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(57) ABSTRACT 

The present invention relates to an optical ?ber Which 
enables favorable optical communications in 1.31am and 
1.55-pm Wavelength bands, and an optical transmission 
system including the same. The optical ?ber according to the 
present invention has only one Zero-dispersion Wavelength 
Within a Wavelength range of 1.20 pm to 1.60 pm, the 
Zero-dispersion Wavelength existing Within a Wavelength 
range of 1.37 pm to 1.50 pm, and has a positive dispersion 
slope at the Zero-dispersion Wavelength, thereby enabling 
favorable optical communications utilizing each signal light 
in the 1.3-pm and 1.55-pm Wavelength bands sandWiching 
the Zero-dispersion Wavelength. 
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OPTICAL FIBER AND OPTICAL TRANSMISSION 
SYSTEM INCLUDING THE SAME 

RELATED APPLICATIONS 

[0001] This is a Continuation-In-Part application of Inter 
national Patent Application Ser. No. PCT/JP99/06611 ?led 
on Nov. 26, 1999, noW pending. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to an optical ?ber 
applicable to a transmission line in optical communications, 
and an optical transmission system including this optical 
?ber. 

[0004] 2. Related Background Art 

[0005] Conventionally, as a transmission line in optical 
communications, standard single-mode optical ?bers having 
a Zero-dispersion Wavelength in a 1.3-pm Wavelength band 
(1280 nm to 1320 nm) have mainly been utiliZed. The 
transmission loss resulting from the main material (silica) of 
such an optical ?ber has been knoWn to become the loWest 
in a 1.55-Wavelength band (1530 nm to 1565 nm). In 
addition, optical ?ber ampli?ers using an Er-doped optical 
?ber can amplify light in the 1.55-pm Wavelength band at a 
high ef?ciency. For such a reason, dispersion-shifted optical 
?bers designed so as to have a Zero-dispersion Wavelength 
in the 1.55-pm Wavelength band are applied to transmission 
lines in Wavelength division multiplexing (WDM) commu 
nications for transmitting a plurality of Wavelengths of 
signal light. As for a light source for sending out signal light, 
device technologies for enabling light in the 1.3-pm Wave 
length band and light in the 1.55-pm Wavelength band to be 
outputted have conventionally been established. 

SUMMARY OF THE INVENTION 

[0006] The inventors have studied the prior art mentioned 
above and, as a result, found problems as folloWs. Namely, 
in the case Where light in the 1.3-pm Wavelength band is 
transmitted While a dispersion-shifted optical ?ber having a 
Zero-dispersion Wavelength in the 1.55-pm Wavelength band 
is used as an optical transmission line, the absolute value of 
dispersion becomes so large that WDM communications 
cannot be carried out in a Wide band. Also, When signal light 
in the 1.55-pm Wavelength band is transmitted through such 
a dispersion-shifted optical ?ber, the absolute value of 
dispersion becomes so small that four-Wave mixing, Which 
is one of nonlinear optical phenomena, is likely to occur. In 
the case Where light in the 1.3-pm Wavelength band is 
transmitted While a standard single-mode optical ?ber hav 
ing a Zero-dispersion Wavelength in the 1.3-pm Wavelength 
band is used as an optical transmission line, on the other 
hand, the absolute value of dispersion becomes so small that 
four-Wave mixing, Which is one of nonlinear optical phe 
nomena, is likely to occur. Also, When signal light in the 
1.55-pm Wavelength band is transmitted through such a 
single-mode optical ?ber, the absolute value of dispersion 
becomes so large that WDM communications cannot be 
carried out in a Wide band. 

[0007] For this matter, attempts have been made to 
develop optical ?bers for suppressing the occurrence of 
dispersion over a Wide Wavelength band (see, for example, 
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K. Okamoto et al., “Zero total in single-mode optical ?bers 
over an extended spectral range,” Radio Science, Volume 
17, Number 1, pages 31-36, January-February 1982). For 
example, an optical ?ber having a loW dispersion value over 
a Wide Wavelength band has been proposed by yielding a 
large relative refractive index difference of 2.4% betWeen its 
cladding region and core region and a small diameter of 3.5 
pm in the core region. HoWever, it is dif?cult to make such 
an optical ?ber having a very large relative refractive index 
difference betWeen the cladding region and core region, and 
its transmission loss is large. In an optical ?ber Whose core 
region has a smaller diameter, on the other hand, the 
effective area becomes smaller, and nonlinear optical phe 
nomena are likely to occur. 

[0008] In order to overcome problems such as those 
mentioned above, it is an object of the present invention to 
provide an optical ?ber Which enables efficient transmission 
of both of signal light in the 1.3-pm Wavelength band and 
signal light in the 1.55-pm Wavelength band, and an optical 
transmission system including the same. 

[0009] The optical ?ber according to the present invention 
is an optical ?ber Which enables ef?cient transmission of 
both of signal light in the 1.3-pm Wavelength band and 
signal light in the 1.55-pm Wavelength band, the optical ?ber 
having only one Zero-dispersion Wavelength Within a Wave 
length range of 1.20 pm to 1.60 pm and having a positive 
dispersion slope at the Zero-dispersion Wavelength. Here, 
this Zero-dispersion Wavelength lies Within a Wavelength 
range of 1.37 pm to 1.50 pm sandWiched betWeen the 
1.3-pm Wavelength band and the 1.55-pm Wavelength band. 
Also, the above-mentioned dispersion slope preferably has 
an absolute value of 0.10 ps/nmZ/km or less at the above 
mentioned Zero-dispersion Wavelength (preferably 0.06 
ps/nmZ/km or less at a Wavelength of 1.55 pm), and monoto 
nously changes (eg ,monotonously increases) at least in a 
Wavelength range of 1.30 pm to 1.55 pm. 

[0010] Thus, since this optical ?ber has a Zero-dispersion 
Wavelength Within the Wavelength range of 1.37 pm to 1.50 
pm including a Wavelength of 1.38 pm at Which an increase 
in transmission loss caused by OH absorption is seen, 
dispersion occurs to a certain extent in the vicinity of the 
1.3-pm Wavelength band and in the vicinity of the 1.55-pm 
Wavelength band. As a consequence, the optical ?ber com 
prises a structure in Which four-Wave mixing is hard to occur 
even When the signal light in the 1.3-pm Wavelength band 
and the signal light in the 1.55-pm Wavelength band propa 
gate therethrough. 

[0011] In the case Where a thulium-doped ?ber ampli?er 
having an ampli?cation band in a 1.47-pm Wavelength band 
is utiliZed, the Zero-dispersion Wavelength is more prefer 
ably set Within a Wavelength range of 1.37 pm to 1.43 pm. 
It is because of the fact that the transmission band can 
further be Widened if the Zero-dispersion Wavelength is 
aligned With a skirt of the OH absorption peak (1.38 pm). In 
the case Where the above-mentioned OH absorption peak is 
kept loW by dehydration processing or the like, so as to 
utiliZe the Wavelength band including the Wavelength of 
1.38 pm as its signal light Wavelength band, on the other 
hand, the Zero-dispersion Wavelength may be set Within a 
Wavelength range of longer than 1.45 pm but not longer than 
1.50 pm in order to intentionally generate dispersion in the 
above-mentioned Wavelength band. 
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[0012] In the optical ?ber, While the dispersion slope 
monotonously increases, the absolute value of the dispersion 
slope at its Zero-dispersion Wavelength is 0.10 ps/nmZ/km or 
less, and the dispersion slope at a Wavelength of 1.55 pm is 
preferably 0.06 ps/nmZ/km or less, Whereby the dispersion in 
the 13-pm Wavelength band and the dispersion in the 
1.55-pm Wavelength band are homogenized. Here, each of 
the absolute value of dispersion in the 13-pm Wavelength 
band and the absolute value of dispersion in the 1.55-pm 
Wavelength band is 6 ps/nm/km or more but 12 ps/nm/km or 
less. 

[0013] As mentioned above, the optical ?ber according to 
the present invention realiZes efficient optical communica 
tions in both of the 13-pm Wavelength band and the 1.55-pm 
Wavelength band. From the vieWpoint of guaranteeing a 
single mode, the case Where the cutoff Wavelength is 1.3 pm 
or shorter While the transmission line length is several 
hundreds of meters or less is preferable since only the 
ground-mode light can propagate in each of the 13-pin 
Wavelength band and the 1.55-pm Wavelength band. Also, in 
vieW of the dependence of cutoff Wavelength on distance, no 
practical problem occurs in optical transmission over a 
relatively long distance (a transmission line length of several 
kilometers or less) even if the cutoff Wavelength is 1.45 pm 
or shorter (in the case Where it is longer than the signal light 
Wavelength). From the vieWpoint of reducing the bending 
loss, on the other hand, there are cases Where the bending 
loss increases remarkably When the cutoff Wavelength is 
shorter than 1.0 pm. As a consequence, the cutoff Wave 
length is preferably 1.05 pm or more, more preferably 1.30 
pm or more. 

[0014] Further, in order to enable ef?cient optical trans 
mission in the 13-pm Wavelength band and 1.55-pm Wave 
length band, the optical ?ber according to the present 
invention has a bending loss Which becomes 0.5 dB or less, 
preferably 0.06 dB or less, per turn When Wound at a 
diameter of 32 mm at a Wavelength of 1.55 pm, and has an 
effective area Aeff Which becomes 45 pm2 or more, prefer 
ably greater than 49 pm2 at a Wavelength of 1.55 pm. Also, 
the amount of increase in transmission loss caused by OH 
absorption at a Wavelength of 1.38 pm in the optical ?ber is 
0.1 dB/km or less. In particular, if the amount of increase in 
transmission loss caused by OH absorption at a Wavelength 
of 1.38 pm is 0.1 dB/km or less, then a Wavelength band in 
the vicinity of this Wavelength of 1.38 pm can be utiliZed for 
a signal light Wavelength band. In this case, in order to 
intentionally generate dispersion in the Wavelength band in 
the vicinity of the Wavelength of 1.38 pm (in order to 
suppress four-Wave mixing), the Zero-dispersion Wavelength 
may be set Within a Wavelength range of longer than 1.45 pm 
but not longer than 1.50 pm. 

[0015] Here, the effective area Aeff is given, as shoWn in 
Japanese Patent Application Laid-Open No. HEI 8-248251 
(EP 0 724 171 A2), by the folloWing expression (1): 

[0016] Where E is the electric ?eld accompanying the 
propagated light, and r is the radial distance from the core 
center. 

Oct. 18, 2001 

[0017] The optical ?ber according to the present invention 
has a refractive index pro?le in Which the maximum and 
minimum values of relative refractive index difference With 
reference to the refractive index of pure silica (silica Which 
is not intentionally doped With impurities) are 1% or less and 
—0.5% or more, respectively. In such a refractive index 
pro?le, the relative refractive index difference of a high 
refractive index region doped With Ge element, for example, 
With respect to pure silica is 1% or less, Whereas the relative 
refractive index difference of a loW refractive index region 
doped With F element, for example, With respect to pure 
silica is —0.5% or more, Whereby its manufacture (refractive 
index control by doping With impurities) is easy, and the 
transmission loss can be loWered. Here, the minimum value 
of relative refractive index difference With reference to the 
refractive index of pure silica is preferably —0.2% or more, 
more preferably greater than —0.15% from the vieWpoint of 
facilitating the manufacture of the optical ?ber. 

[0018] The optical ?ber having various characteristics 
such as those mentioned above can be realiZed by various 
con?gurations. Namely, a ?rst con?guration of the optical 
?ber can be realiZed by a structure comprising a core region 
Which extends along a predetermined axis and has a prede 
termined refractive index, and a cladding region provided on 
the outer periphery of the core region. The optical ?ber of 
the ?rst con?guration may further comprise a depressed 
cladding structure. The depressed cladding structure is real 
iZed When the above-mentioned cladding region is consti 
tuted by an inner cladding, provided on the outer periphery 
of the core region, having a loWer refractive index than the 
core region; and an outer cladding, provided on the outer 
periphery of the inner cladding, having a refractive index 
higher than that of the inner cladding but loWer than that of 
the core region. 

[0019] As With the ?rst con?guration, a second con?gu 
ration of the optical ?ber comprises a core region and a 
cladding region provided on the outer periphery of the core 
region. HoWever, the core region is constituted by a ?rst core 
having a predetermined refractive index; and a second core, 
provided on the outer periphery of the ?rst core, having a 
loWer refractive index than the ?rst core. In the case Where 
the optical ?ber of the second con?guration comprises a 
depressed cladding structure, the cladding region is consti 
tuted by an inner cladding, in contact With the outer periph 
ery of the second core, having a loWer refractive index than 
the second core; and an outer cladding, provided on the outer 
periphery of the inner cladding, having a refractive index 
higher than that of the inner cladding but loWer than that of 
the second core. 

[0020] As With the ?rst con?guration, a third con?guration 
of the optical ?ber comprises a core region extending along 
a predetermined axis and a cladding region provided on the 
outer periphery of the core region. In particular, the core 
region comprises a ?rst core having a predetermined refrac 
tive index; a second core, provided on the outer periphery of 
the ?rst core, having a loWer refractive index than the ?rst 
core; and a third core, provided on the outer periphery of the 
second core, having a higher refractive index than the 
second, core. In the case Where the optical ?ber of the third 
con?guration comprises a depressed cladding structure, the 
cladding region is constituted by an inner cladding, in 
contact With the outer periphery of the third core, having a 
loWer refractive index than the third core; and an outer 
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cladding, provided on the outer periphery of the inner 
cladding, having a refractive index higher than that of the 
inner cladding but loWer than that of the third core. 

[0021] When the third con?guration mentioned above is 
employed, it becomes easier to obtain an optical ?ber having 
a loW dispersion slope of 0.06 ps/nmZ/km or less at a 
Wavelength of 1.55 pm in particular. 

[0022] Further, a fourth con?guration of the optical ?ber 
also comprises a core region extending along a predeter 
mined axis and a cladding region provided on the outer 
periphery of the core region. In particular, the core region 
comprises a ?rst core having a predetermined refractive 
index; a second core, provided on the outer periphery of the 
?rst core, having a higher refractive index than the ?rst core. 
In the case Where the optical ?ber of the fourth con?guration 
comprises a depressed cladding structure, the cladding 
region is constituted by an inner cladding, in contact With the 
outer periphery of the second-core, having a loWer refractive 
index than the second core; and an outer cladding, provided 
on the outer periphery of the inner cladding, having a 
refractive index higher than that of the inner cladding but 
loWer than that of the second core. 

[0023] A ?fth con?guration of the optical ?ber comprises 
a core region extending along a predetermined axis and a 
cladding region provided on the outer periphery of the core 
region. In particular, the core region comprises a ?rst core 
having a predetermined refractive index; a second core, 
provided on the outer periphery of the ?rst core, having a 
higher refractive index than the ?rst core; a third core, 
provided on the outer periphery of the second core, having 
a loWer refractive index than the second core; and a fourth 
core, provided on the outer periphery of the third core, 
having a higher refractive index than the third core. In this 
?fth mode of optical ?ber, the cladding region has a loWer 
refractive index than the fourth core. 

[0024] The optical transmission system according to the 
present invention is realiZed by the optical ?ber having such 
a con?guration as those mentioned above. Speci?cally, the 
optical transmission system according to the present inven 
tion comprises, at least, a ?rst transmitter for outputting ?rst 
light in the 1.3-pm Wavelength band, a second transmitter 
for outputting second light in the 1.55-pm Wavelength band, 
a multiplexer for multiplexing the ?rst light outputted from 
the ?rst transmitter and the second light outputted from the 
second transmitter, and an optical ?ber comprising a con 
?guration mentioned above and having one end thereof 
optically connected to the multiplexer. As a result of this 
structure, the optical ?ber transmits each of the ?rst light and 
second light multiplexed by the multiplexer. According to 
the optical transmission system having such a structure, the 
?rst light in the 1.3-pm Wavelength band outputted from the 
?rst transmitter is made incident on the above-mentioned 
optical ?ber by Way of the multiplexer and propagates 
through the optical ?ber toWard a receiving system. On the 
other hand, the second light in the 1.55 -pm Wavelength band 
outputted from the second transmitter is made incident on 
the optical ?ber by Way of the multiplexer and propagates 
through the optical ?ber toWard the receiving system. Also, 
as mentioned above, the optical ?ber applied to the optical 
transmission line comprises a structure enabling ef?cient 
optical communications in each of the 1.3-pm Wavelength 
band and 1.55-pm Wavelength band, Whereby the optical 
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transmission system enables large-capacity communications 
When the optical ?ber having such a special structure is 
employed therein. 

[0025] The present invention Will be more fully under 
stood from the detailed description given hereinbeloW and 
the accompanying draWings, Which are given by Way of 
illustration only and are not to be considered as limiting the 
present invention. 

[0026] Further scope of applicability of the present inven 
tion Will become apparent from the detailed description 
given hereinafter. HoWever, it should be understood that the 
detailed description and speci?c examples, While indicating 
preferred embodiments of the invention, are given by Way of 
illustration only, since various changes and modi?cations 
Within the spirit and scope of the invention Will be apparent 
to those skilled in the art from this detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0027] FIG. 1A is a graph shoWing a transmission loss 
characteristic of an optical ?ber according to the present 
invention With respect to Wavelength, Whereas FIG. 1B is a 
graph shoWing a dispersion characteristic of the optical ?ber 
according to the present invention With respect to Wave 
length; 
[0028] FIG. 2A is a vieW shoWing a cross-sectional struc 
ture of ?rst and thirteenth embodiments of the optical ?ber 
according to the present invention, Whereas FIG. 2B is a 
refractive index pro?le of the optical ?ber according to the 
?rst embodiment shoWn in FIG. 2A; 

[0029] FIG. 3 is a refractive index pro?le of an optical 
?ber according to a second embodiment; 

[0030] FIG. 4 is a refractive index pro?le of optical ?bers 
according to third, ?fteenth, and seventeenth embodiments; 

[0031] FIG. 5 is a refractive index pro?le of an optical 
?ber according to a fourth embodiment; 

[0032] FIG. 6 is a refractive index pro?le of optical ?bers 
according to ?fth, sixteenth, eighteenth, nineteenth, and 
tWenty-?rst embodiments; 
[0033] FIG. 7 is a refractive index pro?le of optical ?bers 
according to sixth, tWentieth, and tWenty-second embodi 
ments; 

[0034] FIG. 8 is a refractive index pro?le of optical ?bers 
according to seventh and eighth embodiments; 

[0035] FIG. 9 is a refractive index pro?le of optical ?bers 
according to ninth and tenth embodiments; 

[0036] FIG. 10 is a refractive index pro?le of optical 
?bers according to eleventh and tWelfth embodiments; 

[0037] FIG. 11 is a table listing various characteristics of 
the optical ?bers according to the ?rst to thirteenth embodi 
ments having various refractive index pro?les as shoWn in 
FIGS. 2D and 3 to 10; 

[0038] FIG. 12 is a table listing various characteristics of 
the optical ?bers according to the fourteenth to tWenty 
second embodiments; 

[0039] FIG. 13 is a graph shoWing a dispersion charac 
teristic of the optical ?ber according to the ?rst embodiment 
With respect to Wavelength; 



US 2001/0031119 A1 

[0040] FIG. 14 is a graph showing a transmission loss 
characteristic With respect to Wavelength of an optical ?ber 
according to the ?rst embodiment in Which dehydration 
processing has been insufficient; 

[0041] FIG. 15 is a graph shoWing a transmission loss 
characteristic With respect to Wavelength of optical ?bers 
according to the ?rst and thirteenth embodiments in Which 
dehydration processing has been carried out suf?ciently; 

[0042] FIG. 16 is a graph shoWing a transmission loss 
characteristic With respect to Wavelength of an optical ?ber 
according to the thirteenth embodiment in Which dehydra 
tion processing has been insuf?cient; 

[0043] FIG. 17A is a graph shoWing relationships 
betWeen effective area Aeff and dispersion slope at a Wave 
length of 1.55 pm mainly concerning the eighteenth to 
tWenty-second embodiments, Whereas FIG. 17B is a graph 
shoWing relationships betWeen cutoff Wavelength kc and 
bending loss per turn When bent at a diameter of 32 mm at 
a Wavelength of 1.55 pm concerning main embodiments; 
and 

[0044] FIG. 18A is a vieW shoWing a schematic con?gu 
ration of the optical transmission system according to the 
present invention, Whereas FIG. 18B is a vieW shoWing a 
modi?ed eXample of the optical transmission system accord 
ing to the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0045] In the folloWing, embodiments of the optical ?ber 
and optical transmission system according to the present 
invention Will be eXplained With reference to FIGS. 1A to 
2B, 3 to 16, and 17A to 18B. Among the draWings, con 
stituents identical to each other Will be referred to With 
numerals or letters identical to each other Without repeating 
their overlapping explanations. 

[0046] First, FIG. 1A is a graph shoWing a transmission 
loss characteristic of an optical ?ber according to the present 
invention With respect to Wavelength, Whereas FIG. 1B is a 
graph shoWing a dispersion characteristic of the optical ?ber 
according to the present invention With respect to Wave 
length. 
[0047] The optical ?ber according to the present invention 
has only one Zero-dispersion Wavelength Within a Wave 
length range of 1.20 pm to 1.60 pm, Whereas this Zero 
dispersion Wavelength eXists Within a Wavelength range of 
1.37 pm to 1.50 pm. Since a transmission loss due to OH 
absorption occurs near a Wavelength of 1.38 pm as shoWn in 
the graph of FIG. 1A (see, for example, KAZUHIRO 
NOGUCHI et al., “Loss Increase for Optical Fibers EXposed 
to Hydrogen Atmosphere,” JOURNAL OF LIGHTWAVE 
TECHNOLOGY, VOL. LT-3, NO. 2, APRIL 1985), it is not 
alWays favorable to apply signal light in the vicinity of this 
Wavelength to optical communications. Therefore, as shoWn 
in FIG. 1B, the Zero-dispersion Wavelength in the optical 
?ber according to the present invention is set Within a 
Wavelength range of 1.37 pm to 1.43 pm including the 
Wavelength of 1.38 pm at Which the transmission loss due to 
OH absorption occurs, but is kept from being set in the 
vicinity of the 1.3-pm Wavelength band and 1.5-pm Wave 
length band sandWiching this Wavelength band. When the 
Wavelength band including the Wavelength of 1.38 pm is 
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utiliZed as a signal light Wavelength band, the Zero-disper 
sion Wavelength may be set Within a range of longer than 
1.45 pm but not longer than 1.50 pm. Thus, the 1.3-pm 
Wavelength band and 1.55-pm Wavelength band deviated 
from a predetermined Wavelength band including the Zero 
dispersion Wavelength are utiliZed as a signal Wavelength 
band in the optical ?ber according to the present invention, 
so that dispersion is intentionally generated in these Wave 
length bands, While the occurrence of four-Wave miXing is 
effectively suppressed. When the Zero-dispersion Wave 
length is set Within the range of 1.37 pm to 1.43 pm as 
mentioned above, the transmission band can further be 
Widened by use of a thulium-doped ?ber ampli?er Whose 
ampli?cation band lies in a 1.47-pm Wavelength band. In the 
case Where the above-mentioned OH absorption peak is kept 
loW by dehydration processing or the like, so as to utiliZe the 
Wavelength band including the Wavelength of 1.38 pm as a 
signal light Wavelength band, on the other hand, the Zero 
dispersion Wavelength may be set Within a Wavelength range 
of longer than 1.45 pm but not longer than 1.50 pm in order 
to intentionally generate dispersion in the above-mentioned 
Wavelength band. 

[0048] Also, the optical ?ber according to the present 
invention has a dispersion With an absolute value of 0.10 
ps/nmZ/km or less at the above-mentioned Zero-dispersion 
Wavelength (preferably 0.06 ps/nm2/km or less at a Wave 
length of 1.55 pm), thereby being able to realiZe homogeni 
Zation of the respective dispersions in the 1.3-pm Wave 
length band and 1.55-pm Wavelength band. Here, in this 
optical ?ber, each of the absolute value of dispersion D1_3 at 
a Wavelength of 1.3 pm and the absolute value of dispersion 
D1_55 at a Wavelength of 1.55 pm is 6 ps/nm/km or more but 
12 ps/nm/km or less. Even in vieW of the fact that a standard 
single-mode optical ?ber having a Zero-dispersion Wave 
length in the 1.3-pm Wavelength band has a dispersion value 
of about 17 ps/nm/km in the 1.55-pm Wavelength band, the 
optical ?ber according to the present invention has a suf? 
ciently small absolute value of dispersion (12 ps/nm/km or 
less) in each of the 1.3-pm Wavelength band and 1.55-pm 
Wavelength band, thus being more suitably utiliZed in opti 
cal communications. Since dispersion occurs to an appro 
priate eXtent (6 ps/nm/km or more) in these Wavelength 
bands, on the other hand, four-Wave miXing can effectively 
be kept from occurring. 

[0049] Further, from the vieWpoint of guaranteeing a 
single mode, the optical ?ber according to the present 
invention preferably has a cutoff Wavelength of 1.3 pm or 
shorter When its transmission length is not longer than 
several hundreds of meters. In this case, only ground-mode 
light can propagate in each of the 1.3-pm Wavelength band 
and 1.55-pm Wavelength band. Also, in vieW of the depen 
dence of cutoff Wavelength on distance, the cutoff Wave 
length may be 1.45 pm or shorter in optical transmission 
over a relatively long distance (a transmission line length of 
several kilometers or less). In this speci?cation, the cutoff 
Wavelength is that of LP11 mode measured in a state Where 
an optical ?ber having a length of 2 m is Wound by only one 
turn at a radius of 140 mm as de?ned in a CCITT standard. 
From the vieWpoint of reducing the bending loss, there are 
cases Where the bending loss remarkably increases When the 
cutoff Wavelength is shorter than 1.0 pm. Therefore, the 
cutoff Wavelength is preferably 1.05 pm or more, more 
preferably 1.30 pm or more. 
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[0050] As mentioned above, the optical ?ber according to 
the present invention is a single-mode optical ?ber in Which 
a Zero-dispersion Wavelength is set Within a Wavelength 
range deviated from both of the 1.3-pm Wavelength band 
and 1.55-pm Wavelength band, While the dispersion value is 
small in each Wavelength band, Whereby it is suitable as a 
transmission medium in an optical communication system 
utilizing a plurality of Wavelength bands. 

[0051] The optical ?ber according to the present invention 
preferably has a dispersion slope monotonously changing 
Within a Wavelength range of 1.30 pm to 1.55 pm (monoto 
nously increasing in the case shoWn in FIG. 1B). This case 
is preferable not only in that only one Zero-dispersion 
Wavelength can be set Within a Wavelength range of 1.20 pm 
to 1.60 pm, but also in that the dispersion in each of the 
1.3-pm Wavelength band and1.55-pm Wavelength band 
Would not approach Zero (because nonlinear optical phe 
nomena are likely to occur When the dispersion approaches 

Zero). 
[0052] The optical ?ber according to the present invention 
preferably has a bending loss of 0.5 dB/turn or less, more 
preferably 0.06 dB/turn or less at a Wavelength of 1.55 pm 
When Wound at a diameter of 32 mm. In this case, since the 
bending loss is suf?ciently small, the increase in loss caused 
by cabling and the like can effectively be suppressed. Here, 
this bending loss (dB/turn) is a value obtained When the 
transmission loss of light having a Wavelength of 1.55 pm 
concerning an optical ?ber Wound about a mandrel having a 
diameter of 32 mm is converted into a loss value per turn. 

[0053] In the optical ?ber according to the present inven 
tion, the effective area Aeff at a Wavelength of 1.55 pm is 
preferably 45 pm2 or more, more preferably greater than 49 
pmz. This value is on a par With or greater than the effective 
area in a conventional dispersion-shifted optical ?ber having 
a Zero-dispersion Wavelength in the 1.55-pm Wavelength 
band, so that the optical intensity per unit cross-sectional 
area decreases, Whereby the occurrence of nonlinear optical 
phenomena such as four-Wave mixing is effectively sup 
pressed. 

[0054] In the optical ?ber according to the present inven 
tion, the amount of increase 0t in transmission loss caused by 
OH absorption at a Wavelength of 1.38 pm is preferably 0.1 
dB/km or less. It is because of the fact that the Wavelength 
band applicable to optical communications is Widened 
thereby, so as to enable larger-capacity optical communica 
tions. In the case Where a Wavelength band including a 
Wavelength of 1.38 pm is utiliZed as a signal light Wave 
length band, the Zero-dispersion Wavelength is preferably 
designed to lie Within a Wavelength range of longer than 
1.45 pm but not longer than 1.50 pm deviated from the 
above-mentioned Wavelength band, in order to suppress the 
occurrence of nonlinear optical phenomena. 

[0055] Preferably, the optical ?ber according to the 
present invention has a refractive index pro?le in Which the 
maximum and minimum values of relative refractive index 
difference With reference to the refractive index of pure 
silica (silica Which is not intentionally doped With impuri 
ties) are 1% or less and —0.5% or more, respectively. Since 
the relative refractive index difference of a high refractive 
index region doped With Ge element, for example, With 
respect to pure silica is 1% or less, Whereas the relative 
refractive index difference of a loW refractive index region 
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doped With F element, for example, With respect to pure 
silica is —0.5% or more, an optical transmission medium 
Which is relatively easy to make and has a loW transmission 
loss is obtained. For further facilitating the manufacture, the 
minimum value of relative refractive index difference With 
reference to the refractive index of pure silica is preferably 
—0.2% or more, more preferably greater than —0.15%. 

[0056] First to tWenty-second embodiments of the optical 
?ber according to the present invention Will noW be 
explained With reference to FIGS. 2A, 2B, and 3 to 10. 

[0057] (First Embodiment) 
[0058] FIG. 2A is a vieW shoWing a cross-sectional struc 
ture of an optical ?ber 100 according to the ?rst embodi 
ment, Whereas FIG. 2B is a refractive index pro?le of the 
optical ?ber 100 shoWn in FIG. 1A. The optical ?ber 100 
according to the ?rst embodiment comprises a core region 
110, With an outside diameter 2a, extending along a prede 
termined axis and having a refractive index n1; and a 
cladding region 120, provided on the outer periphery of the 
core region 110, having a refractive index n2 (<n1). Here, the 
refractive index of the core region 110 is higher than that of 
the cladding region 120. The outside diameter 2a of the core 
region 110 is 5.2 pm, Whereas the relative refractive index 
difference A1 of the core region 110 With reference to the 
cladding region 120 is 0.55%. Such an optical ?ber is 
obtained When, While silica is used as a base, the core region 
110 is doped With Ge element, for example. 

[0059] The abscissa of the refractive index pro?le 150 
shoWn in FIG. 2B corresponds to individual parts, along the 
line L in FIG. 2A, on a cross section perpendicular to the 
center axis of the core region 110. Hence, in the refractive 
index pro?le 150 of FIG. 2B, areas 151 and 152 indicate the 
refractive indices in individual parts on the line L of the core 
region 110 and the cladding region 120, respectively. 

[0060] Here, the relative refractive index difference A1 of 
the core region 110 With respect to the outermost cladding 
region 120 is de?ned as folloWs: 

[0061] Where n1 is the refractive index of the core region 
110, and n2 is the refractive index of the cladding region 120. 
Also, in this speci?cation, the relative refractive index 
difference A is expressed in terms of percentage, and the 
respective refractive indices of individual regions in the 
above-mentioned de?ning expression may be arranged in 
any order. Consequently, a negative value of A indicates that 
the refractive index of its corresponding region is loWer than 
that of the cladding region 120. 

[0062] The optical ?ber according to the ?rst embodiment 
has a Zero-dispersion Wavelength at 1.44 pm, and only this 
one Zero-dispersion Wavelength exists Within a Wavelength 
range of 1.20 pm to 1.60 pm. The dispersion slope at the 
Zero-dispersion Wavelength is 0.060 ps/nmZ/km, the disper 
sion slope at a Wavelength of 1.55 pm is 0.054 ps/nmZ/km, 
and the cutoff Wavelength is 0.96 pm. Also, the dispersion 
slope monotonously increases at least in a Wavelength range 
of 1.30 pm to 1.55 pm; and, speci?cally, the dispersion at a 
Wavelength of 1.20 pm is —18.5 ps/nm/km, the dispersion at 
a Wavelength of 1.30 pm is —9.6 ps/nm/km, the dispersion at 
a Wavelength of 1.45 pm is 0.6 ps/nm/km, the dispersion at 
a Wavelength of 1.55 pm is 6.2 ps/nm/km, and the dispersion 
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at a Wavelength of 1.60 pm is 8.8 ps/nm/km. Further, the 
bending loss at a Wavelength of 1.55 pm When Wound at a 
diameter of 32 mm is 0.06 dB per turn, Whereas the effective 
area Aeff at the Wavelength of 1.55 pm is 49.1 pmz. 

[0063] (Second Embodiment) 
[0064] FIG. 3 is a refractive index pro?le of an optical 
?ber according to the second embodiment. The basic con 
?guration of the optical ?ber according to the second 
embodiment is similar to that of the ?rst embodiment shoWn 
in FIG. 2A, but is different therefrom in that the cladding 
region 120 shoWn in FIG. 2A is modi?ed to have a 
depressed cladding structure. Referring to FIG. 2A for 
explanation, the optical ?ber according to the second 
embodiment comprises a core region 110 With an outside 
diameter 2a having a refractive index n1, and a cladding 
region 120 provided on the outer periphery of the core 
region 110. The cladding region 120 is constituted by an 
inner cladding With an outside diameter 2b, provided in 
contact With the core region 110, having a refractive index 
n3 (<n1); and an outer cladding, provided on the outer 
periphery of the inner cladding, having a refractive index n2 
(<n1, >n3). Here, the outside diameter 2a of the core region 
110 is 5.2 pm, Whereas the outside diameter 2b of the inner 
cladding region is 10.9 pm. Also, With reference to the 
refractive index n2 of the outer cladding region, the relative 
refractive index difference A1 (=(n1—n2)/n2) of the core 
region is 0.55%, Whereas the relative refractive index dif 
ference A2 (=(n3—n2)/n2) of the inner cladding is —0.05%. 
Such an optical ?ber is obtained When, for example, While 
silica is used as a base, the core region and the inner cladding 
are doped With Ge element and F element, respectively. 

[0065] As for the relationship betWeen the refractive index 
pro?le 250 shoWn in FIG. 3 and the cross-sectional structure 
shoWn in FIG. 2A, the abscissa of the refractive index 
pro?le 250 corresponds to individual parts, along the line L 
in FIG. 2A, on a cross section perpendicular to the center 
axis of the core region 110. Hence, in the refractive index 
pro?le 250 of FIG. 3, areas 251, 252, and 253 indicate the 
refractive indices in individual parts on the line L of the core 
region 110, the inner cladding constituting the cladding 
region 120, and the outer cladding constituting the cladding 
region 120, respectively. 
[0066] The optical ?ber according to the second embodi 
ment has a Zero-dispersion Wavelength at 1.46 pm, and only 
this one Zero-dispersion Wavelength exists Within a Wave 
length range of 1.20 pm to 1.60 pm. The dispersion slope at 
the Zero-dispersion Wavelength is 0.053 ps/nmZ/km, the 
dispersion slope at a Wavelength of 1.55 pm is 0.049 
ps/nmZ/km, and the cutoff Wavelength is 0.93 pm. Also, the 
dispersion slope monotonously increases at least in a Wave 
length range of 1.30 pm to 1.55 pm; and, speci?cally, the 
dispersion at a Wavelength of 1.20 pm is —18.5 ps/nm/km, 
the dispersion at a Wavelength of 1.30 pm is —10.1 ps/nm/ 
km, the dispersion at a Wavelength of 1.45 pm is —0.5 
ps/nm/km, the dispersion at a Wavelength of 1.55 pm is 4.3 
ps/nm/km, and the dispersion at a Wavelength of 1.60 pm is 
6.7 ps/nm/km. Further, the bending loss at a Wavelength of 
1.55 pm When Wound at a diameter of 32 mm is 0.20 dB per 
turn, Whereas the effective area Aeff at the Wavelength of 
1.55 pm is 47.2 pmz. 

[0067] (Third Embodiment) 
[0068] FIG. 4 is a refractive index pro?le of an optical 
?ber according to the third embodiment. The basic con?gu 
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ration of the optical ?ber according to the third embodiment 
is also similar to that of the ?rst embodiment shoWn in FIG. 
2A, but is different therefrom in that the core region 110 
shoWn in FIG. 2A is constituted by a ?rst core and a second 
core. Referring to FIG. 2A for explaining the con?guration 
of the optical ?ber according to the third embodiment, the 
core region 110 comprises a ?rst core, With an outside 
diameter 2a, having a maximum refractive index n1 at the 
optical axis center; and a second core With an outside 
diameter 2b, provided on the outer periphery of the ?rst core, 
having a refractive index n2 (<n1). The cladding region 120 
provided on the outer periphery of the second core has a 
refractive index n3 (<n2). 

[0069] As for the relationship betWeen the refractive index 
pro?le 350 shoWn in FIG. 4 and the cross-sectional structure 
shoWn in FIG. 2A, the abscissa of the refractive index 
pro?le 350 corresponds to individual parts, along the line L 
in FIG. 2A, on a cross section perpendicular to the center 
axis of the core region 110. Hence, in the refractive index 
pro?le 350 of FIG. 4, areas 351, 352, and 353 indicate the 
refractive indices in individual parts on the line L of the ?rst 
core constituting the core region 110, the second core 
constituting the core region 110, and the cladding region 
120, respectively. Here, the outside diameter 2a of the ?rst 
core constituting the core region 110 is 6.4 pm, Whereas the 
outside diameter 2b of the second core region is 16.0 pm. 
With reference to the refractive index n3 of the cladding 
region 120, the relative refractive index difference A1 (=(n1— 
n3)/n3) of the ?rst core is 0.60%, Whereas the relative 
refractive index difference A2 (=(n2—n3)/n3) of the second 
core is 0.10%. Such an optical ?ber is obtained When, for 
example, While silica is used as a base, the ?rst core and the 
second core are doped With their respective appropriate 
amounts of Ge element. 

[0070] The optical ?ber according to the third embodiment 
has a Zero-dispersion Wavelength at 1.42 pm, and only this 
one Zero-dispersion Wavelength exists Within a Wavelength 
range of 1.20 pm to 1.60 pm. The dispersion slope at the 
Zero-dispersion Wavelength is 0.079 ps/nmZ/km, the disper 
sion slope at a Wavelength of 1.55 pm is 0.070 ps/nmZ/km, 
and the cutoff Wavelength is 1.19 pm. Also, the dispersion 
slope monotonously increases at least in a Wavelength range 
of 1.30 pm to 1.55 pm; and, speci?cally, the dispersion at a 
Wavelength of 1.20 pm is —20.8 ps/nm/km, the dispersion at 
a Wavelength of 1.30 pm is —10.6 ps/nm/km, the dispersion 
at a Wavelength of 1.45 pm is 2.1 ps/nm/km, the dispersion 
at a Wavelength of 1.55 pm is 9.3 ps/nm/km, and the 
dispersion at a Wavelength of 1.60 pm is 12.8 ps/nm/km. 
Further, the bending loss at a Wavelength of 1.55 pm When 
Wound at a diameter of 32 mm is 0.006 dB per turn, Whereas 
the effective area Aeff at the Wavelength of 1.55 pm is 63.6 

2 
pm . 

[0071] (Fourth Embodiment) 
[0072] FIG. 5 is a refractive index pro?le of an optical 
?ber according to the fourth embodiment. As in the ?rst 
embodiment shoWn in FIG. 2A, the optical ?ber according 
to the fourth embodiment comprises a core region 110 and 
a cladding region 120. HoWever, it differs from the above 
mentioned third embodiment in that the cladding region 120 
comprises a depressed structure. Referring to FIG. 2A for 
explaining the con?guration of the optical ?ber according to 
the fourth embodiment, as in the third embodiment, the core 
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region 110 comprises a ?rst core, With an outside diameter 
2a, having a maximum refractive index n1 at the optical axis 
center; and a second core With an outside diameter 2b, 
provided on the outer periphery of the ?rst core, having a 
refractive index n2 (<n1). The cladding region 120 comprises 
an inner cladding With an outside diameter 2c, provided in 
contact With the outer periphery of the second core, having 
a refractive index n4 (<n2); and an outer cladding, provided 
on the outer periphery of the inner cladding, having a 
refractive index n3 (>n4, <n2). 

[0073] As for the relationship betWeen the refractive index 
pro?le 450 shoWn in FIG. 5 and the cross-sectional structure 
shoWn in FIG. 2A, the abscissa of the refractive index 
pro?le 450 corresponds to individual parts, along the line L 
in FIG. 2A, on a cross section perpendicular to the center 
axis of the core region 110. Hence, in the refractive index 
pro?le 450 of FIG. 5, areas 451, 452, 453, and 454 indicate 
the refractive indices in individual parts on the line L of the 
?rst core constituting the core region 110, the second core 
constituting the core region 110, the inner cladding consti 
tuting the cladding region 120, and the outer cladding 
constituting the cladding region 120, respectively. Here, the 
outside diameter 2a of the ?rst core constituting the core 
region 110 is 6.3 pm, the outside diameter 2b of the second 
core region is 16.1 pm, and the outside diameter 2c of the 
inner cladding is 28.8 pm. With reference to the refractive 
index of pure silica, the relative refractive index difference 
A1 (=(n1—n3)/n3) of the ?rst core is 0.60%, the relative 
refractive index difference A2 (=(n2—n3)/n3) of the second 
core is 0.10%, and the relative refractive index difference A4 
(=(n4—n3)/n3) of the inner cladding is —0.05%. Such an 
optical ?ber is obtained When, for example, While silica is 
used as a base, the ?rst core and the second core are doped 
With their respective appropriate amounts of Ge element, 
Whereas the inner cladding is doped With F element. 

[0074] The optical ?ber according to the fourth embodi 
ment has a Zero-dispersion Wavelength at 1.41 pm, and only 
this one Zero-dispersion Wavelength exists Within a Wave 
length range of 1.20 pm to 1.60 pm. The dispersion slope at 
the Zero-dispersion Wavelength is 0.081 ps/nmZ/km, the 
dispersion slope at a Wavelength of 1.55 pm is 0.070 
ps/nmZ/km, and the cutoff Wavelength is 1.15 pm. Also, the 
dispersion slope monotonously increases at least in a Wave 
length range of 1.30 pm to 1.55 pm; and, speci?cally, the 
dispersion at a Wavelength of 1.20 pm is —20.3 ps/nm/km, 
the dispersion at a Wavelength of 1.30 pm is —9.9 ps/nm/km, 
the dispersion at a Wavelength of 1.45 pm is 3.1 ps/nm/km, 
the dispersion at a Wavelength of 1.55 pm is 10.2 ps/nm/km, 
and the dispersion at a Wavelength of 1.60 pm is 13.7 
ps/nm/km. Further, the bending loss at a Wavelength of 1.55 
pm When Wound at a diameter of 32 mm is 0.004 dB per 
turn, Whereas the effective area Aeff at the Wavelength of 
1.55 pm is 62.0 pmz. 

[0075] (Fifth Embodiment) 
[0076] FIG. 6 is a refractive index pro?le of an optical 
?ber according to the ?fth embodiment. The basic con?gu 
ration of the optical ?ber according to the ?fth embodiment 
is also similar to the ?rst embodiment shoWn in FIG. 2A, 
and is constituted by a core region 110 and a cladding region 
120. As for the con?guration of the optical ?ber according 
to the ?fth embodiment shoWn in FIG. 2A, the core region 
110 comprises a ?rst core, With an outside diameter 2a, 
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extending along a predetermined axis and having a refrac 
tive index n1; a second core With an outside diameter 2b, 
provided on the outer periphery of the ?rst core, having a 
refractive index n2 (<n1); and a third core With an outside 
diameter 2c, provided on the outer periphery of the second 
core, having a refractive index n3 (>n2, <n1). The cladding 
region 120 provided on the outer periphery of the third core 
3 has a refractive index n4 (<n1, <n3). 

[0077] As for the relationship betWeen the refractive index 
pro?le 550 shoWn in FIG. 6 and the cross-sectional structure 
shoWn in FIG. 2A, the abscissa of the refractive index 
pro?le 550 corresponds to individual parts, along the line L 
in FIG. 2A, on a cross section perpendicular to the center 
axis of the core region 110. Hence, in the refractive index 
pro?le 550 of FIG. 6, areas 551, 552, 553, and 554 indicate 
the refractive indices in individual parts on the line L of the 
?rst core constituting the core region 110, the second core 
constituting the core region 110, the third core constituting 
the core region 110, and the cladding region 120, respec 
tively. Here, the outside diameter 2a of the ?rst core is 5.3 
pm, the outside diameter 2b of the second core region is 10.0 
pm, and the outside diameter 2c of the third core region is 
16.6 pm. With reference to the refractive index of the 
cladding region, the relative refractive index difference A1 
(=(n1—n4)/n4) of the ?rst core is 0.58%, the relative refrac 
tive index difference of the second core is 0% since it is set 
such that n2=n4, and the relative refractive index difference 
A3 (=(n3—n4)/n4) of the third core is 0.14%. Such an optical 
?ber is obtained When, for example, While silica is used as 
a base, the ?rst core and the third core are doped With their 
respective appropriate amounts of Ge element. 

[0078] The optical ?ber according to the ?fth embodiment 
has a Zero-dispersion Wavelength at 1.48 pm, and only this 
one Zero-dispersion Wavelength exists Within a Wavelength 
range of 1.20 pm to 1.60 pm. The dispersion slope at the 
Zero-dispersion Wavelength is 0.064 ps/nmZ/km, the disper 
sion slope at a Wavelength of 1.55 pm is 0.064 ps/nmZ/km, 
and the cutoff Wavelength is 1.24 pm. Also, the dispersion 
slope monotonously increases at least in a Wavelength range 
of 1.30 pm to 1.55 pm; and, speci?cally, the dispersion at a 
Wavelength of 1.20 pm is —20.3 ps/nm/km, the dispersion at 
a Wavelength of 1.30 pm is —11.9 ps/nm/km, the dispersion 
at a Wavelength of 1.45 pm is —1.9 ps/nm/km, the dispersion 
at a Wavelength of 1.55 pm is 4.8 ps/nm/km, and the 
dispersion at a Wavelength of 1.60 pm is 8.0 ps/nm/km. 
Further, the bending loss at a Wavelength of 1.55 pm When 
Wound at a diameter of 32 mm is 0.008 dB per turn, Whereas 
the effective area Aeff at the Wavelength of 1.55 pm is 53.9 
pmz. 

[0079] (Sixth Embodiment) 
[0080] FIG. 7 is a refractive index pro?le of an optical 
?ber according to the sixth embodiment. As in the ?rst 
embodiment shoWn in FIG. 2A, the basic con?guration of 
the optical ?ber according to the sixth embodiment com 
prises a core region 110 and a cladding region 120. HoWever, 
it differs from the ?fth embodiment in that the cladding 
region 120 comprises a depressed cladding structure. Refer 
ring to FIG. 2A for explaining the con?guration of the 
optical ?ber according to the sixth embodiment, the core 
region 110 comprises a ?rst core, With an outside diameter 
2a, extending along a predetermined axis and having a 
refractive index n1; a second core With an outside diameter 
























