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L-BAND DISPERSION COMPENSATING FIBER
AND TRANSMISSION SYSTEM INCLUDING
SAME

FIELD OF THE INVENTION

[0001] The invention is directed to a dispersion compen-
sating optical fiber and a transmission system including the
same, and more particularly to a dispersion compensating
optical fiber and transmission system in which the dispersion
compensating fiber exhibits a negative dispersion and dis-
persion slope within the L-band (1570 nm to 1620 nm).

BACKGROUND OF THE INVENTION

[0002] Higher data rates are becoming needed for the
telecommunications industry. Thus, the search for high
performance optical fibers designed for long distance, high
bit rate telecommunications has intensified. However, these
high data rates have penalties associated with them. In
particular, dispersion is a significant problem for such sys-
tems, particularly those employing large effective area
fibers. More specifically, positive dispersion builds as a
function of the length of the high data rate transmission fiber.
Dispersion Compensating (DC) fibers included in cable or in
Dispersion Compensating Modules (DCM’s) have been
designed that compensate for such dispersion. These fibers
generally have negative slope and negative dispersion such
that a short length of the DC fiber compensates for the
positive dispersion and positive slope of the longer trans-
mission portion. A good example of a DC fiber may be found
in commonly assigned U.S. patent application Ser. No.
09/802,696 filed on Mar. 9, 2001. For L-band operation
between 1570 nm and 1620 nm, the bend performance and
dispersion properties (dispersion and/or dispersion slope) of
the DC fiber are very important. This is particularly true in
DC fibers that will be included in a wound spool of a DCM.

[0003] Thus, there is a need for a DC fiber which: (1) is
single moded over the L-band wavelength range (1570 nm
to 1620 nm) when included in a DCM; and (2) retains the
usual high performance optical fiber characteristics such as
high strength, low attenuation and acceptable resistance to
bend induced loss, and (3) is particularly effective at com-
pensating for the dispersion of Non-Zero Dispersion Shifted
Fibers (NZDSF) in the L-band.

DEFINITIONS

[0004] The following definitions are in accordance with
common usage in the art.

[0005] The refractive index profile is the relationship
between refractive index and optical fiber radius.

[0006] A segmented core is one that has at least a first
and a second segment such as a central core and a moat,
for example. Each core segment has a respective refrac-
tive index profile and maximum and minimum index.

[0007] The radii of the segments of the core are defined
in terms of the beginning and end points of the seg-
ments of the refractive index profile or in terms of the
midpoint of the segment in the case of a ring segment.
FIG. 2 illustrates the definitions of radii used herein.
The same definitions are used for FIGS. 3-5. The radius
R, of the center core segment 22, is the length that
extends from the DC fiber’s centerline (CL) to the point
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at which the profile crosses the relative refractive index
zero as measured relative to the cladding 30. The outer
radius R, of the moat segment 24 extends from the
centerline to the radius point at which the outer edge of
the moat crosses the refractive index zero, as measured
relative to the cladding 30. The radius R, is measured
to where A;% is half its maximum value of the ring
segment 26. The half-height width of ring segment 26
is measured at the half A% value of ring segment 26.
The radius R of segment 26 extends from the center-
line (CL) to the midpoint 28 of a half-height line
segment 27. The midpoint 28 is formed by bisecting the
segment 26 between the two intersection points with
the ring segment at the half height position of A;%. The
radius R, is measured from the centerline (CL) to the
point where the outermost portion of the ring segment
26 meets the zero refractive index point, as measured
relative to the cladding 30.

[0008] The effective area is defined as:
A g=2n([E?r dr*/(JE*r dr),

[0009] where the integration limits are O to o, and E
is the electric field associated with the propagated
light as measured at 1595 nm.

[0010] The effective diameter, D g, is defined as:

Deg=(2/m")A o™

[0011] The profile volume is defined as 2 m[A% r dr.
The profile volume of the central core segment 22
extends from the waveguide centerline, R=0, to the
radius R;. The profile volume of the ring segment 26
extends from the radius R, to the last point of the ring
segment at radius R,. The units of the profile volume
are % um? because relative index is dimensionless. The
profile volume units, % um?, will be referred to simply
as units throughout this document.

[0012] The term, A%, represents a relative measure of
refractive index defined by the equation,

A%=100(n>~n>)/2n>

[0013] where n; is the maximum refractive index in the
respective region i (e.g., 22, 24, 26), unless otherwise
specified, and n_ is the refractive index of the cladding (e.g.,
30) unless otherwise specified.

[0014] The term alpha profile, a-profile refers to a
refractive index profile, expressed in terms of A (b) %,
where b is radius, which follows the equation,

A()To=[A(bo) (1-{1b-bo)/(By-bo) 1) 1100

[0015] where b, is the maximum point of the profile and
b, is the point at which A(b)% is zero and b is in the range
b;=b=b,, where A% is defined above, b; is the initial point
of the a-profile, by is the final point of the a-profile, and a
is an exponent which is a real number. The initial and final
points of the a-profile are selected and entered into the
computer model. As used herein, if an a-profile is preceded
by a step index profile, the beginning point of the a-profile
is the intersection of the a-profile and the step profile. In the
model, in order to bring about a smooth joining of the
a-profile with the profile of the adjacent profile segment, the
equation is rewritten as;

%(b))%=[A(ba)+[A(be)-A(ba)]{(1-[ |b-bol/(b1-b5)]"}]
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[0016] where b, is the first point of the adjacent segment.

[0017] The pin array bend test is used to compare
relative resistance of optical fibers to bending. To
perform this test, attenuation loss is measured when the
optical fiber is arranged such that no induced bending
loss occurs. This optical fiber is then woven about the
pin array and attenuation again measured. The loss
induced by bending is the difference between the two
attenuation measurements. The pin array is a set of ten
cylindrical pins arranged in a single row and held in a
fixed vertical position on a flat surface. The pin spacing
is 5 mm, center to center. The pin diameter is 0.67 mm.
The optical fiber is caused to pass on opposite sides of
adjacent pins. During testing, the optical fiber is placed
under a tension sufficient to make the waveguide con-
form to a portion of the periphery of the pins.

SUMMARY OF THE INVENTION

[0018] The DC fiber in accordance with the invention
disclosed and described herein is particularly well suited to
compensating for dispersion and dispersion slope of certain
NZDSF in the L-band.

[0019] According to an embodiment of the invention, a
DC fiber is provided which has a segmented core of at least
three segments, each segment characterized by having a
refractive index profile, a relative index A%, and radius
dimensions. The DC fiber’s overall refractive index profile
structure is selected to provide a particular set of properties
(attributes) that make it suited for transmission systems
designed to operate in the L-band wavelength window
having a midpoint at about 1595 nm, and a wavelength band
between about 1570 nm and 1620 nm. The DC fiber in
accordance with the invention is particularly suitable for
compensating for build up of dispersion and/or dispersion
slope in NZDSF’s. Thus, the DC fiber may be coupled to a
NZDSF to form a transmission system and is designed to
compensate for the dispersion and/or slope (and most pref-
erably both) of the NZDSF, preferably in the L-band. The
transmission system including the DC fiber may also pref-
erably include optical amplifiers, Wavelength Division Mul-
tiplexing operation, and other conventional system compo-
nents. Preferably, the DC fiber is wound onto a spool and
included in a module.

[0020] In accordance with an embodiment of the inven-
tion, the total dispersion (defined herein as the measurable
dispersion—total dispersion equals total dispersion plus
waveguide dispersion plus profile dispersion) of a transmis-
sion system employing 100 km of a NZDSF transmission
fiber and a suitable length of the present invention DC fiber
results in a system which has less than +/-25 ps/nm residual
dispersion over the entire L-band (between 1570 nm and
1620 nm). Fiber profiles have been designed in accordance
with the invention that exhibit excellent attenuation of less
than 0.8 dB/km at 1595 nm. Moreover, the bend loss, as
measured by a pin array test, is preferably less than 25 dB,
more preferably less than 10 dB, and most preferably less
than 3 dB. Thus, the DC fiber in accordance with the
invention exhibits excellent bend loss and may be, therefore,
advantageously wound onto and used in small diameter
DCM’s to be utilized in transmission systems for compen-
sating dispersion and dispersion slope of long lengths of
NZDSF.
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[0021] In accordance with a preferred embodiment of the
DC fiber, each of the segments of the core is characterized
by arefractive index profile, and at least one of the segments
preferably has an a-profile. Most preferably, the core profile
includes a positive A;% central core segment, a negative
A,% moat region, and a positive A;% ring segment. Pref-
erably, the ring segment has a non-step index profile and is
offset from the moat segment.

[0022] According to the present invention, the DC fiber
has a segmented core having at least three segments and the
refractive index profile of the segmented core is selected to
provide a negative total dispersion and a negative dispersion
slope at 1595 nm, and more preferably over the entire
L-band from 1570 nm to 1620 nm. The present invention DC
fiber has a total dispersion at 1595 nm between about —95
ps/nm-km and -225 ps/nm-km; and a dispersion slope more
negative than —1.0 ps/nm*-km at 1595 nm. More preferably,
the dispersion at 1595 nm is between about -110 and -150
ps/nm-km and ranges between —80 and —190 ps/nm-km over
the L-band wavelength range of 1570 nm to 1620 nm.

[0023] Most preferably, the dispersion slope is more nega-
tive than —1.2 ps/nm*-km at 1595 nm and is between —1.0
ps/nm*-km and -2.5 ps/nm*-km at 1595 nm; more prefer-
ably between —1.2 and -1.5 ps/nm® -km.

[0024] Preferably also, the DC fiber has a dispersion slope
that is more negative than —0.7 ps/nm>-km over the entire
L-band from 1570 nm to 1620 nm; more preferably more
negative than -1.2 ps/nm® -km. Preferably, the dispersion
slope ranges between —0.7 and -2.5 ps/nm2 -km over the
entire [-band; more preferably between -1.0 and -1.8
ps/nm*-km. The DC optical fiber preferably has a kappa
value defined as the total dispersion at 1595 nm divided by
the dispersion slope at 1595 nm of between 90 nm and 110
nm; more preferably between 90 nm and 105 nm; and most
preferably between 95 nm and 100 nm. Most preferably,
kappa is between about between 80 nm and 155 nm over the
L-band range of 1570 nm to 1620 nm; more preferably
between 85 nm and 110 nm.

[0025] The DC fiber preferably includes a central core
segment having an a-profile in the range of between about
1.8 to 5.0; more preferably about 2.0 to 2.2.

[0026] The DC fiber in accordance with embodiments of
the invention preferably has a central core segment having
a positive A; % greater than 1.5%, a moat segment adjoining
the central core segment and having a negative A,% more
negative than —0.3%, and a ring segment adjoining the moat
segment having a positive A;% greater than 0.6%.

[0027] More preferably, the DC fiber in accordance with
embodiments of the invention preferably has a central core
segment having a positive A;% greater than 1.7%, a moat
segment adjoining the central core segment and having a
negative A,% more negative than —0.5%, and a ring segment

adjoining the moat segment having a positive A;% greater
than 0.8%.

[0028] The effective area of the DC fiber at 1595 nm in
accordance with the invention is greater than 15 um?, and
more preferably greater than 17 um®.

[0029] In accordance with another embodiment of the
invention, an optical transmission system is provided having
a dispersion compensating optical fiber, wherein the disper-
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sion compensating fiber comprises a segmented core having
at least three segments, the refractive index profile being
selected to provide a total dispersion at 1595 nm between
about -95 ps/nm-km and -225 ps/nm-km; and a dispersion
slope more negative than —1.0 ps/nm*-km at 1595 nm.

[0030] Further features and advantages of the invention
will be set forth in the detailed description which follows,
and will be readily apparent to those of ordinary skill in the
art from that description or recognized by practicing the
invention as described herein, including the detailed descrip-
tion which follows, the claims, as well as the appended
drawings. It is to be understood that both the foregoing
general description and the following detailed description
are merely exemplary of the invention, and are intended to
provide an overview or framework for understanding the
nature and character of the invention as it is claimed. The
accompanying drawings are included to provide a further
understanding of the invention, and are incorporated in and
constitute a part of this specification. The drawings illustrate
several embodiments of the invention, and together with the
description serve to explain the principles and operation of
the invention.

BRIEF DESCRIPTION OF THE FIGURES

[0031] FIG. 1 illustrates a cross-sectioned perspective
view of the various segments of the DC fiber in accordance
with the invention.

[0032] FIG. 2 is a graph of A% vs. core radius (um) of a
first embodiment of DC fiber in accordance with the inven-
tion.

[0033] FIG. 3 is a graph of A% vs. core radius (um) of a
second embodiment of DC fiber in accordance with the
invention.

[0034] FIG. 4 is a graph of A% vs. core radius (um) of a
third embodiment of DC fiber in accordance with the
invention.

[0035] FIG. 5 is a graph of A% vs. core radius (um) of a
fourth embodiment of DC fiber in accordance with the
invention.

[0036] FIG. 6 is a plot of dispersion vs. wavelength for
several embodiments of DC fiber in accordance with the
invention.

[0037] FIG. 7 is a plot of dispersion slope vs. wavelength
for several embodiments of DC fiber in accordance with the
invention.

[0038] FIG. 8 is a plot of kappa vs. wavelength for several
embodiments of DC fiber in accordance with the invention.

[0039] FIG. 9 is a diagram of a first embodiment of
transmission system including a DC fiber in accordance with
the invention.

[0040] FIG. 10 is a diagram of a second embodiment of
transmission system including a DC fiber in accordance with
the invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0041] The DC fiber in accordance with the invention may
be embodied in a family of segmented core designs that
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yield a very particular set of desired properties (attributes)
and shall be fully described herein. The family of DC fiber
core designs include, but are not limited to, the particular
embodiments described herein. Thus, it should be recog-
nized that modifications to the particular embodiments
described herein may be made without departing from the
scope of the invention. A first illustrative embodiment is
described with reference to FIGS. 1 and 2. The DC fiber 20
includes at least three segments in the core thereof. It should
be understood that FIG. 1, as shown, is not drawn to scale
and the relative sizes of the layers have been exaggerated for
clarity. Preferably, the DC fiber 20 has a central core
segment 22, an adjacent cylindrical moat segment 24, and a
cylindrical ring segment 26 surrounding the moat segment.
The ring segment 26 is further surrounded by a cylindrical
cladding 30 that extends to a radius of about 62.5 um from
the centerline (CL). The entire core and cladding 30 of the
fiber 20 is coated with a protective coating 34 such as a
urethane acrylate or other suitable coating. The coating 34
may consist of several layers having different properties. For
example, the first innermost coating layer may have a lower
modulus than a second outermost coating. However, it
should be understood that any suitable coating may be
applied utilizing conventional methods.

[0042] The various core segments 22, 24, 26 preferably
include dopants to alter their refractive index relative to the
cladding 30. Core segment 20 preferably includes germania-
doped silica to increase its refractive index relative to the
cladding 30. The cladding 30 is preferably manufactured
from pure silica. Moat segment 24 is formed by doping silica
glass with a suitable down-dopant such as fluorine. The ring
segment 26 is formed similarly to the core segment by
utilizing silica with a suitable up-dopant such as germania.
Alternative dopants may be employed provided that the
levels of index change relative to the cladding may be
achieved.

[0043] Thus, by the addition of such dopants, a DC fiber
core having a precisely defined profile is formed. In par-
ticular, by the addition of suitable dopant amounts, the
central core segment 22 is made to have a positive A;%, the
moat segment 24 is made to have a negative A,%, and the
ring segment 26 is made to have a positive A;%. A%, A,%
A% each is defined as being positive or negative as com-
pared to the refractive index of the cladding 30, as is
conventional practice.

[0044] As was mentioned above, the DC fiber in accor-
dance with the invention is particularly effective at compen-
sating for dispersion and slope of a NZDSF such as LEAF®
manufactured by Corning Incorporated. In particular, the
DC fiber is designed to compensate for a NZDSF fiber
having a dispersion at 1595 nm of about 7.93 ps/nm-km and
a dispersion slope at 1595 nm of 0.0791 ps/nm*-km. In order
to compensate for dispersion and slope of a NZDSF and do
so in a small fiber length of DC fiber, the DC fiber must have
both a high negative dispersion and a high dispersion slope
at 1595 nm. Preferably, the ratio of dispersion divided by
dispersion slope (defined herein as kappa) should also be
within a defined range at 1595 nm. The DC fiber in accor-
dance with the invention is suitable for compensating for
any non-zero dispersion shifted fiber having a dispersion
slope of between about 0.065 and 0.08 ps/nm*-km at 1595
nm. The DC fiber in accordance with the invention may also
be used to compensate for the dispersion of a non-zero
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dispersion shifted fiber having a dispersion of between about
6.5 and 8.5 ps/nm-km at 1595 nm.

[0045] In particular, as is illustrated in FIG. 6, the family
of DC fibers preferably have a total dispersion ranging
between about =75 ps/nm-km and -275 ps/nm-km over the
L-band operating window. More preferably, total dispersion
ranges between —80 and —190 ps/nm-km as is illustrated by
curve labeled 120. As is illustrated in FIG. 7, the dispersion
slope of the family of DC fibers over the entire L-band (1570
nm to 1620 nm) is more negative than about —0.7 ps/nm>-
km; and more preferably more negative than —1.2 ps/nm>-
km. Preferably, the DC fiber has a dispersion slope at 1595
nm of between about —1.0 ps/nm>-km and -2.5 ps/nm*-km.
These relatively low negative dispersion values and very
low negative slope values enables both dispersion and
dispersion slope to be compensated for in the NZDSF in the
L-band. As is illustrated in FIG. 8., when compensating for
such NZDSF’s, it is desired that kappa, defined as the
dispersion divided by the dispersion slope, is between about
90 nm and 100 nm at 1595 nm, more preferably between 90
nm and 105 nm; and most preferably between 95 nm and
100 nm. Kappa preferably ranges between about 80 nm and
155 nm over the L-band of 1570 nm to 1620 nm. Most
preferably, kappa has a higher value at 1620 nm than at 1570
nm as is shown in curve labeled 120 in FIG. 8, for example.

[0046] By way of example, and not to be considered
limiting, a transmission system 32 as shown in FIG. 9
having a 100 km length of NZDSF 36, such as LEAF® fiber
manufactured by Corning Incorporated, having a positive
dispersion of about 7.93 ps/nm-km at 1595 nm and a
positive dispersion slope of about 0.0791 ps/am>-km at 1595
nm may be compensated for by a shorter length of about 1.8
km of DC fiber 120 in accordance with the invention.
Preferably, the DC fiber 120 has a dispersion of about —142
ps/nm-km at 1595 nm and a dispersion slope of about -1.46
ps/nm>-km at 1595 nm. Using a DC fiber 20 in the form of
a DCM having a dispersion ranging from about -110
ps/nm-km to —180 ps/nm-km over the [-band and a slope of
between about —1.15 ps/nm*-km to about —1.7 ps/nm*-km
over the L-band, the total residual total dispersion over the
entire L-band from 1570 nm to 1620 nm can be made to be
no greater than about +/-25 ps/km-nm for the transmission
system 32. The transmission system 32 may include con-
ventional elements such as a transceiver 40, optical amplifier
42 and receiver 44. Optionally, as is illustrated in FIG. 10,
a transmission system 32g may couple to one or more
additional lengths of NZDSF 36b instead of a receiver.

[0047] Table 1, set forth below, defines the family of DC
fibers according to the invention that have the desired
properties for compensating for slope and dispersion of a
NZDSF having a dispersion of about 7.9 ps/nm-km and a
slope of 0.079 ps/am®-km at 1595 nm. It should be recog-
nized that in the examples that follow, that attenuation is
quite low and bending induced loses are acceptable.

[0048] Referring to FIG. 2, a refractive index profile plot
of A% vs. core radius (um) is illustrated. This is a first
embodiment of the DC fiber 20 described herein and cor-
responds to Example 1 in Table 1 below. In particular,
central core segment 22 has an alpha profile having an alpha
of about 2.0, a maximum A;% of 1.83% and an outer radius
R, of about 1.83 microns. The core segment includes a step
index region having a relative index percent on centerline of
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about 1.83% and that extends to a radius of about 0.2 ym, at
which point the a-profile began. The adjacent moat segment
24 surrounds and abuts the core segment 22 and has a step
index profile having a slight taper defined by having a A,%
which is slightly more negative at its innermost radius R,
than at its outer radius R,. The moat segment 24 has an outer
radius R, of about 5.97 um and a maximum negative A,% of
about -0.5%. The Example 1 embodiment includes a ring
segment located at a radius R;. This radius R, is the mid
point radius of the ring segment as defined above. R; is
measured to the midpoint of the half-height width of the ring
segment 26. The ring segment 26 surrounds and abuts the
moat segment 24 and includes a radius R of 7.70 um, a half
height width of the ring segment 26 of about 0.9 um, and a
A% of about 0.8%. The ring segment 26 includes a first
tapering portion 25 which extends from the body 29 of the
ring segment 26 towards the edge of the moat segment 24 at
R,. A second tapered portion 31 extends from the body 29
to the beginning of the cladding 30 at R,,.

EXAMPLE 1

[0049] ADC fiber 20 was modeled in accord with FIG. 2
and had the configuration outlined above. Counting the
segments consecutively, beginning with 1 being the central
core segment surrounding the centerline, and using the
definitions provided above, the core structure is also
described in Table 1.

[0050] As illustrated in FIGS. 6-8, this embodiment of DC
fiber 20 has the following predicted properties:

[0051]
[0052]
[0053]
[0054]

>

[0055] cut off wavelength, X, of 2019 nm (the cutoff
wavelength of the highest of the LP,, and LP, higher
order modes above LPy; for a straight DC fiber);

[0056]
[0057]
[0058] pin array bend loss of 6.4 dB.

total dispersion at 1570 nm of -90 ps/nm-km;

total dispersion at 1595 nm of -115 ps/nm-km;
total dispersion at 1620 nm of -148 ps/nm-km;
dispersion slope at 1595 nm of -1.18 ps/am>-

effective area, A g, of 17.17 um?;

attenuation at 1595 nm of 0.5 dB/km; and

EXAMPLE 2

[0059] A second three segment core DC fiber 120 was
modeled in accordance with the refractive index profile
shown in FIG. 3. In this case, the a-profile of the core
segment 122 began at 0.2 um from the centerline and had an
aof 2.0,a A% of 1.83%, and an R, of 1.81 um. The moat
segment 124 had a tapered step profile, a most negative A,%
of -0.6%, and an outer radius R, of 5.38 um. The ring
segment 126 has a A;% of 0.85%, R;, the midpoint radius
defined above, of 7.02 um, and a midpoint width of 0.8 um.
Additional properties and characterizations may be found in
Table 1.

[0060] As illustrated in FIGS. 6-8, this DC fiber 120 has
the following predicted properties:

[0061]
[0062]

total dispersion at 1570 nm of -118 ps/nm-km;
total dispersion at 1595 nm of -142 ps/nm-km;
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[0063] total dispersion at 1620 nm of —180 ps/nm-km;

[0064] dispersion slope at 1595 nm of —1.46 ps/nm>-
km;

[0065] cut off wavelength, h._, of 1975 nm (the cutoff

wavelength of the highest of the LP,; and LP,, higher
order modes above LPy; for a straight DC fiber);

[0066] effective area, A g, of 17.49 um?;

[0067] attenuation at 1595 nm of 0.6 dB/km; and
[0068] pin array bend loss of 6.8 dB.
[0069] In this embodiment, the properties are excellent

and the bend loss is improved over the design of Example 1.

EXAMPLE 3

[0070] A DC fiber 220 in accordance with the invention
having a profile illustrated in FIG. 4 was also modeled. The
core segment 222 had a relative index A; of 1.73% and an
outer radius R, of 1.83 um. The a-profile had an a of 2.2.
The moat segment 224 has a A,% of -0.5%, and outer
segment radius R, of 5.87 um. The ring segment 226 had a
A;% of 0.85 and a midpoint radius R; of 7.53 um.

[0071] This DC fiber 220 had the following predicted
properties:

[0072]
[0073]
[0074]
[0075]

[0076] cut off wavelength, A., 2010 nm (the cutoff
wavelength of the highest of the LP,,, and LP,, higher
order modes above LPy; for a straight DC fiber);

[0077]
[0078]
[0079] pin array bend loss of 5.5 dB.

total dispersion at 1570 nm of -75 ps/nm-km;
total dispersion at 1595 nm of -95 ps/nm-km;
total dispersion at 1595 nm of —-126 ps/nm-km;

dispersion slope —1.04 ps/am>-km;

effective area, Ay, 16.73 um?;

attenuation at 1595 nm of 0.5 dB/km; and

EXAMPLE 4

[0080] As a further example of a three-segment design,
DC fiber 320 in accordance with the invention was also
modeled. Referring to FIG. 5, the core segment 322 has an
a-profile with a of 2.0, a A;% of 1.83%, and an R, of 1.79
um. Moat segment 324 has a A,% of -0.7%, an outer radius
R, of 533 um. Ring segment 326 has a A;% of 0.85,
midpoint radius r; is 6.93 um and the half height width of
ring segment is 0.8 um.

[0081] This DC fiber in accordance with the invention has
the following predicted properties:

[0082] total dispersion at 1570 nm of —-165 ps/nm-km;

[0083] total dispersion at 1595 nm of —222 ps/nm-km;

[0084] total dispersion at 1620 nm of —275 ps/nm-km;

[0(1)(85] dispersion slope at 1595 nm of -2.40 ps/nm?-
m;
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[0086] cut off wavelength, X, of 1950 nm (the cutoff
wavelength of the highest of the LP,; and LP,, higher
order modes above LPy; for a straight DC fiber);

[0087] effective area, A g, of 19.84 um?;
[0088] attenuation at 1595 nm of 0.8 dB/km; and
[0089] pin array bend loss of 22 dB.

[0090] Table 1 below illustrates preferred DC fiber param-
eters in accordance with the invention that result in achieve-
ment of the desired properties. Parameters are illustrated in
Table 1 for the three segment designs listed above. Set forth
are maximum A% of each particular segment, as well as
corresponding radii R;. The cases in which the radius
measurements are taken to the midpoint of a segment are
labeled in the table heading. All other radii are the maximum
outer radii of a given segment as well as the minimum inner
radii of the next adjacent segment, where the segments are
counted beginning with 1 (corresponding to the central core
segment) and proceeding outward. These other radii are
measured to the point where the profile crosses the cladding
refractive index.

TABLE 1
Example 1 2 3 4
A% 1.83 1.83 1.73 1.83
Ry (um) 1.82 1.81 1.82 1.79
A% -0.5 -0.6 -0.5 -0.7
R, (um) 597 5.38 5.87 5.33
A% 0.8 0.85 0.85 0.85
R, (um) 7.70 7.02 753 6.97
Ry (um) 11.0 10.2 10.8 10.0
Alpha Central Core 2.0 2.0 22 2.0
(units)
Volume Central Core 10.2 10.0 101 9.8
(units)
Volume Ring 45.8 42.6 45.0 41.9
Dispersion -115 -142 -95 =222
@ 1595 nm
(ps/nm-km)
Dispersion Slope -1.18 1.46 -1.04 -2.40
@ 1595 nm
(ps/nm>-nm)
Kappa @ 1595 nm 97.9 97.2 91.3 92.5
(am)
Mode Field Diameter 4.67 4.64 4.63 4.74
(um)
Aeff (um?) 1717 1749 1673 19.84
A (nm) 2019 1975 2010 1950

[0091] The present invention DC fiber may be manufac-
tured in accordance with any known chemical vapor depo-
sition method such as OVD, MCVD, or PCVD. Preferably,
the DC fiber may be manufactured by an OVD method
wherein the core is first manufactured by depositing silicon
oxide doped with germania oxide onto an alumina mandrel
to the desired diameter and with the appropriate level of
germania dopant to achieve the desired refractive index
profile for the core segment. The mandrel is then removed
and the soot preform constituting the core segment is
consolidated in a consolidating furnace including a helium
atmosphere after thoroughly drying in a chlorine containing
environment. The consolidated core blank is then redrawn
into a core cane which then becomes the target deposition
surface for the application of the moat segment soot. The
silica soot is deposited to the appropriate diameter for the
moat and is then dried with a chlorine-containing atmo-
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sphere in a consolidation furnace. The soot preform is then
doped with fluorine-containing gas, such as CF, or SiF,, for
example and subsequently consolidated and again redrawn
into canes. These canes become the deposition surface for
the ring segment soot. Germania-doped silica soot is depos-
ited on the two-segment cane and it is then dried and
consolidated. Again, the consolidated blank is redrawn and
this time becomes the final core cane including all three
segments of the segmented core. Additional silica soot
which comprises the cladding is then deposited on the core
cane. The final soot blank is dried and consolidated and
subsequently transferred to a draw furnace where the DC
fiber is drawn therefrom. Although particular examples of
the DC fiber have been disclosed and described herein, it
will be apparent to those of ordinary skill in the art that
various modifications and variations can be made to the
present invention without departing from the scope of the
invention. Thus, it is intended that the present invention
covers such modifications and variations of this invention
provided they come within the scope of the appended claims
and their equivalents.

What is claimed is:
1. A dispersion compensating optical fiber, comprising:

a segmented core having at least three segments, the
refractive index profile being selected to provide

total dispersion at 1595 nm between about —95 ps/nm-km
and -225 ps/nm-km; and

a dispersion slope more negative than —1.0 ps/am>-km at
1595 nm.

2. The dispersion compensating optical fiber of claim 1
wherein the total dispersion at 1595 nm is between about
-110 ps/am-km and -150 ps/nm-km.

3. The dispersion compensating optical fiber of claim 1
wherein the total dispersion is between about —80 ps/nm-km
and -190 ps/nm-km over a wavelength range from about
1570 nm to 1620 nm.

4. The dispersion compensating optical fiber of claim 1
wherein at least one of the segments has an c.-profile where
a is between about 2.0 and 2.2.

5. The dispersion compensating optical fiber claim 1
wherein A;% is positive, A,% is negative, and A;% is
positive.

6. The dispersion compensating optical fiber of claim 5
further comprising a central core segment having a positive
A, % greater than 1.5%, a moat segment adjoining the central
core segment and having a negative A,% more negative than
-0.4%, and a ring segment adjoining the moat segment
having a positive A;% greater than 0.7%.

7. The dispersion compensating optical fiber of claim 5
wherein a volume of the central core segment is in the range
of about 9 units and 11 units, and a volume of the ring
segment is in the range of about 40 units to 47 units.

8. The dispersion compensating optical fiber of claim 1
further comprising:

a central core segment having a A;% in the range of about
1.5% to 2.0% and a radius R in the range of about 1.5
um to 2.0 um,

a moat segment having a A,% in the range of about -0.3%
to —0.9% and a radius R, in the range of about 4.5 um
to 6.5 um, and
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a ring segment having a A;% in the range of about 0.6%
to 1.1%, a mid point radius R; in the range of about 6.0
um to 8.0 um.

9. The dispersion compensating optical fiber of claim 1

further comprising:

a central core segment having a positive A, % greater than
1.7%,

a moat segment adjoining the central core segment having
a negative A,% more negative than -0.5%, and

a ring segment adjoining the moat segment having a
positive A;% greater than 0.8%.

10. The dispersion compensating optical fiber of claim 1
further comprising a volume of the ring segment greater than
about 40 units.

11. The dispersion compensating optical fiber of claim 1
further comprising a ring segment having A;% of greater
than 0.7%.

12. The dispersion compensating optical fiber of claim 11
further comprising a A;% of the ring segment between 0.7%
and 1.0% and a midpoint radius R3 between 6.5 um and 8.0
um.

13. The dispersion compensating optical fiber of claim 1
further comprising:

a central core segment having a A, % in the range of about
1.7% to 1.9% and a radius R; in the range of between
about 1.7 yum to 1.9 um,

a moat segment having a A,% in the range of about -0.5%
to —0.7% and an radius R, of between 5.0 um and 6.0
um, and a ring segment having a A;% in the range of
about 0.75% to 0.9%, a midpoint radius R; in the range
of about 6.5 um to 8.0 um, and a width in the range of
about 0.7 ym to 1.2 um.

14. The dispersion compensating optical fiber of claim 1
further including a kappa value defined as the dispersion at
1595 nm divided by the dispersion slope at 1595 nm of
between 90 nm and 110 nm.

15. The dispersion compensating optical fiber of claim 1
further including a kappa value defined as the dispersion at
1595 nm divided by the dispersion slope at 1595 nm of
between 90 nm and 105 nm.

16. The dispersion compensating optical fiber of claim 1
further including a kappa value defined as the dispersion at
1595 nm divided by the dispersion slope at 1595 nm of
between 95 nm and 100 nm.

17. The dispersion compensating optical fiber of claim 1
further comprising a range of kappa values defined as the
dispersion at a particular wavelength divided by the disper-
sion slope at the particular wavelength over the range of
1570 nm to 1620 nm of between 80 nm to 155 nm.

18. The dispersion compensating optical fiber of claim 17
further comprising a range of kappa values defined as the
dispersion at a particular wavelength divided by the disper-
sion slope at the particular wavelength over the range of
1570 nm to 1620 nm of between 85 nm to 110 nm.

19. The dispersion compensating optical fiber of claim 1
further comprising a pin array of less than 7 dB at 1595 nm.

20. The dispersion compensating optical fiber of claim 1
further comprising a cutoff wavelength for a next higher
order mode above LP,, the cutoff wavelength being less
than 2025 nm.



US 2003/0059186 Al

21. The dispersion compensating optical fiber of claim 1
further comprising an effective area at 1595 nm of greater
than 15 um?.

22. The dispersion compensating optical fiber of claim 21
further comprising an effective area at 1595 nm of greater
than 17 um?.

23. The dispersion compensating optical fiber of claim 1
further comprising an dispersion slope over the wavelength
range of between about 1570 nm and 1620 nm of between
-0.7 ps/nom*-km and -2.5 ps/am*-km.

24. The dispersion compensating optical fiber of claim 23
further comprising an dispersion slope over the wavelength
range of between about 1570 nm and 1620 nm of between
-1.0 ps/om*-km and -1.8 ps/am*-km.

25. The dispersion compensating optical fiber of claim 1
further comprising an dispersion slope at 1595 nm of
between —1.0 ps/nm*-km and -2.5 ps/nm>-km.

26. The dispersion compensating optical fiber of claim 1
further comprising an dispersion slope at 1595 nm of
between —1.2 ps/nm*-km and -1.5 ps/nm>-km.

27. The dispersion compensating optical fiber of claim 1
further comprising an dispersion slope at 1595 nm more
negative than —1.2 ps/nm*-km.

28. The dispersion compensating optical fiber of claim 1
further comprising dispersion slope that is more negative
than —0.7 ps/nm*-km over the entire L-band from 1570 nm
to 1620 nm.

29. The dispersion compensating optical fiber of claim 28
further comprising a dispersion slope that is more negative
than —1.2 ps/nm>-km over the entire L-band from 1570 nm
to 1620 nm.
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30. The dispersion compensating optical fiber of claim 1
further comprising:

a central core segment having an outer radius R, in the
range of between about 1.5 um and 2.0 um,

a moat segment having an outer radius R, in the range of
between about 4.5 um and 6.5 um, and

a ring segment having a midpoint radius R; in the range

of between about 6.0 um to 8.0 um.

31. The dispersion compensating optical fiber of claim 30
further comprising a an outer radius R, of the ring segment
in the range of between about 10 um and 12 ym.

32. An optical transmission system having a dispersion
compensating optical fiber, wherein the dispersion compen-
sating fiber comprises:

a segmented core having at least three segments, the
refractive index profile being selected to provide

total dispersion at 1595 nm between about —95 ps/nm-km
and -225 ps/nm-km; and

a dispersion slope more negative than —1.0 ps/nm*-km at
1595 nm.

33. The optical transmission system of claim 32 further
comprising a non-zero dispersion shifted fiber coupled to the
dispersion compensating fiber, the non-zero dispersion
shifted fiber having a dispersion slope of between about
0.065 and 0.08 ps/nm*-km at 1595 nm.

34. The optical transmission system of claim 33 wherein
the non-zero dispersion shifted fiber has a dispersion of
between about 6.5 and 8.5 ps/nm-km at 1595 nm.

#* #* #* #* #*



