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Low BEND LOSS OPTICAL FIBER WITH DEEP DEPRESSED RING

BACKGROUND OF THE INVENTION

1. Cross-Reference to Related Applications

[0001] This application claims the benefit of and priority to U.S. Provisional Patent

Application No. 60/841,458 filed on August 31, 2006, the content which is relied upon and

incorporated herein by reference in its entirety.

2. Field of the Invention

[0002] The present invention relates generally to optical fiber, and particularly to bend

resistant single moded fibers.

3. Technical Background

[0003] Optical fibers utilized in so-called "access" and fiber to the premises (FTTx) optical

networks can be subjected to a variety of bending environments. Optical fiber can be

deployed in such networks in a manner which induces bend losses in optical signals

transmitted through the optical fiber. Some applications that can impose physical demands,

such as tight bend radii, compression of optical fiber, etc., that induce bend losses include the

deployment of optical fiber in optical drop cable assemblies, distribution cables with Factory

Installed Termination Systems (FITS) and slack loops, small bend radius multiports located

in cabinets that connect feeder and distribution cables, and jumpers in Network Access Points

between distribution and drop cables.

SUMMARY OF THE INVENTION

[0004] Optical waveguide fiber is disclosed herein that is bend resistant and single moded at

the wavelength of 1260 nm and at higher wavelengths. The optical fiber has a large effective



area, which is beneficial, for example, for inhibiting signal nonlinearities especially at high

bit rates. Preferably, the optical fiber has both low macrobend induced attenuation losses and

low microbend induced attenuation losses.

[00051 The optical fiber disclosed herein comprises a glass core and a glass cladding

surrounding and in contact with the core, the core being disposed about a centerline and

extending from the centerline in a radial direction. The cladding comprises an annular inner

region surrounding and in contact with the core region, an annular ring region surrounding

and in contact with the annular inner region, and an annular outer region surrounding and in

contact with the annular ring region and extending to an outermost glass radius. The annular

outer region is the outermost glass portion of the optical fiber. In preferred embodiments, the

annular outer region is covered by one or more coatings, such as a urethane acrylate material.

The annular ring region has a low relative refractive index. In some embodiments, the optical

fiber disclosed herein has a cladding with an annular ring region having relative refractive

index with a narrow and deep depression.

[0006] The maximum relative refractive index of the glass core is less than 0.45%. The

minimum relative refractive index of the annular ring region is less than -0.63%, preferably

less than -0.65%, more preferably less than or equal to -0.7%. The magnitude of the relative

refractive index of the annular inner region is low, less than 0.05%. The relative refractive

index of the majority of the radial width of the annular inner region can be positive, negative,

and/or zero.

[0007] The maximum relative refractive index of the core is the greatest maximum relative

refractive index of the entire optical fiber. The maximum relative refractive index of the

annular inner region is greater than or equal to the minimum relative refractive index of the

annular inner region. The minimum relative refractive index of the annular inner region is

greater than the minimum relative refractive index of the annular ring region.

[0008] The refractive index profiles of the optical fibers disclosed herein provide: a mode

field diameter at 1310 run of 8.20 to 9.50 µm, preferably 8.40 to 9.20 µm; a zero dispersion

wavelength of 1300 to 1324 nm; a 2-meter fiber cutoff wavelength less than 1260 nm; and

superior bend resistance for both macrobend and microbend. Preferably, the optical fiber

disclosed herein exhibits a 20 mm bend loss (i.e. an increase in attenuation due to

macrobending when the fiber is wrapped around a 20 mm diameter mandrel) of less than 0.05



dB/turn, more preferably less than 0.03 dB/turn, at 1550 nm. Preferably, the optical fiber

disclosed herein exhibits a 10 mm bend loss (i.e. an increase in attenuation due to

macrobending when the fiber is wrapped around a 10 mm diameter mandrel) of less than 1.0

dB/turn, more preferably less than 0.75 dB/turn, at 1550 nm. Preferably, the optical fiber

disclosed herein exhibits a pin array bend loss of not more than 15 dB, more preferably less

than 10 dB, and even more preferably less than 5 dB. In some embodiments, the lateral load

wire mesh loss is less than 0.5 dB, preferably less than 0.25 dB.

[0009] In one set of embodiments, the annular ring region comprises silica glass having a

dopant selected from the group consisting of germanium, aluminum, phosphorus, titanium,

boron, and fluorine.

[0010] In another set of embodiments, the annular ring region comprises silica glass with a

plurality of holes, the holes being either empty (vacuum) or gas filled, wherein the holes

provide internal reflection of light, thereby providing waveguiding to light traveling along the

core. Such holes can provide an effective refractive index which is low, e.g. compared to

pure silica.

[0011] Reference will now be made in detail to the present preferred embodiments of the

invention, examples of which are illustrated in the accompanying drawings.

Brief Description of the Drawings

[0012] FIG. 1 shows a relative refractive index profile of an embodiment of an optical

waveguide fiber as disclosed herein.

[0013] FIG. 2 shows a measured relative refractive index profile of an embodiment of an

optical waveguide fiber as disclosed herein.

[0014] FIG. 3 is a schematic cross-sectional view of an embodiment of an optical waveguide

fiber as disclosed herein.

[0015] FIG. 4 is a schematic illustration of a fiber optic communication system employing an

optical fiber as disclosed herein.

[0016] FIG. 5 schematically illustrates another embodiment of an optical fiber

communication system disclosed herein.



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0017] Additional features and advantages of the invention will be set forth in the detailed

description which follows and will be apparent to those skilled in the art from the description

or recognized by practicing the invention as described in the following description together

with the claims and appended drawings.

[0018] The "refractive index profile" is the relationship between refractive index or relative

refractive index and waveguide fiber radius.

[0019] The "relative refractive index percent" is defined as ∆% = 100 x (n;2 - )l2 , where

n; is the maximum refractive index in region i, unless otherwise specified, and ric is the

average refractive index of the annular outer region of the cladding. As used herein, the

relative refractive index is represented by ∆ and its values are given in units of "%", unless

otherwise specified. In cases where the refractive index of a region is less than the average

refractive index of the annular outer region, the relative index percent is negative and is

referred to as having a depressed region or depressed index, and the minimum relative

refractive index is calculated at the point at which the relative index is most negative unless

otherwise specified. In cases where the refractive index of a region is greater than the

average refractive index of the cladding region, the relative index percent is positive and the

region can be said to be raised or to have a positive index. An "updopant" is herein

considered to be a dopant which has a propensity to raise the refractive index relative to pure

undoped SiO2. A "downdopant" is herein considered to be a dopant which has a propensity

to lower the refractive index relative to pure undoped SiO2. An updopant may be present in a

region of an optical fiber having a negative relative refractive index when accompanied by

one or more other dopants which are not updopants. Likewise, one or more other dopants

which are not updopants may be present in a region of an optical fiber having a positive

relative refractive index. A downdopant may be present in a region of an optical fiber having

a positive relative refractive index when accompanied by one or more other dopants which

are not downdopants. Likewise, one or more other dopants which are not downdopants may

be present in a region of an optical fiber having a negative relative refractive index.

[0020] "Chromatic dispersion", herein referred to as "dispersion" unless otherwise noted, of

a waveguide fiber is the sum of the material dispersion, the waveguide dispersion, and the



inter-modal dispersion. In the case of single mode waveguide fibers the inter-modal

dispersion is zero. Dispersion slope is the rate of change of dispersion with respect to

wavelength.

[0021] "Effective area" is defined as:

Aeff 2π (|f2 r dr)2/(jf4 r dr),

where the integration limits are 0 to ∞, and f is the transverse component of the electric field

associated with light propagated in the waveguide. As used herein, "effective area" or "Aeff"

refers to optical effective area at a wavelength of 1550 nm unless otherwise noted.

[0022] The term "α-profile" or "alpha profile" refers to a relative refractive index profile,

expressed in terms of ∆(r) which is in units of "%", where r is radius, which follows the

equation,

∆(r) = ∆(ro)(l -[ | r-ro | / (rr r0)]α),

where r0 is the point at which ∆(r) is maximum, r is the point at which ∆(r)% is zero, and r is

in the range r; < r < rf , where ∆ is defined above, r is the initial point of the α-profile, rf is the

final point of the α-profile, and α is an exponent which is a real number.

[0023] The mode field diameter (MFD) is measured using the Peterman II method wherein,

2w = MFD, and w = (2jf r dr/j[df/dr] r dr), the integral limits being 0 to ∞.

[0024] The bend resistance of a waveguide fiber can be gauged by induced attenuation under

prescribed test conditions.

[0025] One type of bend test is the lateral load microbend test. In this so-called "lateral load"

test, a prescribed length of waveguide fiber is placed between two flat plates. A #70 wire

mesh is attached to one of the plates. A known length of waveguide fiber is sandwiched

between the plates and a reference attenuation is measured while the plates are pressed

together with a force of 30 newtons. A 70 newton force is then applied to the plates and the

increase in attenuation in dB/m is measured. The increase in attenuation is the lateral load

attenuation of the waveguide.

[0026] The "pin array" bend test is used to compare relative resistance of waveguide fiber to

bending. To perform this test, attenuation loss is measured for a waveguide fiber with

essentially no induced bending loss. The waveguide fiber is then woven about the pin array

and attenuation again measured. The loss induced by bending is the difference between the

two measured attenuations. The pin array is a set often 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. During testing, sufficient tension is applied to make the

waveguide fiber conform to a portion of the pin surface.

[0027] The theoretical fiber cutoff wavelength, or "theoretical fiber cutoff, or "theoretical

cutoff, for a given mode, is the wavelength above which guided light cannot propagate in

that mode. A mathematical definition can be found in Single Mode Fiber Optics,

Jeunhomme, pp. 39-44, Marcel Dekker, New York, 1990 wherein the theoretical fiber cutoff

is described as the wavelength at which the mode propagation constant becomes equal to the

plane wave propagation constant in the outer cladding. This theoretical wavelength is

appropriate for an infinitely long, perfectly straight fiber that has no diameter variations.

[0028] The actual fiber cutoff can be measured by the standard 2m fiber cutoff test, FOTP-80

(EIA-TIA-455-80), to yield the "fiber cutoff wavelength", also known as the "2m fiber

cutoff or "measured cutoff. The FOTP-80 standard test is performed to either strip out the

higher order modes using a controlled amount of bending, or to normalize the spectral

response of the fiber to that of a multimode fiber.

[0029] The cabled cutoff wavelength, or "cabled cutoff is even lower than the measured

fiber cutoff due to higher levels of bending and mechanical pressure in the cable

environment. The actual cabled condition can be approximated by the cabled cutoff test

described in the EIA-445 Fiber Optic Test Procedures, which are part of the EIA-TIA Fiber

Optics Standards, that is, the Electronics Industry Alliance - Telecommunications Industry

Association Fiber Optics Standards, more commonly known as FOTP's. Cabled cutoff

measurement is described in EIA-455-170 Cable Cutoff Wavelength of Single-mode Fiber by

Transmitted Power, or "FOTP- 170". By cable cutoff as used herein, we mean the value

obtained using the approximated test.

[0030] Unless otherwise noted herein, optical properties (such as dispersion, dispersion

slope, etc.) are reported for the LPOl mode. Unless otherwise noted herein, a wavelength of

1550 nm is the reference wavelength.

[0031] An optical transmission line as used herein includes a length of optical fiber, or a

plurality of optical fibers fused together serially, extending between optical devices, for

example between two optical amplifiers, or between a multiplexing device and an optical

amplifier. The optical transmission line may comprise transmission fiber and dispersion



compensating fiber, wherein the dispersion compensating fiber may be deployed in a module

(DC module) or laid out lengthwise, or both, as selected to achieve a desired system

performance or parameter such as residual dispersion at the end of an optical transmission

line.

[0032] The optical fiber 10 disclosed herein comprises a core 100 and a cladding layer (or

cladding) 200 surrounding and directly adjacent the core. The cladding 200 has a refractive

index profile, ∆CLAD ) - I some embodiments, the cladding 200 consists of pure silica.

[0033] Various wavelength bands, or operating wavelength ranges, or wavelength windows,

can be defined as follows: "1310 nm band" is 1260 to 1360 nm; "E-band" is 1360 to 1460

nm; "S-band" is 1460 to 1530 nm; "C-band" is 1530 to 1565 nm; "L-band" is 1565 to 1625

nm; and "U-band" is 1625 to 1675 nm.

[0034] In some embodiments, the core comprises silica doped with germanium, i.e. germania

doped silica. Dopants other than germanium, singly or in combination, may be employed

within the core, and particularly at or near the centerline, of the optical fiber disclosed herein

to obtain the desired refractive index and density.

[0035] In some embodiments, the refractive index profile of the optical fiber disclosed herein

is non-negative from the centerline to the inner radius of the annular segment, R2. hi some

embodiments, the optical fiber contains no index-decreasing dopants in the core.

[0036] Referring to FIG. 1, optical waveguide fibers 100 are disclosed herein which

comprise: a core 20 extending radially outwardly from the centerline to a central segment

outer radius, R1, and having a relative refractive index profile, ∆ r) in %, with a maximum

relative refractive index percent, ∆ IMAX and, a cladding 200 surrounding and directly

adjacent, i.e. in direct contact with, the core 20. Cladding 200 comprises: an annular inner

region 30 surrounding the core 20 and directly adjacent thereto, extending radially outwardly

to an annular inner region outer radius, R2, having a width W2 disposed at a midpoint R2MID ,

the region 30 having a relative refractive index profile, ∆2(r) in %, with a maximum relative

refractive index percent, ∆2MAX> i %, a minimum relative refractive index percent, ∆2MΓN in

%, and a maximum absolute magnitude relative refractive index percent, |∆2(r)| MAX ; an

annular ring region 50 surrounding region 30 and directly adjacent thereto, and extending

radially outwardly from R2 to an annular ring region radius, R3, the region 50 having a width

W3 disposed at a midpoint R 3MID, and having a relative refractive index profile, ∆3(r) in %,



with a minimum relative refractive index percent, ∆ 3MIN , in %, wherein ∆ IMAX
> 0 > ∆3MI N

and an annular outer region 60 surrounding the region 50 and directly adjacent thereto and

having a relative refractive index percent, ∆CLAD (Γ) in %. R 1 is defined to occur at the radius

where ∆ i(r) first reaches +0.05%. That is, core 20 ends and the annular ring region 30 starts

where the relative refractive index first reaches +0.05% (going outward radially) at a radius

Rl, and region 30 is defined to end at a radius R2 where the relative refractive index ∆2(r)

first reaches -0.05% (going outward radially). The annular ring region 50 begins at R2 and

ends at R3 for this group of embodiments. R3 is defined to occur where the relative refractive

index ∆3(r) first reaches -0.05% (going outward radially) after ∆3(r) has dipped to at least -

0.1%. The width W3 of the annular segment is R3- R2 and its midpoint R 3MK >is (R2+ R3)/2.

In some embodiments, more than 90% of the radial width of the central segment has a

positive relative refractive index, and in some embodiments ∆ i(r) is positive for all radii from

0 to R 1. hi some embodiments, |∆2(r) | < 0.025% for more than 50% of the radial width of the

annular inner region 30, and in other embodiments |∆2(r) | < 0.01% for more than 50% of the

radial width of the annular inner region 30. ∆3(r) is negative for all radii from R2 to R3.

Preferably, ∆ CLAD ( ) = 0% for all radii greater than 30 µm . The core ends and the cladding

begins at a radius R CORE - Cladding 200 extends to a radius, R4, which is also the outermost

periphery of the glass part of the optical fiber. Also, 1MAX > ∆2MA X > ∆ 3MIN, and ∆ MAX >

∆ 2 MIN ∆ 3 MIN-

[0037] The core has a profile volume, V 1, defined herein as:

R i

2 I ∆,(r) dr .

0

[0038] The annular ring region has a profile volume, V3, defined herein as:

R3

2 1 ∆3(r) dr .

R2

[0039] Preferably, ∆ IMAX < 0.45%, ∆2M IN > -0.05%, ∆2MAX < 0.05%, ∆3M IN < -0.63%, 0.2 <

RiZR2 < 0.6, and the absolute magnitude of the profile volume of the annular ring region, IV I,

is greater than 20 %-µm2 . More preferably, ∆ 3MIN < -0.65%, and even more preferably < -



0.7%. In some embodiments, 0.35 < R /R2 < 0.5. When we say, for example, ∆ < -0.63%,

we mean ∆ is more negative than -0.63%.

[0040] Preferably, W2 > 2 R , and in some embodiments W2 > 2 µm.

[0041] In some embodiments, 20 %-µm2 < |V3| < 80 %-µm2. In other embodiments, 30 %-

µm2 < IV3| < 70 %-µm2. In other embodiments, 40 %-µm2 < |V3| < 60 %-µm2.

[0042] Preferably, 0.28% < Am Aχ < 0.45%, more preferably 0.30% < ∆ IMAX < 0.40%, and in

some embodiments 0.31% < ∆ MAX ≤ 0.38%.

[0043] Preferably, R1 < 5.0 µm, more preferably 3.0 µm < R < 5.0 µm, and in some

embodiments 4.0 µm < R1 < 5.0 µm.

[0044] Preferably, R2 > 8.0 µm, and in some embodiments 8.0 µm < R < 15.0 µm.

[0045] Preferably, R3 > 10.0 µm, and in some embodiments 10.0 µm < R3 < 20.0 µm.

[0046] In some embodiments W3 > 1.0 µm, and in other embodiments 1.0 < W3 < 6.0 µm,

and in other embodiments 1.0 < W3 < 5.0 µm.

[0047] Preferably, R > 40 µm. In some embodiments, R4 > 50 µm. hi other embodiments,

R4 > 60 µm. hi some embodiments, 60 µm < R4 < 70 µm.

[0048] In some embodiments, the central segment of the core may comprise a relative

refractive index profile having a so-called centerline dip which may occur as a result of one

or more optical fiber manufacturing techniques. For example, the central segment may have

a local minimum in the refractive index profile at radii less than 1 µm, wherein higher values

for the relative refractive index (including the maximum relative refractive index for the core

segment) occur at radii greater than r = 0 µm.

[0049] Preferably, the optical fiber disclosed herein provides: a mode field diameter at 1310

run of 8.20 µm to 9.50 µm, more preferably 8.4 µm to 9.20 µm; a zero dispersion wavelength

between 1300 and 1324 nm; and a cable cutoff wavelength less than 1260 nm. As the cable

cutoff wavelength is not more than (and in some embodiments about equal to) the 2m fiber

cutoff wavelength, a 2m fiber cutoff wavelength of less than 1260 nm results in a cable cutoff

wavelength less than 1260 nm.



1st Set of Embodiments

[0050] Tables 1-2 list characteristics of illustrative examples, Examples 1-7, of a first set of

embodiments. The refractive index profiles of Examples 2-7 are similar to FIG. 1 with the

following respective values.



[0051] In some embodiments, such as Examples 1- 7, the optical fiber exhibits mode field

diameter at 1310 nm of 8.60 µm to 9.30 µm; a zero dispersion wavelength between 1300 and

1324 nm; and 2m fiber cutoff wavelength of less than 1260 nm, which results in a cable

cutoff wavelength less than 1260 nm. Additionally, the 2m fiber cutoff wavelength is

preferably not too low, thereby preventing bend losses from being too high. For example, the

2m fiber cutoff wavelengths of the embodiments of Examples 1-7 are greater than 1190 nm

and less than 1260 nm.

[0052] The optical fibers disclosed herein exhibit superior bend resistance, both macrobend

and microbend. The pin array bend loss at 1550 nm (attenuation increase associated with the

optical fiber tested in a pin array), one measure of macrobend loss, is less than 15 dB,

preferably less than 10 dB, and in some embodiments less than 5 dB. Also, the lateral load

wire mesh loss at 1550 nm, one measure of microbend loss, is less than 0.5 dB, preferably

less than 0.3 dB, and in some embodiments less than 0.2 dB.



[0053] We have also found that the LPl 1 theoretical cutoff wavelength generally can serve

as an upper bound on the 2m fiber cutoff wavelength for the optical fiber disclosed herein.

As illustrated by Examples 1-7, the LPl 1 theoretical cutoff wavelength is less than 1270 nm,

preferably less than 1265 nm, and even more preferably less than 1260 nm. We have also

found that for a given core profile, increasing the magnitude of the profile volume, IV 3I ,

without limit causes the cutoff wavelength to increase to the point that the optical fiber is

multimoded at 1310 nm or even at 1550 nm. Accordingly, in some embodiments, 20 %-µm

< |V31< 80 %-µm2, in other embodiments 30 %-µm2 < |V3| < 70 %-µm2, and in other

embodiments 40 %-µm2 < |V3| < 60 %-µm2.

[0054] We have also found that a higher core volume generally not only tends to increase the

size of the mode field, but also raises the LPl 1 theoretical cutoff wavelength, and therefore

tends to raise the 2m fiber cutoff wavelength. In some embodiments, the profile volume of

the core, Vl, is greater than 0 and less than 6.5 %-µm2, in other embodiments less than 6.2

%-µm2, and in some embodiments, such as Examples 1-7, V1 is between 5.50 and 6.00 %-

µm2.

[0055] The core 20 shown in FIG.l has a refractive index profile with an alpha shape,

wherein αi is about 10. However, the core 20 could have other values of αl 5 or the core could

have a profile shape other than an alpha profile, such as a multi-segmented core.

Example 8

[0056] An optical fiber was manufactured via outside vapor deposition. The measured

relative refractive index profile of the optical fiber is shown in FIG. 2 . A germania doped

silica glass core cane with a pure silica cladding served as a bait rod for chemical vapor

deposition of a glass soot layer which was doped with fluorine and consolidated, then an

outer layer of glass soot was applied and consolidated, to form an optical fiber preform. The

preform was drawn into optical fiber having a germania doped core 20 surrounded by and in

contact with a cladding 200, the cladding 200 having an annular inner region 30, an annular

ring region 50, and an annular outer region 60, wherein 1MAX= 0.43%, R = 4.6 µm, R2 =

8.5 µm, ∆3MIN = -0.70%, R3 = 11.7 µm, W2 = 3.9, W3 = 3.2, R1 R 2 = 0.54, V1 = 6.4, and V3 =

-28.3 ( IV 1= 28.3 ) . The measured 20 mm diameter bend test results (wrapping the optical

fiber around a 20 mm diameter mandrel) at 1550 nm were: 0.028 dB/turn for 1 turn around

the 20 mm dia. mandrel, and 0.126 dB/tum for 5 turns around the mandrel. The measured 10



mm diameter bend test results (wrapping the optical fiber around a 10 mm diameter mandrel)

at 1550 run was: 0.60 dB/turn for 1 turn around the 10 mm dia. mandrel. The measured MFD

was 8.27 µm and 9.24 µm at 1310 nm and 1550 nm, respectively. The 2m fiber cutoff was

1251 nm.

[0057] FIG. 3 is a schematic representation (not to scale) of an optical waveguide fiber 100

as disclosed herein having core 20 and a cladding 200 directly adjacent and surrounding the

core 20, the cladding 200 being comprised of an annular inner region 30, an annular ring

region 50, and an annular outer region 60. The core 20 can have one or a plurality of core

segments.

[0058] The clad layer 200 may be comprised of a cladding material which was deposited, for

example during a laydown process, or which was provided in the form of a jacketing, such as

a tube in a rod-in-tube optical preform arrangement, or a combination of deposited material

and a jacket. The clad layer 200 is surrounded by at least one coating 210, which may in

some embodiments comprise a low modulus primary coating and a high modulus secondary

coating.

[0059] Preferably, the optical fiber disclosed herein has a silica-based core and cladding. In

preferred embodiments, the cladding has an outer diameter, 2* Rmax, of about 125 µm.

Preferably, the outer diameter of the cladding has a constant diameter along the length of the

optical fiber. In preferred embodiments, the refractive index of the optical fiber has radial

symmetry. Preferably, the outer diameter of the core has a constant diameter along the length

of the optical fiber. Preferably, one or more coatings surround and are in contact with the

cladding. The coating is preferably a polymer coating such as acrylate. Preferably the

coating has a constant diameter, radially and along the length of the fiber.

[0060] As shown in FIG. 4, an optical fiber 100 as disclosed herein may be implemented in

an optical fiber communication system 330. System 330 includes a transmitter 334 and a

receiver 336, wherein optical fiber 100 allows transmission of an optical signal between

transmitter 334 and receiver 336. System 330 is preferably capable of 2-way communication,

and transmitter 334 and receiver 336 are shown for illustration only. The system 330

preferably includes a link which has a section or a span of optical fiber as disclosed herein.

The system 330 may also include one or more optical devices optically connected to one or

more sections or spans of optical fiber as disclosed herein, such as one or more regenerators,



amplifiers, or dispersion compensating modules. In at least one preferred embodiment, an

optical fiber communication system according to the present invention comprises a

transmitter and receiver connected by an optical fiber without the presence of a regenerator

therebetween. In another preferred embodiment, an optical fiber communication system

according to the present invention comprises a transmitter and receiver connected by an

optical fiber without the presence of an amplifier therebetween. In yet another preferred

embodiment, an optical fiber communication system according to the present invention

comprises a transmitter and receiver connected by an optical fiber having neither an amplifier

nor a regenerator nor a repeater therebetween.

[0061] Preferably, the optical fibers disclosed herein have low water content, and preferably

are low water peak optical fibers, i.e. having an attenuation curve which exhibits a relatively

low, or no, water peak in a particular wavelength region, especially in the E-band.

[0062] Methods of producing low water peak optical fiber can be found in U.S. Patent No.

6477305, U.S. Patent No. 6904772, and PCT Application Publication No. WO01/47822.

[0063] All of the optical fibers disclosed herein can be employed in an optical signal

transmission system, which preferably comprises a transmitter, a receiver, and an optical

transmission line. The optical transmission line is optically coupled to the transmitter and

receiver. The optical transmission line preferably comprises at least one optical fiber span,

which preferably comprises at least one section of the optical fiber disclosed herein. The

optical transmission line may also comprise a section of a second optical fiber having a

negative dispersion at a wavelength of about 1550 nm, for example to effect dispersion

compensation within the optical transmission line.

[0064] FIG. 5 schematically illustrates another embodiment of an optical fiber

communication system 400 disclosed herein. System 400 includes a transmitter 434 and a

receiver 436 which are optically connected by optical transmission line 440. Optical

transmission line 440 comprises a first fiber 442 which is a low attenuation large effective

area optical fiber as disclosed herein, and a second optical fiber 444 having a negative

dispersion at 1550 nm. The first fiber 442 and second fiber 444 may be optically connected

by a fusion splice, an optical connector or the like, as depicted by the symbol "X" in FIG. 5.

The optical transmission line 440 may also comprise one or more components and/or other

optical fiber(s) (for example one or more "pigtail fibers" 445 at junctions between fibers



and/or components). In preferred embodiments, at least a portion of the second optical fiber

444 is optionally disposed within a dispersion compensating module 446. Optical

transmission line 440 allows transmission of an optical signal between transmitter 434 and

receiver 436. The system preferably further comprises at least one amplifier, such as a

Raman amplifier, optically coupled to the optical fiber section. The system further preferably

comprises a multiplexer for interconnecting a plurality of channels capable of carrying optical

signals onto the optical transmission line, wherein at least one, more preferably at least three,

and most preferably at least ten optical signals propagate at a wavelength between about 1260

nm and 1625 nm. Preferably, at least one signal propagates in one or more of the following

wavelength regions: the 1310 nm band, the E-band, the S-band, the C-band, and the L-band.

[0065] In some preferred embodiments, the system is capable of operating in a coarse

wavelength division multiplex mode wherein one or more signals propagate in at least one,

more preferably at least two of the following wavelength regions: the 1310 nm band, the E-

band, the S-band, the C-band, and the L-band. In one preferred embodiment, the system

operates at one or more wavelengths between 1530 and 1565 nm.

[0066] It is to be understood that the foregoing description is exemplary of the invention only

and is intended to provide an overview for the understanding of the nature and character of

the invention as it is defined by the claims. The accompanying drawings are included to

provide a further understanding of the invention and are incorporated and constitute part of

this specification. The drawings illustrate various features and embodiments of the invention

which, together with their description, serve to explain the principals and operation of the

invention. It will become apparent to those skilled in the art that various modifications to the

preferred embodiment of the invention as described herein can be made without departing

from the spirit or scope of the invention as defined by the appended claims.



What is claimed is:

1. An optical fiber comprising:

a glass core extending from a centerline to a radius Ri;

a glass cladding surrounding and in contact with the core, the cladding comprising:

an annular inner region extending from R to a radius R2, the inner region

comprising a radial width, W2 = R - Ri,

an annular ring region extending from R2 to a radius R3, the ring region

comprising a radial width, W = R3 - R2, and

an annular outer region extending from R3 to an outermost glass radius R4;

wherein the core comprises a maximum relative refractive index, ∆ IMAX , relative to

the outer region, and ∆ IMAX 0.45%;

wherein the annular inner region comprises a radial width, W , a minimum relative

refractive index, ∆ 2MIN , relative to the outer region, and a maximum relative refractive index,

∆2MAX, relative to the outer region, wherein ∆2MIN > -0.05%, ∆2MAX < 0.05%, and W2 > 2 Ri;

wherein the annular ring region comprises:

a minimum relative refractive index, ∆ 3MIN, relative to the annular outer

region, wherein ∆3MIN < -0.63 %;

wherein ∆ iMAχ > ∆ MAX > ∆3MIN, and ∆MAχ > ∆2MIN > ∆3MIN; and

wherein the core and the cladding provide a fiber cutoff less than 1260 nm, a zero

dispersion between 1300 and 1324 nm, a mode field diameter at 1310 nm of between 8.20

and 9.50 µm, and a 10 mm diameter mandrel bend loss of less than 1.0 dB/turn.

2. The optical fiber of claim 1 wherein the core and the cladding provide a 20 mm diameter

mandrel bend loss of less than 0.05 dB/turn.

3. The optical fiber of claim 1 wherein the core and the cladding provide a pin array bend

loss at 1550 nm of less than 10 dB.



4. The optical fiber of claim 1 wherein the annular ring region comprises a profile volume,

V3, equal to:

R3

2 I ∆(r) dr ;

R2

wherein |V3| > 20 %-µm2 .

5. The optical fiber of claim 1 wherein 0.2 < R1/R2 < 0.6.

6. An optical fiber comprising:

a glass core extending from a centerline to a radius Ri;

a glass cladding surrounding and in contact with the core, the cladding comprising:

an annular inner region extending from R i to a radius R2, the inner region

comprising a radial width, W2 = R - R 1,

an annular ring region extending from R2 to a radius R3, the ring region

comprising a radial width, W3 = R3 - R , and

an annular outer region extending from R3 to an outermost glass radius R4 ;

wherein the core comprises a maximum relative refractive index, 1MAX relative to

the outer region, and 1MAX < 0.45%;

wherein the annular inner region comprises a radial width, W2, a minimum relative

refractive index, ∆2MIN , relative to the outer region, and a maximum relative refractive index,

∆2MAX , relative to the outer region, wherein ∆2MIN > -0.05%, ∆2MAX < 0.05%, and W2 > 2A Ri;

wherein the annular ring region comprises:

a minimum relative refractive index, ∆ 3MEN, relative to the annular outer

region, wherein ∆ 3MIN < -0.63 %, and

a profile volume, V , equal to:

R3

2 J ∆(r) dr ;

R2

wherein |V3 | > 20 %-µm2;

wherein ∆ IMAX > ∆2MAX > ∆ 3M IN, and ∆MAχ > ∆2M IN > ∆3M IN; and



wherein 0.2 < Ri/R2 < 0.6.

7. The optical fiber of claim 6 wherein 0.4 < R1 R 2 < 0.6.

8. The optical fiber of claim 6 wherein 20 %-µm2< |V3| < 80 %-µm2.

9. The optical fiber of claim 6 wherein 0.28% < ∆ IMAX < 0.45%.

10. The optical fiber of claim 6 wherein Ri < 5.0 µm.

11. The optical fiber of claim 6 wherein R2 > 8 µm.

12. The optical fiber of claim 6 wherein R3 > 10 µm.

13. The optical fiber of claim 6 wherein W3 is between 2 and 5 µm.

14. The optical fiber of claim 1 wherein the core comprises a profile volume, Vi, equal to:

R.

2 I ∆(r) dr ;

0

wherein Vi is greater than 0 and less than 6.2 %-µm2.

15. The optical fiber of claim 6 wherein the core and the cladding provide a fiber cutoff less

than 1260 nm.

16. The optical fiber of claim 6 wherein the core and the cladding provide a zero dispersion

between 1300 and 1324 nm.

17. The optical fiber of claim 6 wherein the core and the cladding provide a mode field

diameter at 1310 nm of between 8.20 and 9.50 µm.



18. The optical fiber of claim 6 wherein the core and the cladding provide a 10 mm diameter

mandrel bend loss of less than 1.0 dB/turn.

19. The optical fiber of claim 6 wherein the core and the cladding provide a 20 mm diameter

mandrel bend loss of less than 0.05 dB/turn.

20. The optical fiber of claim 6 wherein the core and the cladding provide a pin array bend

loss at 1550 nm of less than 10 dB.
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