the
range from 1530nm to 1610nm in wavelength becomes -0. 6ps/nm°/km
or less.

Accordingly, if the average dispersion slope 1in the
predetermined wavelength band in the range from 1530nm to
1610nm in wavelength is established to be -0. 6ps/nm2/km or less,
the dispersion value in said predetermined wavelength band 1is
-6ps/nm/km or less, and the value obtained by dividing said
dispersion value of said dispersion slope becomes a positive
value which is 160 or less, the DPS value is established with
respect to a positive dispersion slope optical fiber in which
the chromatic dispersion value is positive 1is set since the
maximum value of the DPS of an optical fiber currently used
for an optical transmission system, etc., is approximately 160,

whereby it is possible to prevent a remaining of the dispersion
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of such an amount as may influence on optical transmission.
Therefore, by a dispersion slope compensating optical fiber
according to the invention, the length of which is short, both
dispersion slope and dispersion value of all positive
dispersion slope optical fibers can be compensated, and a
high-density and high bit rate wavelength division multiplex
transmission of high reliability is enabled.

Furthermore, the refractive index profile structure of a
dispersion slope compensating optical fiber is made into a
refractive index profile structure which 1s similar to those
of the respective embodiments, that is, is established to be
A2/ A1=-0.6, whereby it is possible to easily form a
dispersion slope compensating optical fiber whose average
dispersion slope in the predetermined range in the range from
1530nm to 1610nm in wavelength becomes -lps/nm?/km cr less,
and 1t is possible to obtain a dispersion slope compensating
optical fiber which is able to have a positive dispersion slope
of TRUE WAVE, etc., by a much shorter length.

And, 1f the dispersion value 1in said predetermined
wavelength band is made -12.5ps/nm/km or less, and the value
obtained by dividing the dispersion value by said dispersion

slope 1s made 15 through 60, i1t is possible to compensate the

dispersion slope of TRUE WAVE at a high reliability by using
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a dispersion slope compensating optical fiber, the length of
which is, for example, one-fifteenth, according to the
invention, and almost no dispersion is permitted to remain in
a wavelength from 1530nm to 1610nm.

Furthermore, in the respective embodiments, wherein the
outer diameter of the center core 3is “a’ andthe outer diameter
of the side core layer 4 is ‘b , 3umSasSé6um, 8umsSb=12
um, and 0.4=5a/b=0.5 are established. However, these values
“aZ , “b” and “a/b’ are not especially limited. They may be
adequately established. For example, 0.375=a/b=0.55 may be
acceptable.

Furthermore, although, in the second embodiment, germanium
(Ge) is doped onto the inner clad layer 5a and the reslative
refractive index difference A3a of the inner clad layer 5a
with respect to pure Si0; glass 1is established to 0.35% or more,
it is not necessary that the relative refractive index
difference A3a of the inner clad layer 5a with respect to pure
Si0; glass is 0.35% or more. That is, the relative refractive
index difference A3a may be 0.35% or less.

Thus, if said relative refractive index difference A3a is
increased as shown in FIG. 6 by doping a dopant such as germanium

which increases the refractive index, onto the inner clad layer

5a (onto the area which i1s greater by at least six times than
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the outer diameter of the side core layer with the center
thereof made identical to that of the side core layer 4) even
though the relative refractive index difference A3a is a small

value, it is possible to further decrease the transmission loss

of a dispersion slope compensating optical fiber in comparison
to a case where the relative refractive index difference A

3a is zero. Furthermore, if the relative refractive 1index

difference A3a is established to be 0.35% or more, 1t 1is
possible to remarkably decrease the transmission loss of a
dispersion slope compensating optical fiber in comparison to
a case where the value of the relative refractive 1index
difference A3a is 0.35% or less.

Furthermore, in the respective embodiments described above,
a description was given of an example in which a dispersion
slope compensating optical fiber is connected to TRUE WAVE
which is one of the examples of positive dispersion slope
optical fibers and is applied to a wavelength division
multiplex transmission system. However, a dispersion slope
compensating optical fiber can be connected to a positive
dispersion slope optical fiber other than TRUE WAVE, wherein
even though the positive dispersion slope optical fiber is an
optical fiber other than TRUE WAVE, the positive dispersion

slope optical fiber and a dispersion slope compensating optical
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fiber according to the invention are able to be connected to
each other and applied to a wavelength division multiplex
transmission system, and it 1s possible to approach the
dispersion in a wavelength from 1530nm to 1610nm to zero in
the entire area of the wavelength used. Therefore, ceffects
which are similar to those of each of the embodiments can be
obtained.

However, since a four-wave mixing can be suppressed without
fail by connecting a dispersion shifted optical fiber according
to the invention to TRUE WAVE as in the respective embodiments
and applying the same to a wavelength division multiplex
transmission system, it is preferable that a dispersion
compensating optical fiber according to the invention 1is
connected to TRUE WAVE and is applied to a wavelength division

multiplex transmission system.

Industrial Applicability
As described above, a dispersion slope compensating optical
fiber according to the invention is connected to an optical

transmission line having a positive dispersion slope, and even
with a short fiber length, both dispersion of an optical
transmission line and a dispersion slope are compensated.

Therefore, the dispersion slope compensating optical fiber is
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suitable to carry out high-density and high bit rate wavelength

division multiplex optical transmission of high reliability.
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What is claimed 1is:

1. A dispersion‘ slope compensating optical fiber being
featured in that, inarange from1530nmto 1610nm in wavelength,
the average dispersion slope on a wavelength band in the
predetermined range is made -0.6ps/nm°/km or less, the
dispersion value on the predetermined wavelength band is made
-ops/nm/km or less, and the value (DPS) obtained by dividing
the dispersion value by said dispersion slope is made a positive
value which is less than 160.

2. A dispersion slope compensating optical fiber being
featured in that, ina range from1530nmto 1610nm in wavelength,
the average dispersion slope on the wavelength band in the
predetermined range is made -1ps/nm‘/kmor less, the dispersion
value on the predetermined wavelength band is made -
12.5ps/nm/km or less, and the value (DPS) obtained by dividing
the dispersion value by said dispersion slope becomes 12
through 80.

3. A dispersion slope compensating optical fiber as set
forth inClaim 1l or 2, being featured in that a dispersion slope
compensating optical fiber formed so as to cover the outer
circumferential side of the center core by side core layers

and cover the outer circumferential side of the side core layers
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by a clad layer, wherein Al) A3) A2, A2/A1=-0.45, and A
1=21.2% are established where the relative refractive index
difference of said center core with respect to pure Si0; glass
is Al, the relative' refractive index difference of said side
core layer with respect to pure SiO; glass is A2, and the
relative refractive index difference of said clad layer with
respect to pure Si0O; glass is A3.

4. A dispersion slope compensating optical fiber as set
forth in Claim 3, where A2/A1=-0.6 is established.

5. A dispersion slope compensating optical fiber as set
forth inClaim 3, wherein a dopant is added onto said clad layer,
which increases the refractive index at an area greater by at
least six times than that of the outer diameter of the side
core layer with the center of the side core layer used as the
center of the dopant.

6. A dispersion slope compensating optical fiber as set
forth in Claim 5, wherein the relative refractive index
difference of the area, to which a dopant for increasing said
refractive index 1s added with respect to pure Si0O; glass, is
established to be 0.35% or more.

7. A dispersion slope compensating optical fiber as set
forth in Claim 5 or 6, wherein said dopant is germanium.

8. A dispersion slope compensating optical fiber as set
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forth in Claim 3, wherein 3um=a=é6um, 8um=b=12pym, and
0.375=a/b=0.55 are established where the outer diameter of

€ )

said center core is a and t-he outer diameter of said side

core layer is “b”

9. A dispersion slope compensating optical fiber as set
forth in Claim 4, wherein 3um=as=6um, 8um=b=12pm, and
0.375=a/b=0.55 are established where the outer diameter of

€ »

salid center core 1is a and the outer diameter of said side

core layer is “b’
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Fig. 4
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Fig. 7
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